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Abstract 

For the accurate prediction of the potential ‘available energy’ of a food at the cellular 

level (i.e. ATP generation from food) it is necessary to be able to predict both the 

quantity and location of uptake (upper-tract or colon) for each energy-yielding 

nutrient.  The objective was to develop a valid model (‘Combined Model’) for 

predicting the (potential) ATP available to the body from absorbed nutrients across the 

total digestive tract.  The model was intended for the adult human under conditions 

where energy intake ≤ energy expenditure and all absorbed nutrients are catabolised.  

The development of the model involved two parts: (i) the experimental development 

of a dual in vivo – in vitro digestibility assay (‘dual digestibility assay’) to predict human 

upper-tract nutrient digestibility, as modelled by the rat upper digestive tract, and 

colonic digestibility, as predicted by fermenting rat ileal digesta in an in vitro digestion 

system containing human faecal bacteria; and (ii) the development of a series of 

mathematical equations to predict the net ATP yielded during the post-absorptive 

catabolism of each absorbed nutrient at the cellular level. 

A strong correlation (r=0.953, P=0.047) was found between total tract organic matter 

digestibility (OMD), as predicted with the newly developed dual in vivo – in vitro 

digestibility assay and with that determined in a metabolic study with humans for four 

mixed diets ranging considerably in nutrient content.  There were no statistically 

significant (P>0.05) differences for mean OMD between the predicted and determined 

values for any of the diets. 

 

The Combined Model (dual in vivo – in vitro digestibility assay + stoichiometric 

predictive equations) was applied to three meal replacement formulations and was 

successfully able to differentiate between the diets in terms of both energy 

digestibility and predicted ATP yields.  When the energy content of each diet was 

compared to that of a baseline food (dextrin), some metabolisable energy (ME) models 

gave considerably different ratios compared to that predicted by the Combined Model.  

By way of example, for Diet C a ratio of 0.96 (Atwater and FDA models) was found 
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versus 0.75 (Combined Model).  Thus, the model has practical application for 

predicting dietary available energy content, particularly in the research and 

development of specialised weight-loss foods, where it may be more accurate than 

some current ME models.  Uniquely, the Combined Model is able to define a food in 

terms of ATP content (mol ATP / g food) using recent estimates of cellular P/O ratios 

and therefore, directly relates dietary energy intake to the quantity and form (ATP) of 

energy ultimately delivered at the cellular level. 
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Preface 

After ingestion, the energy-providing nutrients in food (carbohydrate, fats, protein, 

and for some individuals, ethanol) undergo a series of catabolic reactions in the human 

digestive tract, and then (primarily) in hepatocytes to release energy from their 

chemical bonds.  This energy then becomes available to the body, primarily in the form 

of ATP (the universal currency of chemical energy in the body) and is subsequently 

converted into other forms of energy such as mechanical energy, thermic energy and 

so on.  However, not all of the energy present in ingested food is ultimately converted 

to ATP due to the energy requirements involved with the digestion, absorption and 

intermediary metabolism of food, which vary with the type of food and the nutrients 

ingested.  Some energy is also lost through the heat of fermentation of undigested 

dietary material entering the large intestine.  Furthermore, nutrients vary in their 

degree of digestibility and absorption (i.e. uptake from the gut) and the efficiency by 

which they yield energy that is ultimately useful to the body (net ATP gains), with the 

energy made available to the body via short chain fatty acids from nutrients fermented 

in the hindgut being less than that obtained from direct nutrient uptake in the upper-

tract.  For the accurate prediction of the potential ‘available energy’ (ATP) at the 

cellular level it is therefore important to be able to predict both the quantity and 

location of uptake (upper-tract or colon) for each nutrient.  The use of metabolisable 

energy (ME) systems (e.g. Atwater system), as commonly used for food labelling 

purposes, may not be the most appropriate or accurate means of predicting the useful 

energy at the cellular level because amongst other weaknesses, ME systems do not 

account for the unique features of each diet, such as differences in digestibility or 

inter-nutrient interactions that may affect nutrient assimilation.  A valid alternative 

means needs to be found to model and predict the available energy content of a food 

for the research and development of foods required to deliver a specific quantity of 

energy to the body at the cellular level, such as those specifically designed for weight-

loss.  The need for such foods is growing in importance due to the rapid increase in 

overweight and obese persons in recent years. 
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Introduction 

Humans meet all of their energy requirements for normal physiological and metabolic 

function through dietary intake (ingested energy).  The difference between ingested 

energy and the sum of energy losses from the body (i.e. faecal, gaseous, urinary 

surface and heat energy losses), provides the energy (retained energy) required for 

basal energy needs and physical work.  When retained energy exceeds energy 

requirements the excess energy is stored as body fat, whereas a shortfall in retained 

energy relative to the body’s energy requirements necessitates using body fat stores.  

The anatomical distribution and levels of body fat vary with gender and race (Blaak, 

2001; Lovejoy et al., 1996; Weinsier et al., 2001).  In particular, women have a higher 

percentage of body fat and store more fat in the gluteal-femoral area than men who 

store more body fat in the visceral (abdominal) area (Blaak, 2001).  The adipocytes (fat 

cells in adipose tissue) are capable of storing large amounts of energy (33.5 kJ/g) (Flatt, 

1995b) and the human body’s capacity for increasing body fat stores as required is 

virtually unlimited.  As a result, body fat stores can become excessive over time such 

that an individual may be classified as overweight (BMI of ≥ 25 kg/m2) or obese (BMI of 

≥ 30 kg/m2).  In New Zealand there has been a considerable rise in overweight and 

obese individuals over the past decade (36.3% of the adult population were 

overweight and 26.5% obese, as of 2007) (Ministry of Health, 2008).  With similar 

statistics in other affluent societies the World Health Organisation has described the 

prevalence of obesity as a global epidemic (WHO, 2000).  Despite the effects of 

physical exercise, the adjustment of food intake remains the primary means of 

maintaining a constant body weight (Flatt, 1987, 1993).  Manipulation of the diet 

through the development of new foods specifically designed for weight-loss may be 

one means of counteracting obesity.  The valid and accurate prediction of the amount 

of energy a given food delivers to the body at the cellular level is required to assess the 

likely efficacy of such a dietary intervention.   
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I. Energy requirements and availability 

1. Components of energy expenditure 

Total energy expenditure (TEE) refers to “the energy spent, on average, in a 24-hour 

period by an individual or a group of individuals.  By definition, it reflects the average 

amount of energy spent in a typical day, but it is not the exact amount of energy spent 

each and every day” (FAO/WHO/UNU, 2001).  The three components of TEE are: the 

basal energy expenditure (or basal metabolic rate (BMR)), the thermic effect of 

physical activity (activity thermogenesis) and the thermic effect of food (dietary-

induced thermogenesis).  The contribution of each of these components is estimated 

to be approximately 60%, 30% and 10% of TEE, respectively in individuals with 

sedentary occupations (Levine, 2005; Westerterp, 1998).  There may also be energy 

costs relating to thermogenesis from cold, the action of drugs, hormones, emotions 

etc., but these are relatively minor compared to the abovementioned variables (FAO, 

2003; Levine, 2005).    

The average TEE varies considerably from one individual to another as confirmed by 

studies using the doubly labelled water (DLW) technique (Black et al., 1996; Coward, 

1998; Ravussin et al., 1991).  Whilst the basal metabolic rate is typically the largest 

component of TEE, for most adults it does not vary considerably among individuals of a 

given gender and age (FAO/WHO/UNU, 2001).  Physical activity and body weight 

therefore account for most of the variation in TEE seen in populations with different 

lifestyles (James and Schofield, 1990).  Individuals undergoing growth have increased 

energy requirements, as do women who are pregnant or lactating.  These special 

circumstances are not considered here and energy requirements are based on that of a 

healthy, well-nourished adult in a normal physiological state. 

1.1 Basal metabolism 

Basal energy refers to the energy the body requires to do nothing more than sustain 

life, including the energy required for digestive, metabolic, respiratory, cardiac and 
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brain functions.  It does not include the energy required for movement or work, 

growth, lactation or reproduction.  Basal energy is independent of dietary intake and it 

is defined clinically as the energy the body uses while at rest (but not sleeping) in the 

post-absorptive state (12 – 14 h after a meal), at sexual repose in a neutrally 

temperate environment (26 – 30°C) (Shetty, 2005).   

The BMR (also called the average daily metabolic rate (ADMR)) refers to the basal 

energy used over a given period of time (routinely 24 h).  The BMR of an individual is 

measured under standard conditions such that it is possible to measure the minimum 

rate of heat production free from the effects of dietary intake and extreme physical 

environments (Blaxter, 1989).  According to Henry (2005)  the four conditions which 

must be met to achieve this aim are:  

1. The subject should be completely rested, both before and during the 

measurements. They should be lying down and fully awake.  

2.  The subjects should be fasted for at least 10 – 12 h before the measurements 

are taken. 

3.  The environment in which the measurements are taken should be thermo-

neutral (22 – 26°C) so that there is no thermoregulatory effect on heat 

production.  

4. The subject should be free from emotional stress and familiar with the apparatus 

used. 

The various means of determining BMR are discussed in detail in Section I,  2.4 of this 

review.   

Closely related to the BMR, is the Resting Metabolic Rate (RMR).  Measurement of the 

RMR does not need to take place immediately upon waking and the subject normally 

travels to the testing site and therefore has a slightly elevated heart rate compared 

with the BMR measure.  The less stringent measurement conditions of RMR compared 

to BMR mean that RMR is typically around 5 - 10% higher than BMR, although recent 

evidence has shown that given a 10 - 15 min rest prior to measurement of RMR there 

is little difference between RMR and BMR (Levine, 2005).  The main determinants of 
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BMR (and RMR) are age, gender, body size and body composition.  There is no 

correlation between BMR and the aerobic fitness level of an individual when body 

weight is maintained (Broeder et al., 1992; Westerterp, 1998), however, there is 

evidence that higher fat-free body mass, as may be gained with weightlifting, increases 

the RMR (Smith et al., 1997).   

1.2 Physical activity 

The contribution of activity thermogenesis to TEE is the most variable component of 

TEE (FAO/WHO/UNU, 2001) and can be divided into exercise thermogenesis and non-

exercise activity thermogenesis (NEAT) (Levine, 2005).  Exercise thermogenesis refers 

to the energy expended as part of sport and other purposeful exercise, whilst NEAT 

can be described as ‘energy expenditure of spontaneous physical activity’ i.e. physical 

work (Levine, 2005).  For the minority of individuals who undertake formal exercise, 

the contribution of exercise thermogenesis is around 10% of TEE.  Otherwise, NEAT is 

the sole contributor of activity thermogenesis to TEE through the energy costs of 

moving around as part of daily life, fidgeting, spontaneous muscle contraction and 

maintaining upright posture (Levine, 2005).  Due to the difficultly in quantifying activity 

thermogenesis experimentally it is common to employ factorial equations 

(FAO/WHO/UNU, 2001) as discussed further in Section I,  2,  2.4 of this review.   

1.3 Metabolic response to food 

There is an energy cost associated with the ingestion, digestion, absorption and 

assimilation of nutrients as a result of meal feeding.  These processes use oxygen and 

produce heat and are collectively referred to as dietary-induced thermogenesis (DIT), 

the thermic effect of feeding (TEF) or the Specific Dynamic Action (SDA).  The exact 

causes of DIT are still not entirely understood (McCue, 2006) and although it is 

common to estimate the DIT of a food as 10% of the energy content of the food 

(Westerterp, 1998),  it is difficult to quantify DIT as there are differences in the DIT 

observed across the three primary macronutrients.  Fat has been shown to have the 

lowest effect on DIT due to fat’s lower processing requirement, when compared to 

protein, which exhibits the greatest effect (Prentice, 1995, 1998; Thomas et al., 1992).  



6 

 

 

Alcohol has been observed to give a similar response to carbohydrate on DIT when 

measured with whole-body calorimetry (Westerterp et al., 1999).  These differences in 

DIT were observed when feeding subjects a pure dose of one particular macronutrient.  

For mixed diets, more recent studies have found no detectable difference in DIT using 

whole-body calorimetry over 24 h when feeding subjects diets ranging from 7 – 79% 

fat, with the remainder of the diet composed of 14 – 16% protein and the rest from 

carbohydrate (Shetty et al., 1994).  It is still unknown if a high protein diet might give 

different results, but for mixed diets over a wide range of fat and carbohydrate intakes 

and protein intake at ‘normal’ levels, it has been concluded that the impact of the diet 

composition on DIT can effectively be ignored when determining energy requirements 

(Prentice, 2005).  This point remains controversial.   

Aerobic exercise and anaerobic weight training are also known to increase DIT 

following ingestion of a carbohydrate meal when the exercise is of sufficient intensity 

to deplete muscle glycogen (Denzer and Young, 2003; Nichols et al., 1988).    

 

2. Methods of determining energy expenditure 

2.1 Direct and indirect calorimetry 

Direct calorimetry is the most accurate means of determining energy expenditure and 

works on the principle of measuring heat generated by a subject, whilst indirect 

calorimetry works on the principle of heat dissipation of a subject, which over a long 

period of time will be very similar to or will equal the rate of heat generation (McLean 

and Tobin, 2008).  The heat dissipated is predicted by measuring the production and 

consumption of materials used for metabolism and then appropriately converting 

these into energy equivalents (Shetty, 2005).  Most commonly, indirect calorimeters 

use respiratory gas exchange and measure the consumption of O2 either on its own or 

in conjunction with the expiration of CO2.  The production of methane and excretion of 

urinary nitrogen may also be measured.  Determination of the quantities of O2 

consumption and (if measured) CO2 production and urinary nitrogen excretion enables 
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energy expenditure to be predicted (Blaxter, 1989) based on the stoichiometric 

equations for the oxidation of carbohydrate, fat and protein.   

A degree of error is introduced when translating O2 consumption (ml or litres of O2) 

into BMR energy equivalents (kJ or MJ).  This is due to a number of assumptions made 

using predictive equations, which are discussed in detail by Shetty (2005), who 

concludes that it may be expected that a difference of around 5% in BMR due to 

methodology alone may be observed between individuals or groups unless such 

assumptions are consistent.   

2.2 Doubly labelled water 

The doubly labelled water (DLW) technique is an isotope-based technique that involves 

introducing 2 heavy isotopic tracers into the body water (1 of hydrogen and 1 of 

oxygen) to measure the behaviour of hydrogen and oxygen in the body.  The theory of 

the technique is based on the principle that both oxygen turnover and hydrogen 

turnover in the body are dominated by the flow of water through the body, but that 

oxygen turnover is additionally dominated by inspired O2 and exhaled CO2.  Therefore, 

the difference between hydrogen and oxygen turnover provides a measure of the 

carbon dioxide expired, and therefore the energy expended (Speakman, 1998).  The 

most important development that was brought about by the method is that it allows 

measurement in free-living subjects undertaking regular daily activities.  Whilst the 

DLW technique is considered sufficiently accurate for determining TEE in groups of 

subjects, the method is not yet refined enough to provide estimates of TEE in 

individual subjects (Speakman, 1998) with repeated measurements having variation of 

approximately 6 - 10% (Schoeller and Hnilicka, 1996).  Other barriers to the use of the 

DLW method include the high cost, and more recently, a shortage of oxygen-18 

isotope (North American Association for the Study of Obesity, 2000).   

2.3 Flex-heart rate method 

The flex-heart rate method  has also been shown to be a valid means of predicting TEE  

in free-living subjects (FAO/WHO/UNU, 2001; Leonard, 2003).   The method is based 
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on the linear relationship that exists between heart-rate and energy expenditure and is 

measured beat-by-beat with a chest strap wirelessly connected to a data logger.  The 

heart rate is calibrated against rate of O2 consumption to estimate energy expenditure 

(Rennie et al., 2001).  The main advantages of the flex-heart rate method over 

methods such as the DLW technique are that it is inexpensive and non-invasive, whilst 

still maintaining highly reproducible results (7 - 10% error) within subjects (Strath et 

al., 2000).     

2.4 Predictive equations 

Factorial equations provide a quick, low-cost means of estimating BMR and TEE 

without the requirement for laboratory measurement.  The contribution of activity 

thermogenesis is estimated by determining an individual’s physical activity level (PAL), 

defined as “the total energy required over 24 hours divided by the basal metabolic rate 

over 24 hours” (James and Schofield, 1990).  Tables providing calculated TEE values 

(BMR x PAL) are readily available along with tables giving estimated BMR values based 

on gender, age and body weight (FAO/WHO/UNU, 2001).  Factorial equations for BMR 

are able to predict the BMR with reasonable accuracy (coefficient of variation of 8%) 

(Shetty, 2005).  However, there are a number of limitations and criticisms of the 

underlying data, including shortcomings and availability of data for certain population 

groups (age, geographical location and ethnicity) and the divergence from standard 

measurement practices (Henry, 2005).  
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II. Energy balance  

1. Introduction 

Intra-individual differences in daily food intake vary by ± 23% (Schrauwen et al., 1998), 

yet when taken over the period of a year the difference is seldom greater than 1 – 2% 

(Flatt, 2001).   The intake of dietary energy and physical activity vary considerably on a 

daily basis, yet despite these short-term variances, body weight maintenance (energy 

balance), still occurs (Flatt, 1995a).  Energy balance, defined simply, is the difference 

between energy intake and energy expenditure.  In an individual where energy intake 

is balanced by the energy expenditure, the energy balance is zero and a stable body 

weight is maintained.  A positive energy balance occurs when dietary energy is 

consumed in excess of energy requirements with the excess energy stored as fat.  

Conversely, a negative energy balance occurs when energy intake is not sufficient to 

meet energy requirements and fat stores are used.       

The full energy balance equation (National Research Council, 1981) is given as:  

IE= FE + GaE +UE + SE + HE + RE  (Eq. 1) 

Dietary energy enters the body as ingested energy (IE).  Energy losses from the body 

consist of faecal energy (FE), gaseous energy (GaE), urinary energy (UE), surface energy 

(SE) and heat energy (HE) losses.  The energy that is not lost but available for 

physiological processes is deemed retained energy (RE) (Eq. 2).  All retained energy is 

available for metabolism in healthy adult (i.e. not growing) men, and women who 

additionally are not lactating or pregnant.   Excess RE is retained as fat stores. 

RE = IE – (FE + GaE +UE + SE + HE)  (Eq. 2) 
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2. Terminology 

2.1 Ingested energy (IE) or gross energy (GE) 

Ingested energy (IE) (also called gross energy (GE), the heat of combustion, intake 

energy, energy intake and combustible energy) refers to the maximum energy of a 

food (Elia and Cummings, 2007).  It is determined as the heat released during complete 

combustion to CO2 and H2O in the presence of O2 in a bomb calorimeter (AOAC, 2000).  

Whilst theoretically the amount of energy released when macronutrients are fully 

oxidised in the body is the same as that in the bomb calorimeter, the reality is that not 

all energy contained in ingested food is available to the tissues due to a number of 

energy losses.  Depending on the energy losses that are accounted for, the energy 

content of a food may be described as digestible energy (DE), metabolisable energy 

(ME) or net metabolisable energy (NME), among other definitions.  The differences 

between these energy systems are illustrated in Figure 1.     

Ingested energy (IE) = gross energy (GE) 

  Faecal energy (FE) 
  Combustible gas (GaE) (from microbial fermentation) 
 
Digestible energy (DE) 
  Urinary energy (UE) 
  Surface energy (SE) 
 
Metabolisable energy (ME) 

  Heat of microbial fermentation 

  Obligatory thermogenesis, i.e. excess heat relative to  
glucose during ATP synthesis  

 

Net (metabolisable) energy (NME) 

  Non-obligatory dietary thermogenesis 

  Thermogenesis due to effects of cold, drugs,  
hormones, bioactive compounds or other stimulants 

 
Net energy for maintenance (NE) 

  Basal metabolism 

  Physical activity 

Figure 1. Overview of the flow of energy through the body.  From FAO (2003). 
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2.2 Digestible energy (DE) 

The digestible energy (DE) content of a food (Eq. 3) refers to the energy available after 

accounting for faecal energy (FE) and gaseous energy (GaE) losses and accounts for the 

fact that not all ingested energy is absorbed in the small intestine (FAO, 2003).  In 

other words, DE refers to the difference in GE present in the ingested food and that 

present in the faeces and combustible gases (e.g. H2 and CH4 in flatus and breath) lost 

from the body.   It should be noted that DE is an ‘apparent’ energy value because other 

material aside from undigested dietary material enters the hindgut and may be lost in 

the faeces.  This endogenous material includes approximately 2 - 3 g/d of mucus, along 

with desquamated cells from both the hindgut and the small intestine (Elia and 

Cummings, 2007). 

DE = IE – FE – GaE    (Eq. 3)  

In the case of macronutrients that are completely absorbed in the upper-tract 

(digestibility of 1.0), the IE = DE.  This applies to nutrients such as glucose, fructose, 

lactose, sucrose and (non-resistant) starch.  Conversely, for those nutrients that are 

not absorbed at all in either the upper-tract or hindgut the digestibility and DE for that 

particular nutrient are zero.        

2.3 Faecal energy (FE) 

Faecal energy (FE) is that energy that is lost from the body to the faeces including 

undigested and unfermented dietary material, endogenous material (e.g. sloughed 

epithelial cells, mucus etc) and bacterial mass.  The energy lost to the faeces is highly 

dependent on the diet and increases with increasing intake of dietary fibre (Baer et al., 

1997; Calloway and Kretsch, 1978; Farrell et al., 1978; Kelsay et al., 1978; Southgate 

and Durnin, 1970).  Assuming ‘dietary fibre’ (defined here as undigested carbohydrate 

reaching the colon) has an energy value of 17 kJ/g and that 70% of this is fermented in 

the colon, of which approximately 60% is transformed into short chain fatty acids 

(SCFA) and 5% into gaseous energy, the energy loss to the faeces is estimated at 8.7 

kJ/g (Elia and Cummings, 2007).  This value is composed of 5.1 kJ/g of carbohydrate 
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entering the hindgut and not being fermented and a further 3.6 kJ/g of products of 

fermentation (primarily bacterial matter) being lost to the faeces.   

2.4 Gaseous energy (GE) 

The small portion of SCFA produced as a result of bacterial fermentation in the colon 

are not absorbed but are expelled in the flatus.  Combustible gases (H2, CH4 etc.) are 

also an energy loss to the body, and also are mostly lost via the flatus, although 

variable quantities are also lost in the breath.  Losses of CH4 and H2 are, however, 

relatively small and estimated at less than 1 litre / day in healthy subjects when 

determined using whole body calorimetry (King et al., 1998; Poppitt et al., 1996).  The 

gaseous losses correspond to around 3 – 5%, or 0.5 – 0.85 kJ/g of the GE of 

fermentable carbohydrate entering the colon (Elia and Cummings, 2007). 

2.5 Urinary energy (UE) 

The majority of the energy that it absorbed from the digestive tract is available for 

metabolism.  However, some of it is lost in the urine as nitrogenous waste compounds 

formed as a by-product of protein metabolism, with urea (22.5 kJ/g N)  accounting for 

around 80 – 90% of the urinary nitrogen excreted in mammals (Hawk, 1965).  The 

higher energetic content of the non-specific nitrogen (NSN) fraction of the urine (e.g. 

creatinine 56 kJ/g N, amino acids 140 kJ/g N) (Birkett and de Lange, 2001b) increases 

the overall  energetic cost of urinary excretion to between 29 and 31 kJ/g urinary N 

(Blaxter, 1989; Buttery and Boorman, 1976; Emmans, 1994; Whittemore, 1983, 1997).  

The energy cost of urinary nitrogen excretion varies with dietary composition. 

2.6 Surface energy (SE) 

Surface energy losses include desquamated cells, hair loss and perspiration (Elia and 

Cummings, 2007).  These losses are small and considered negligible in normal healthy 

individuals  (Elia and Cummings, 2007; Livesey, 2001).   
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2.7 Metabolisable energy (ME) 

Metabolisable energy (ME) may be defined as the useable energy available to the body 

after accounting for faecal, gaseous, urinary and surface energy losses (Eq. 4) (Elia and 

Cummings, 2007).  It may also be described as ‘the amount of energy available for total 

(whole-body) heat production at nitrogen and energy balance’ (Livesey, 2001).  By 

definition, ME does not include the heat energy lost as a result of the heat increment 

of dietary intake, such that: 

ME = IE – FE – GaE - UE - SE  (Eq. 4)  

2.8 Heat energy (HE) 

Not all metabolisable energy is ultimately available for cellular ATP production due to 

the energy required for the digestion, absorption and intermediary metabolism of 

ingested food and its nutrients and this energy is released in the form of heat (FAO, 

2003).   

2.9 Net metabolisable energy (NME) 

Net metabolisable energy (NME) differs from ME in that it accounts for the heat 

released during metabolism (dHE) - both as the heat of fermentation and as a result of 

dietary-induced thermogenesis (FAO/WHO/UNU, 2001).  As such, NME may be termed 

‘available energy’ because this represents the energy available to cells (as ATP) from 

dietary intake (IE) after accounting for all processes relating to the intake of food (FE, 

GaE, UE, SE, dHE) (Eq. 5). 

NME = IE – ( FE + GaE + UE + SE + dHE)  (Eq. 5)  

Other processes not related to the intake of food are not included in NME, including 

non-obligatory thermogenesis and thermogenesis induced by cold and the action of 

drugs, hormones, bioactive compounds or other stimulants (FAO, 2003).  The inclusion 

of these other non-dietary related processes is known as net energy (NE).      
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2.10 Net energy (NE) 

The term ‘net energy’, as commonly used in animal nutrition, should not be confused 

with ‘net energy for maintenance’ (NE) as is used in human studies, nor with NME (see 

Section II, 2.9), which although is derived from the concept of NE, has quite a different 

meaning (Livesey, 2001).  Whilst NME only includes the thermogenesis as a result of 

dietary intake, NE encompasses heat lost due to other factors, including cold, and the 

action of hormones, drugs, emotions, bioactive compounds and other stimulants 

(FAO/WHO/UNU, 2001).  Net energy for maintenance, therefore, is the energy 

available to the body for metabolism, growth, pregnancy and maintenance.   

The various systems for describing dietary energy (GE, DE, ME and NME), including 

their strengths and shortcomings are discussed later in detail in relation to the energy 

value of foods (Section IV).  
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III. Energy intake 

1. Sources of dietary energy intake 

Humans meet all of their energy requirements for normal physiological and metabolic 

function through dietary intake.  The principal energy-providing nutrients in humans 

are carbohydrates, fats and proteins, and for some individuals, ethanol 

(FAO/WHO/UNU, 2001).  Starch, sugars and triacylglycerols in particular, are the main 

sources of fuel, with the latter contributing significantly to energy supply in affluent 

populations (Flatt, 2001).  Once consumed, the ingested macronutrients undergo 

catabolic reactions that release energy from their chemical bonds and this energy then 

becomes available to the body.    

1.1 Carbohydrate 

1.1.1 Presence in the diet 

Carbohydrates (CHO) are the largest contributor to dietary energy in adult humans, 

making up 40 – 80% of the diet (Mathers and Wolever, 2009).  This energy originates 

almost entirely from plant foods (fruits, vegetables, cereals, grains, legumes etc), 

except in the case where milk or milk products containing lactose are consumed 

(Mathers and Wolever, 2009).  The starches contained in grains and edible tubers are 

the most abundant forms of carbohydrates for most of the population, except in 

affluent societies where sucrose provides almost as much energy as starch (Danforth, 

1985).     

Carbohydrates may be classified into three groups according to their degree of 

polymerisation: sugars, oligosaccharides and polysaccharides (FAO/WHO, 1998).  

Sugars consist of 1 – 2 monosaccharide units and include monosaccharides (glucose, 

galactose and fructose) and disaccharides (sucrose, lactose, lactulose, trehalose) 

(FAO/WHO, 1998; Williams et al., 2001).  Within the group of oligosaccharides (3 – 9 

monosaccharide units), malto-oligosaccharides (e.g. maltodextrins) form a specific 

group separate from the other oligosaccharides (raffinose, stachyose, fructo-

oligosaccharides) (FAO/WHO, 1998; Livesey, 1992).  The polysaccharides (degree of 
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polymerisation greater than nine) are divided into starches (amylose, amylopectin, 

modified starches) and non-starch polysaccharides (NSP) (cellulose, hemicellulose, 

pectins, hydrocolloids) (FAO/WHO, 1998; Mathers and Wolever, 2009).  Additionally, 

the polyols (alditols, sugar alcohols) are mono- and disaccharides in which the aldose 

and ketose functional groups have been reduced to hydroxyl groups (FAO/WHO, 

1998).  Polyols are commonly added to processed foods as low-calorie sweeteners and 

include sorbitol, mannitol, xylitol, lactitol, maltitol, Isomalt and others (FAO/WHO, 

1998; Livesey, 1992).   

Free monosaccharides, consisting mainly of glucose, fructose and galactose are not 

commonly found in significant quantities in the diet (Livesey, 1984), although free 

glucose and fructose are found in honey and certain fruits (Witczak, 2008) and 

processed foods may have added monosaccharides.  Ribose may also be present in 

some foods but its contribution to dietary energy is negligible (Livesey, 1984).  

Polysaccharides and disaccharides (two monosaccharides joined together by covalent 

bonds) therefore constitute the most prevalent and nutritionally important sources of 

CHO in the diet (Gropper et al., 2008).   

1.1.2 Methods of chemical analysis 

Total carbohydrate (Eq. 6) refers to all CHO present in the food and may be analysed (i) 

directly as the sum of mono-, di-, oligo- and polysaccharides, including dietary fibre 

(FAO, 2003); or (ii) calculated as ‘total carbohydrate by difference’ according to the 

following equation:  

 

Total CHO by difference = 100 – (weight in grams [protein + fat + water + ash + 

alcohol] in 100 g of food)    (Eq. 6) 

Calculation of total carbohydrate by difference is widely used for food labelling 

purposes but lacks the accuracy required for scientific and research applications.  This 

shortcoming is largely due to the fact that the calculated value for total CHO is entirely 

dependent on the accuracy of the analysis of the other components (protein, fat, 

water, ash and alcohol) and also because other components, such as organic acids, 
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that are not strictly CHO are also included as CHO (FAO, 2003; Merrill and Watt, 1973).  

Total CHO includes both ‘available carbohydrates’ and ‘unavailable carbohydrates’, 

and for most purposes it is preferable to separately determine these two portions.    

Available carbohydrate refers to CHO which is digested by human enzymes, absorbed 

in the upper-tract and becomes available for intermediary metabolism.  When 

calculated by difference, available carbohydrate is total carbohydrate less dietary fibre 

and when analysed directly it is calculated as the sum of mono-, di-, oligo- and 

polysaccharides, excluding dietary fibre.  Available carbohydrate may be expressed as 

the weight of CHO (anhydrous forms) or as the monosaccharide equivalent (hydrous 

forms, including water) (FAO, 2003). 

 

‘Unavailable carbohydrate’ or ‘dietary fibre’ (DF) is the portion of CHO that escapes 

digestion and absorption in the upper-tract and becomes available for bacterial 

fermentation in the large intestine (see Section  3 for a detailed discussion on hindgut 

fermentation).  Dietary fibre is a broad term and depending on the analytical assay 

used, encompasses a selection of the following:  cellulose, hemicellulose, lignin, pectin, 

resistant starch, non-pectin soluble and non-specific residue (Monro and Burlingame, 

1996).  Cellulose is the main polysaccharide in the plant cell-wall, composed of several 

hundred to over ten thousand β(1→4) D-glucose linkages (Fuller, 2004).  

Hemicelluloses (which have no chemical relationship with cellulose) are short chain, 

partially soluble polysaccharides found in plant cell-walls composed of a variety of 

sugars (e.g. arabinose, galactose, glucose, manose, xylose) and uronic type acids (e.g. 

glucuronic acid, galacturonic acid) (Faithfull, 2002).  Lignin is a highly insoluble, small 

polymer, sometimes found in cereals and may, under some definitions, be included as 

DF (Cummings, 1996).  Although lignin is not a carbohydrate, it may be derived from 

some plant cell-walls (Cummings, 1996).  Resistant starch, consisting mostly of 

amylose, refers to that portion of dietary starch which escapes enzymic digestion in 

the small intestine, often due to being trapped inside intact cell walls or other plant 

cell structures (Williams et al., 2001).  There are four classifications of resistant starch: 

RS1 – physically enclosed starch; RS2 – raw starch granules; RS3 – retrograded amylose; 

and RS4 – chemically modified starch (Sajilata et al., 2006).    
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The most common assays used for determining DF in human foods are the AOAC 

(2000) enzymatic, gravimetric method ‘Prosky’ (985.29); the enzymatic, chemical 

method of Englyst and Cummings (Englyst and Cummings, 1988); and the enzymatic, 

chemical method of Theander and Åman (1982).  These methods for determining DF 

and others are summarised by DeVries et al. (1999).  The accuracy of the DF 

determination method used has importance not only for DF determination, but also 

for total and available CHO by difference. 

 

The term ‘neutral detergent fibre’ (NDF) encompasses the plant cell-wall constituents 

cellulose, hemicellulose, lignin, cutin, NDF-insoluble tannin and ash, whilst ‘acid 

detergent fibre’ (ADF) is determined as NDF less the hemicellulose fraction (Faithfull, 

2002; Fuller, 2004).  The determination of NDF was originally based on the method of 

(Van Soest and Wine, 1967) and has since undergone a number of modifications 

(Faithfull, 2002).  Whilst ADF and NDF are commonly used for defining the composition 

of animal feeds (where NDF is considered the only fibre determination method 

suitable for non-ruminants) (Faithfull, 2002), these measures are rarely used nowadays 

for defining the DF content human foods.  

1.2 Fat 

1.2.1 Presence in the diet 

The majority of dietary lipid (fat) intake is as triacylglycerol (TAG) (FAO/WHO, 1994).  

Each TAG consists of three fatty acids esterified to a glycerol molecule backbone (Flatt, 

1995b).  Cholesterol and phospholipids are also present in the diet, but their 

contribution to energy intake is negligible (FAO, 2003; Livesey, 1984). 

1.2.2 Methods of chemical analysis 

The standard method for the determination of fat is the use of a gravimetric method 

to determine ‘crude fat’ with fat and fatty acids extracted from food by hydrolytic 

methods (AOAC, 2000).  Prior to gravimetric analysis, most samples (except those that 

are 100% fat) undergo either Soxhlet extraction (foods low in fat), acid hydrolysis 
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(most foods) or alkaline hydrolysis (dairy products) (Nielson, 2003).  The Soxhlet 

method and the Mojonnier method are both common laboratory gravimetric methods 

which involve solvent extraction of the fat and drying the extracted fat to a constant 

weight (Nielson, 2003).  The gravimetric approach is considered adequate for fat 

evaluation purposes, however, the preferred method for energy evaluation purposes, 

is for fats to be analysed as fatty acids and expressed as triacylglycerol equivalents 

(FAO, 2003).  The advantage of the latter approach, which may be undertaken using 

instrumental methods using the principles of infrared, nuclear magnetic resonance or 

specific gravity (e.g. Foss-Let Method) (Nielson, 2003), is that waxes and the phosphate 

content of phospholipids are not measured, neither of which have an energy value 

(James et al., 1986).   

1.3 Protein 

1.3.1 Presence in the diet 

Although carbohydrates and fats are the primary sources of dietary energy for most of 

the population, protein is also an important contributor to energy intake, particularly 

for individuals with low total energy intake (FAO/WHO/UNU, 2001).   Proteins consist 

of two or more polypeptide chains – polymerised L-α-amino acids linked by peptide 

bonds (Fukagawa and Yu, 2009).  The average Western diet provides approximately 

100 g/d of protein (Ganapathy et al., 2006).  Additionally, significant amounts of 

endogenous salivary and gastrointestinal (GI) secretions enter the intestinal lumen to 

be potentially digested and absorbed.  The extent of endogenous N flow in the GI tract 

is not known with accuracy.  However, total endogenous protein entering the human 

small intestine has been given as 70 - 100 g/d (FAO/WHO/UNU, 2002b), whilst that 

entering the large intestine has been given as 7 – 13 g/d (Cummings, 1996).  The 

sources of dietary protein in the human diet are numerous, each varying in amino acid 

composition and correspondingly, the energy delivered per gram of protein (1981; 

FAO, 2003).  Protein is also the main source of dietary nitrogen in humans, although 

other sources are also present in smaller quantities e.g. free amino acids, nucleotides 

and creatine (FAO/WHO/UNU, 2002a).      
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1.3.2 Methods of chemical analysis 

There is no AOAC method for the determination of protein and instead the 

determination of the N content of foods using the Kjeldahl method (or similar) is the 

standard practice (AOAC, 2000).  Based on the assumption that the N content of a 

protein is approximately 16%, a general conversion factor of N x 6.25 is applied to the 

determined N value to estimate the protein content.  This approach has two major 

shortcomings.  Firstly, as already mentioned, not all N in foods is in protein.  Secondly, 

the N content (on a percentage weight basis) varies for each specific amino acid, 

meaning that the N content of proteins varies from 13 – 19%.  Use of the general 

factor (N x 6.25) for the conversion of N to the protein content assumes that all 

proteins have a fixed N content and this may result in errors of between -2% to +9% 

(FAO, 2003).  In foods where the protein content is around 15% this would equate to a 

small difference in total dietary energy of approximately 1% (FAO, 2003).  Determining 

the protein content through amino acid analysis is the preferable method, and the FAO 

have stated that this is particularly important in the case of novel foods and for foods 

specifically designed for specialised dietary requirements (FAO, 2003). 

1.4 Alcohol 

1.4.1 Presence in the diet 

Alcohol (ethanol or ethyl alcohol) is consumed by a considerable proportion of the 

population.  In New Zealand, 85% of adults consume at least one alcoholic beverage a 

year and 7% consume alcohol daily (Ministry of Health, 2009).  In the United States, 

approximately 64% of individuals drink alcohol, and 14% are regular drinkers (at least 

12 drinks a year) (Pleis et al., 2009).  For many individuals, therefore, alcohol 

constitutes a quantitatively important energy source and so its digestive and metabolic 

fate will be considered here along with the major macronutrients. 
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2. Regulation of dietary energy intake 

Satiety is defined as the state in which further eating is inhibited and occurs as a 

consequence of having eaten (Slavin, 2005).  Macronutrients vary in their ability to 

satiate with protein being the most satiating and fat being the least satiating 

(Westerterp-Platenga et al., 2009).  In particular, it has been observed that diets high 

in protein (20 - 30% of energy intake when consumed in energy balance) and/or high in 

DF increase satiety and reduce post-meal hunger (Howarth et al., 2001; Paddon-Jones 

et al., 2008; Slavin, 2005; Veldhorst et al., 2008).  Protein-induced satiety may be 

mainly due to oxidation of amino acids fed in excess of that required for protein 

synthesis, which increases blood or plasma amino acid levels and may serve as a 

satiety signal for a food-regulating mechanism to depress hunger (Westerterp-

Platenga et al., 2009).  The satiety imparted by DF is due to a number of factors that 

are largely a product of its bulking and viscosity properties (Burton-Freeman, 2000).  

Foods rich in DF reduce the rate of gastric emptying and demand increased effort 

and/or time for mastication which results in a decreased rate of ingestion and 

increases the secretion of saliva and gastric juice (resulting in an expansion of the 

stomach) (Howarth et al., 2001; Slavin, 2005).  The satiating effect of foods has 

particular relevance for foods specifically designed for weight-loss (which are often 

high in protein and/or DF for their satiating effect) because the greater the satiating 

effect of a meal, the longer post-meal hunger is depressed for.  As such, the aim of 

weight-loss foods is generally to provide the lowest ‘available energy’ (ATP) per gram 

or per unit satiety.  An accurate means of predicting the minimal ‘available energy’ a 

food delivers in vivo may be considered the ‘Holy Grail’ when defining the energy 

content of foods.   
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IV. Energy values of foods 

1. Units of energy 

The SI unit for measuring energy is the Joule (J), defined as 1 Joule is expended to 

move an object of mass of 1 kg a distance of 1 m with a force of 1 Newton.  In the case 

of human energetics, kilojoules (kJ) (103 Joules) or megaJoules (MJ) (106 Joules) are the 

common units of measure.  The calorie is an outdated, but still common unit of 

measure.  Conversion factors between kJ and kcal are: 1 kJ = 0.239 kcal; and 1 kcal = 

4.184 kJ. 

 

2. Energy conversion systems 

The determination of the energy content of food depends not only on the accuracy of 

analytical methods to determine the individual energy-contributing nutrients (see 

Section  III of this review), but also the conversion of the quantity of these nutrients 

into energy equivalents to allow the calculation of the total energy content of the 

food.  There are a number of ways to express the energy value of a food, including GE, 

DE, ME and NME, as already described in Section  II of this review.   

At the most basic level, a food may be described in terms of its GE content.   

Determination of the GE content of a food is undertaken in a bomb calorimeter and is 

straightforward and cost effective.  Additionally, the results are highly reproducible 

(Swift, 1957).  However, the GE values of food components assume that all proteins 

have the same amino acid profile, and that all lipids have the same fatty acid profile, 

which they do not (Boisen and Verstegen, 2000; van Milgen, 2002).  The usefulness of 

GE values is further limited because not all ingested nutrients are absorbed and 

dietary-induced heat losses and urinary, faecal and gaseous energy losses are not 

accounted for.  Although expression of the energy value in terms of DE takes into 

account the digestibility of the food/diet, the other shortfalls present in the GE system 

persist making these two systems (DE and GE) of little practical use for scientists and 

consumers of food products.     
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In practice, and for the purposes of food labelling, the energy values of foods are most 

commonly given in terms of ME.  A number of ME systems (Table 1) have been 

developed, as reviewed in detail by Livesey (1995) and more recently by Zou et al. 

(2007).  The two means of predicting ME are factorial equations and empirical 

equations.   
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Table 1 

Models predicting the metabolisable energy values (kJ) of diets1,2   

Reference and year  Model  Notes 

Empirical models   

1958: Levy et al. (1958)  ME = 0.976E - 33.3N - 250  Overestimates ME at 

high UC intake 

1959: Miller and Payne 

(1959)  

ME = 0.95E - 31.4N  Overestimates ME at 

high UC intake 

1975: Southgate (1975)  ME = 0.977E - 16.7UC - 27.6N  Underestimates ME at 

high UC intake 

1984: Miller and Judd (1984)  ME = (0.95E - UC%) - 31.4N  Underestimates ME, 

especially at high UC 

intake 

1990: Livesey (1990)  ME = 0.978E - (17.2UC X S) - 30N  No bias; computation 

of S is complex3 

1991: Livesey (1991)  ME = 0.97E - 56UC0.6 - 30N  No bias 

1991: Livesey (1991)  ME = 0.96E - 8.4UC - 30N  No bias 

1993: FDA (1993)  ME = E - 5.23P  Always overestimates 

ME, more so with diets 

high in UC 

1993: Brown et al. (1993) ME = 0.96E - 10.5UC - 50N  Alternative formula to 

Livesey (1991) that 

deducts known energy 

losses in metabolism 

Factorial models   

1902: Rubner (1902)  ME = 17.2P + 38.9F + 17.2C  Always overestimates 

ME 

1910: Atwater (1910)  ME = 16.7P + 37.6F + 16.7C  Overestimates ME at 

high UC intake 

1945: Medical Research 

Council (1945)  

ME = 16.7P + 37.6F + 17.5Cst Underestimates ME at 

high UC intake 
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1972: McCance and 

Widdowson (1972)  

ME = 16.7P + 37.6F + 15.7Cm Underestimates ME at 

high UC intake 

1990: Livesey (1990)  ME = 16.7P + 37.6F + 15.7Cm + 8.4U  Zero bias with 

increasing UC intake 

1992: European Council 

(1992)  

ME = 16.7P + 37.6F + 16.7 (C-DF)  Underestimates ME at 

high UC intake 

1993: FDA (1993)  ME = 16.7P + 37.6F + 16.7 (C-isDF)  No bias expected 

unless diet high in 

resistant starch 
1 From Livesey (1995) 

2 kJ = 4.184 kcal; ME (kJ), metabolisable energy; E (kJ), gross energy; N (g), dietary nitrogen; UC (g), unavailable 

carbohydrate; UC%, unavailable carbohydrate as a percentage of the dry weight of food; UC0.6 (g0.6); P (g), 

protein; F (g), fat; C (g), carbohydrate by difference; DF (g), dietary fibre; isDF (g), insoluble dietary fibre; Cst (g) 

carbohydrate determined directly and expressed as equivalent starch weight; Cm, carbohydrate determined 

directly and expressed as equivalent weight of monosaccharide; FDA, Food and Drug Administration 
3 S = 1/(2.6α + 6.2β - 0.96) where α (a fraction) is the fermentability of the unavailable carbohydrate and β (a 

fraction) is the intake of unavailable carbohydrate as E from UC alone as a fraction of total E in the diet. 
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Factorial approaches are based on the quantities of protein, fat, carbohydrate and 

sometimes unavailable carbohydrate (dietary fibre), which are assigned energy values 

based on the apparent digestibility (faecal losses) and metabolisability (urinary losses) 

and corrected for both of these components (Atwater, 1910; Miller and Payne, 1959).  

Empirical models are based on the determined GE content of the food and the 

excretion of unavailable carbohydrate and nitrogen.   

2.1 Empirical ME systems 

Empirical models are preferable to factorial systems from a scientific perspective, but 

in most cases the proposed models have severe limitations (Livesey, 1995).  Empirical 

ME models developed in the 1950’s by Levy et al. (Levy et al., 1958) and Miller and 

Payne (1959) were solely based on the GE and N content of the food.  Both these 

systems were based on diets with a limited range of unavailable CHO and have 

consequently been shown to overestimate the ME content of foods high in unavailable 

carbohydrate (UC) (Livesey, 1995).   With the advent of analytical techniques to 

measure dietary fibre (undigested carbohydrate), an account of UC was added to the 

more recent methods of Southgate (1975), Miller and Judd (1984) and Livesey (1991).  

The Southgate method, like its predecessors, does not perform well at high intakes of 

UC, in this case overestimating ME (Livesey, 1990).  The model of Miller and Judd 

(1984) lacks application to mixed diets because it was based on a limited data set of 

four diets, two of which were extreme in that they were very high in UC from whole-

grain cereals (Livesey, 1991).  Furthermore, this model underestimates the available 

energy, particularly so as the UC content of diets increases (Livesey, 1990).  The 

empirical model proposed by the FDA (1993) does not correct for any faecal energy 

loss but incorporates a factor of 5.23 x total protein intake to account for energy lost in 

the urine.  This correction factor was proposed by Atwater (1910), but on the basis of 

digestible (not total) protein intake, which means that the FDA model will always 

overestimate ME (Livesey, 1995). 
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2.2 Factorial ME systems 

2.2.1 Atwater general system 

Prior to the introduction of any empirical ME methods, the seminal work of W.O. 

Atwater and colleagues in the nineteenth century introduced the first factorial ME 

system (Atwater and Woods, 1896).  The ‘Atwater general factor system’, as it is 

known as, was based on general factors for protein (16.7 kJ/g), fat (37.4 kJ/g) and 

carbohydrate (16.7 kJ/g), which were corrected for losses of energy in digestion and 

absorption and the loss of urea in urine.  A value for alcohol (28.9 kJ/g) was also 

provided by the Atwater general system (Atwater and Benedict, 1902).  When the 

Atwater general system was developed, carbohydrate was determined by difference 

(the analytical shortcomings of which are discussed earlier in Section  III of this review), 

which overestimates energy available from mixed Western diets (Livesey, 1990).  The 

system was not intended to be used for diets high in UC as no account of UC was 

incorporated (Livesey, 1995).  The main criticism of the Atwater general system, 

however, is that it assumes constant energy values for carbohydrate, fat and protein 

regardless of the food in which they are found.   

2.2.2 The modified Atwater general factor system 

Modifications to the general system over the last century have included dividing 

carbohydrate into available and unavailable CHO (see Section  III of this review for 

definitions) and assigning values to these portions.  A value for available CHO 

expressed as monosaccharide (15.7 kJ/g) was added in the 1970’s (Southgate and 

Durnin, 1970) and this change appeared in McCance and Widdowson’s ‘The 

Composition of Foods’ and was subsequently adopted as part of the British Food 

Tables system (Holland et al., 1991).   Separately, a value of 8.4 kJ/g for unavailable 

carbohydrate (DF) was added more recently to the Atwater general factor system 

(Brown et al., 1998; FAO/WHO, 1998) resulting in zero bias with increasing UC intake 

(Livesey, 1995).  Livesey (1990) brought together the values of 15.7 kJ/g for CHO 

monosaccharide and 8.4 kJ/g for UC in his modified version of the Atwater model.  The 

European Council system (European Council Directive, 1990) determines carbohydrate 
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by difference minus UC content, which underestimates ME (Livesey, 1995).  In the 

United States, the FDA system (1993) determines CHO by difference less insoluble DF 

resulting in some small bias when the diet is high in resistant starch.  Specific factors 

for organic acids (13 kJ/g) (Codex Alimentarius, 2001), polyols (10 kJ/g) and specific 

polyols and other organic acids are other additions included in the modified version of 

the general system (Livesey, 2001).  The modified Atwater approach has been shown 

to be suitable for application with diets high in UC, but not when food intake is 

spontaneously reduced (Brown et al., 1998; Zou et al., 2007).   

2.2.3 The Atwater specific factor system  

The Atwater specific factor system was introduced by Merrill and Watt (1955) as a 

series of tables as a modification of the Atwater general system to account for the 

differences in both the heats of combustion and digestibility of carbohydrate, protein 

and fats in different foods.  The specific Atwater system also uses “Jones factors” 

(Jones, 1941), which use specific factors for converting N content into protein content 

(rather than the generic 6.25 x N) (FAO, 2003).  When compared to the general factor 

system, the specific factor system gave ME values around 2% lower when excluding 

foods giving extreme differences (20 - 38% difference between the two systems) (FAO, 

2003).  The specific factor system is used wherever possible in the U.S. for food 

labelling and is considered to be far superior to the general factor system, but not 

necessarily so compared to the modified general system (Livesey, 2001).  The specific 

factor system does not account for UC and it has been suggested that it is independent 

of the effects of UC (Livesey, 1990; Mathews, 1995).  The specific factor system is 

regarded as the gold standard in the U.S. (Brown et al., 1998), but the fact that it does 

not include specific values for nutrients other than protein, CHO and fat make it in 

some ways inferior to the Atwater modified general system (FAO, 2003).  The main 

criticism of the specific factor system is its complexity - each food must be located in 

the food tables and the specific factors applied for that food (Livesey, 2001).   
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2.3 Summary of shortcomings of ME systems 

A full discussion of the advantages and disadvantages of the various ME models is 

given by Livesey (1995).  In summary, the empirical models generally do not account 

well for UC (e.g. Levy et al. (1958), Miller and Payne (1959), Southgate (1975), Miller 

and Judd (1984) and FDA (1993) models) or are too complex for routine use and/or not 

suitable for whole diets (e.g. two of the models proposed by Livesey (1990; 1991)).  

The factorial models often do not account for UC at all (e.g. Rubner (1902), Atwater 

(1910), Medical Research Council (1945) and McCance and Widdowson (1946) models) 

and almost always assume a constant heat of combustion for each macronutrient (e.g. 

all factorial models given in Table 1).  The general factor systems, which include the 

Atwater general system (Atwater, 1910), the European Council system (European 

Council Directive, 1990) and the FDA general system (FDA, 1993), show increasing bias 

with increasing NSP intake (Brown et al., 1998).   The specific factor system, however, 

is relatively complex and may not be applicable to novel foods.  All ME systems have 

one major shortcoming from a scientific point of view, however, in that they provide 

only approximate estimates of the availability of energy to the body for intermediate 

metabolism (Livesey, 2001).  

2.4 Expressing dietary energy as net metabolisable (‘available’) 

energy 

Expression of the energy content of foods in terms of NME remedies the primary 

issues associated with ME systems.  The energy lost from the body as the heat of 

fermentation and DIT is not available to generate ATP.   The NME system accounts for 

this fact (unlike ME systems) and thereby predicts the ‘available energy’ content of a 

food.  The NME definition is based on the fact that nutrients replace themselves in 

proportion to NME values or ATP equivalents (Blaxter, 1989; Livesey, 2001), rather 

than in proportion to their ME values or heat equivalents (Rubner, 1902).  As such, 

NME accounts for the efficiency of energy utilisation in metabolism, relative to glucose 

(Elia and Cummings, 2007; Livesey, 2001).  The NME values for the relevant food 

components are: available carbohydrate expressed as monosaccharide (15.7 kJ/g), 

protein (13.3 kJ/g), fat (36.6 kJ/g), 6.2 kJ/g for DF in mixed diets, 8.0 kJ/g for 
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fermentable DF and 26.4 kJ/g for alcohol (Warwick, 2005).  For most food components 

(except glucose), NME values are lower than ME values, particularly for foods high in 

DF (25% decrease for DF in mixed diets and 27% decrease for fermentable DF), protein 

(24% decrease) and some novel food components (FAO, 2003).  The validity of NME 

has been confirmed using 24 h calorimetry in humans and by calculation of ‘high-

energy’ bond yields with comparable results (Livesey, 2001).  Although there has been 

some debate in the literature regarding the use of NME for food labelling purposes 

(Livesey, 2001; MacLean, 2005; Warwick, 2005; Warwick and Baines, 2000), even 

opponents to the NME system agree that it better reflects the available energy of a 

food (Warwick, 2005).  It has been stated by the FAO that “NME represents the 

biological ATP-generating potential and, as such, the maximum potential of individual 

food components and foods to meet energy requirements that require ATP; thus, NME 

represents a potential improvement in the description of food energy, especially when 

individual foods are to be compared” (FAO, 2003). 

The application of NME has particular importance for novel foods and those foods high 

in DF, resistant starch and protein (FAO, 2003; Livesey, 2001).  Foods that are 

specifically formulated for body weight-loss contain high concentrations of one or 

more of these ingredients for satiety, maintaining a low energy content and for 

imparting desirable functional attributes on the food.  For this reason, and also 

because weight-loss food products are designed to deliver a specific quantity of 

energy, expressing the dietary energy content in terms of ‘available energy’ would 

seem to be preferable. 

It should be noted that although the terms “available” and “digestible” are often used 

interchangeably, not all nutrients that are digested and absorbed become available for 

metabolism (e.g. lysine, (Moughan, 2003)).  The term “available”, will therefore be 

used in the present work to describe the release and uptake of nutrients in a chemical 

form that can be potentially used for yielding ATP via the body’s metabolic processes. 
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V. Energy utilisation 

1. Overview of digestion in man  

Man is a simple-stomached animal species and the majority of nutrient digestion and 

absorption occurs prior to the terminal ileum (i.e. in the upper-tract).  Any material 

that escapes upper-tract digestion enters the colon and is a potential substrate for 

fermentation by the bacteria populating the hindgut.  Unfermented material is 

excreted in the faeces along with methane, H2 and CO2 gas, epithelial cells, mucus and 

considerable quantities of bacterial biomass  (Cummings, 1996).  Collectively, these 

faecal components total around 25 g/d of dry matter for a typical Western diet 

(Stephen and Cummings, 1980a).  The digestive process, from mouth to anus, typically 

takes about 60 h in Western subjects, of which 4 – 6 h is mouth to caecum transit time 

(Cummings, 1996; Cummings et al., 1992).  The large intestinal transit time is therefore 

around 54 h, although 24 – 48 h has been reported in Africans (Burkitt et al., 1972).    

Quantitatively, the energy gained via upper-tract digestion is by far the most important 

with hindgut fermentation contributing only 3 – 11% to the body’s maintenance 

energy needs for individuals consuming mixed Western diets (Cummings, 1983; 

Cummings and Macfarlane, 1991; McBurney and Thompson, 1989; McBurney et al., 

1987; McNeil, 1984).  The processes by which each class of nutrients (carbohydrate, 

protein, fat and alcohol) and dietary fibre are dealt with by the body to eventually yield 

useful energy for metabolic processes will now be discussed.     

 

2. Upper-tract digestion, absorption and transport 

2.1 Carbohydrates 

2.1.1 Digestion 

Mammalian enzymes in the small intestine, except for β-galactosidase, are only able to 

degrade α-glycosidic linkages leaving β-glycosidic linkages in NSP intact (Livesey, 1992).  

Both disaccharides and digestible polysaccharides (non-resistant starch) must first be 
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hydrolysed to their constituent monosaccharide equivalents to allow absorption from 

the digestive tract.  Digestible polysaccharides are firstly digested primarily to the 

disaccharides maltose, glucose and isomaltose in the mouth (minimal)/ stomach and 

duodenum by salivary and pancreatic α-amylase respectively (Smith and Morton, 

2001).  These disaccharides then undergo digestion in the upper small intestine in the 

same way as ingested disaccharides.  Specifically, disaccharide digestion occurs in the 

microvilli of the intestinal mucosal cells (brush border), not in the intestinal lumen, 

where the enzymes lactase and sucrase act on lactose (to produce one galactose and 

one glucose) and sucrose (to produce one glucose and one fructose), respectively 

(Smith and Morton, 2001).  Additionally, the action of maltase and isomaltase both 

yield two glucose units from the breakdown of maltose and isomaltose, respectively.  

Although 95% of CHO in the human diet are digested and absorbed within the small 

intestine (Mathers and Wolever, 2009), some (mostly oligosaccharides and 

polysaccharides) are resistant to human digestive enzymes and are collectively termed 

‘dietary fibre’ (Cummings, 1996).  Specifically, oligosaccharides (except maltodextrins) 

and NSP are largely unabsorbed in the small intestine (Mathers and Wolever, 2009).     

 

Whilst their presence in the diet is small compared to the oligosaccharides and 

polysaccharides, polyols are also all largely  indigestible, as are all the monosaccharides 

and disaccharides except for glucose, galactose and fructose, lactose, maltose and 

sucrose (Livesey, 1992; Mathers and Wolever, 2009).  An example of one such 

indigestible sugar is lactulose (Livesey, 1992; Saunders and Wiggens, 1981).    

2.1.2 Absorption and transport 

The rate of absorption of digested CHO needs to be rapid in order to avoid large 

quantities of unabsorbed CHO entering the hindgut where it may be fermented with 

unpleasant side-effects (Flatt, 1995b).  Approximately 60% of the glucose available for 

absorption in the gut is believed to be absorbed and transported from the enterocyte 

into circulation, while approximately 25% diffuses through the basolateral membrane 

into circulation and the remaining 15% leaks back across the brush border into the 

intestinal lumen (Groff and Gropper, 2000).  Glucose and galactose are absorbed by 
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both passive diffusion and active transport systems and transported to the liver 

requiring 0.5 mol ATP / mol glucose or galactose (Blaxter, 1989; Flatt and Tremblay, 

1998).  A specific carrier, known as SGLTI is also involved and both glucose and 

galactose must attach to Na+ before SGLTI can attach to the sugars, a process relying 

on the Na+/K+-ATPase pump (Smith and Morton, 2001).  Fructose does not bind to 

SGLTI and is absorbed more slowly than glucose or galactose, but faster than polyols 

such as sorbitol and xylitol which use passive diffusion (Gropper et al., 2008).  Fructose 

absorption is thought to occur by passive carrier-mediated facilitated diffusion, 

involving a specific hexose transporter named GLUT5 (Burant et al., 1992), which can 

only occur down a concentration gradient.  However, the uptake of fructose against 

this gradient implies that at least some absorption occurs via active transport (Macrae 

and Neudoerffer, 1972).  In 60% of adults the absorption of fructose is limited and 

there is evidence to suggest that the presence of glucose aids the absorption of 

fructose (Truswell et al., 1988).   

Absorbed monosaccharides are transported to the liver where the majority of fructose 

and galactose are taken up into liver cells by specific receptors and facilitated transport 

and then metabolised to glycogen via glucose derivatives (glycolysis) (Mathers and 

Wolever, 2009).  Glucose is also metabolised in the liver, but not as completely as for 

fructose and galactose and also enters other cells, such as muscle, skeletal, kidney and 

adipose tissue, by facilitated transport (Gropper et al., 2008).  

2.2 Fats 

2.2.1 Digestion 

The process of TAG digestion begins in the stomach with the addition of lingual lipase 

produced in the mouth which acts on medium- and short-chain length fatty acids.  To 

enable gastric digestion to occur, the fats are emulsified by the physical action of the 

stomach and the addition of bile salts when the partially hydrolysed emulsion enters 

the duodenum.  Pancreatic lipase then takes over TAG digestion, yielding a wide range 

of diacylglycerols, monoacylglycerols and free fatty acids (FFA) as well as a small 

amount of free glycerol.    
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2.2.2 Absorption and transport 

Partially digested lipids are combined with bile salts to form micelles (Morgan and 

Hoffman, 1971).  The lipid content of the micelles diffuses into the brush border of the 

enterocytes in the distal duodenum and jejunum aided by a concentration gradient 

(FAO/WHO, 1994).  After absorption into enterocytes, the lipid components of longer 

chain fatty acids (10 to 12 carbon atoms) are reformed into TAG, requiring activation 

(i.e. conversion to a compound that can enter the TCA cycle) by coupling to coenzyme-

A (Morgan and Hoffman, 1971; Tso and Balint, 1986).  The resynthesised TAG are 

formed into lipoproteins (chylomicrons) in the enterocyte’s endoplasmic reticulum and 

are released into the lymphatic circulation and then the portal blood (Gropper et al., 

2008).  Short chain fatty acids (fewer than 10 to 12 carbon atoms) pass directly into the 

portal blood without being resynthesised, although the portal route may be an 

absorptive route for long chain FA as well (McDonald et al., 1980).  The role of 

lipoproteins is to transport lipids between tissues (Groff and Gropper, 2000).  Other 

lipoproteins, such as very low-density lipoproteins (VLDL) are formed in the liver from 

endogenous lipid and are also circulated in the bloodstream (Gropper et al., 2008).  

Circulating lipoproteins are acted on by the enzyme lipoprotein lipase (LPL) to release 

FFA and diacylglycerols, which are rapidly absorbed by adipose tissue cells (Flatt, 

1995b; Gropper et al., 2008).  Only a small percentage of hydrolysed lipoproteins reach 

the body’s pool of albumin-bound fatty acids with dietary fat largely targeted for 

adipose tissue (Flatt, 1995b; Griffiths et al., 1994).     

2.3 Protein 

2.3.1 Digestion 

Hydrochloric acid first denatures the structure of the protein in the stomach and then 

pepsin attacks peptide bonds, favouring aromatic amino acids (Smith and Morton, 

2001).  This produces large polypeptides, some oligopeptides and free amino acids.  In 

the small intestine, including the ileum, a number of peptidases are produced to act 

specifically on certain peptide bonds, depending on the adjacent amino acid in the 
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polypeptide chain.  The end products of protein digestion are free amino acids and 

peptides (consisting mainly of di- and tripeptides).    

2.3.2 Absorption and transport 

The majority of N absorption occurs in the proximal intestine (Gausserès et al., 1996; 

Mahé et al., 1996; Nixon and Mawer, 1970), although the distal ileum may also be an 

important site of absorption for di- and tri-peptides in particular (Erickson et al., 1995).  

Some amino acids are not absorbed into the tissues beyond the intestines and 

released into circulation, but rather, are used by intestinal cells for energy and to 

synthesise other compounds e.g. glutamine is an important energy source for 

intestinal cells (Matthews et al., 1993). 

The majority of the products of protein digestion, however, are absorbed, primarily in 

the upper small intestine (although sites of maximal absorption vary between amino 

acids) via a number of ATP-requiring carrier systems (Matthews et al., 1971).  There is 

evidence for some degree of competition for uptake between amino acids requiring 

the same carrier and peptides also compete for carriers for absorption (Groff and 

Gropper, 2000).  Generally, branched-chain amino acids are absorbed faster than 

smaller amino acids and peptides appear to be absorbed faster than the equivalent 

mix of free amino acids (Abidi et al., 1967).   The absorption of peptides accounts for 

67% of the absorbed amino acids and the remainder are absorbed as free amino acids 

(Zaloga, 1990).   The majority of amino acids are absorbed intact across the brush-

border membrane into the enterocytes as small peptides (di- and tripeptides) where 

they are hydrolysed by cytoplasmic proteases (Ganapathy et al., 2006).  The absorption 

process is facilitated by specific peptide transport systems (Ganapathy et al., 2006).  

Absorbed amino acids traverse the basolateral membrane of the enterocytes, mostly 

as free amino acids, into the interstitial fluid and the portal vein, primarily through 

diffusion and sodium-independent transport (Gropper et al., 2005).  Peptides that are 

resistant to cytoplamsic proteases are transported intact across the basolateral 

membrane, but this route is minor compared to the transport of the bulk of the 

products of protein digestion (Ganapathy et al., 2006).  The transport of amino acids 
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into hepatocytes uses carrier systems similar to those found in the intestinal 

basolateral membrane (Gropper et al., 2008). 

2.4 Alcohol 

2.4.1 Digestion 

Approximately 5 – 10% of ingested ethanol is excreted unaltered, primarily in the 

expired breath and urine (Rubin and Strayer, 2008).   

2.4.2 Absorption and transport 

Ethanol is absorbed unchanged by the intestinal mucosa via simple diffusion (Bode and 

Bode, 1997).  The absorption process can potentially take place along the entire length 

of the digestive tract (Pawan, 1972), but the majority of ethanol is absorbed in the 

stomach (10 – 30%) and the upper small intestine (approximately 80%) (Levitt et al., 

1997).  The rate of absorption is affected by a number of factors.  Higher 

concentrations of ingested alcohol increase the rate of absorption by the mucosa, with 

alcohol concentrations of 10 - 20% being the most rapidly absorbed (Bode and Bode, 

1997; Pawan, 1972).  The presence of food in the stomach reduces the rate of 

absorption (Bode and Bode, 1997).  The type of beverage also effects the rate of 

absorption e.g. whisky is absorbed more rapidly than the equivalent amount of alcohol 

in beer (Bode and Bode, 1997).  Other factors affecting alcohol absorption include the 

rate of gastric emptying, the permeability of the gastric and intestinal tissues, the 

types of spices in foods, certain medications and the drinker’s gender and body 

temperature (Bode and Bode, 1997; Bode, 1980; Pawan, 1972).   Ethanol is absorbed 

intact into the portal vein and transported unaltered, primarily to the liver.  Other 

tissues, such as the kidney, muscle, lung, intestine and brain are also minor sites of 

metabolism (Mezey, 1985; Pawan, 1972).  

3. The hindgut  

There is evidence to suggest that microbial activity in the small intestine exists (Bach 

Knudsen and Jensen, 1991; Dierick et al., 1986; Jørgensen and Jensen, 1994), although 
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compared to that occurring in the large intestine, the effect on total tract digestibility 

may be considered minimal.  The large intestine (caecum and colon) is heavily 

populated with bacteria, as evidenced by colonic microbial counts of 1010 to 1011 

colony-forming units per g wet weight (Hill, 1995).  The colonic microflora is comprised 

of mostly anaerobic bacteria, at least one hundred times greater in number than 

facultative organisms (Williams et al., 2001).  Individual variation in the makeup of the 

large intestinal microflora may be at least partly attributed to the composition of the 

diet, especially the fermentable fraction (Djouzi and Andrieux, 1997).  This realisation 

has led to a great deal of interest in prebiotics (indigestible food ingredients that 

stimulate bacterial activity) and probiotics (introduction of beneficial bacteria) as food 

sources that may be able to beneficially influence the health of the hindgut ecosystem 

(Marteau and Boutron-Ruault, 2002).  The absorption of amino acids and di- and 

tripeptides by the hindgut is not likely to contribute significantly towards the energy 

supply in humans (Darragh et al., 1994; Just et al., 1981).  This is supported by Hume et 

al. (1993) who state that amino acids produced as a by-product of bacterial protein 

synthesis do not accumulate in the mammalian hindgut, due to the action of microbial 

deaminases. 

3.1 Hindgut fermentation 

The process of anaerobic breakdown of material entering the hindgut by the large 

intestinal microflora is known as fermentation (Figure 2), and it is by this process that 

the human host is able to benefit from the energy that would otherwise be lost due to 

the indigestibility of dietary material in the upper digestive tract (Cummings, 1987). 
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Figure 2. The pathways of fermentation in the hindgut leading to the production of 

short chain fatty acids.  From Macfarlane & Gibson (1997). 

3.1.1 Substrates for hindgut fermentation 

Undigested CHO is quantitatively the most important substrate for hindgut 

fermentation (Mathers and Annison, 1993).  Of the estimated 25 – 80 g of material 

entering the colon each day, approximately 20 – 60 g is undigested dietary CHO (of 

which resistant starch contributes 5 – 10 g) and 1 - 12 g is undigested dietary protein 

(Cummings, 1996; Cummings and Englyst, 1987; Cummings et al., 1989).  Additionally, 

4 – 12 g of endogenous protein (e.g. pancreatic enzymes and other secretions), 0.5 g of 

urea and nitrate, around 3 – 5 g of mucus and unknown quantities of sloughed 

epithelial cells also contribute to the pool of potential substrates for colonic 

fermentation (Cummings, 1996). 
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As discussed earlier, there is a wide range of undigested carbohydrates that enter the 

colon, including polysaccharides, oligosaccharides, polyols and even some mono- and 

disaccharides (Livesey, 1992; Mathers and Wolever, 2009; Williams et al., 2001).  The 

degree to which each of these carbohydrates is fermented in the hindgut varies, 

although a generic hindgut apparent digestibility value of 0.7 for unavailable 

carbohydrate (DF) is applied to mixed human diets, which is the same as fermentability 

(Livesey, 1995, 2001).  Polyols and oligosaccharides are generally all completely 

fermented (Livesey, 1992). Some oligosaccharides are largely fermented in the 

terminal ileum and proximal colon, being unavailable for fermentation in the distal 

colon (Houdijk, 1998).  Fermentability of resistant starch is variable, ranging from 30 - 

70% (Behall and Howe, 1995, 1996; Cummings et al., 1996; Ranhotra et al., 1991; 

Ranhotra et al., 1996). The NSP fraction of DF is the most variable when considering 

fermentability. For example, pectin is readily fermentable (Holloway et al., 1983), 

whilst the faecal digestibility of wheat bran DF in humans was observed by Nyman et 

al. (1986) to be 34% and by Chen et al. (1998) to be 56%.  The fermentability of gums 

varies, ranging from poorly fermented (e.g. gum karaya) (Davies, 1990) to highly 

fermentable (e.g. guar gum and gum arabic) (McLean et al., 1983; Nyman et al., 1986).  

The classification of a DF as “soluble” or “insoluble” is not a reliable indicator of its 

ability to be fermented, as illustrated by the gums, which are all considered to be 

soluble DF (Livesey, 1995).   For mixed human diets there is a consensus that around 

50% of the gross energy in fermentable CHO becomes available (Livesey, 1995).    

3.1.2 Products of hindgut fermentation 

One of the most important products of hindgut fermentation is the energy that is used 

by the colonic bacteria for its own growth and maintaining cellular function, the 

former resulting in increased biomass and faecal bulk (Cummings, 1987, 1996).    From 

the perspective of the human host, the only major products of the hindgut 

fermentation of both carbohydrate and protein that contribute to energy supply are 

short chain fatty acids (SCFA) (organic fatty acids containing 1 – 6 carbon atoms), 

primarily acetic, propionic and butyric acids (Cook and Sellin, 1998; Mathers and 

Wolever, 2009).  The fermentation of protein also produces branched-chain fatty acids 
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(isobutyrate and isovalerate), valerate, formate, caproate, ammonia, amines and 

phenols (Cummings, 1996; Macfarlane et al., 1992), although the concentration of the 

branched-chain fatty acids is small relative to total SCFA production (5 – 20 mol / 100 

mol total SCFA) (Cook and Sellin, 1998; Williams et al., 2001).  Total daily SCFA 

production is in the range of 100 – 200 mmol (Cook and Sellin, 1998).     

Hydrogen gas, carbon dioxide gas and indirectly, methane gas (Cummings, 1996; 

Williams et al., 2001), as well as heat (Topping and Clifton, 2001) are also major 

products of hindgut fermentation.  All such gas produced in the large intestine is 

excreted in the flatus and the breath, although CO2 from fermentation is a small 

contributor to breath CO2 (Cummings, 1996).  The presence of H2 gas in exhaled breath 

was once thought to be a reliable indicator of fermentative activity in the large 

intestine, but it is now apparent that this is not the case (Christl et al., 1992).  The 

production of H2 gas is unique to fermentation and aside from being used to increase 

bacterial biomass, it may be disposed of in a number of additional ways.  Hydrogen gas 

may be used by individuals harbouring methanogenic bacteria (30 - 50% of the 

population) to reduce CO2 to methane (Cummings, 1996), or in the case of non-

methane producers who carry large numbers of sulphate-reducing bacteria, to reduce 

SO4 to sulphides, including H2S (Cook and Sellin, 1998; Cummings, 1996).  Acetogenic 

bacteria also consume H2 in the process of reducing CO2 to acetic acid (Cook and Sellin, 

1998; Cummings, 1996).  Lactic acid, the predominant organic acid found in the upper 

digestive tract (Serena et al., 2007), is also formed in the hindgut as an intermediate 

product of starch fermentation (Macfarlane and Englyst, 1986), consuming H2, but only 

accumulating when SCFA production is inhibited and the colonic environment is at a 

pH lower than pH 5.5 (Soergel, 1994).  Since lactic acid produced in the hindgut 

generally does not accumulate in the colon, its fate, like ethanol and succinate (also 

products of fermentation), is as a substrate for other bacterial species, rather than 

being absorbed by the bowel for use by the host.    

The production of SCFA causes a drop in pH in the colon with pH increasing in more 

distal regions of the colon, such that the caecum (although of a small size in man) is 

the most acid region, followed by the proximal colon (also acidic) and then the sigmoid 
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colon which maintains a near neutral pH (Cook and Sellin, 1998; Cummings, 1996).  The 

right-hand (proximal) side of the colon is an active site of CHO fermentation and SCFA 

production, whilst the sigmoid region is depleted of CHO as a bacterial food source, so 

protein fermentation and the accumulation of branched-chain fatty acids, phenols and 

amines dominates along with a shift in the type of microflora to more methanogenic 

and sulphate-reducing bacteria (Cummings, 1996).   The production of SCFA may shift 

distally depending on the availability of CHO and colonic transit time (Cook and Sellin, 

1998). 

The general equation for the fermentation of CHO is given by Ewing and Cole (1994) 

as: 

57.5 C6H12O6 + 45 H2O → 

65 acetate + 20 propionate + 15 n-butyrate + 140 H2 + 95 CO2 + 288 ATP (Eq. 6) 

which suggests that theoretical molar ratios of acetic acid: propionic acid: butyric acid 

are 65 : 20 : 15.  The direct measurement of SCFA in the human hindgut is difficult, 

since virtually all of the SCFA produced are rapidly absorbed in the colon (Elia, 1995b; 

Ruppin et al., 1980).  Experimental findings in healthy humans are therefore based on 

autopsy from sudden death victims (Cummings et al., 1987) or after sampling by 

enema (Cummings, 1996; Weaver et al., 1988).  Experimental findings and theoretical 

estimates both support molar ratios of approximately 60 : 20 : 18 for acetic : propionic 

: butyric acid in humans (Cummings and Macfarlane, 1997).  It is well known, however, 

that the ratios vary depending on diet, region of the colon and other factors (Cook and 

Sellin, 1998).  For example, starch as a fermentative substrate, yields a greater 

proportion of butyric acid than other carbohydrates (Cummings, 1996).  The molar 

ratio of 60 : 20 : 18 given above equates to a yield of 63 g SCFA per 100 g of CHO 

fermented (Cummings and Macfarlane, 1997), similar to the value of 61 g SCFA per 100 

g reported by Livesey and Elia (1995).     
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3.1.3 Absorption and transport of SCFA 

Short chain fatty acids are the only product of hindgut fermentation available as an 

energy source for the host.  Short chain fatty acids are absorbed rapidly by the colonic 

mucosa and become available for intermediary metabolism in the body (Cummings, 

1981).  There is no evidence for active transport of SCFA (Henning and Hird, 1972; 

McNeil et al., 1978) and the absorption of SCFA is thought to proceed by either non-

ionic diffusion of protonated SCFA (accounting for approximately 60% of total SCFA 

absorption); or cellular uptake by ionic diffusion of the sodium or potassium salt of the 

SCFA (Ruppin et al., 1980).  The relative proportion of protonated or ionised SCFA is 

determined by the pH in the colon (Cook and Sellin, 1998).       
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VI. Postprandial metabolic fate of dietary energy 

1. ATP 

Once nutrients have been absorbed the energy contained within these substrates must 

be released.  This is achieved through cleaving the covalent bonds of the absorbed 

molecules so that the bonding forces “relax” and their energy is released.  This energy 

can then be used to form the phosphate anhydride bonds of ATP (adenosine 

triphosphate), from ADP (adenosine diphosphate).  ATP can be subsequently 

hydrolysed to release energy as required, which in almost all cases, involves the 

enzymatic hydrolysis of the β- and γ-phosphates in ATP, producing ADP and a free 

phosphate group.   The free energy (ΔG) for the hydrolysis of ATP is normally given as 

30.5 kJ / mol ATP (7.3 kcal / mol ATP) under standard conditions (Karp, 2009).  

However, in vivo conditions may not be representative of standard conditions, leaving 

some possible degree of error in this value.  The free hydrolysis of ATP under typical 

cellular conditions, and in muscle, is approximately -59.8 kJ/mol (-14.3 kcal/mol), 

which is more indicative of the actual energy available (Flatt and Tremblay, 1998; 

Stryer et al., 2002).  ATP is an intermediate compound with a small pool size, that is 

constantly and rapidly being used for metabolic or external work, and as such, it does 

not accumulate in cells (Elia and Cummings, 2007).  Although ATP may be considered 

as the universal energy currency in the body, there are also other intermediate 

phosphorylated compounds that play a role.  These include phosphoenolpyruvate, 1,3-

biphosphoglycerate, phosphocreatine, glucose 1-phosphate, adenosine 

monophosphate (AMP) and glucose 6-phosphate. 

The primary means by which ATP is formed from ADP is via oxidative phosphorylation 

(in the mitochondrion) using energy from the flow of electrons generated by the 

oxidation of the substrate.  These electrons are passed sequentially through a series of 

intermediate compounds, ultimately to O2, which is reduced to H2O – a process 

referred to as the electron transport chain (respiratory chain).   The specific process by 

which each of the energy yielding substrates is catabolised is dealt with in the 

remainder of this section of the review.    
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The cellular P/O ratio describes the ATP produced per oxygen atom reduced by the 

electron transport chain during oxidative phosphorylation.  Traditionally, it was 

assumed that cellular P/O ratios were integers (3 for NADH and 2 for FADH2) (Hinkle, 

2005).  More recently, chemiosmotic theory has led to the proposition of non-integer 

values (2.31 for NADH and 1.38 for FADH2).  The basis for these new modern ratios is 

discussed in detail by Brand (2005).  The possibility remains, however, that these 

theoretical cellular P/O ratios may still be higher than what occurs in vivo in 

mitochondria as these ratios do not fully account for slip reactions, proton leakage and 

the activity of uncoupling proteins.   

Slip may occur when the proton pumps are not perfectly coupled, resulting in fewer 

protons pumped across the mitochondrial membrane and therefore less ATP 

synthesised, effectively lowering the cellular P/O ratio (Brand, 2005).  Whilst it would 

seem that slip does not occur under normal physiological cell conditions, some 

uncertainty remains (Brand, 2005; Brown, 1992; Kadenbach, 2003; Murphy, 1989).   

Proton leakage (where protons leak back across the coupling membrane and are 

therefore unavailable for ATP synthesis), is more widely accepted.  A number of in vitro 

studies have demonstrated that proton leakage occurs in both isolated mitochondria 

and intact cells, accounting for around 20% of the total cellular respiration rate, 

dependent largely on the species and type of cell (Brand, 2005).  It is estimated that 

only 60% of an hepatocyte’s total oxygen consumption is used for ATP synthesis, 

effectively lowering the cellular P/O ratio considerably (Brand, 2005).  Again, it is 

uncertain if in vitro observations are completely transferable to the in vivo situation 

and to what extent proton leakage should be accounted for when predicting the 

cellular P/O ratio (Marcinek et al., 2004; Rolfe et al., 1999).   

The specialised uncoupling proteins (UCP) present in some mitochondria, most likely 

used for transporting anionic fatty acids, may create proton permeability by allowing 

H+ pumped out of the mitochondria by electron transport to re-enter (Groff and 

Gropper, 2000; Hinkle, 2005).  However, they are not seen as affecting mechanistic 

P/O ratios, at least in liver and heart (Hinkle, 2005).  In summary, corrections to the 
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cellular P/O ratios on account of uncoupling, including slip, proton leakage and 

uncoupling proteins appear to be small or of limited relevance (Hinkle, 2005), although 

there remains a need to confirm the extent of proton leakage in vivo. 

 

2. Catabolism of absorbed substrates 

2.1 Catabolism of carbohydrates   

Catabolism of available glucose proceeds via aerobic glycolysis using either the 

glutamate-aspartate shuttle (the dominant shuttle system in the liver), or the more 

costly glycerol phosphate (αGP) shuttle (Houston, 2006).  Each glucose molecule 

catabolised uses 2 ATP and generates 4 ATP and 2 NADH (Stryer et al., 2002).  Two 

pyruvate are also produced and each enters the tricarboxylic acid (TCA) cycle to yield 4 

NADH, 1 FADH2 and 1 GTP (Stryer et al., 2002).  Excess glucose is stored by conversion 

to glycogen (requiring 2 ATP for each mol of glucose converted) and stored primarily in 

the liver and muscle (Flatt, 1995b).  

The heats of combustion (routinely measured by bomb calorimetry) and the ATP and 

NADH produced in the cytoplasm and mitochondria and the mitochondrial FADH2 

produced during oxidation are the same for glucose, fructose and galactose (Livesey, 

1984). 

It is critical that glucose availability in the body is maintained at all times to supply the 

nervous system and prevent hypoglycaemia.  The body’s glycogen stores in the liver (≈ 

120 g) and muscle (≈80 – 380 g) are rapidly replenished after a meal of carbohydrate to 

help ensure a constant supply of glucose (≥5 g glucose / h) (Flatt, 1995b).  Glycogen 

stores are limited to around 200 – 500 g depending on body size and CHO intake (Flatt, 

1995b).  It is estimated that one quarter to one third of ingested CHO is converted to 

glycogen in the liver, one third to one half to glycogen in the muscle and the remainder 

(approximately one third) oxidised during postprandial hours (Flatt, 1995b).   If dietary 

intake fails to adequately replenish glycogen stores the oxidation of glucose decreases 

rapidly (Flatt, 1995a).  A decrease in blood glucose levels initiates the release of 
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glucagon by the liver, which in turn activates phosphorylase to degrade glycogen to 

release glucose and increases gluconeogenesis from amino acids and lactate (DeFronzo 

and Ferrannini, 1987; McGarry et al., 1987).  Once blood glucose levels are sufficiently 

high, insulin signals the liver to restrain the release of hepatic glucose (Cahill, 1971).      

There is a common misconception that carbohydrates are readily turned to fat and 

that the high cost of this process (lipogenesis) is responsible for the weight reduction 

observed on high carbohydrate diets (Flatt, 1995b).  The consumption of carbohydrate 

does, however, reduce the need to use fat as a fuel because after consumption of a 

meal containing both carbohydrate and fat, the body has a preference to use 

carbohydrate as a fuel.  As such, carbohydrate intake influences the rate of fat 

oxidation, although fat intake does not influence the rate of carbohydrate oxidation 

(Flatt et al., 1985).     

2.2 Catabolism of fats 

Each TAG yields three fatty acids (FA) and one molecule of glycerol when completely 

hydrolysed (van Milgen, 2002).  The catabolism of FA occurs via β-oxidation in the 

mitochondrion and ATP yields are dependent on: (i) the number of C atoms in the FA 

(ii) the number of double bonds in the FA, and (iii) whether the number of C atoms is 

odd or even (van Milgen, 2002).  Fatty acids are iteratively reduced through 

consecutive cycles of β-oxidation.  Each cycle produces 1 mole each of NADH, FADH2 

and acetyl-CoA and shortens the C chain by two C atoms (Stryer et al., 2002).  For 

every acetyl-CoA generated through β-oxidation a further 3 NADH, 1 FADH2 and 1 GTP 

are yielded via the TCA cycle (Brand, 2005).  Fatty acids containing an even number of 

C atoms produce one extra acetyl-CoA during β-oxidation than those FA of an odd C 

chain length (van Milgen, 2002).      

 

Unsaturated FA must first be converted into suitable intermediate forms before 

undergoing β-oxidation.  This occurs by the action of either an isomerase (for odd 

numbered double bonds) or a reductase and an isomerase (for even numbered double 

bonds) (Roskoski and Roskoski, 1996).  The details of these pathways will not be 

discussed here, but in summary the result is 1 less FADH2 being generated for each 
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double bond present and in addition, 1 less NADPH being generated for each even 

numbered double bond (van Milgen, 2002).   

Glycerol accounts for approximately 5% of the energy content of TAG (Flatt, 1995b).  

Catabolism of glycerol proceeds via one of two pathways which vary in ATP yields.  The 

primary pathway produces acetyl-CoA, which then enters the TCA cycle (van Milgen, 

2002).  The secondary pathway proceeds via gluconeogenesis (van Milgen, 2002) and 

under normal physiological conditions (i.e. not in a state of starvation) the contribution 

of glycerol to gluconeogenesis is relatively minor compared to the other major 

precursors of gluconeogenesis (alanine, glutamine and lactate).  Even after a 17 h fast, 

only around 10% of the total glucose was produced from glycerol as a result of 

gluconeogenesis in both lean and obese humans (Chevalier et al., 2006).  In fasted (16 

h - 18 h) dogs, glycerol was estimated to be responsible for only 5% of total carbon 

used for gluconeogenesis  (Rolfe and Brown, 1997). 

Spontaneous mechanisms exist in humans to effectively balance the intake of protein 

and carbohydrate against the oxidation of these fuels by the body, but the same is not 

true of fat, possibly because of the important functional role of amino acids and to 

ensure a constant supply of glucose to the brain (Flatt, 1995a).  Once fat has been 

stored in adipose tissue, increased fat oxidation is the only means of reducing body fat 

stores (except for liposuction) (Flatt, 2001).  The amount of fat oxidation is limited to 

the difference between total energy expenditure and the energy intake from other 

fuels (carbohydrate + protein + alcohol), rather than the amount of fat consumed on a 

given day (Flatt, 1991).  Whilst carbohydrate intake induces carbohydrate oxidation 

and protein intake increases amino acid oxidation (Garlick et al., 1980), the intake of 

fat only marginally increases the postprandial rate of fat oxidation (Flatt, 1995b).  This 

is thought to be due to the slow rate of absorption of fat from the digestive tract and 

the fact that the fat in chylomicrons is targeted for storage in adipose tissue so that 

only small amounts of free fatty acids reach other cells (Flatt, 1995b).  The result is that 

even after consumption of a high fat meal, the rate of fat oxidation does not increase 

markedly (Flatt, 1995b).  Furthermore, when carbohydrate intake is high, carbohydrate 

oxidation is increased to limit excessive glycogen stores, thereby reducing fat oxidation 
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and increasing fat storage to an even greater extent (Flatt, 1988, 1993).  As such, 

reduced carbohydrate intake, coupled with moderate fat intake, is essential to induce 

a rapid rate of fat oxidation (Flatt, 2001). 

2.3 Catabolism of protein 

The liver is primarily responsible for dietary amino acid (AA) metabolism (50 - 60% of 

absorbed amino acids), with other tissues and organs (skeletal muscle, neural tissue, 

kidney tissue) also contributing on a smaller scale (Gropper et al., 2005).  Specifically, 

the skeletal muscle is the major site of catabolism for dietary branched chain amino 

acids (Shimomura et al., 2006).  The majority (57%) of amino acids arriving at the liver 

are subsequently catabolised there (Gropper et al., 2005).   The remainder are either 

released into the systemic circulation (23%) or are used for the synthesis of proteins 

and nitrogen-containing compounds (20%) (Berthold et al., 1995).  The AA catabolised 

by the liver, may either be oxidised (90%) (Lindsay, 1976), or in the case of glucogenic 

AA, used for gluconeogenesis, producing 0.5 mol glucose per AA in most cases (van 

Milgen, 2002).  In the case of the oxidative pathway, the ATP yield varies depending on 

the AA oxidised, and in the case of the gluconeogenic pathway, the ATP required to 

produce glucose also varies considerably depending on the AA (van Milgen, 2002).  

Although Livesey (1984) suggests that the choice of catabolic pathway may be an 

important consideration for ATP yields from dietary protein, calculations and model 

simulations at the whole animal level by Birkett and de Lange (2001a) showed little 

difference in overall ATP yields for the two catabolic pathways for AA (providing 

glucose is non-limiting).  

The removal of the amino group, either by transamination or deamination is the first 

step in amino acid catabolism (Gropper et al., 2008).  Transamination transfers the 

amino group to an amino acid carbon skeleton or an amino acid without an amino 

group (α-keto acid), while deamination simply removes the amino group, with no 

direct transfer involved (Gropper et al., 2008).  Deamination reactions produce 

ammonia that is disposed of through the urea cycle (Hinwood, 1992).  The urea cycle 

takes place in the liver and consumes 4 ATP for each molecule of urea produced from 

one molecule of ammonia (Blaxter, 1989).  Urea is typically excreted as a component 
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of urine and constitutes around 80% of total urinary nitrogen (Hawk, 1965).  However, 

it is estimated that about 25% of urea is recycled in that it is released into the 

intestinal lumen and subsequently degraded by bacteria to ammonia (Groff and 

Gropper, 2000; Moran and Jackson, 1990; Walser and Bodenlos, 1959).  The carbon 

skeleton remaining from amino acid catabolism can be used for energy directly or 

converted to glucose (in the case of glucogenic amino acids) or ketone bodies (in the 

case of ketogenic amino acids) (D'Mello, 2003).  

The body is able to maintain constant protein levels and this is independent of the 

ratio of fat to carbohydrate in the diet.  Even small changes in the body’s protein 

content can cause a significant adjustment of AA oxidation rates to protein intake 

(Flatt, 1995a).  

2.4 Catabolism of alcohol 

There are two major pathways for the metabolism of ethanol (Figure 3): the 

traditionally described alcohol dehydrogenase (ADH) pathway and the microsomal 

ethanol oxidising system (MEOS) pathway (Buemann and Astrup, 2001; Lands and 

Zakhari, 1991).   
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Figure 3. Alcohol metabolism pathways.  From Lands and Zakhari (1991). 

 

 

The ADH pathway is considered the most important for individuals with moderate 

ethanol intake, whilst the MEOS pathway may be induced in chronic alcoholics 

(Bamworth, 2005; Lieber, 1988). 

 

Upon arrival at the liver, ethanol is first degraded to acetaldehyde (Gropper et al., 

2008).   In the case of the ADH pathway, this step results in the production of 1 NADH 

(a gain of 3 ATP) and in the case of the MEOS pathway it is at a cost of 3 ATP due to the 

reduction of NADPH to NADH+ (Buemann and Astrup, 2001; Lands and Zakhari, 1991).  

Further details of the processes involved in the consumption of these 3 ATP by the 

MEOS pathway are given by Lieber (1988).  Overall, there is a net loss of 6 ATP for the 

MEOS pathway relative to the ADH pathway (Lands and Zakhari, 1991; Lieber, 1988).   
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After ethanol is degraded to acetaldehyde (via the ADH or MEOS pathway), the 

remainder of the metabolism of ethanol continues as follows:  acetaldehyde is 

degraded to acetate, producing 1 NADH (a gain of 3 ATP), which then enters normal 

metabolic pools, largely outside the liver, and is activated to acetyl-CoA (at a cost of 2 

ATP), which enters the TCA cycle producing 3 NADH (9 ATP), 1 FADH2 (2 ATP) and 1 

GTP (1 ATP) (Bamworth, 2005; Groff and Gropper, 2000; Lands and Zakhari, 1991).   

 

Lands and Zakhari (1991) proposed an unregulated futile cycle involving the first step 

of ethanol oxidation and capable of producing an abnormally high degree of 

thermogenesis (Figure 4) (Buemann and Astrup, 2001).  They suggest that the 3 ATP 

consumed during the irreversible oxidation of ethanol to acetaldehyde by MEOS and 

the subsequent reduction of acetaldehyde to ethanol (also consuming 3 ATP) by ADH 

would result in a net loss of energy since the energy consumed by two to three futile 

cycles would be more than the ATP gained from the ingested ethanol (Lands and 

Zakhari, 1991).   

 

 

Figure 4. A futile cycle during ethanol oxidation.  From Lands and Zakhari (1991). 

The significance of such a futile cycle has been questioned at moderate intakes of 

alcohol when MEOS is the minor pathway for ethanol oxidation (Lieber, 1991), but may 

play a role in individuals with high alcohol intakes (Lieber and DeCarli, 1968), who may 

also be prone to lower cellular energy efficiency owing to mitochondrial damage 

(Lands, 1995).  

The intake of alcohol also influences the oxidation of other fuel sources.   

Approximately 80% of the energy consumed as alcohol is used for ATP resynthesis and 
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this has the effect of reducing fat oxidation, but not carbohydrate oxidation (Sonko et 

al., 1994; Suter et al., 1992).   

2.5 Catabolism of SCFA produced from hindgut fermentation 

Propionic acid is transported to the liver where it may be converted to acetyl-CoA 

(minor pathway) or glucose (major pathway) (McDonald et al., 1995).  Acetic acid and 

butyric acid are both rapidly converted to acetyl-CoA (Birkett and de Lange, 2001a).  

Acetic acid is largely metabolised by the liver (50 – 70%) (Hijova and Chmelarova, 

2007), where it is used in the synthesis of long chain fatty acids, glutamate, glutamine 

and hydroxybutyrate (Reilly and Rombeau, 1993).  Acetic acid may also be utilised by 

the peripheral tissues (Pomare et al., 1985), converted to butyric acid by colonic 

bacteria (Duncan et al., 2002) or used for energy by the muscles (Hijova and 

Chmelarova, 2007).    Butyric acid is the preferential energy source for colonocytes and 

is largely (70 – 90% of butyric acid absorbed) metabolised by the colonic epithelium 

(Basson et al., 2000; Della Ragione et al., 2001; Zoran et al., 1997).  Butyric acid is an 

important energy source for these cells, accounting for 60 - 70% of their maintenance 

energy needs (Cummings, 1996; Smith and German, 1995).  Residual butyric acid is 

transported via the portal vein to the liver for hepatic gluconeogenesis (Cummings, 

1987; Hijova and Chmelarova, 2007). 

 

3. Composition of fuel mix oxidised 

Humans consume diets that are composed of widely varying mixes of fuels and the 

body is able, within limits (protein ≥ 10% and fatty acids ≥1% of energy supply), to 

accommodate these differences (Flatt, 1995a).  This is possible because ATP can be 

regenerated from the metabolic intermediates of all three classes of macronutrients in 

an interchangeable manner, but only in such a way as to minimise changes in body 

protein content and maintain the concentration of glycogen within certain limits  

(Abbott et al., 1988; Flatt, 1995a).  Between meals and bouts of physical exertion the 

mix of fuel oxidised is determined by the size of the body’s protein pools and adipose 

tissue fat reserves and the degree of repletion of glycogen stores (Flatt, 1995a) and is 
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largely controlled by substrate and hormonal changes in the body’s circulatory system 

(Cahill, 1971; Flatt and Blackburn, 1974).  The intake of each fuel source may or may 

not influence the rate of oxidation of the other fuel sources.  This is evidenced by the 

influence of alcohol and carbohydrate intake on fat oxidation and the lack of effect of 

both fat intake on carbohydrate oxidation and carbohydrate and fat intake on amino 

acid oxidation (Flatt, 1995b; Flatt et al., 1985; Suter et al., 1992).   

 

4. Relation of dietary intake to body weight maintenance 

and obesity 

It is only when the mix of fuels consumed in the diet is equal to the mix of fuels used 

by the body that weight maintenance is achieved (Flatt, 2001).  This requires storing 

most of the absorbed glucose and fat for later use, achieved via glycogen storage in 

the liver and muscle (4.2 kJ/g) and fat storage in the adipose tissue (33.5 kJ/g) (Flatt, 

1995b).  Although the body normally spontaneously operates below maximal glycogen 

storage levels, the maximum storage capacity is relatively limited, unlike body fat 

stores which have a virtually unlimited capacity, some 50 - 200 times larger than 

glycogen stores (Flatt, 1995a, 1995b).  As such, whilst changes in glycogen stores are 

unlikely to have a noticeable effect on body weight, the same is not true for changes in 

body fat (Flatt, 1995b).  When fat stores become excessive an individual may become 

overweight (BMI of ≥ 25 kg/m2) or obese (BMI of ≥ 30 kg/m2). 

 

The reasons for the high prevalence of obesity in affluent societies in recent times are 

not well understood (Heitman and Garby, 1999), but may be at least partly attributed 

to a reduction in physical activity, ready access to foods high in fat, the tendency to 

consume foods prepared outside the home and other factors relating to the 

palatability of foods consumed and the dietary variety consumed within food groups 

(Flatt, 1995a; Hill et al., 2000; Lissner and Heitmann, 1995; McCrory et al., 2000).  The 

role of dietary fat intake in the incidence of obesity has been challenged (McCrory et 

al., 2000).  Evidence suggests that the weight losses of 2 – 4 kg elicited by ab libitum 

low-fat diets are too small for dietary fat intake alone to be the major cause of obesity 
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(Willett, 1998).  Furthermore, epidemiological studies show only a weak correlation 

between dietary fat intake and the degree of adiposity in humans and dietary fat 

intake has remained essentially stable over a period of time when the rate of obesity 

has risen dramatically (Dreon et al., 1988; Drewnowski et al., 1992; Miller et al., 1990; 

Romieu et al., 1988).  It was once thought that obese individuals had unusually low 

rates of basal energy expenditure.  This theory too has been dismissed because it is 

well known that BMR is highly correlated with lean body mass, which is higher in obese 

subjects because fat deposition is accompanied by an increase in lean body mass 

(Prentice et al., 1986; Schoeller and Fjeld, 1991).  Obese subjects therefore have 

increased, not decreased, basal energy requirements (Flatt, 1995a).    

 

Physical activity appears effective in maintaining or reducing body weight and is more 

effective in inducing fat oxidation than carbohydrate (glucose) oxidation (Bouchard et 

al., 1993; Flatt, 1988, 1993).  Exercise increases substrate oxidation in muscle and this 

uses both fatty acids and glucose (Flatt, 1995b).  During exercise muscle glycogen is the 

primary fuel source for muscles, which has an effect on substrate oxidation not only 

during, but also after, the period of exercise due to a depletion in body glycogen stores 

(Bouchard et al., 1993).  Fatty acids are the primary energy source in muscles during 

the postabsorptive period (Elia, 1995a).  

 

Despite the effects of physical exercise, the adjustment of food intake remains the 

primary means of maintaining a constant body weight (Flatt, 1987, 1993).  There exists 

therefore, an opportunity to reduce, or at least minimise, the prevalence of obesity 

through manipulation of the diet.     
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VII. Predicting nutrient uptake 

1. Digestibility 

Despite the high efficiency of the human digestive system, some food escapes 

digestion in the upper-tract and also in some cases, fermentation in the hindgut.  The 

degree to which ingested food is absorbed (digestibility) is indirectly calculated as the 

difference between intake and losses in the digestive system, as expressed as a 

fraction of intake (Livesey, 1990).  Digestibility may be expressed as either a 

percentage of intake or as a coefficient of digestibility.  For example, a digestibility of 

90% is analogous to a coefficient of digestibility of 0.9 and implies that 10% of ingested 

food was unabsorbed (i.e. 90% of material disappeared during transit).  The prediction 

of the digestibility of energy for a given food is of paramount importance because if a 

nutrient is not absorbed, it cannot be transported to the site of metabolism and used 

to generate ATP.  The WHO have stated that the accurate determination of digestibility 

of a food is one of the key areas for better defining the available energy 

(FAO/WHO/UNU, 2001).   

1.1 Terminology 

1.1.1 Faecal and ileal digestibility  

In the past, it was common to determine digestibility at the faecal level (faecal 

digestibility or total tract digestibility) by subtracting the energy found in the faeces 

from that in the ingested food.  This approach has a number of shortcomings, 

particularly in the case of the absorption of AA.  Firstly, faecal digestibility fails to 

separate the uptake of energy in the upper-tract and the hindgut, which is pertinent 

because the energy (per unit food component) liberated by enzymic digestion in the 

upper-tract is much greater than the energy from SCFA absorbed in the hindgut.  For 

example, the NME of available CHO as monosaccharide is 15.7 kJ/g, whilst the value is 

only 6.2 kJ/g for UC in mixed diets (Warwick, 2005).  Secondly, the hindgut is an active 

site of microbial N metabolism where the products of protein digestion are fermented 
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by bacteria and de novo synthesis of microbial protein occurs (Low, 1980).  This affects 

not only the quantity of N appearing in the faeces through increased biomass, but also 

alters the faecal AA profile (Fuller and Tomé, 2005).  Finally, the composition of the 

diet may affect the degree of endogenous losses in both the upper-tract and the 

hindgut (refer Section VII,  1.1.2).  Diets containing UC consumed at moderate levels 

cause faecal energy losses as fat and protein in amounts in excess of what would be 

expected solely from the fermentation of the UC (Livesey, 1992).  For these reasons, 

there is consensus that protein digestibility should be measured from the mouth to the 

terminal ileum (i.e. ileal digestibility) (Darragh and Hodgkinson, 2000; Fuller and Tomé, 

2005; Mosenthin, 2002; Moughan, 2003; Sauer and Ozimek, 1986).  Faecal 

carbohydrate, unlike protein and fat, is mostly of dietary origin.  With the exception of 

unavailable CHO, most nutrients are primarily absorbed in the upper-tract, so it follows 

that the digestibility of energy for all such nutrients (protein, fat, digestible starch and 

sugars) should be determined up until the terminal ileum in order to accurately predict 

energy absorption in the upper-tract (Birkett and de Lange, 2001a; Jørgensen et al., 

1992).  To predict uptake across the entire digestive tract (i.e. total available energy) 

there is also a need to separately predict the uptake of energy in the large intestine, 

ideally determined according to the absorption of SCFA by the hindgut.       

1.1.2 Apparent and true digestibility 

Ileal effluent and faeces both contain not only undigested dietary material, but also 

protein and fat of endogenous and/or microbial origin.  The contribution of biomass to 

faecal dry matter is approximately 55% for typical Western diets (Stephen and 

Cummings, 1980b).  Microbial N and fat make up to 60 % and 70% of faecal N and fat 

in humans, respectively (Stephen and Cummings, 1980b).   

Endogenous losses into the gut can be separated into basal losses and specific losses.  

Basal (minimal losses) refer to those losses that are inevitably lost regardless of the 

diet consumed and specific losses are those that are affected by dietary factors 

(Darragh and Hodgkinson, 2000; Nyachoti et al., 1997; Stein et al., 2007).   When 

apparent digestibility values are corrected for basal and specific endogenous losses, 
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‘true digestibility’ (sometimes also called ‘real digestibility’) values are obtained (de 

Lange et al., 1990; Mariotti et al., 2001).  Additionally, the correction of apparent 

digestibility values to account only for basal endogenous losses may be referred to as 

‘standardised digestibility’ (Fuller and Tomé, 2005; Stein et al., 2007).  Expressing 

digestibility as true digestibility allows endogenous losses of the nutrient to be taken 

into account (Mosenthin, 2002).   However, because specific endogenous losses do not 

exist independent of the diet in either the upper-tract (Bartelt et al., 1999; Boisen and 

Moughan, 1996; Duran-Montge et al., 2007; Libao-Mercado et al., 2006) or the hindgut 

(Wang et al., 2002), diet composition is an important variable in determining true 

digestibility. 

1.2 Typical digestibility values and nutrient interactions  

Livesey (1990) reviewed apparent faecal digestibilities of gross energy from a wide 

range of human diets, as found in the literature (Calloway and Kretsch, 1978; Farrell et 

al., 1978; Gӧranzon and Forsum, 1987; Gӧranzon et al., 1983; Judd, 1982; Kelsay et al., 

1978; Southgate and Durnin, 1970; Stevens et al., 1987; Wisker et al., 1988).  

Digestibility coefficients ranged from 0.82 for barley (Judd, 1982) to 0.97 for a fibre-

free egg protein diet (Calloway and Kretsch, 1978).  Extrapolating the data for zero UC 

gave a mean apparent digestibility of gross energy of 0.978 (Livesey, 1990).  

Furthermore, UC (quantity and source) was found to be a key determinant for the 

apparent faecal digestibility of dietary energy (Livesey, 1990).    

It is well known that the presence of UC may reduce the apparent digestibility of   

energy, protein and fat at the ileal and faecal level (Baer et al., 1997; Calloway and 

Kretsch, 1978; Farrell et al., 1978; Kelsay et al., 1978; Livesey, 1995; Southgate and 

Durnin, 1970).  The majority of the increase in energy present in faeces with higher 

levels of UC intake is due to the increase in faecal protein, and less so, fat from the 

increased faecal excretion of biomass from the fermentation of fermentable UC 

(Livesey, 1990, 1995), rather than from increased endogenous losses in the upper-tract 

(Livesey, 1990, 1991, 1992).  Although the presence of UC may increase endogenous 

protein losses from the ileum, this phenomenon should not be assumed to be present 



58 

 

 

across all diets (Livesey et al., 1995b).  The decrease in apparent ileal digestibility of 

protein upon addition of various sources of UC (e.g. oat bran, cassava leaf meal, sugar 

beet pulp and wheat bran) has also been well documented in pigs (Bach Knudsen et 

al., 1993; Graham et al., 1986; Phuc and Lindberg, 2000; Wang et al., 2002).  However, 

the application of these observations to humans should be made with care due to the 

higher level of UC found in animal feedstuffs (Deglaire, 2008).   

Livesey (1990) also reported apparent faecal N coefficients of digestibility of between 

0.69 – 0.93 in his review.  Although protein digestibility varies and is largely 

complicated by the fact that there are endogenous and microbial protein losses from 

the gut, dietary N in human diets is usually absorbed at levels exceeding 70% 

(FAO/WHO, 1991).   

 

Differences in the faecal digestibility of fat in humans were observed by Atwater more 

than a century ago (Atwater and Bryant, 1900; Merrill and Watt, 1973).  Faecal fat 

losses are small compared to faecal protein losses, and depend on the amount (Apgar 

et al., 1987; Kasper, 1970) and sometimes the type of ingested fat (Chen et al., 1987; 

De Schrijver et al., 1992).  In contrast to protein digestibility, the effect of DF on 

apparent fat digestibility seems to be related to an interference with the digestion and 

absorption of dietary fat in the upper-tract, rather than to the fermentation of DF 

(Vahouny and Cassidy, 1987).  Fatty acids entering the hindgut are readily hydrolysed 

by microbial action in pigs, indicating that faecal fat is largely of microbial origin 

(Bayley and Lewis, 1965; Jørgensen et al., 1992).  This is supported by studies in pigs 

where the ileal digestibility and faecal digestibility of fat was observed to be similar 

(Jørgensen et al., 2000; Jørgensen et al., 1992).  Saturated fatty acids may have a lower 

ileal digestibility than unsaturated fatty acids (Jørgensen et al., 1992, 1993; Øverland et 

al., 1994).  The dietary fat level, the fatty acid chain length, interactions among fatty 

acids, the source of the fat (which influences the extent to which the TAG are 

hydrolysed) and the level of endogenous fatty acids all influence the apparent 

digestibility of fatty acids (Jørgensen et al., 2000).  These factors must be taken into 

account when using apparent, as opposed to true digestibilities, particularly at low 

levels of fat intake where the proportional effect of endogenous fatty acids present in 
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ileal digesta will have a larger effect (Jørgensen et al., 1992, 1993).  The dietary source 

of fat and dietary fat level has been observed to influence the ileal and faecal 

digestibility of protein.  Li and Sauer  (1994) recorded a significant increase in apparent 

ileal AA digestibilities upon increasing the level of canola oil in the diet. Similar effects 

were seen on the apparent faecal digestibility of protein when growing pigs were fed 

diets containing 4, 8 and 16% rapeseed oil (Jørgensen et al., 1996a). 

Resistant starch by definition is indigestible in the upper-tract and has been observed 

to have a large intestinal digestibility ranging from 30 – 70% (Behall and Howe, 1995, 

1996; Cummings et al., 1996; Ranhotra et al., 1991; Ranhotra et al., 1996).  Digestible 

starch has a total tract digestibility of close to 100%, with the majority of digestion (96 

- 100%) occurring prior to the terminal ileum for most ingredients (Bakker, 1996; 

Jørgensen et al., 2000; Jørgensen et al., 1996b).  Lower ileal starch digestibilities have 

been observed for some ingredients, but never less than 95% (Bakker, 1996; Jørgensen 

et al., 1996b).  The ileal digestibility of sugars is generally also close to 100%, and all 

sugars are completely digested over the total tract (Jørgensen et al., 2000; Livesey, 

1990; Noblet et al., 1989; Noblet et al., 1994; Noblet and Perez, 1993).  Starch and 

sugars have no effect on the digestibility of other nutrients (Jørgensen et al., 1996b).  

From the above discussion, it is clear that the digestibility of energy in human diets 

differs widely and is influenced by the specific interactions between nutrients for a 

particular diet.  It is not possible, therefore, to rely on a diet’s determined chemical 

composition data and generic digestibility factors if an accurate assessment of 

digestibility is required.  Each diet needs to be experimentally examined to predict the 

actual digestibility in vivo.  The following section deals with experimental methods that 

are intended to fulfil this purpose.     

 

2. Methods to predict ileal digestibility 

The classic means of determining digestibility in humans is through human balance 

studies, whereby absorbed energy is considered to be the difference in ingested 

energy and that excreted in the faeces (and sometimes urine, i.e. total energy 
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balance).  Balance studies are usually conducted over a number of days or weeks 

under controlled conditions.  The data obtained have limited application, however, 

due to the shortcomings of apparent faecal digestibility data, as already discussed.  For 

the determination of ileal digestibility, which is considered to be a more accurate 

representation of digestibility for some nutrients, intestinal fluid (ileal digesta) is 

collected from the terminal ileum.  Ileal digesta can be collected directly from 

conscious humans, either via naso-intestinal intubation or from subjects (ileostomates) 

fitted with an ileostomy bag, or alternatively, from an animal considered to be a valid 

model for human digestion.  Each of these approaches is discussed further in the 

remainder of this chapter.  In vitro upper-tract digestibility assays (which use a series 

of digestive enzymes to mimic digestion) (Boisen and Eggum, 1991; Boisen and 

Fernández, 1995, 1997; Lebet et al., 1998) will not be discussed as part of this review 

because such assays are considered unlikely to be representative of in vivo conditions 

over the wide range of human diets consumed and have a number of shortcomings 

(e.g. the lack of endogenous material).      

2.1 Ileal digesta collection methods in humans  

2.1.1 Ileostomy studies  

Ileal digesta is commonly sampled from adult human subjects who have had the entire 

large intestine surgically removed (total colectomy) for medical reasons (usually 

ulcerative colitis) and have been fitted with a plastic stoma bag attached to the outer 

abdominal wall (Moughan et al., 2005).  In these subjects, effluent from the upper GI 

tract empties via a stoma into the ostomy bag, thus allowing total collection of ileal 

digesta (Moughan et al., 2005).  An important consideration when using ileostomates 

is that, ideally, the surgery to remove the large intestine should have been performed 

recently, due to rapid microbial colonisation around the terminal ileum (Dowsett et al., 

1990).  The total microbial count in ileal effluent may be up to eighty times that of ileal 

effluent in ‘intact’ subjects (Gorbdch et al., 1967).  Administering a 2-day course of 

antibiotics prior to the study period may help minimise bacterial growth post-surgery 

but appears to have minimal effect on ileal DM and AA flow (Fuller et al., 1994).  Other 

questions surrounding the true physiology of ileostomised subjects have been raised, 
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such as the effect of the disease for which the colectomy was prescribed on the 

function of the digestive tract, and the effect of the colectomy on other physiological 

and metabolic processes (Christl and Scheppach, 1997).   

The use of human ileostomates for routine digestibility studies is largely impractical, is 

financially and logistically demanding and requires many willing subjects to consume 

diets which are often less palatable than regular human diets.  Furthermore, the use of 

human ileostomates for such studies is becoming less acceptable from an ethical 

perspective (Rowan et al., 1994).  Despite its limitations, the ileostomy method has 

been used in a large number of human in vivo digestibility studies (Deglaire et al., 

2009; Fuller et al., 1994; Holloway and Tasman-Jones, 1978; Holloway et al., 1983; 

McBurney and Thompson, 1989; Moughan et al., 2005; Rowan et al., 1994; Sandberg 

et al., 1981; Sandstrom et al., 1986). 

2.1.2 Naso-intestinal intubation 

Unlike ileostomy studies, the naso-intestinal intubation method (or the naso-ileal 

intubation method) (Mahé et al., 1992; Modigliani et al., 1973; Schedl and Clifton, 

1961) allows ileal digesta to be sampled from ‘intact’ human subjects possessing a 

normal and complete digestive tract.  The method involves inserting a triple-lumen 

polyvinyl chloride (PVC) tube (Figure 5) through the nose of conscious subjects.  The 

tube progressively travels along the digestive tract to the terminal ileum with the 

assistance of peristaltic movements and a terminal inflatable balloon containing 

mercury.  Ileal digesta is collected in a continuous manner, usually for 8 h 

postprandially to allow for complete passage of the food, by siphoning or slight 

aspiration through the distal opening of the tube (Deglaire, 2008).  
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Figure 5. Collection of ileal digestion in humans using naso-intestinal intubation.  From 

Deglaire (2008). 

 

To predict digestibility, a non-absorbable marker (i.e. PEG-4000) is added to the 

ingested food and analysed for in digesta sampled through the first tube lumen.  A 

second non-absorbable marker (i.e. phenolsulphonphthalein, PSP) is continuously 

infused above the site of sampling and simultaneous sampled (i.e. at the same time as 

ileal digesta through the first tube lumen) through the second tube lumen to 

determine the intestinal fluid flow rate.  The third tube lumen is used to inflate the 

terminal balloon to aid progression of the tube to the terminal ileum once it has 

reached the stomach.   

 

The method has not yet been fully validated using controlled studies, partly because it 

is difficult to externally validate the method due to the lack of a suitable external 

control (Deglaire, 2008).  Although the amount of resistant starch in ileal digesta 

sampled from ileostomates has been compared with that sampled using the intubation 

technique (Langkilde et al., 1994), the higher quantities of starch (22%) in the 

ileostomates compared to intubated subjects may have arisen from a higher intestinal 

flow rate with the intubation method and/or a greater degree of starch degradation 

with the ileostomy study (Champ et al., 2003).  As such, it is uncertain if the difference 

in recovery rates was a result of an underestimation of the ileostomy method or an 

overestimation of the intubation method, or both.  Noah et al. (1998) compared 

resistant starch in ileal digesta from T-cannulated pigs and intubated pigs, with the 
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tube inserted 40 cm proximal to the ileo-caecal valve.  Lower quantities of resistant 

starch were seen in the ileal digesta sampled from the intubated pigs, although 

qualitatively, the makeup of the ileal digesta was comparable (Noah et al., 1998).   

 

A critical assumption is that a representative sample of ileal digesta is obtained with 

the intubation technique. Deglaire (2008) conducted a review of data obtained from 

five separate naso-intestinal intubation studies (n = 75 adults, 9 protein-based test 

meals) conducted by the same laboratory over a period of more than 4 years, using the 

same methodologies, but different experimenters.  Based on estimated flow rates of 

the PEG marker it was found that a large portion of the ileal digesta was captured by 

the sampling tube (>50%) and that intestinal fluid flow rates were accurate (Deglaire, 

2008).  The method was also found to be reproducible with a CV for integrated PEG 

flows among studies of 3% (Deglaire, 2008).     

 

There are reports in the literature that intubation delays gastric emptying (Fone et al., 

1991; Medhus et al., 1999), as well as evidence of no such effect (Longstreth et al., 

1975; Muller-Lissner et al., 1982).  Whilst it is uncertain what effect intubation may 

have on GI transit times, the transit rate of food has been shown to have no more than 

a minimal effect on overall protein digestibility (Gaudichon et al., 1999; Huge et al., 

1995; Mariotti, 2000). 

 

Overall, the method appears to be a valid means of determining digestibility in humans 

given that samples of ileal digesta are representative and accurate and ileal 

digestibility values are in line with those expected based on the general body of 

scientific knowledge (Gaudichon et al., 1999; Mariotti, 2000; Mariotti et al., 2001; 

Mariotti, 2002; Noah et al., 1998).  It does remain, however, for the method to be 

formally validated and as with ileostomy studies, the method requires a number of 

willing subjects, demands considerable resources and ethical considerations mean that 

it is unlikely to be suitable for the routine evaluation of foods.  Other significant 

drawbacks include the fact that studies must be acute and only purified diets can be 

used.   
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2.2 Ileal collection from animal models 

Studies with humans demand many financial resources, are complicated, labour 

intensive and require a large number of willing subjects.  Given these limitations, 

digestibility studies using animal models, most commonly the rat or pig, are frequently 

used as an alternative (Livesey, 1990; Livesey et al., 1995a).  The rat, the pig and man 

are all simple-stomached omnivores with similar gastrointestinal anatomy and 

physiology (Kararli, 1995; Moughan and Rowan, 1989), including a small intestinal 

transit time of 3 - 4 h (DeSesso and Jacobson, 2001; Wilfart et al., 2007).  These 

similarities allow for the two animal species to be used as models for digestibility 

studies with a wide range of human diets, including single foods as the sole source of 

nutrition.   

2.2.1 The growing pig 

Compared to man, there are remarkably close similarities in the digestive system and 

accompanying metabolic processes of the pig -  more so than for any other non-

primate species (Patterson et al., 2008).  The growing pig, a meal-eating omnivore, has 

been proposed as a suitable model for human digestibility studies and is widely used 

for this purpose, particularly in relation to protein digestibility (Bergen, 2007; Darragh 

and Hodgkinson, 2000; Moughan, 2005; Moughan et al., 1992; Moughan et al., 1994).  

Although the length of the pig intestines (both small and large) is considerably greater 

than for humans, on a length per kg bodyweight basis, both species measure 

approximately 0.1 m intestine / kg body weight (Emmans and Kyriazakis, 1999).   

 

Faecal gross energy digestibility coefficients for the growing pig (0.94) and man (0.93) 

were observed to be in good agreement for a meat-vegetable-cereal-dairy product 

based diet (Rowan et al., 1994).  Apparent faecal N and AA digestibility between piglets 

(97.5%) and infants fed milk formula (94.5%) was also comparable (Darragh and 

Moughan, 1995).  Similarly, Forsum et al. (1981) found good agreement in N 

digestibility at the faecal level between the species for vegetable and vegetable-animal 

protein diets.   
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True ileal digestibility coefficients have also been reported to be similar for most AA in 

studies comparing human ileostomates and ileostomised pigs (Rowan et al., 1994).  

The correlation (r = 0.83) between true ileal AA digestibility using ileal digesta sampled 

from humans through a naso-ileal tube and that collected from cannulated pigs was 

statistically significant (P<0.05) for a number of mixed diets containing protein of 

vegetable or animal origin (Deglaire et al., 2009).  Indirect evidence across 

independent studies also showed close agreement between pig and human true ileal N 

and AA digestibility values when soya protein or casein was the test protein (Fuller and 

Tomé, 2005).  In general, the use of the growing pig as a model animal for upper-tract 

protein digestibility in adult humans is widely accepted (Deglaire et al., 2009; Moughan 

and Rowan, 1989; Rowan et al., 1994). 

2.2.2 The growing rat 

The rat is the most commonly used animal model for studying digestibility in humans 

and rat balance studies have been recommended by the FAO for studying protein 

digestibility in man (FAO/WHO, 1991).  The rat is also considered a suitable animal 

model for predicting the energy values of NSP isolates (British Nutrition Foundation, 

1990; Livesey, 1990), a conclusion reached in response to favourable results from the 

study of Nyman et al. (1986).   

Although the pig enjoys wide acceptance as an animal model due to the 

aforementioned anatomical and physiological similarities with man, the rat is also a 

useful, less labour intensive alternative (Rutherfurd and Moughan, 2003).  The main 

advantages of the rat compared to the pig are the low cost, relatively simple research 

facilities and the lack of surgery and veterinary expertise required (Bach Knudsen et al., 

1994; Rutherfurd and Moughan, 2003).  This allows large numbers of animals to be 

studied and the rapid availability of results.  The method of collection of ileal digesta in 

the rat is straightforward and for this reason and others, the rat may be considered a 

more acceptable animal model than the pig.    

The rat may practice coprophagy (as may the pig, albeit with less frequency) and this 

needs to be prevented to ensure valid data are obtained (Patterson et al., 2008).  The 
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primary digestive differences between humans and the rat relate to the hindgut.  

Comparative studies by Van Soest (1983) indicate that fermentation of DF in man is 

less extensive than in the pig, but more extensive than in the rat.  Nyman et al. (1986) 

observed good agreement between rat and man for the apparent faecal digestibility of 

a range of DF sources (cabbage, wheat bran, apple, guar gum and carrot).  However, 

these findings were in contrast to those seen by Bach Knudsen et al. (1994) who found 

poor correlation between the apparent faecal digestibility of NSP in rats and humans 

with mixed diets, and also questioned the methodology of the study by Nyman et al. 

(1986) in that there were important differences in the way the rat and human balance 

trials were undertaken.  Comparative studies between the rat and man undertaken by 

Wisker et al. (1997; 1996) gave varied results.  Poor inter-species agreement was seen 

for a low DF diet, a diet containing barley DF at high protein intakes and diets 

containing NSP from fruits and vegetables and citrus fibre (Wisker et al., 1997; Wisker 

et al., 1996).  Conversely, good agreement was seen for diets containing NSP from 

barley DF at low protein intake and fine or wholemeal rye bread (Wisker et al., 1997; 

Wisker et al., 1996).     

The apparent faecal digestibility of N has been observed to be some 14% higher in the 

rat than in man (Bodwell et al., 1980) and Ritchey and Taper (1981) found a poor 

correlation (r = 0.17) between the apparent faecal digestibility of nitrogen in the rat 

and man. Similarly, Bach Knudsen et al. (1994) found a statistically significant (P<0.05) 

difference in apparent protein digestibility across the species for two diets (high 

protein and low protein) containing barley DF.   However, in the same set of studies, 

Bach Knudsen et al. (1994) found no statistically significant (P>0.05) difference 

between the species in apparent protein digestibility for two other diets (one rich in 

fruits and vegetables and the other with added citrus fruit DF).  Likewise, Rich et al. 

(1980) tested a wide variety of foods in both man and the rat and concluded that the 

degree of apparent protein digestibility is the same in both species.  There may be 

more consistent agreement between the species after adjusting for endogenous 

losses.  Deglaire (2008) concluded from a review of published rat digestibility studies 

(Bodwell et al., 1980; Forsum et al., 1981; Wisker et al., 1996) that true N faecal 

digestibility values were on average only 3% higher in the rat than in humans.  
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Furthermore, Forsum et al. (1981) saw better agreement in the true N digestibility 

between man and the rat than between man and the pig for two mixed diets 

(vegetable or vegetable-animal proteins) and a diet with egg white protein.  It is to be 

noted, however, that the three species studied did not receive identical diets and this 

may have influenced the outcomes of the study (Rowan et al., 1994).  Based on the 

studies of Forsum et al. (1981), there may also be differences in the way the rat  

digests protein compared to humans because there was better agreement for the 

vegetable-animal protein diet than the vegetable protein diet, which gave lower true N 

digestibility values in man than for the rat.    

Faecal fat losses in both man and the rat are minimal and Bach Knudsen et al. (1994) 

found no difference in apparent faecal fat digestibility between the two species.  

Whilst higher fat intakes have been shown to increase faecal fat excretion in both 

humans and rats (Apgar et al., 1987; Walker et al., 1973), in most cases no effect on 

the apparent digestibility of fat has been observed (De Schrijver et al., 1992; Walker et 

al., 1973).  The presence of DF may decrease the apparent faecal fat digestibility 

through increased faecal fat losses in both species, particularly for foods containing DF 

that may form viscous solutions (Mokady, 1973; Southgate and Durnin, 1970).   

In general, the apparent faecal digestibility of energy appears comparable in both 

humans and the rat.  Bach Knudsen et al. (1994) found that in most cases there is good 

agreement between the digestibility coefficients of energy in man and the rat:  0.941 - 

0.950 in man versus 0.933 – 0.952 in the rat (low DF control diets) and 0.897 - 0.931 in 

man and 0.865 - 0.920 in the rat (high DF diets).  Similarly, Wisker et al. (1996) saw 

comparable results between the species for the faecal digestibility of energy for a low 

fibre diet (94.7 vs. 95.0%) and diets containing fine (91.2 vs. 92.5%) or coarse (91.6 vs. 

91.7%) wholemeal rye bread in man and the rat, respectively.   A statistically significant 

(P<0.01) difference in digestible energy between the two species was found for diets 

containing high levels of either fruits and vegetables (0.032 absolute units) or citrus 

fibre (0.025 absolute units) (Bach Knudsen et al., 1994).   
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The use of the rat to predict ileal digestibility avoids issues associated with the 

interspecies differences in hindgut fermentation.  Controlled comparative studies 

measuring ileal digestibility in rats and humans have not, to our knowledge, been 

undertaken.  However, the growing pig is widely accepted as a valid model animal for 

upper-tract protein digestibility in adult humans (Deglaire et al., 2009; Moughan and 

Rowan, 1989; Rowan et al., 1994) and there is good agreement between ileal protein 

digestibility in the rat and the pig over a very wide range of diets and protein sources 

(Donkoh et al., 1994b; Moughan et al., 1984; Moughan et al., 1987; Picard et al., 1984; 

Rutherfurd and Moughan, 2003; Smith et al., 1987).  Ileal AA digestibility coefficients 

have been shown to be similar for most AA in both man and the rat (Fuller and Tomé, 

2005).  However, there is evidence to indicate that the rat may be better able to digest 

some proteins that are poorly digested in humans, such as rapeseed protein (Bos et al., 

2007; Boutry et al., 2008).  The maintenance protein requirements of adult humans 

are relatively higher than those in the growing rat (Ritchey and Taper, 1981).  

However, the growing rat may be a better model for the adult human than the adult 

rat based on a correlation of the biological values of proteins between the species 

(growing rat, r = 0.92; adult rat, r = 0.67) (Mitchell, 1954).   

The rat has been used to study ileal protein digestibility for a range of diets, including 

blood meal (Pearson et al., 1999), meat and bone meal (Donkoh et al., 1994b; Skilton 

et al., 1991), barley (Moughan et al., 1987; Smith et al., 1987; van Wijk et al., 1998), 

casein (James et al., 2002; Rutherfurd and Moughan, 2003), enzymically hydrolysed 

casein (Butts et al., 2002; James et al., 2002; Rutherfurd and Moughan, 2003), fish 

(Butts et al., 2002), lactalbumin (Butts et al., 2002), soy protein isolate (Butts et al., 

2002; Rutherfurd and Moughan, 2003), oats (Smith et al., 1987), soy protein 

concentrate (Rutherfurd and Moughan, 2003) maize (Smith et al., 1987), wheat (Smith 

et al., 1987), wheat gluten (Butts et al., 2002) and triticale (Smith et al., 1987). 
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2.3 Ileal digesta collection methods in animal models 

2.3.1 Terminal anaesthesia  

In the case of both the rat and pig, ileal digestibility is predicted through the collection 

of ileal effluent from the last 10 - 20 cm of the ileum.  Sampling after 3 - 4 h is 

considered optimal in the growing rat (Butts et al., 2002) and may occur after a single 

meal fed for 3 h, or after the last meal in the case of a ‘frequent feeding’ regimen.  

Frequent feeding generally involves limited access (10 min) to food every hour for 4 - 8 

h of the day.  Such a regimen over the course of the trial (routinely 10 - 14 days) trains 

the rats to consistently eat during meal times and ensures a constant flow of digesta 

and a more representative sample at the terminal ileum on the day of slaughter 

(Hodgkinson et al., 2003; James et al., 2002; Rutherfurd and Moughan, 2003).  The 

impracticality of fitting cannulae to rats necessitates sacrificing the animal (the 

‘slaughter’ method) and decapitation immediately following death to cease neural 

stimulation, thereby minimising any disturbance to the digestive tract prior to digesta 

collection.  The disadvantages of the slaughter method are that a dietary marker is 

required as total ileal digesta collection is not possible and repeated observations on 

the same animal cannot be performed, reducing the variability and increasing the 

number of animals required.   However, multiple measurements can be taken along 

different parts of the digestive tract, which is not possible with cannulated pigs.  

Concerns about whether a single sample is representative of the entire feeding cycle 

were addressed by Donkoh et al. (1994a) who found no difference in ileal protein 

digestibility in pigs sampled under anaesthesia prior to death (9 h after a meal) or 

those fitted with a T-cannula (10 h after a meal).   

Similar to studies with the growing rat, ileal digesta from the growing pig may be 

collected using the slaughter method, with collection taking place under anaesthesia 

prior to death and up to 9 h after a single meal (Nyachoti et al., 1997).  More common, 

however, is the fitting of a cannula to the terminal ileum to allow repeated 

measurements over the whole feeding cycle.   
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2.3.2 Cannulation methods 

There are a number of cannulation techniques that have been used with pigs including 

the simple T-cannula (Livingstone et al., 1977), the re-entrant cannula (Cunningham, 

1962; Darcy et al., 1980), the popular PVTC (post-valve T-caecum) cannula (van 

Leeuwen et al., 1991) and the steered ileal-caecal valve cannula (Mroz et al. (1996).   

2.3.3 Ileo-rectal anastomosis 

 

The most invasive of the ileal digesta collection methods used with pigs is ileo-rectal 

anastomosis (Fuller and Livingstone, 1982).  The method (Figure 6) involves diverting 

the terminal ileum directly to the rectum to allow digesta collection from the anus and 

isolating the large intestine, with or without a T-cannula inserted in the large intestine 

to remove residual colonic material (Green et al., 1987).   

  

 

 
 

Figure 6. Ileo-rectal anastomosis without isolation of the large intestine (top figure) or 

with isolation of the large intestine by a T-cannula (bottom figure).  From Sauer et al. 

(1989). 
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Although the details, advantages and shortcomings of ileo-rectal anastomosis and the 

various cannulation techniques will not be discussed here, a number of such reviews 

have been undertaken by other workers (Deglaire, 2008; Hodgkinson and Moughan, 

2000; Kohler et al., 1991; Kohler et al., 1990).  In summary, however, compared to the 

slaughter method all require veterinary and surgical intervention, varying post-surgery 

recovery time and the possibility of altered physiology affecting digestibility.  

Furthermore, the use of surgically altered pigs may be less ethically acceptable 

compared to the use of the slaughter method or the use of laboratory animals such as 

the rat.  Pigs also demand a greater degree of animal husbandry and increased food, 

housing and labour costs compared to digestibility studies with rats.   

2.4 Dietary markers 

Dietary markers are non-absorbable compounds added to the ingested diet to allow 

calculation of ileal digestibility of the diet when total ileal digesta collection is not 

possible.  Apparent ileal digestibility is calculated using the ratio of the nutrient to the 

marker in the diet ((Nutrient/Marker)diet) and the ratio of the nutrient to the marker in 

the ileal digesta ((Nutrient/Marker)ileal), where the ratios are expressed on a DM basis 

(e.g. mg/g DM diet and mg/g DM ileal digesta) and the overall equation (Eq. 7) is as 

follows: 

Apparent ileal digestibility of nutrient  

1

100

Marker)/(Nutrient

Marker)/(NutrientMarker)/(Nutrient

diet

ilealdiet �
�

�      (Eq. 7) 

Markers need to have certain inherent properties to be of practical use in digestibility 

studies.  Specifically, a marker should not be digested or absorbed in the GI tract (it 

should be inert).  The method for its analysis in samples should be both sensitive and 

specific, it should have the same dissolving properties as the substance being studied 

and it should be distributed homogeneously within the intestinal lumen (Kozloski, 

1998; Modigliani et al., 1973).  No known substance fits all of these criteria.  However, 

chromic oxide and titanium dioxide largely conform to these requirements and have 

been widely used in animal digestibility studies.  Of the two, TiO2 has been suggested 

as a more suitable marker based on lower standard errors for apparent ileal N 
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digestibility and higher faecal recovery rates (98% for TiO2 vs. 75% for CrO3) (Jagger et 

al., 1992).  There have also been reports of CrO3 being carcinogenic (Jagger et al., 

1992; Peddie et al., 1982).  When using TiO2 as a marker, its presence in samples is 

routinely determined using the method of Short et al. (1996).   

 

Although acid-insoluble ash or diatomaceous earth (Celite®) has also been proposed as 

a reliable marker for both human and animal digestibility studies (Kavanagh et al., 

2001; Rowan et al., 1991), the size of the digesta sample required for analytical 

determination (1.5 – 2 g) is a drawback (Rowan et al., 1993).  Phenolsulphonphthalein 

(phenol red) or polyethylene glycol (PEG)-4000 are liquid phase markers commonly 

used in human protein digestion studies (Bos et al., 2007; Gaudichon et al., 2002; 

Gaudichon et al., 1999; Gausserès et al., 1996; Mariotti, 2002) and are considered 

suitable for use with naso-intestinal intubation (Modigliani et al., 1973). 

 

3. Methods to predict the uptake of energy from the 

hindgut  

Whilst the focus of this review of the literature has so far focused on the need and 

methods to predict the uptake of energy from the upper-tract, methods to predict 

uptake of energy from the hindgut (estimated to contribute 3 – 11% to the body’s 

maintenance energy needs for individuals consuming a Western diet (Cummings, 1983; 

Cummings and Macfarlane, 1991; McBurney and Thompson, 1989; McBurney et al., 

1987; McNeil, 1984)) are also needed.  The production of SCFA in the hindgut is 

difficult to quantify using human studies and no suitable animal model exists.  In vitro 

hindgut digestibility assays offer a routine means of assessment to study hindgut 

digestibility whilst taking into account complex dietary factors by incubating the 

substrate under study with live faecal inoculum.  A comprehensive review of in vitro 

digestion and fermentation methods to predict the uptake of energy from the hindgut 

is covered as a separate addendum to this literature review in the form of a published 

review (Chapter II).   
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VIII. Conclusions and justifications of the 

experimental work 

 

Obesity has reached very high levels in recent years, placing a large economic and 

social burden on affluent societies in particular.  Although increased physical activity is 

recognised as one way to combat the problem, controlled dietary intake remains the 

primary means of managing obesity.  The food industry plays an important role in the 

provision of foods that are targeted at individuals seeking to reduce body weight.  The 

general objective when developing these weight-loss foods is to minimise the energy 

delivered to the body (i.e. available energy, ATP) per gram of food, whilst (ideally) 

imparting maximum satiety.  This is often achieved through the addition of high levels 

of dietary fibre and/or protein or the addition of novel ingredients.   However, the 

energy content of foods containing these very same components, are known to be 

poorly predicted by popular energy conversion systems (Livesey, 1995, 2001; Zou et 

al., 2007).  Current methods of comparing the energy content of foods generally rely 

on ME systems and these do not accurately describe the energy available at the 

cellular level (ATP).  Furthermore, the digestion of foods in humans is a complex 

process with digestibility of the energy-yielding nutrients being affected by numerous 

factors and the use of generic calculation factors to describe the energy provided by 

each nutrient, does not account for the specific digestibility of a diet.  The accurate 

determination of digestibility is particularly important for novel foods as these are 

often formulated to have reduced nutrient digestibility that may be significantly 

different from what is expected based on determined chemical composition alone.   

 

To more accurately predict the actual energy a given food delivers in terms of ATP, 

there is a requirement for a routine means of (i) predicting the uptake of all energy-

yielding components of food (mainly sugars, starch, fats, protein, alcohol) as a result of 

upper-tract digestion; (ii) predicting the production of SCFA in the hindgut; and (iii) 

predicting the available energy (mol of ATP) as a result of the post-absorptive 

catabolism of known quantities of absorbed nutrients and SCFA (as predicted by (i) and 
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(ii), respectively).  For application to weight-loss foods the model should be specific to 

adults in the catabolic state (i.e. sub-maintenance energy requirements).   

 

A model is put forward which combines a dual in vivo – in vitro nutrient digestibility 

assay (‘dual digestibility assay’) to predict the uptake of energy across the total tract, 

with a series of mathematical predictive equations to translate absorbed energy across 

the total tract into available energy (ATP) at the cellular level.  The dual digestibility 

assay would use an ileal assay to predict upper-tract digestibility, and a hindgut in vitro 

fermentation assay to predict SCFA production in the human large intestine.  The 

mathematical predictive equations would use known stoichiometric relationships 

between nutrients and catabolic ATP yields, based on current (i.e. non-integral) 

estimates of cellular P/O ratios.   

 

The ethical, financial and scientific shortcomings of routinely determining the ileal 

digestibility of foods with humans directly using either the ileostomy or intubation 

method necessitates the use of a valid animal model.  Although the growing pig is 

widely used as a model for human upper-tract digestion, the growing rat is also 

accepted as a valid model and has a number of advantages over the pig (less labour 

intensive, lower cost, relatively simply research facilities and ileal digesta collection 

method, rapid availability of results, no requirements for surgery and veterinary 

expertise).   

 

The impracticality of determining SCFA production or organic matter loss directly in 

the human colon and the lack of a suitable animal model has led to the development 

of several hindgut in vitro digestion and fermentation assays.  However, all published 

hindgut in vitro fermentation assays fail to: (i) provide justification for and optimisation 

of the values of assay variables (e.g. pH, duration of incubation, inoculum 

concentration); (ii) validate the method with human in vivo data from controlled 

studies; and (iii) demonstrate application of the method for a range of fermentative 

substrates, as are present in mixed human diets.  Due to these failings, no current in 

vitro fermentation assay, to the authors’ knowledge, has demonstrated the ability to 
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do more than simply rank substrates according to digestibility.  For the purposes of 

predicting the quantity of available energy gained from hindgut fermentation, 

however, accurate absolute data are required.   

 

A few workers (see Table 2, Chapter II) have explored the concept of a dual in vivo – in 

vitro digestibility assay for modelling human digestion using ileal digesta from humans, 

pigs or rats as a substrate for hindgut in vitro fermentation with inoculum sourced 

from human faeces or faeces or caecal / colonic contents from the pig or rat.  

However, the shortcomings of presently available in vitro fermentation assays in 

general (as discussed above) also apply to the in vitro fermentation assays used in 

these studies, thereby making these dual in vivo – in vitro digestibility assays 

unsuitable for predicting the quantitative uptake of available energy across the total 

tract in humans.    

The key objectives of the experimental work described in this dissertation were as 

follows: 

� To compare apparent human faecal nutrient digestibility data with apparent 

ileal nutrient digestibility data (using the growing rat as an animal model for 

human upper-tract digestion) for a range of mixed human diets to determine 

the effect of the source and level of DF on nutrient digestibility in the upper-

tract and hindgut 

� To identify key assay variables of selected in vitro hindgut dry matter 

digestibility assays for subsequent optimisation.  

� To optimise the values of identified key assay variables in an in vitro hindgut dry 

matter digestibility assay using ileal digesta pertaining to a mixed human diet as 

the substrate.  This was undertaken with the objective of developing an in vitro 

hindgut digestibility assay that is able to make accurate and valid predictions of 

nutrient digestibility when compared to human in vivo nutrient digestibility 

data.   

� To validate the dual in vivo – in vitro digestibility assay (using the growing rat as 
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an animal model for human upper-tract digestion and an optimised in vitro 

hindgut fermentation method using human faecal inoculum) against human in 

vivo nutrient digestibility data for a range of mixed human diets to verify that 

the in vitro hindgut assay predicts absolute nutrient digestibility data (as 

opposed to giving a simple ranking of digestibilities between diets).  

� To develop a series of predictive mathematical equations, based on non-

integral cellular P/O ratios, for translating quantities of absorbed nutrients in 

the upper-tract and SCFA in the hindgut, into available energy at the cellular 

level such that assimilation of a food may be described in terms of mol ATP / g 

dietary intake.  

� To demonstrate the practical application of the overall ‘Combined Model’ (dual 

digestibility assay + mathematical predictive equations) to predict the available 

energy content of commercially available meal replacement formulations. 
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CHAPTER II 

 

Specific review of methodologies: 

In vitro digestion and fermentation methods, 

including gas production techniques, as applied to 

nutritive evaluation of foods in the hindgut of 

humans and other simple-stomached animals 
 

 

 

 

 

 

 

 

This chapter, in the form of a published review, extends the review of literature 

(Chapter I) and deals specifically with the use of in vitro digestion and fermentation 

methods to predict the uptake of energy from the hindgut of humans and other simple-

stomached animals.   
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evaluation of foods in the hindgut of humans and other simple-stomached animals. 
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Abstract 

For the purposes of food evaluation, in vitro digestion / fermentation methods are 

ethically superior, faster, and less expensive than in vivo techniques, whilst still 

offering a degree of animal-food interaction that pure chemical analysis lacks.  One 

such in vitro fermentation method is the in vitro gas production technique, which 

utilises the relationship between degradation and fermentative gas production to 

evaluate the nutritional parameters of foodstuffs. Several different methodologies 

have been proposed for the gas production technique, each varying in its complexity, 

shortcomings and benefits.  Although historically the gas production technique has 

been used almost exclusively with ruminants, it may also be of value for the nutritive 

evaluation of foods for man and other monogastric animals.  Among the benefits of 

the technique are: being able to run large batches simultaneously at a low cost, the 

ability to measure the fermentation kinetics of the soluble as well as the insoluble 

fraction of food, and the ability to easily make relative comparisons among different 

foodstuffs.    

 

The present contribution reviews the in vitro gas production technique and in vitro 

hindgut digestion assays generally, for their application in predicting in vitro hindgut 

digestion and fermentation in humans and monogastric farm animals.  It is concluded 

that currently available in vitro digestion methods of relevance to human food 

evaluation lack standardisation, in vivo validation and justification to support their 

specific methodology, and have not been tested with a wide range of fermentative 

substrates.   
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Introduction 

Historically, and with regard to evaluating the digestibility and availability of dietary 

energy in humans, in vitro digestion methods have focused primarily on upper-tract 

digestion, the hindgut being considered of little nutritional significance (Cummings, 

1983; Dobbins and Binder, 1981; Ramakrishna et al., 1990).  However, the need for 

accurate in vitro methods to study digestion and fermentation in the hindgut of 

humans has become increasingly apparent given the recently recognised role the 

hindgut has in nutrition and gut health (Cummings, 1996; Williams et al., 2001c).  This 

review addresses in vitro methods, including the in vitro gas production technique, for 

the study of hindgut digestion and fermentation in humans, and where appropriate as 

a means of comparison, in monogastric farm animals. The need for and purpose of in 

vitro digestion methods is discussed.  The design features of batch in vitro 

fermentation methods are outlined along with a discussion of the criteria that a sound 

method should fulfil and a critical assessment of current in vitro hindgut digestion / 

fermentation methods.  
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I. The need for in vitro hindgut digestion / 

fermentation methods  

In vitro hindgut digestion / fermentation methods for humans have been developed 

predominantly for pathophysiological studies, and specifically as a tool for greater 

understanding of colon cancer, its dietary causes, and possible prevention.  The role of 

dietary fibre (DF) and its fermentation has been of considerable interest.   

 

In addition to its physiological roles in the maintenance of health and gut function, the 

dietary fibre component of food has a nutritional role.  For humans on a typical 

Western diet low in dietary fibre, hindgut fermentation contributes around 3 - 11% of 

maintenance energy needs (Cummings, 1983; Cummings and Macfarlane, 1991; 

McBurney and Thompson, 1989; McBurney et al., 1987; McNeil, 1984), while for pigs, 

the value is more significant and may range from 7 – 40% (Breves et al., 1993; Freeman 

et al., 1993; Yen et al., 1991).   

 

As diets rich in dietary fibre become more commonplace, a suitable means of studying 

and describing their fate in the digestive system is necessary.  It is difficult and 

expensive to study nutrient digestion and fermentation in the human hindgut directly 

and there are important differences in hindgut function among different species of 

simple-stomached animals making the choice of an in vivo model difficult.  Thus, there 

is an important role for in vitro models. 
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II. Application and limitations of in vitro hindgut 

digestion / fermentation methods  

Simulation of the gastrointestinal (GI) tract function of any animal species presents a 

great challenge (Moughan, 1999).  The complex microbial environment of the large 

intestine makes this task especially demanding when attempting to develop a rapid 

and simple hindgut in vitro digestion method. 

 

In assessing an assay it needs to be asked what the purpose of developing such a 

method is, in terms of the context in which it will be used.  Specifically, there is a need 

to determine whether the primary concern is repeatability, rapid turnaround of results 

and relative accuracy (i.e. ranking) or absolute accuracy.  Whilst the latter 

consideration is of considerable value to researchers, the former address the primary 

aim of a routine laboratory in vitro digestion method for testing feedstuffs and foods.  

The ideal in vitro digestion method would have the ability to provide highly accurate 

results in a short space of time.  However, in reality it must be accepted that at 

present, it is assumed that a degree of accuracy is often sacrificed for rapid results and 

emphasis is placed on the assay's ability to rank the digestibility of foods relative to 

one another.  Any in vitro method is inevitably going to fail to match the accuracy that 

may be achieved by actually studying a food in vivo (Fuller, 1991).  Specifically, it is not 

possible to simulate the influx of endogenous compounds to the digestive tract and 

their subsequent digestion and absorption and it is difficult to replicate the effect of 

anti-nutritional factors and subtle interactions between the host, the food and the 

bacteria present in the digestive tract.   

 

That in vitro methods have limitations and drawbacks, however, does not discount 

them from being a valuable research tool.  Even in vivo digestibility methods have their 

own set of shortcomings and difficulties depending on how outputs are classified.   

Also, the accuracy of the in vivo method itself will impact on the benchmark for in vitro 

results.  The availability of accurate in vivo data is crucial for critical evaluation of any 

potential in vitro method. 
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Whilst they may lack the accuracy of more complex in vitro digestion / fermentation 

methods, the simplest in vitro methods are generally those suited to a routine 

laboratory application.  This is partly because, by their very nature, they are easier to 

carry out in any standard laboratory without the need for specialised equipment or 

materials and specially trained staff.  Additionally, the more complex a method, the 

greater the possibility that errors are introduced into the assay through multiple steps 

in methodology and through operator error and laboratory differences.  Thus, 

repeatability both at an intra-laboratory and inter-laboratory level becomes important.  

If a method is to be used for standard evaluation purposes in different parts of the 

world where comparisons need to be made, it is essential that both repeatability and 

reproducibility are assured. 
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III. The monogastric hindgut 

To understand the rationale underlying an in vitro hindgut digestion / fermentation 

method and to identify possible merits and shortcomings, it is of value to briefly 

discuss large intestinal physiology and the fermentation process.    

 

1. Hindgut physiology 

Anatomically, the human large intestine is devoid of the well developed caecum 

present in other monogastric animals such as the rat, and to an even greater extent, 

the pig, which also exhibits extensive sacculation and elongation of the large intestine.  

However, a common feature of simple-stomached animals is that, in contrast to 

ruminants, they ferment their food in the large intestine after digestion has occurred 

in the small intestine, rather than relying on forestomach fermentation. Like the 

rumen, the large intestine is essentially a fermenting chamber where material is 

broken down by bacteria numbering approximately 1010  - 1012/g gut contents in 

humans (Macfarlane and Cummings, 1991).  The profile of the large intestinal 

microflora is diverse and although the human tract contains several hundred species, 

there are some 30 – 40 anaerobic bacterial species that constitute 99% of the total 

microbial population present, the rest consisting of other facultative organisms (Drasar 

and Hill, 1974; Finegold and Sutter, 1978; Finegold et al., 1983). 

 

By the time undigested food reaches the hindgut it will have been in the human body 

for around two to six hours.   This length of time is relatively short when compared to 

the 20 - 80 hours, on average, that food will reside in the adult human colon (Burkitt et 

al., 1972; Cummings et al., 1992; Williams et al., 2001c).  

 

2. Substrates for fermentation  

The large intestine is constantly supplied with material consisting of undigested dietary 

components and other materials of endogenous origin, such as the host's enzymes, 

mucus and desquamated gut mucosal cells.  A large part of the undigested diet at the 
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end of the ileum will comprise the non-starch polysaccharides (NSP), a major 

component of dietary fibre.  Dietary fibre is a term that has historically been open to 

interpretation and subject to a raft of definitions.  Cummings (1996) provides valuable 

insight and argues that the most appropriate view is that dietary fibre is simply plant 

cell wall material, and should be measured as total NSP.  It is not uncommon, however, 

for the definition of DF to include the term 'non-digestible' and the regulatory food 

labelling authorities in many countries include not only NSP, but also lignin, 

oligosaccharides and starch resistant to host enzymes, termed resistant starch (RS), to 

be classified as DF.  For the purposes of this review, DF is defined as the “non-

digestible part of plant food”.    

 

The principal dietary substrates available for hindgut fermentation are carbohydrates, 

and it is this group of substrates that limits colonic microflora growth (Macfarlane and 

Cummings, 1991).   Of the carbohydrates, and also overall, the most significant 

contributors to the flow of material entering the human large intestine are NSP and RS. 

A Western diet provides 10 – 25 g/day of NSP (which includes cellulose, hemicellulose, 

pectins and gums) to the large intestine, and from 5 – 35 g/day of RS (Cummings, 

1996).  Other carbohydrates include oligosaccharides, sugars, sugar alcohols and 

synthetic carbohydrates.  Sugars and sugar alcohols collectively contribute 2 - 5 g/day, 

while for oligosaccharides the amount is 2 - 8 g/day (Cummings, 1996). 

 

While carbohydrates are quantitatively the most significant, they are not the only 

substrates available for colonic fermentation.  Some dietary protein (1 - 12 g/day) also 

escapes digestion, as do some lipids.  In addition to dietary sources, any gut 

endogenous proteins, lipids, bile and mucins that reach the hindgut (4 - 8 g/day) are 

also potential substrates for fermentation in the hindgut (Cummings, 1996). In all 

these cases, rapid fermentation occurs.   

 

Lignin is a small and highly insoluble polymer, and whilst not a carbohydrate it is 

present in the cell walls of some plants. Lignin is neither digestible nor fermentable 
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and is thought to inhibit the fermentation of associated proteins and carbohydrates 

(Cummings, 1996).    

 

3. Products of fermentation  

Bacteria in the hindgut produce enzymes to digest fermentable substrates entering the 

large intestine.  Anaerobic fermentation enables bacteria to use the products of this 

process to supply their own energy needs for maintenance and growth, thus increasing 

their biomass.  The anaerobic fermentation of carbohydrates, quantitatively the most 

important process in the hindgut, can be described by the following equation (Ewing 

and Cole, 1994):     

57.5 C6H12O6 + 45 H2O → 

65 acetate + 20 propionate + 15 n-butyrate + 140 H2 + 95 CO2 + 288 ATP        (Eq. 1) 

 

The primary products of fermentation in the hindgut are the short chain fatty acids 

(SCFA) n-butyrate, propionate and acetate, and gaseous hydrogen and carbon dioxide.  

Proportionally, in both humans and pigs, acetate is the predominant SCFA, followed by 

propionate, and then butyrate (Breves and Stuck, 1995).  However, molar ratios of the 

different SCFA vary depending on the particular substrate, as does the rate of 

fermentation (Salvador et al., 1993).  The SCFA are well absorbed (around 95%) but 

have different fates.  Acetate reaches muscle tissue where it contributes to the energy 

supply and whilst propionate is processed by the liver, little more about its fate has 

been studied in man (Cummings, 1996).  Butyrate is utilised directly by the colonic 

epithelium, which derives 60 - 70% of its energy from the products of bacterial 

fermentation (Roediger, 1980, 1989).   Hydrogen gas is either exhaled from the body 

via the lungs, voided as flatus or is metabolised further to methane, sulphide and 

acetate (Cummings, 1996) by methanogenic, sulphate-reducing and acetogenic 

microbial species.  However, not all individuals possess methanogenic bacteria in their 

GI tract and the reasons for this and the consequences of it to the colonic ecosystem 

are not fully understood (Macfarlane and Cummings, 1991).   
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In the case of proteins, peptides and amino acids, these are rapidly fermented to 

produce ammonia, amines, phenols and branched chain fatty acids, all of which are 

products unique to protein breakdown, in addition to the other products common to 

carbohydrate fermentation (Cummings, 1996).  Unused products from the bacterial 

fermentation of nitrogenous compounds, namely ammonia, amines, phenols and 

branched chain fatty acids, may enter the bloodstream, and with the exception of the 

branched chain fatty acids, are also largely excreted in the urine and faeces 

(Cummings, 1996).  There are minimal quantities of free amino acids in human ileal 

effluent (Chako and Cummings, 1988), yet a wide range of amino acid fermenting 

species populate the hindgut.  Some bacterial species in the hindgut are able to utilise 

peptides and free amino acids directly (Payne, 1975).  However, the amino acids 

available to the majority of these amino acid fermenting species must result from the 

hydrolysis of peptides by proteases and peptidases.  The hydrolysis reaction releases 

the peptides and amino acids that then become available for assimilation and further 

metabolism, including fermentation, by the bacteria.  Colonic bacteria are therefore 

able to release amino acids via hydrolysis, as well as having their own mechanisms for 

amino acid synthesis.  Moughan (2003) has reviewed the evidence for amino acids 

being available to the host as a result of hindgut hydrolysis.  It appears that the 

absorption of intact amino acids or peptides from the large intestine is of little 

nutritional significance to the host.  Significant amounts of ammonia may be absorbed, 

and under most conditions these are of minor nutritional significance, although they 

may have a toxic effect (Clinton et al., 1988). 

 

Although SCFA are the only energy-yielding products of fermentation available to the 

host, only a small quantity become available, with the majority of SCFA being used by 

the hindgut bacteria to fuel protein synthesis, resulting in an increase in microbial 

biomass.  The increased biomass is expelled in the faeces along with the non-absorbed 

SCFA and any carbohydrates which are in excess of the fermentative capacity. 

 

End products of fermentation differ according to each genus of bacteria (Macfarlane et 

al., 1995) and the relative proportion and amounts of each of the SCFA produced are 
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dependent on the substrate passing through the hindgut and substrate transit time.  

Many of the health effects of dietary fibre are due to its fermentation in the large 

intestine (Van Loo et al., 1999), and consequently, there is significant interest in in 

vitro models to study the SCFA profile resulting from the bacterial fermentation of 

different foods.    
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IV. In vitro hindgut digestion and fermentation 

methods 

1. Introduction 

Continuous, semi-continuous and batch (static) systems are the three main types of in 

vitro models used for hindgut studies in man.  These systems remove fermentation 

products continuously, intermittently, or not at all.  Karppinnen (2003) has recently 

presented a brief discussion of batch in vitro fermentation methods proposed for 

studying the human large intestine, as have others (Barry et al., 1995; Edwards et al., 

1996).  Earlier, Rumney et al. (1992) undertook an in-depth review, but as applied to 

semi-continuous and continuous in vitro fermentation methods for humans.  There are 

a number of detailed critical reviews of in vitro digestibility assays as applied to simple-

stomached farm animals (Boisen, 2000; Boisen and Eggum, 1991; Fuller, 1991; 

Moughan, 1999; Van Kempen et al., 2004).   

 

Simulation of hindgut digestion, in vitro, requires the presence of hindgut microbial 

enzymes to digest the substrate.  These enzymes are provided either as purified 

enzymes commercially available “off-the-shelf” or directly as the result of enzyme 

production by live microbes present in the in vitro system.  Purified enzymes usually 

consist of a selection of either individual or mixed digestive enzymes that are known to 

be produced by bacteria in the hindgut (Boisen and Fernández, 1997).  Live microbes 

are supplied as an inoculum prepared from freshly voided human faeces or caecal / 

colonic contents.  It is important to note that although both purified enzymes and live 

microbes have the potential to simulate digestion in the hindgut, only live microbes 

are able to ferment a substrate.  This is because enzymes alone are unable to simulate 

the fermentation process, which involves bacteria taking up the simpler molecules 

resulting from digestive breakdown by bacterial enzymes and synthesising these into 

energy yielding and gaseous byproducts.  While the use of purified enzymes has been 

well explored for in vitro hindgut digestion methods in pigs and cattle, this is not so for 

humans. Consequently, in vitro hindgut digestion methods for human studies have 
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generally used live microbes as the enzyme source.   

 

2. Types of in vitro hindgut digestion / fermentation 

methods 

2.1 Semi-continuous and continuous systems 

The in vitro digestion methods most suited to studying microbial ecology of the large 

intestine, as opposed to the digestive fates of foods, are the semi-continuous and 

continuous methods. 

 

A specific group of semi-continuous and continuous in vitro methods are the dynamic 

in vitro hindgut models, which use either live microbes, purified enzymes or both.  

These models are multi-compartmental, computer-controlled systems that are capable 

of dynamically interacting with the substrate by adjusting pH, temperature and other 

assay parameters as substrate passes through the system.  The Dutch TIM-2 (TNO 

gastro-Intestinal Model-2) (Minekus et al., 1999) uses a series of linked glass chambers 

with flexible internal walls.  Physiological temperature is maintained and the peristaltic 

movements and mixing of the large intestine are simulated by periodically pumping 

water into the space between the glass and the flexible wall and by computer-

controlled contractions exerted on the wall, respectively.   Products of fermentation 

are removed from the anaerobic system using hollow fibre membranes and the system 

is able to simulate digestion in a variety of animals, including pigs, chickens, humans 

and others.  In combination with the corresponding upper-tract dynamic in vitro 

model, TIM-1, the system aims to simulate digestion in the entire digestive tract 

(Havenaar and Minekus, 1996).   

 

As with other semi-continuous or continuous in vitro digestion systems, dynamic 

systems often have their application focused on large intestinal microbial ecology, 

rather than hindgut digestion.  Furthermore, semi-continuous and continuous systems 

do not lend themselves easily to routine evaluation in any standard laboratory and in 

many cases require specialised equipment and computer systems. Consequently, 
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batch in vitro digestion systems will be dealt with in more detail in this review.  

2.2 Batch systems 

Batch systems are simpler and considerably easier to run and are the method of choice 

for routinely studying the products of fermentation in the large intestine and for food 

evaluation purposes.   In contrast to semi-continuous and continuous systems, the 

typical incubation time for batch in vitro systems is 24 h. 

 

Batch in vitro hindgut digestion methods typically use a faecal slurry from faecal 

samples, a buffer and sometimes a nutritive solution and / or a redox agent.  The 

substrate is inoculated with the faecal slurry and incubated. The degree of 

fermentation is usually measured in terms of NSP degradation, SCFA or gas production, 

or dry matter (DM) / organic matter (OM) disappearance.  The gas production 

technique is a special type of batch in vitro fermentation system and will be discussed 

separately in more detail later.   

 

The use of purified enzymes as an alternative to a faecal slurry is an area that warrants 

investigation for humans given its success in feed evaluation for pigs. The concept of 

using purified enzymes in porcine assays evolved over a long period of time after a 

progression away from using biological inocula.  Initially, the seminal research of Tilley 

et al. (1963) with rumen fluid was applied to pigs by using rumen fluid (Vervaeke et al., 

1979; Vervaeke et al., 1989) and more logically, the intestinal fluids of pigs (Ehle et al., 

1982; Furuya et al., 1979).  Following on from this, Löwgren et al. (1989) compared the 

effectiveness of inoculum from the pig duodenum, ileum or faeces, and in subsequent 

studies Graham et al. (1989) showed that a 48 h incubation with ileal or faecal 

inoculum could be used to predict the faecal apparent digestibility of dietary fibre in 

the pig.    

 

Van der Meer et al. (1992) developed a total tract in vitro method for predicting OM 

digestibility using consecutive incubations with pepsin / pancreatin and cellulase to 

simulate the stomach / small intestine and hindgut, respectively.  Whilst a high 

correlation was found between pig in vivo / in vitro digestibility results using the 
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method, the single enzymatic preparation to simulate the hindgut would seem to be 

an oversimplification.  Boisen et al. (1997) later refined an earlier assay (Boisen and 

Fernández, 1991) for predicting total tract digestibility, which included an enzymatic 

step to simulate hindgut digestion after consecutive pepsin and pancreatin 

incubations.  Rather than using cellulase for the hindgut enzymes, Boisen et al. (1997) 

introduced a complex enzymatic preparation known as Viscozyme® into their in vitro 

method to predict total tract dry matter digestibility.  Viscozyme® is a multi-enzyme 

complex containing a wide range of carbohydrases including arabinase, cellulase, β-

glucanase, hemicellulase, pectinase and xylanase.  The method of Boisen et al. (1997) 

has been the subject of a number of in vivo / in vitro digestibility comparisons for 

several monogastric species.  Specifically, rat faecal digestibility using oats (Pettersson 

et al., 1996), and pig apparent faecal energy and OM digestibility using hulled and 

hulless barleys (Beames et al., 1996) have been found to correlate well with the in vitro 

results.  In a study similar to that conducted by Beames et al. (1996) and involving 

feeding barley to pigs, Chen (1997) found that in vitro DM estimates had a low 

correlation with the in vivo apparent digestibility of energy, although in vitro / in vivo 

digestibilities with wheat-milling byproducts were highly correlated.  The method of 

Boisen et al. (1997) has been shown to be highly repeatable (Chen, 1997), and has 

subsequently been officially adopted in Denmark for the practical energy evaluation of 

mixed diets for pigs (Spanghero and Volpelli, 1999).   No such parallel exists for 

humans and consequently, there is a lack of a standard in vitro hindgut digestion 

method for the evaluation of foods.  This is not to say, however, that there has been 

an absence of in vitro hindgut digestion methods proposed for humans, as there are a 

large number available that use live microbes.  Table 1 provides an extensive list of 

such batch in vitro models proposed in relatively recent times.  Barry et al. (1995) have 

provided a reference point for earlier examples.   
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Table 1 

A summary of batch in vitro fermentation methods proposed for studying digestion 

and fermentation in the human large intestine  

Literature 

reference 

Fermentative  

substrate 

Inoculum source Parameters 

measured 

Incubation 

duration, h 

Wang et al. (2004) Animal protein by 

itself or with 

addition of: 

potato starch, 

sugar beet pulp, 

wheat bran 

Pig faeces NSP, SCFA, 

starch 

48 

Goñi et al. (2002) Seaweed Rat caecal contents Protein 24 

Langkilde et al. 

(2002) 

Banana flour Human faeces SCFA, RS, pH, 

H2, CH4 

24 

Granito et al. 

(2001) 

Haricot bean fibre Human faeces SCFA, pH, gas 

production 

24 

Birkett et al. 

(2000) 

Human ileal 

effluent from 

high or low, 

mixed starch diet 

Human faeces SCFA, pH, 

NH3, glucose 

48 

Fernandes et al. 

(2000) 

Lactulose, 

rhamnose, guar 

gum, cornstarch 

Human faeces SCFA 24 

Karppinen et al. 

(2000) 

Brans (rye, 

wheat, oat), 

inulin 

Human faeces SCFA, pH, gas 

production, 

neutral 

sugars 

24 
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Literature 

reference 

Fermentative  

substrate 

Inoculum source Parameters 

measured 

Incubation 

duration, h 

Monsma et al. 

(2000) 

Oat bran, wheat 

bran 

Rat caecal contents

  

SCFA, neutral 

and amino 

sugars 

96 

Christensen et al. 

(1999) 

Wheat flour, 

wheat bread, oat 

bran 

Pig faeces SCFA 72 

Goñi et al. (1998) Commercial 

purified dietary 

fibre 

supplements 

Rat caecal contents SCFA, DM, 

gas 

production 

24 

Hoebler et al. 

(1998) 

Wheat bran, 

barley bran, beet 

fibre 

Human faeces SCFA, neutral 

sugars 

24 

Lebet et al. 

(1998b) 

Pea hulls, apple 

pomace, celery 

cell walls, oat 

bran concentrate 

Human faeces SCFA, pH, H2, 

neutral 

sugars, gas 

production 

24 

Wisker et al. 

(1998) 

NSP (mixed fibre), 

citrus 

concentrate, 

wholemeal bread 

Human faeces NSP, neutral 

sugars 

48 
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Literature 

reference 

Fermentative  

substrate 

Inoculum source Parameters 

measured 

Incubation 

duration, h 

Casterline Jr. et al. 

(1997) 

Brans (wheat, 

oat, corn), fruit 

and vegetable 

fibres (pea, apple, 

pear, fig), β-

glucan, pectin, 

starch, soy fibre 

Human faeces SCFA 48 

Fardet et al. (1997) Beet fibre, barley 

bran 

Human faeces SCFA, neutral 

and acidic 

sugars 

24 

Stevenson et al. 

(1997) 

Pectin, ispaghula, 

cornstarch 

Rat caecal contents SCFA, protein 

production 

24 

Bourquin et al. 

(1996) 

Oat fibre, wheat 

bran, corn bran, 

xanthan gum, 

gum karaya, guar 

gum, gum arabic, 

soy fibre, citrus 

pectin 

Human faeces SCFA, OM, 

potential 

water 

holding 

capacity 

24 

Edwards et al. 

(1996) 

Pregelatinised 

potato starch, 

raw potato 

starch, 

retrograded 

amylose, glassy 

pea starch 

Human faeces SCFA, pH, RS 24 
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Literature 

reference 

Fermentative  

substrate 

Inoculum source Parameters 

measured 

Incubation 

duration, h 

Barry et al. (1995) Cellulose, 

sugarbeet fibre, 

soybean  fibre, 

maize bran, 

pectin 

Human faeces SCFA, NSP, 

pH 

24 

Guillon et al. 

(1995) 

Pea fibre, apple 

fibre 

Human faeces SCFA, pH 24 

Monsma et al. 

(1995) 

Canned peas, 

psyllium seed 

husk fibre 

Rat caecal 

contents/ faeces 

SCFA 96 

Silvester et al. 

(1995) 

Ileal effluent 

containing 

resistant Starch 

Human faeces SCFA, NH3 24 

Sunvold et al. 

(1995) 

Cellulose, beet 

pulp, citrus pulp, 

citrus pectin 

Cattle ruminal 

fluid, faeces from: 

cat, dog, horse, 

human, pig 

SCFA, OM 48 

Daly et al. (1993) Xanthan gum Human faeces SCFA, pH, H2 24 

McBurney et al. 

(1993) 

Pea fibre Human faeces SCFA 24 

Salvador et al. 

(1993) 

Wheat bran, 

sugar beet, 

maize, pea hulls, 

cocoa 

Human faeces SCFA 24 

Bourquin et al. 

(1992) 

Oat bran, wheat 

bran, corn fibre 

Human faeces SCFA, DM 48 
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Literature 

reference 

Fermentative  

substrate 

Inoculum source Parameters 

measured 

Incubation 

duration, h 

Guillon et al. 

(1992) 

Sugar beet fibre Human faeces SCFA, pH 24 

Titgemeyer et al. 

(1991) 

Oat fibre, corn 

bran, soy fibre, 

sugarbeet fibre, 

pea fibre, gum 

arabic, guar gum, 

apple pectin, 

citrus pectin 

Human faeces SCFA, neutral 

sugars, 

uronic acid 

48 

Adiotomre et al. 

(1990) 

Wheat bran, 

pectin, guar gum, 

gum arabic, 

carboxymethylcel

lulose,  gellan, 

tragacanth gum,  

xanthan gum, 

gum karaya 

Human faeces SCFA, pH 24 

Vince et al. (1990) Lactulose, pectin, 

arabinogalactan, 

cellulose 

Human faeces SCFA, NH3 48 

 DM, dry matter; NSP, non-starch polysaccharides; OM, organic matter; RS, resistant 

starch; SCFA, short chain fatty acids 
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3. Failings of batch in vitro hindgut fermentation 

methods 

In addition to the basic design of all batch in vitro fermentation methods reported in 

the literature for human studies being similar, and almost without exception, the 

methods all fail in one or more of the following ways: 

 

a. A lack of explanation as to the rationale for choosing the parameters and conditions 

selected   

Every method differs at least slightly in one way or another, yet few explanations are 

given as to why the workers have selected the particular parameters.  Such lack of 

justification adds little credibility to the methodology. 

 

b. A lack of inter-laboratory investigation to test or standardise the method  

To enable results to be compared and for any in vitro method to be considered robust 

and repeatable, the method needs to prove that it can produce the same results, 

within reasonable limits of statistical variation, at multiple laboratories.  If it cannot, 

there is little chance that it can be used as a standard method on a global scale.  

Generally, there is a lack of inter-laboratory testing.   

 

c. A lack of validation with in vivo data  

Surprisingly, few papers describing the development of in vitro fermentation methods 

include a discussion on validation. The method of Barry et al. (1995) is widely used and 

has been tested on an inter-laboratory scale, yet validation tests used rats as the in 

vivo model for NSP degradation (Nyman et al., 1986), rather than humans.  There is 

uncertainty as to whether rats can be used as a suitable predictor for digestion in the 

human large intestine due to differences in hindgut anatomy and physiology, and in 

addition, several issues regarding the suitability of the study by Nyman et al. (1986), as 

a comparative baseline, have been raised (Bach Knudsen et al., 1994).   
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Other methods to have been subjected to validation are those of Christensen et al. 

(1999) and McBurney et al. (1993).  Here pig ileal digesta was used as the fermentable 

substrate and pig faecal inocula (Christensen et al., 1999) or human faecal inocula 

(McBurney and Sauer, 1993) for the provision of fermentation capability.  In both 

cases, validation was carried out using pigs, rather than humans, despite the method’s 

application being for the latter. 

 

A lack of relevant in vivo comparison and validation is perhaps not surprising given the 

expense and time-consuming nature of conducting human balance studies.  Notable 

exceptions are the large studies undertaken by Daniel et al. (1997) and Wisker et al. 

(1998) that compared NSP degradation in vivo for mixed diets in man, with results 

from an in vitro fermentation method adapted from one proposed some time ago by 

Goering et al. (1970) for ruminant studies.  Whilst a general relationship existed 

between the in vitro and in vivo results, the degree of relationship improved as the 

fermentability of the substrate increased.  Bourquin et al. (1996) also compared their 

in vitro results with human in vivo results and found that substrates which were highly 

fermentable in vitro, were of a similar nature in vivo.  This observation is not entirely 

unexpected given that highly fermentable substrates are easily and almost completely 

degraded both in vitro and in vivo, thus it is less likely that significant overestimation or 

underestimation of the fermentability of the substrate will occur in vitro.  

Furthermore, the enzymatic preparation of DF residues may cause the fermentability 

of substrates to be overestimated in vitro since the structural properties of the cell 

wall may become compromised in a manner that would not occur in vivo, thus making 

the DF more susceptible to in vitro bacterial degradation (Wisker et al., 1998).  The 

effect of such pre-treatment is likely to be less important for the substrates which are 

already highly fermentable. 

 

Although these comparisons are encouraging, there is still the need for a 

comprehensive, well-controlled and methodologically relevant validation of potential 

in vitro assays with data obtained from in vivo human studies.   
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d. Lack of testing with a range of substrates 

Most in vitro methods have focused on NSP degradation when studying hindgut 

fermentation in man.  It is now well accepted that NSP are not the only substrates 

available for fermentation in the human hindgut (Cummings, 1996) and a robust in 

vitro method should also aim to predict the fermentation of other materials entering 

the hindgut, including protein, fats, and other carbohydrates such as resistant starch, 

sugars (including sugar alcohols) and oligosaccharides.  
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V. Design considerations for a batch in vitro 

digestion / fermentation method  

When developing any in vitro digestion method, along with cost and practicality, the 

objective is to have an in vitro method that is representative, to a certain extent, of in 

vivo events.  For this reason, it is imperative to constantly refer back to the species in 

question so that simulated physiological conditions such as pH, temperature, and 

incubation time are appropriate.  Hindgut in vitro fermentation methods also need to 

provide a suitable environment for the functioning of the hindgut bacterial species 

present in the inoculum.  The components of all batch in vitro fermentation methods 

developed to date are essentially the same, but the way in which they are applied 

differs.   Of all the possible factors that differ, the most important to consider are the 

inoculum concentration, the incubation time, the presence and type of buffer, the fluid 

surface / volume ratio, the form of the substrate and the output ultimately measured.   

 

1. Substrate 

Monogastric species ferment their food after upper-tract digestion, which means that 

the substrate that is available for fermentation is not the food as eaten.   Rather, the 

substrate presented to the hindgut is the components of the food that are undigested 

by the host's digestive enzymes.  Therefore, it is unsuitable to test the food as eaten 

directly, since that would expose the inocula to food components not normally 

available for fermentation.  

 

Appreciating this, it is common for workers to pre-digest the food, or only test those 

components of specific interest, for example, by using dietary fibre isolates or resistant 

starch as the substrate.  Some workers have taken this a step further, and used ileal 

digesta as the substrate.  Although the use of ileal digesta does increase the 

complexity of the assay, the substrate in this case is in the form that it would actually 

arrive at the ileo-caecal junction in vivo (Monsma and Marlett, 1996).  While dietary 

fibres may be resistant to host enzymatic breakdown, they still undergo certain 
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physical changes in the upper-tract (Åman et al., 1994; Salvador et al., 1993).  

Combinations of ileal digesta and various inocula that have been investigated are given 

in Table 2. 

 

Table 2 

Combinations of sources of ileal digesta and inoculum for published in vitro hindgut 

digestion / fermentation assays 

Substrate  Inoculum source Literature reference 

Human ileal digesta Human faeces McBurney et al. (1989)  

Silvester et al. (1995) 

Fernandes et al. (2000)  

Birkett et al. (2000)  

Langkilde et al. (2002) 

Pig ileal digesta Human faeces  McBurney et al. (1993) 

Fardet et al. (1997) 

Hoebler et al. (1998) 

Rat caecal contents  Monsma et al. (2000) 

Pig faeces Christensen et al. (1999) 

Wang et al. (2004) 

Pig caecal contents Fondevilla et al. (2002) 

Rat ileal digesta Rat caecal contents/faeces  Monro et al. (1996) 

Bullock et al. (1999) 
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2. Inoculum 

The inoculum provides the bacteria necessary to digest and ferment the substrate. 

Whilst for species such as the pig, caecal contents for use in an in vitro fermentation 

system may be obtained, it is impractical to obtain human colonic contents and so 

faeces are routinely used in the inoculum.  It is essential to use freshly voided faeces 

that have been collected and processed under anaerobic conditions to preserve the 

viability of the microbial population.  A discussion of the validity of using faeces, as 

opposed to colonic contents, is presented in Section VI of this review.   

 

Inoculum donors are healthy adult subjects, who have not taken antibiotics for at least 

3 months prior and are consuming their normal Western diet.  It has been shown that 

adapting donors to the substrate to be tested does not affect in vitro results (Barry et 

al., 1995; Daniel et al., 1997), although some workers have chosen to use adapted 

donors (Titgemeyer et al., 1991; Wisker et al., 2000).  Most methods use at least three 

donors to provide faecal material for the pooled inocula, although five or more are 

recommended to help reduce the effect of biological variation between individual 

donors (Edwards et al., 1996).  Some workers also limit the donors to being methane 

non-producers (Granito et al., 2001; Lebet et al., 1998b) to reduce variation in the 

inoculum.   

 

The ratio of inoculum to substrate has been found to be an important factor and 

proportionally more SCFA are produced after 24 h when less polysaccharide has been 

added to the fermentation system (Stevenson et al., 1997).  It has been hypothesised 

by Stevenson et al. (1997) that the reason for this is related to access to the substrate 

and that any more than 10 g/l of substrate may overload the system. 

 

3. Nutritive medium  

The nutritive medium contains a nitrogen source and other essential minerals.  One 

advantage of using a high concentration of faecal inoculum, is that such nutritive 
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components are naturally present and do not need to be added to the incubation 

vessel (Edwards et al., 1996).   

 

4. Buffer 

Without the inclusion of a buffer in the in vitro fermentation system, the acidic nature 

of SCFA produced during fermentation causes the pH to rapidly drop below the pH 6 – 

7 range normally observed in the colon (McBurney and Van Soest, 1991).  In vivo, SCFA 

are rapidly absorbed across the colon wall, thereby preventing the colonic contents 

from becoming too acidic (McBurney and Van Soest, 1991).  In the closed environment 

of the batch in vitro system, however, no such removal mechanism operates.   A buffer 

(either carbonate, phosphate, or both) is therefore usually included in the 

fermentation vessel. The phosphate-only buffers have the advantage that inoculum 

preparation under CO2 is not required to preserve the effectiveness of the buffer 

(Edwards et al., 1996), thereby allowing oxygen-free N2 to be used as an alternative 

means for ensuring an anaerobic environment.   

 

5. Stirring 

To mimic the peristaltic action of the colon, stirring is often included in the 

methodology.  This also prevents the substrate from settling at the bottom of the 

incubation vessel or being poorly dispersed, thereby becoming less accessible for 

fermentation (Edwards et al., 1996).  However, it has been found that shaking has no 

effect on fermentation or the bacterial mass increase (Stevenson et al., 1997). 

 

6. Fluid surface area / volume ratio 

The surface area / volume ratio of fluid in the incubation vessel may influence 

fermentation results.  A surface area / volume ratio of 1:1 has been shown to allow 

more fermentation than a ratio of 1:4 when samples of pectin and starch were 

fermented in vitro (Stevenson et al., 1997).  This is most likely to be associated with 
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the increased surface area available for gaseous exchange at the liquid-gas interface to 

remove the gaseous fermentation products. 

 

7. Measurements 

To assess the fermentability there are at least two options – measure metabolite 

production or substrate disappearance. Measuring SCFA production, which is the 

primary indicator of fermentability falls into the first category.  In the second category 

are methods that measure the losses of DM, OM, gross energy or the loss of specific 

components such as NSP, RS, protein, carbohydrate or other fermentable substrates.  

Measurements may be taken at the end of the incubation period, or at stages during 

the incubation to study the kinetics of the fermentation.  The latter necessitates 

multiple samples since there are multiple end points for each substrate tested.   

 

8. Incubation time 

The majority of methods use a 24 h incubation period, which is convenient in the 

laboratory.  Whilst 24 h is shorter than the average transit time through the entire 

human large intestine, it has been shown to be comparable to the average transit time 

of material through the proximal colon (Metcalfe et al., 1987), which is considered to 

be the main fermentation chamber in humans (Edwards et al., 1996).  Wisker et al. 

(1998) found a good relationship between in vitro and in vivo NSP degradation after 24 

h of fermentation, but not after 48 h.  Although Monsma et al. (1996) argue that 96 h 

is necessary to properly characterise the fermentation pattern of carbohydrates in 

vitro, incubations greater than 24 h may be affected by product inhibition that results 

in a declining microbial population and the death of bacteria (Brøbech Mortensen et 

al., 1991; Vince et al., 1976). 
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VI. The gas production technique 

The in vitro gas production technique can be regarded as a specific example of a batch 

in vitro method used for fermentation studies and as with other batch in vitro 

methods, facilitates the necessary anaerobic environment by preparation of the 

inoculum under strictly anaerobic conditions and fermentation in a closed system. The 

technique is similar in its setup to other batch in vitro methods, with the only 

differences being that the fermentation vessel may be either a syringe, flask or bottle, 

and that a means of recording the pressure in the fermentation vessel is employed, 

such as an attached pressure transducer.  In the case of the automated versions, the 

pressure readings are recorded automatically by a computer system.  Whilst SCFA and 

degraded substrates may be analysed for at the conclusion of the assay, in terms of 

methodology, it is the gas evolved as a result of fermentation that is the primary 

measurement, rather than the disappearance of fermentable substrate.  The gas may 

be measured either at a single endpoint, or alternatively at various stages during the 

fermentation to study the kinetics of the entire fermentation period.  The cumulative 

gas production technique (Theodorou et al., 1994) is an example of the latter.  The gas 

that is measured is not only that produced directly as a result of microbial 

fermentation (hydrogen, methane and carbon dioxide), but also the carbon dioxide 

that is liberated indirectly as a result of the SCFA produced reacting with the 

bicarbonate buffer that is used in gas production methods.  Although it is not possible 

to separately measure the gas originating via the different pathways, both are 

produced either directly or indirectly as a result of the microbial fermentation of the 

substrate and are therefore indicative of fermentative activity.   

 

The gas production technique is well-established in the area of ruminant feed 

evaluation, and a great deal of research using the technique in this context has been 

undertaken over a long period of time, dating back over three decades.  Despite this 

wealth of knowledge, the use of the gas production technique in monogastric feed 

evaluation is less common and has only emerged relatively recently.  Like its ruminant 
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counterpart, the method measures the volume of gas that is produced (or the pressure 

that this gas exerts) as a result of fermentative degradation of a substrate. 

 

While some studies have investigated using the technique for equine application 

(Lowman et al., 1999; Moore-Colyer and Longland, 2001; Murray et al., 2003), and less 

commonly with rabbits (Calabró et al., 1999), the majority of studies have been 

applied with  pigs. 

 

Ahrens et al. (1991) modified the method of Menke et al. (1979) for use with pigs, 

using caecal contents as the inoculum and centrifuged, freeze dried caecal contents as 

the substrate.  The ruminant method was modified by using smaller syringes and 

corresponding smaller quantities of buffer and inoculum.  The fermentation of pectin 

and lactitol were investigated in vitro by being directly added to the caecal substrate 

and compared with in vivo sampling of caecal contents following diets containing 

corresponding amounts of pectin and lactitol.  Good agreement was found for a 24 h in 

vitro incubation and in vivo measures for pH, ammonia and total volatile fatty acids 

(VFA).   

 

It was not long after, that the research group at Wageningen University began applying 

the cumulative gas production technique (Theodorou et al., 1994) that they had been 

using with ruminants, to monogastric animals.  Both poultry (Williams et al., 1997b) 

and pigs were initially investigated (Williams et al., 1997a) and since then, the group 

has undertaken numerous studies using the technique with pigs to investigate 

differences between feedstuffs (Bosch et al., 2002; Van Laar et al., 2000; Van Laar et 

al., 2002; Williams et al., 2003; Williams et al., 2001a; Williams et al., 2001b; Williams 

et al., 2000), unweaned and adult animals (Bauer et al., 2001) and also the effect of 

enzymatic pre-treatment on the fermentation kinetics of feedstuffs (Bauer et al., 

2003).  

 

Fondevilla et al. (2002) have used the same technique to compare Iberian and 

Landrace pigs fed acorns using ileal digesta as the substrate and caecal contents as the 
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inoculum.  Becker et al. (2003) recently investigated potential roughages for pregnant 

sows using an adaptation of the fully automated version proposed by Cone et al. 

(1996).  An adaptation of the classic syringe method proposed by Menke et al. (1988) 

was used by Boudry et al. (2003) to investigate the effect of in vitro pre-digestion on 

fermentability of feedstuffs for pigs, whilst the fermentation of oligosaccharides in pigs 

has also been studied using the gas production technique (Smiricky-Tjardes et al., 

2003a; Smiricky-Tjardes et al., 2003b), but only with a single endpoint using a fluid 

displacement version.    

 

Campbell et al. (1997) used a fluid displacement version to study the fermentation of 

psyllium, methylcellulose, pectin and Solka Floc® with human faecal inocula.  Aside 

from the latter study, there is an absence of literature on the application of the gas 

production technique with humans.   

 

For simple-stomached animals it is common, for logistical reasons, to use faecal 

inocula for the gas production technique rather than caecal or colonic contents.  Even 

for ruminants, the use of faeces over rumen fluid has the same logistical advantages.  

It is well established, however, that rumen fluid gives a different fermentation profile 

to faeces, and so mathematical models have been developed for ruminants to account 

for differences, such as a longer lag time (France et al., 2000).  These mathematical 

models are promising and a case for developing similar models for monogastric 

animals is supported by the studies of Monsma et al. (1995), who found significant 

differences between in vitro fermentation profiles for rat caecal and faecal inocula.  

Specifically a longer lag-phase was observed with faecal inocula (Monsma and Marlett, 

1996), which is somewhat analogous to the lag-phase phenomenon that has been 

observed with rumen fluid versus cattle faeces when using the gas production 

technique (Mauricio et al., 1997).  Monsma et al. (1995) argue that the same 

differences between the use of colonic contents and faeces exist in humans and so 

faecal inocula will not necessarily provide an accurate representation of in vivo 

fermentation in the colon.    In both pigs and humans, it has been found that the 

profile of colonic bacteria varies according to whether samples are taken from the 
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proximal, transverse or distal colon (Williams et al., 1997a).  Despite this, however, 

Williams et al. (1997a) believe that faecal microbial inocula are indicative of the colonic 

microflora.   The approach of Edwards et al. (1996), of using a faecal inoculum with a 

high concentration of microbes, to prevent the initial lag time that is often evident 

when using faeces as opposed to caecal contents, may be another means of 

overcoming the differences due to the inoculum sources.  Consideration needs to be 

given to such alternatives, as it remains difficult to get representative human colonic 

samples. 
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VII. Merits and shortcomings of in vitro digestion / 

fermentation methods  

In vitro digestion methods that use purified enzymes have the advantage of being 

generally more reproducible than those that use live microbes, since there is very little 

variation in the standardised enzyme preparations that are used (Moughan, 1999).  It 

is also easier to handle purified enzymes than faecal samples, and donors do not need 

to be sourced.  Among the disadvantages, is that the selection of enzymes chosen is 

not necessarily representative of the enzymes produced by the hundreds of bacterial 

species known to inhabit the hindgut.  Additionally, the lack of microbes per se means 

that the dynamic interactions occurring between the substrate and the microbes are 

not represented.  Such methods determine hindgut hydrolysis (digestion) rather than 

fermentation. 

 

Of the methods detailed in the literature that use purified enzymes, that presented by 

Boisen et al. (1997) for pigs, shows the most promise and has the advantage that it has 

been developed specifically in combination with an upper-tract method to provide a 

more suitable substrate for the hindgut step.  A similar total tract in vitro method for 

human studies has been developed by Lebet et al. (1998a) which employs an 

enzymatic in vitro upper-tract method similar to that of Aura et al. (1999).  Like the 

approach of Aura et al. (1999), dialysis is included, which makes the simulated upper 

tract component of the method more complicated than that of Boisen et al. (1997).  

The corresponding hindgut step of the method proposed by Lebet et al. (1998b), uses 

live microbes and is essentially the same as that proposed by Barry et al. (1995). 

 

Of the methods available for humans that use live microbes, that of Barry et al. (1995) 

has the advantage that it has been tested on an inter-laboratory scale.  Another 

method that uses live microbes presented by Edwards et al. (1996) for the 

fermentation of resistant starch has received some positive feedback, as well as also 

having been tested in an inter-laboratory study.  The main advantage of this latter 

method is its simplicity, since it requires no nutritive medium and only employs a 
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simple phosphate buffer, thus negating the need for continuous bubbling with CO2 

during inoculum preparation.  The system has been validated however, only for RS.   

 

The gas production technique has some unique benefits over and above other in vitro 

methods that use live microbes.  Firstly, the gas production technique allows quick 

comparisons between fermentative substrates to be made easily.  This is because the 

amount of gas produced can be measured readily, and thus a direct comparison 

between the amounts of gas produced allows for a non-quantitative estimate of the 

fermentability of different substrates to be made.   Gas production curves allow the 

fermentation kinetics of substrates to be compared, and the relative fermentability of 

substrates according to the gas produced at any moment in time can be a useful 

indicator of the comparative fermentability of different substrates at different stages 

of the incubation.  The gas production technique allows for less sample and equipment 

to be used if multiple end times of fermentation are required.  While other hindgut in 

vitro digestion methods necessitate destruction of the sample to determine DM, the 

gas production technique preserves the sample. If the amount of gas produced at 

multiple end points, such as 6 h, 12 h, 24 h, 48 h, was desired, only one incubation 

vessel and one sample of the substrate would be required for each replicate, rather 

than the four or more required with other in vitro methods.  The equipment required 

for the non-automated versions of the method is relatively straightforward and 

available in most standard laboratories.   

 

Shortcomings of the non-automated version of the gas production technique are that 

it is labour-intensive and subject to operator-error.  For the automated version, the 

capital investment is a drawback.   The automated versions have the advantage that 

personnel do not need to manually record the volume of gas produced if multiple 

readings over time are required.  The high labour cost and time required for reading 

measurements with the manual technique inevitably mean that fewer readings are 

taken than with the automated version, which depending on purpose, may 

compromise the results.    By automatically recording the pressure in the headspace of 

the incubation vessel, there is the ability to easily make many measurements during 
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the incubation time period.   Still, the higher cost of the automated system means that 

for small laboratories the investment may be difficult to justify.  The gas production 

technique only provides an indirect measure of hindgut digestion. 
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VIII. Conclusion 

There is agreement, based on a limited number of suitable validation studies, that in 

vitro batch fermentation assays for humans are able to rank substrates in a similar 

manner to in vivo results.  It is yet to be demonstrated empirically, however, that the 

energy provided to humans as a result of fermentation in the hindgut can be 

accurately predicted in vitro by any of the methods.  There is a need for such in vivo 

validation studies to be carried out and a sound in vitro system to be correspondingly 

developed and standardised for a wide range of foods.   

 

In the interim, currently available methods such as those described by Barry et al. 

(1995) and Edwards et al. (1996) are straightforward and have at least been subjected 

to some degree of validation.  The porcine digestion method proposed by Boisen et al. 

(1997) has been subjected to a number of validation studies and stands out as offering 

considerable promise for total tract studies.  The method, given the practical 

advantages of using purified enzymes, warrants adaptation to humans.  

 

The gas production technique is useful for readily and simply comparing feedstuffs / 

foods, species, inter-individual variation and the fermentation kinetics associated with 

these factors, using a minimum amount of sample.  However, as with other in vitro 

methods proposed for studying hindgut digestion and fermentation in simple-

stomached animals and humans, the technique is currently limited to relative 

comparisons.  An in vitro method is needed which accurately predicts the absolute 

amount of energy available to the host from any given substrate in a rapid, 

standardised and reliable manner. 
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CHAPTER III 

 

Predicted apparent digestion of energy-yielding nutrients 

differs between the upper and lower digestive tract in rats 

and humans 

 

 

 

 

 

 

 

 

The objective was to compare the predicted apparent digestibility of energy-yielding 

nutrients (carbohydrate, protein and fat) in the human upper digestive tract and large 

bowel separately for four diverse diets containing either a single dietary fibre source 

(Wheat Bran and Pectin diets) or mixed fibre sources (Low Fibre and High Fibre diets).  

A human balance study was used to determine apparent faecal digestibility and a rat 

model was used to predict human apparent ileal energy and nutrient excretion.  The 

study highlighted the importance of quantifying nutrient digestion separately in the 

upper and lower digestive tracts.   

 

 

 

Data published in: Coles, L. T., Moughan, P. J., Awati, A., Darragh, A. J., & Zou, M. L. 

(2010). Predicted apparent digestion of energy-yielding nutrients differs between the 

upper and lower digestive tract in rats and humans. Journal of Nutrition, 140(3), 469-

476. 
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Abstract 

The apparent digestibility of energy-yielding nutrients (carbohydrate, protein and fat) 

was predicted in the human upper digestive tract and large bowel separately for four 

diverse diets containing either a single dietary fibre source (Wheat Bran and Pectin 

diets) or mixed fibre sources (Low Fibre and High Fibre diets).  A human balance study 

was undertaken to determine faecal energy and nutrient excretion and a rat model 

was used to predict human ileal energy and nutrient excretion.  Total tract energy 

digestibility ranged from 92 (High Fibre Diet) to 96% (Pectin Diet and Low Fibre Diet), 

while at the ileal level it ranged from 79 – 86% for the High Fibre Diet to the Low Fibre 

Diet.  The predicted upper-tract digestion of starch, sugars, and fat was high with ileal 

digestibilities exceeding 90% for all diets.  Non-starch polysaccharides were poorly 

digested in the upper-tract for all diets except in the case of the Pectin diet.  The daily 

quantity of protein excreted at the ileal level was between two (High Fibre Diet) and 

five (Pectin Diet) times higher than that at the faecal level.  The large differences 

observed between faecal and ileal nutrient loss highlight that faecal digestibility data 

alone provide incomplete information on nutrient loss.  There is a need to be able to 

routinely determine the uptake of energy in the upper and lower digestive tracts 

separately.  



167 

 

   

Introduction 

Nutrient and energy digestibility are important measures for describing diets and 

whenever practical, digestibility data should be specific to the diet or dietary 

component in question.  This is preferable to relying on generic digestibility values 

because of the many factors known to affect digestibility, often specific to a particular 

diet.  Human balance studies are the traditional means of quantifying the digestibility 

of energy over the total digestive tract.  However, apparent faecal digestibility values 

alone do not provide information about the uptake of nutrients from different parts of 

the gastrointestinal tract.   

 

Upper-tract digestion (mouth to terminal ileum) provides the majority of the energy 

that humans gain from food.  The contribution to maintenance energy requirements to 

the human host resulting from fermentation of dietary material by colonic bacteria is 

quantitatively less important, estimated to contribute between 3 and 11% for Western 

diets low in dietary fibre (DF) (Cummings, 1983; Cummings and Macfarlane, 1991; 

McBurney and Thompson, 1989; McBurney et al., 1987; McNeil, 1984).  This 

contribution is not small enough to be neglected altogether, however, and would be 

expected to be more important for diets rich in cereals, fruits and/or vegetables.  

Knowledge of the quantities of specific energy yielding nutrients (primarily 

carbohydrate, protein and fat) absorbed in the upper-tract and the large intestine 

respectively would provide useful information that could be used to more accurately 

calculate dietary energy yields. 

 

It is difficult to determine ileal nutrient digestibility directly in humans (Darragh and 

Hodgkinson, 2000) and the use of human ileostomates is impractical for routine 

application.  Ileostomates, moreover, may not be suitable models due to histological 

and microbial changes that occur, post-operation (Dowsett et al., 1990).  An animal 

model, however, may be used to provide predictions of the loss of nutrients in the 

upper digestive tract of humans.  The growing rat, being an omnivore and having a 

similar small intestinal transit time as adult humans (3 - 4 h) (DeSesso and Jacobson, 
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2001) was accepted here as a suitable model.  The laboratory rat has several logistical 

advantages over larger animals.        

 

The aim of the present study was to predict the uptake of energy and nutrients in the 

human upper digestive tract and the loss of energy from the large bowel separately for 

four diverse diets varying in the amount and type of dietary fibre to ascertain to what 

extent these variables are affected by the type of diet, with comparisons made within 

diets rather than across diets.  Human faecal gross energy excretion data, combined 

with rat ileal gross energy excretion data (used to predict human ileal energy 

excretion) were used to determine respective predicted gross energy losses in the 

small and large intestines and the ratio of colonic loss to small intestinal energy 

uptake. 
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Materials and methods 

Human balance study 

Participants 

Twenty five healthy women were recruited for the balance study.  Of these, twenty 

one women, aged 20 – 59 y completed the study (Table 1).  Participants were carefully 

selected, based on the criteria that none were taking medication during the study nor 

had a history of medical problems that may have interfered with the aims of the study.  

Especially in the 3 mo prior to the trial, participants had not experienced 

gastrointestinal illness or taken any antibiotics or laxatives.  

 

Informed written consent was obtained from all volunteers, and the study was 

approved by the Massey University Human Ethics Committee (PN 04/128).  All 

participants were highly motivated and had a genuine interest in the objectives of the 

study and the experimental diets were well received.  In the days immediately 

preceding the study, participants as a group met the research team to establish a good 

rapport and discuss individually the details of the trial.  To ensure compliance 

throughout the study, participants met with the lead researcher at least once every 

other day. 

 

Table 1     

Participants' characteristics1 

 Diet Wheat Bran Pectin Low Fibre High Fibre 

Number of women, n 5 6 4 6 

Age, y 35.4 ± 6.4 44.7 ± 5.9 46.0 ± 0.4 39.7 ± 4.7 

Height, cm 164.0 ± 1.5 163.2 ± 1.1 155.3 ± 3.6 160.3 ± 2.2 

Body weight, kg 78.6 ± 4.7a 63.7 ± 1.6ab 69.5 ± 8.7ab 55.8 ± 4.3b 

1 All data are expressed as means ± SE.   
ab Means in a row without common superscript letters are significantly different, P<0.05. 
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Study plan 

The study consisted of a 10 d adaptation period followed by a 7 d balance period 

involving total collection of faeces and urine.  Four experimental diets were randomly 

allocated to participants such that each participant received one diet, with a constant 

daily intake of food ingredients throughout the 17 d period.  Participants consumed 

the diets as six daily meals: breakfast (between 0600 and 1000 h), morning snack 

(between 1000 and 1200 h), lunch (between 1200 and 1500 h), afternoon snack 

(between 1500 and 1700 h), dinner and evening snack (1700 h onwards). Daily food 

intake was set for each woman according to individual dietary metabolisable energy 

needs determined prior to the trial based on a 7 d food record compiled by the 

participants when consuming their normal diets and analysed using the Foodworks® 

database (Xyris Software, QLD, Australia).  Participants were free-living in their own 

homes during the adaptation period.  During the balance week, participants were 

housed together in an apartment complex where they were free to come and go as 

necessary, with a member of the research team present 12 h per day to maintain 

regular contact with participants.    

 

Diets 

Two types of diet were studied: mixed fibre diets, as commonly consumed as part of a 

‘Western Diet’, and simplified diets each containing a single source of DF.  The four 

experimental diets (Table A1, see Appendix) were designated: Wheat Bran (WB), 

Pectin (PE), Low Fibre (LF) and High Fibre (HF).   WB and PE diets contained wheat bran 

(WB) (All-Bran®, Kellogg, Australia) and high methoxyl citrus pectin (PE) (7050 

acid/milk pectin, Cerestar, Krefeld, Germany), respectively, as sole sources of dietary 

fibre. An isotonic nutritional supplement (Osmolite®, Abbott Labs, IL) was included in 

both these diets to ensure nutritional adequacy.  The wheat bran was included as a 

ready-to-eat breakfast cereal, a snack bar and a pudding base.  The pectin was 

included as a thickener in drinks (shakes and blackcurrant drink).  The other two diets 

were mixed-fibre, containing cereals, legumes, fruits and vegetables in a low fibre (LF) 

or high fibre (HF) form.  The HF diet contained DF from a wider range of sources than 

the LF diet, and included resistant starch (bread), oligosaccharides (yoghurt) and DF 
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from a greater variety of cereal sources (wheat bran, rye and oats).    Diets were 

formulated using foods commonly consumed as part of a ‘Western Diet’ and designed 

to be highly palatable to prevent participant drop-out during the study.   For all diets, 

DF was distributed over the six daily meals.  Two weeks prior to the commencement of 

the 17 d study, participants on the WB or HF diets were provided with ready-to-eat 

wheat bran breakfast cereal and instructed to gradually increase the amount 

consumed daily.  The purpose was to minimise any effects from suddenly consuming 

large amounts of wheat bran.  Thus for the WB and HF diets, participants were 

habituated to the fibre sources for a total of 31 d. 

 

All food was provided and cooked under standardised conditions at the Institute of 

Food, Nutrition and Human Health (Massey University) and was weighed accurately 

and packed for participants to collect.  The weight of each food item for each 

participant was related to individual dietary energy requirements, such that all 

participants on a given diet consumed proportionally the same amount of each food 

item.      

 

Balance technique 

Faeces and urine were collected separately over a 7 d period, from 0800 h on study d 

11 until 0800 h on study d 18 following the methodologies of Zou et al. (2007).  For the 

purposes of chemical analysis of the diets, a sample of each ingredient was taken daily 

during the 7 d balance period.  Ingredients were accurately weighed according to their 

proportion in the diet and composite diet samples prepared, homogenised, freeze-

dried and finely ground (1 mm mesh).  As such, a representative sample of each diet as 

consumed was obtained and nutrient and DF content determined.   

 

Rat Study 

Animals and housing 

A total of 112 Sprague-Dawley male rats were obtained (Small Animal Production Unit 

(SAPU), Massey University) at approximately 7 wk of age.  The trial was approved by 
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the Massey University Animal Ethics Committee (PN 04/84).  Rats were randomly 

allocated to individual cages and to the four diets (WB, PE, LF, HF), resulting in 28 rats 

consuming each of the four diets.  Rat weights (mean ± standard error of the mean 

(SEM)) on study d 0 were 314 (±7)g, 323 (±7)g, 326 (±8)g and 310 (±8)g for animals 

consuming the WB, PE, LF and HF diets respectively.  Animals were individually housed 

at SAPU in wire-bottomed stainless steel cages in a temperature- (22±1°C) and 

humidity- (55±10%) controlled environment with a 12 h light/dark cycle (0600 – 1800 

h) for the duration of the trial.    

 

Diets 

The base for each of the four rat diets (Table A2, see Appendix) comprised the same 

mixtures of ingredients as used in the human balance study.  Ingredients were 

weighed accurately and after homogenising in a food processor, diets were freeze-

dried and finely ground (1 mm mesh).  A standard vitamin and mineral premix (Plant 

and Food Research Ltd., Palmerston North, New Zealand), to meet the requirements of 

the growing rat (National Research Council, 1995) and an indigestible marker (titanium 

dioxide), were added to each base diet before mixing.   

 

The determined chemical composition of the dietary material given to the women and 

also used as a base material for the rat diets is given in Table A3 (see Appendix).  The 

experimental diets met the nutrient requirements of the growing rat (National 

Research Council, 1995). 

 

Food was offered ad libitum for 10 min each hour between 0800 h and 1600 h daily to 

train rats to a frequent feeding regimen.  Hourly rather than single-meal feeding was 

undertaken to ensure that digesta would be available for collection from the terminal 

ileum when required.  Rats had free access to clean drinking water at all times. 

 

Collection of ileal digesta 

On study d 14, from 4 h after the first meal, rats were randomly selected to be 
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euthanised by an overdose of CO2 gas, followed by decapitation.  The contents of the 

terminal 20 cm of the ileum were then removed as described by Rutherfurd and 

Moughan (2003), rapidly frozen (-20°C) and freeze-dried.  After discarding digesta 

samples from coprophagous rats, samples of ileal digesta from individual rats were 

pooled within a diet to give sufficient quantities of material for chemical analysis and 

finely ground (1 mm mesh).   This resulted in two samples of digesta for the PE diet (1 x 

n=14, 1 x n=13) and three samples for each of the HF diet (2 x n=8, 1 x n=9), the WB (2 

x n=9, 1 x n=10) diet and the LF diet (2 x n=9, 1 x n=10). 

 

Chemical analyses 

On each day during the balance period of the human study, samples of all meals (as 

eaten) were weighed in proportion to their contribution to the diet, homogenised, 

ground to a fine powder (1 mm mesh) and frozen.  At the end of the balance period, all 

daily diet samples were combined in equal proportion, homogenised and frozen to 

provide a composite weekly sample for analysis.  The diet samples were analysed for 

dry matter (DM), ash, gross energy (GE), total N, total sugars, total starch, total fat, 

fatty acids (FA), non-starch polysaccharides (NSP) and DF (total, insoluble and soluble).  

Rat ileal digesta samples were analysed for DM, ash, titanium dioxide, GE, total N, total 

sugars, total starch, FA and NSP.  Human faeces were analysed for ash, N, fat, starch, 

sugars, total DF and NSP.  Pooled weekly urine samples were analysed for GE.  

 

GE of the faeces and diets was determined in duplicate using an automatic adiabatic 

bomb calorimeter (AC-350, Leco Corporation, St. Joseph MI, USA) (Miller and Payne, 

1959).  For GE content of urine, samples were freeze-dried in plastic bags prior to 

analysis.  GE determination of rat ileal digesta samples was performed using 50 mg 

samples wrapped in plastic of known GE content.    

 

DM and ash determination of diets, digesta and human faeces were performed in 

duplicate by drying samples in a Watvic convection oven (Watson Victor Ltd., 

Wellington, New Zealand) at 105°C for 16 h (AOAC, 2000), followed by ashing in a 

Muffle furnace (Electrofurn, New Zealand) at 550°C for 16 h (AOAC, 2000).  The 
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titanium dioxide content of the rat diets and digesta was measured on a UV 

spectrophotometer following the method of Short et al. (1996). 

 

Human faecal samples were analysed for N using the Leco total combustion method 

(AOAC, 2000) on a Leco TruSpec CN (Carbon/Nitrogen) Determinator (Leco 

Corporation, St. Joseph, MI, USA).  Given limited quantities of rat ileal digesta, rat 

digesta samples were analysed using microanalysis with an elemental analyser (EA 

1108, Carlo Elba, Italy).  N analysis of diets was performed with duplicate samples 

using both the total combustion method and the microanalysis method and the mean 

protein content given (Table A3, see Appendix).  Crude protein was calculated using an 

N to protein conversion factor of 6.25 (Kraisid et al., 2003). 

 

Determination of NSP in diet samples, human faeces and rat digesta was undertaken 

using a modified Englyst method (Englyst and Cummings, 1984, 1988).  Constituent 

sugars of NSP were measured using colorimetry.  Total DF of the diet samples and 

human faecal samples, along with insoluble and soluble fibre fractions, was 

determined using an enzymatic-gravimetric method (AOAC, 2000) with a commercial 

kit (Total Dietary Fibre Kit Assay, Megazyme, Ireland) and alpha-amylase/ 

amyloglucosidase/protease enzymes.   

 

Total fat in human faecal samples was determined using Soxhlet extraction (AOAC, 

2000) (Soxtec HT6 fat analyzer, Tecator, Hoganas, Sweden).  Total fat in diet samples 

was determined using the Mojonnier method (AOAC, 2000).  Given the limited 

quantity of ileal digesta, total fat content of digesta samples was determined as the 

total lipid FA expressed as triacylglycerol as suggested by the FDA (Ali et al., 1997; FDA, 

2004).  Individual FA were determined in duplicate using GC (Sukhija and Palmquist, 

1988; Wu et al., 1994) on a 6890 GC FID (Agilent Technologies, Santa Clara, CA).  Data 

for diet samples (Table A3, see Appendix) are given as the mean of the values 

determined using the two methods (Mojonnier and GC). 

 

Total sugars and starch determination were performed in duplicate on human faecal 
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and rat ileal digesta samples.  Total sugars were defined as simple sugars, 

oligosaccharides, polysaccharides, and their derivatives, including the methyl esters 

with free or potentially reducing groups. Sugars were determined using the phenol 

sulphuric colorimetric method (Dubois et al., 1956) and total starch determination was 

performed in duplicate using a commercial kit (Total Starch Kit, Megazyme, Ireland) 

(AOAC, 2000).  Total carbohydrate (CHO) (%) was calculated as the difference between 

100 and the sum of the percentage of water, protein, total fat and ash.     

 

Calculations  

Human balance study 

Metabolisable Energy  

Dietary metabolisable energy (ME) values (MJ/kg) were calculated as the difference 

between GE intake of the food (MJ/d) and the GE excreted in the faeces (MJ/d) and 

the urine (MJ/d), as a function of the daily food intake (kg/d). 

 

ME (MJ/kg) 
ntake Food

GEGEGE urinefaecesfood

i
��

�      (Eq. 1) 

 

Total tract digestibility (apparent faecal digestibility of nutrients) 

The apparent faecal digestibility (%) of all nutrients (protein, fat, total CHO, starch and 

sugars) and analogously, other dietary components (TDF and NSP), was calculated as 

the difference between the daily intake (g/d) and that excreted in the faeces (g/d), 

relative to the daily intake (g/d). 

 

Apparent faecal digestibility of nutrient (%) 
1

100
Nutrient

NutrientNutrient

food

faecesfood
�

�
�  

 (Eq. 2) 
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Predicted ileal output 

The predicted daily human ileal output of each nutrient (g/d) (protein, fat, total CHO, 

starch, sugars) was calculated by multiplying the daily dietary intake of the nutrient 

(g/d) for a given human participant by the rat ileal output (%) of the nutrient (see Eq. 

6).   

 

 

Predicted human ileal nutrient output (g/d)  

100
(%))nutrientofitydigestibililealrat(100/d)(gintakenutrientdiet ��

�
     

(Eq. 3) 

 

The predicted human ileal output of GE, NSP and DM were calculated in an analogous 

manner.  

 

Predicted uptake (upper-tract) 

The predicted uptake (upper-tract) of each nutrient (g/d) for humans (protein, fat, 

total CHO, starch, sugars) was calculated by subtracting the predicted human ileal 

output (g/d) of the nutrient for a given human participant (see Eq. 3) from the actual 

daily dietary intake of the nutrient (g/d) for that participant.  

 

Predicted human nutrient uptake (upper-tract) rate (g/d)  

)(g/dnutrientofoutputilealpredicted (g/d)nutrientofintakedailyactual ��  

(Eq. 4) 

 

The predicted human uptake (upper-tract) of GE and NSP were calculated in an 

analogous manner.  

 

Predicted colonic loss 

The predicted daily colonic loss of each nutrient (g/d) (protein, fat, total CHO, starch, 
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sugars) in the human participants was calculated by subtracting the actual human 

faecal excretion (g/d) of the nutrient for a given human participant from the predicted 

ileal output of the nutrient (g/d) for that participant(see Eq. 3).   

 

 Predicted human nutrient colonic loss (g/d)  

= predicted ileal output of nutrient (g/d) – actual human faecal nutrient excretion (g/d)  

 (Eq. 5) 

 

The predicted human colonic losses of GE and NSP were calculated in an analogous 

manner.  

 

Rat ileal digestibility  

The apparent ileal digestibility of each nutrient (protein, fat, total CHO, starch, sugars) 

was calculated using the ratio of the nutrient (mg/g DMdiet) to titanium dioxide (mg/g 

DMdiet) in the diet ((Nutrient/Ti)diet) and the ratio of the nutrient (mg/g DMileal) to 

titanium dioxide (mg/g DMileal) in the ileal digesta ((Nutrient/Ti)ileal):  

 

Apparent ileal digestibility of nutrient (%) 

1
100

Ti)/(Nutrient

Ti)/(NutrientTi)/(Nutrient

diet

ilealdiet �
�

�  (Eq. 6) 

 

The apparent ileal digestibility of organic matter (OM), DM, GE and NSP were 

calculated in an analogous manner.  

 

Statistical analysis 

Twenty five human participants were allocated to four diets in a randomised parallel 

study, such that each participant consumed a single diet for the duration of the trial.  

The same experimental design was used for the rat study with 118 rats consuming the 

same four base human diets.  For digestibility comparisons between diets, the data 

were subjected to a one way analysis of variance (ANOVA) and tested for normal 
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distribution and homogeneity of variance.  Results were considered statistically 

significant at P<0.05.  Where a statistically significant main effect was found, means 

were subjected to multiple comparison using Tukey’s test (Muller and Fetterman, 

2002).  An analogous approach was used for determining inter-diet differences in 

energy intake, excretion (ileal, faecal and urinary) and ME.  Standard error (SE), rather 

than standard deviation (SD) was used as the measure of statistically variability 

through the thesis. Not only is this approach in line with common practice, but the 

work was concerned with making inferences about population means based on sample 

means and in such cases, SE is an appropriate measure.  Minitab (version 14.2, Minitab 

Inc., PA, USA) was used for all statistical analyses. 
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Results 

Human balance study 

The diets were well received and there were no compliance issues.  Participants 

reported no adverse effects from the diets and remained weight stable (±2 kg) during 

the trial.  Four women chose not to complete the study due to reasons unrelated to 

the trial.  No significant differences (P>0.05) were found between diets with regard to 

daily energy intakes and excretions, both faecal and urinary, nor the determined 

dietary metabolisable energy values, which ranged from 19.3 to 21.8 MJ/kg DM (Table 

2).   

 

Table 2      

Daily intakes and faecal and urinary excretions of gross energy, and determined 

apparent faecal energy digestibility and metabolisable energy1  

 Diet SEM 

  
Wheat  
Bran  

Pectin  Low  
Fibre 

High 
Fibre   

Number of women, n 5 6 4 6  

Daily intake, MJ/d 9.4 8.1 10.0 8.7 0.5 

Faecal excretion, MJ/d 0.62 0.29 0.39 0.68 0.06 

Urinary excretion, MJ/d 0.55a 0.47ab 0.27bc 0.25c 0.04 

Faecal dE, % 93.6ab 96.2a 96.3a 92.1b 0.6 

Determined ME, MJ / kg DM 20.3 21.8 20.1 19.3 0.4 

1 Data are expressed as means ± pooled SEM.   
abc Means in a row without common superscript letters are significantly different, P<0.05. 
dE, digestibility of energy 

 

The apparent digestibility of dietary energy ranged from 92 to 96%, differing 

significantly (P<0.05) only for the HF diet compared to the PE and LF diets (Table 2).  

Apparent protein digestibility varied among the diets with that for the HF diet (88%) 

being significantly lower (P<0.05) than for the WB and PE diets (both 95%) (Table 3).  
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No significant differences (P>0.05) were found between diets with regard to fat 

digestibility and both starch and sugars were virtually completely digested and 

absorbed (Table 3).     

 

Table 3      

Apparent faecal digestibility of nutrients in the experimental diets1 

 Diet SEM 

Wheat  
Bran 

Pectin  Low  
Fibre 

High  
Fibre 

  

Number of women, n 5 6 4 6  

Apparent faecal digestibility, %      

Crude protein 94.7a 95.4a 93.6ab 87.5b 1.0 

Fat 97.8 97.7 98.2 96.9 0.3 

Total CHO 91.5b 97.6a 97.1a 93.3b 0.7 

Starch 99.78 99.86 99.90 99.79 0.03 

Sugars 99.84ab 99.93a 99.74bc 99.54c 0.05 

TDF 40.4b 74.2a 77.8a 59.5ab 4.4 

NSP 47.7c 89.0a 78.0ab 62.8bc 4.2 
1 Data are expressed as means ± pooled SEM.   
abc Means in a row without common superscript letters are significantly different, P<0.05. 

CHO, carbohydrate; NSP, non-starch polysaccharides; TDF, total dietary fibre 
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Rat ileal digestibility study 

Daily energy and nutrient intakes varied significantly (P<0.05) for one or more diets for 

all analysed dietary components (Table 4).   

 

Rat ileal (mouth to terminal ileum) apparent nutrient digestibility (%) and the ileal 

apparent digestibility of energy (%) was significantly different (P<0.05) between one or 

more diets for all analysed dietary components, including individual FA (Table 5).  The 

upper-tract digestibility of the NSP fraction was highly variable.  Starch was virtually 

completely absorbed anterior to the terminal ileum for all of the diets.   

 

 

  

Table 4       

Daily food and nutrient intakes for the growing rats1 

 Diet SEM 

  
Wheat  
Bran  

Pectin  Low  
Fibre 

High  
Fibre 

  

Groups of rats (pooled), n  3 2 3 3  

Diet component      

 Dry matter, g/d 14.8ab 13.3b 15.1a 15.3a 0.2 

 Gross energy, kJ/d 291.1ab 264.8b 303.0a 300.7a 4.9 

 Protein, g/d 4.0a 3.4b 2.5c 2.5c 0.1 

 Fat, g/d 2.00bc 1.75c 2.37a 2.13ab 0.04 

 Total CHO, g/d 7.6b 7.3b 9.3a 9.5a 0.2 

 Starch, g/d 1.1b 0.5c 3.4a 3.5a 0.1 

 Sugars, g/d 5.5b 6.5a 4.4c 3.9c 0.1 

 TDF, g/d 0.95b 0.51c 0.99b 1.37a 0.03 

 NSP, g/d 0.65b 0.64b 1.17a 1.06a 0.03 
1 Data are expressed as means ± pooled SEM.   
abc Means in a row without common superscript letters are significantly different, P<0.05. 

CHO, carbohydrate; NSP, non-starch polysaccharides; TDF, total dietary fibre 
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Table 5       
Apparent ileal nutrient digestibility for the four human diets fed to growing rats1 
 Diet SEM 

Wheat  
Bran  

Pectin Low  
Fibre  

High  
Fibre 

Groups of rats (pooled), n  3 2 3 3  

Ileal digestibility, %      

 Gross Energy 83.9ab 83.1ab 85.8a 79.4b 0.9 

 Crude Protein 84.7a 77.6b 82.8ab 78.4b 1.0 

 Total Fat 96.8a 93.5ab 90.4b 90.2b 0.9 

 Total CHO 79.3b 87.1a 86.3a 79.0b 1.3 

 Starch 99.2ab 99.7a 98.8b 98.9b 0.1 

 Sugars 85.4b 92.6a 85.4b 78.3c 1.7 

 NSP 1.0b 56.2a 7.9b -0.8b 6.9 

 Dry matter 77.8ab 79.9ab 82.9a 75.9b 1.0 

 Organic matter 82.8ab 85.2ab 86.3a 80.3b 0.9 

 Fatty acids      

  Saturated      

   12:0 98.8a 97.6ab 97.1ab 96.5b 1.1 

   14:0 98.5a 95.7b 93.3b 93.0b 2.5 

   16:0 95.3a 87.2b 82.0b 84.1b 5.9 

   18:0 92.1a 80.3b 75.8b 80.3b 7.2 

  Monounsaturated      

   16:1 98.9a 93.6b 97.3a 96.9a 2.0 

   18:1(n-9) 98.6a 96.8bc 97.0b 95.3c 1.4 

   18:1(n-7) 62.9b 92.3a 90.8a 95.0a 14.4 

  Polyunsaturated      

   18:2 96.0a 97.5a 97.0a 92.2b 2.2 

   18:3 99.0a 98.8a 98.4a 95.7b 1.5 

  Other2 93.4a 78.5b 49.7c 77.2b 17.6 
1 Data are expressed as means ± pooled SEM.   
2 Unidentified fatty acids. 
abc Means in a row without common superscript letters are significantly different, P<0.05. 
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Discussion 

In the present work, both the site (small intestine, colon) and form (protein, fat, CHO) 

of energy disappearance for four mixed human diets of varying DF composition (wheat 

bran, pectin and mixed low/high fibre) were investigated to determine more 

completely the apparent uptake of energy from the gut.  A human balance study was 

undertaken to determine the apparent faecal digestibility of energy-providing 

nutrients and an animal model (growing rat) was used to predict apparent ileal 

nutrient digestibility in humans.   

 

A critical assumption in the present study is that the growing rat is a valid model for 

the adult human for determining the digestibility of nutrients in the upper digestive 

tract (mouth to terminal ileum).  Being simple-stomached omnivores, the anatomy and 

histology of the digestive tracts and the physiology of digestion is similar in the two 

species (Kararli, 1995).  Transit time of food through the small intestine is 3 – 4 h in 

both species (DeSesso and Jacobson, 2001).  Comparative studies have shown the rat 

to be a valid model for total tract nutrient digestibility in adult humans for a wide 

range of diets (Bach Knudsen et al., 1994; Forsum et al., 1982; Nyman et al., 1986; Rich 

et al., 1980), including total tract digestibility of energy, fat, protein and NSP in mixed 

diets for humans (Wisker et al., 1997; Wisker et al., 1996).  Comparable comparative 

studies have not been undertaken for upper-tract digestibility, but it is well established 

that the growing pig is a valid model for the adult human for ileal protein digestibility 

(Deglaire et al., 2009; Moughan and Rowan, 1989; Rowan et al., 1994) and good 

agreement has also been shown between the growing rat and the growing pig for ileal 

protein digestibility over a very wide range of diets and sources of protein (Donkoh et 

al., 1994; Moughan et al., 1984; Moughan et al., 1987; Picard et al., 1984; Rutherfurd 

and Moughan, 2003; Smith et al., 1987).  The growing rat also offers logistical 

advantages.  The terminal anaesthesia method used with the rat digestibility assay is 

straightforward and more ethically acceptable than using cannulated animals because 

the need for surgery is avoided and there is no ongoing discomfort for the animal.  
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Rats are readily available, easily housed and cared for and are a more economical 

option than the pig as an animal model.   

 

In the presently reported work, significant differences (P<0.05) in the faecal 

digestibility of energy in humans were observed between the HF diet (92%) compared 

to the PE and LF diets (both 96%).  Significant (P<0.05) differences in faecal digestibility 

were also observed between one or more diets for all of the analysed dietary 

components, except for fat, and starch (Table 3).   

 

There was a significant difference (P<0.05) in apparent ileal (rat model) protein 

digestibility (Table 5) between the WB (85%) and PE (78%) diets, even though the 

protein sources for both diets were very similar (refer Table A1).  Ileal effluent contains 

not only undigested dietary material, but also endogenous protein and fat, and the 

endogenous contribution to ileal output varies between diets (Boisen and Moughan, 

1996; Duran-Montge et al., 2007).  This endogenous material is not differentiated from 

that of exogenous origin during normal chemical analyses, consequently reducing 

apparent digestibility values for dietary protein and fat.  The higher ileal digestibility of 

fat for the WB diet (97%) compared to the LF and HF diets (both 90%) appeared to be a 

result of the inter-diet differences in the ileal uptake of most, but not all, of the 

individual fatty acids (Table 5).  The differences in individual fatty acid digestibility did 

not seem to be related to either total fat intake or the fatty acid profile of the diets 

(refer Table A3, Appendix).  There may be interactive effects between the fatty acids 

and other dietary components in the upper-tract. 

 

Pectin has been documented to be well fermented in the hindgut, but poorly digested 

in the upper-tract (Saito et al., 2005; Sandberg et al., 1983).  While our findings point 

to extensive hindgut fermentability, the PE diet had a not inconsiderable ileal NSP 

digestibility of 56%, compared to values of 10 - 15% reported elsewhere (Saito et al., 

2005; Sandberg et al., 1983).  It is possible that the quantity of NSP in the diet may 

have been overestimated for this diet, during extraction of DF at high temperatures, as 

can occur with pectin-rich foods in particular (Bach Knudsen, 2001).  This may be the 
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cause of the seemingly high ileal NSP digestibility for the PE diet, because relative to 

the TDF content of the diet, the NSP content appeared to be considerably higher than 

expected.  However, it is also possible that extensive fermentation may have occurred 

prior to the terminal ileum due to bacterial activity (Drasar and Hill, 1974; Neut et al., 

2002), which is more likely to occur with highly fermentable DF such as pectin.  It is 

also possible that the microflora in the rat upper-tract may be more abundant and 

more active than in humans, although this was not seen with the LF and HF diets which 

also contained a number of highly fermentable ingredients.  In general, further 

investigation is warranted to determine if both humans and rats rank diets the same in 

terms of ileal digestibility.   

 

Total CHO was quantitatively the largest component of ileal dry matter output for 

most of the diets, being approximately double that of combined protein and fat ileal 

output for the WB and HF diets and 1.5 times that for the LF diet.  Undigested CHO 

available for hindgut fermentation was predicted to be between 26 g/d (PE) and 54 g/d 

(HF) in the present study.  These findings agree with literature estimates for humans of 

between 20 and 40 g/d of undigested CHO for Western diets, and up to 50 - 60 g/d for 

diets rich in cereals / fruits / vegetables (Cummings, 1996; Elia and Cummings, 2007).   

 

The known food intakes of the participants and the ileal nutrient digestibility values 

(laboratory rat) allowed calculation of predicted human ileal nutrient outputs, and 

predicted nutrient uptakes in the upper digestive tract.  Also, data for actual faecal 

nutrient output in the human participants and the predicted ileal nutrient outputs 

allowed calculation of the predicted colonic losses of nutrients and gross energy (Table 

6).     
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Table 6      

Actual daily intakes and faecal excretions and derived values (predicted) for 

human ileal output1, upper-tract uptake and colonic loss for several dietary 

components2 

 Diet 

  
Wheat  
Bran  

Pectin  Low  
Fibre 

High  
Fibre 

Number of women, n 5 6 4 6 

Diet component     

 Energy, MJ/d     

  Actual daily intake 9.4 8.1 10.0 8.7 

  Predicted uptake (upper-tract) 7.9 6.7 8.6 6.9 

  Predicted ileal output 1.5 1.4 1.4 1.8 

  Actual faecal excretion 0.6 0.3 0.4 0.7 

  Predicted colonic loss 0.9 1.1 1.0 1.1 

 Protein, g/d     

  Actual daily intake 134.8 113.7 87.0 79.8 

  Predicted uptake (upper-tract) 114.2 88.2 72.0 62.6 

  Predicted ileal output 20.6 25.5 15.0 17.2 

  Actual faecal excretion 7.6 5.0 5.8 9.8 

  Predicted colonic loss 13.0 20.5 9.2 7.4 

 Fat, g/d     

  Actual daily intake 65.6 51.3 85.4 66.9 

  Predicted uptake (upper-tract) 63.5 48.0 77.2 60.3 

  Predicted ileal output 2.1 3.4 8.2 6.6 

  Actual faecal excretion 1.6 1.1 1.7 2.0 

  Predicted colonic loss 0.6 2.3 6.6 4.6 

 Total CHO, g/d     

  Actual daily intake 214.2 198.5 283.3 258.2 

  Predicted uptake (upper-tract) 169.8 172.8 244.3 204.1 

  Predicted ileal output 44.4 25.7 38.9 54.1 

  Actual faecal excretion 18.8 4.5 8.5 17.3 
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  Predicted colonic loss 25.5 21.2 30.4 36.9 

 Starch, g/d     

  Actual daily intake 39.7 16.2 135.8 121.2 

  Predicted uptake (upper-tract) 39.4 16.1 134.2 119.9 

  Predicted ileal output 0.3 0.05 1.6 1.3 

  Actual faecal excretion 0.09 0.02 0.2 0.3 

  Predicted colonic loss 0.2 0.03 1.5 1.0 

 Sugars, g/d     

  Actual daily intake 162.1 176.4 127.2 95.8 

  Predicted uptake (upper-tract) 138.5 163.3 108.6 75.0 

  Predicted ileal output 23.6 13.1 18.6 20.8 

  Actual faecal excretion 0.3 0.1 0.4 0.4 

  Predicted colonic loss 23.3 13.0 18.2 20.4 

 NSP, g/d     

  Actual daily intake 28.3 17.9 20.2 23.1 

  Predicted uptake (upper-tract) 0.3 10.0 1.6 -0.2 

  Predicted ileal output 28.0 7.8 18.6 23.3 

  Actual faecal excretion 11.4 0.6 3.4 8.3 

  Predicted colonic loss 12.8 5.9 13.0 10.2 

 Dry matter, g/d     

  Actual daily intake 432.3 376.0 471.5 420.4 

  Predicted uptake (upper-tract) 336.4 300.6 390.9 319.1 

  Predicted ileal output 95.9 75.5 80.5 101.3 

  Actual faecal excretion 34.1 15.0 19.0 34.1 

  Predicted colonic loss 61.9 60.5 61.5 67.2 
1 Ileal output is predicted based on human daily intake and mean rat apparent ileal digestibility 

(refer Table 5). 
2 Data are expressed as means.   

 

A comparison of predicted human ileal and actual human faecal outputs (Table 6) 

showed that for some nutrients (starch) there was little difference between ileal and 

faecal excretion rates due to a high degree of absorption in the upper-tract.  However, 
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the daily quantity of protein excreted at the ileal level was between two (HF) and five 

(PE) times higher than that at the faecal level.  Estimates of protein entering the colon 

are given as 5 – 20 g/d in the literature (Cummings, 1996), which is slightly lower than 

the 15 g/d (LF) to 26 g/d (PE) predicted here.  Large differences were also observed 

between the ileal and faecal outputs of total fat, with the ileal excretion being as much 

as three times that at the faecal level (LF diet).  In the case of the PE diet, the 

combined total ileal output of protein and fat (29 g/d) was higher than total CHO (26 

g/d) output.   

   

The ratio of predicted nutrient loss (colon : upper-tract) for all determined dietary 

nutrients (except NSP) was no larger than 0.3 (HF, sugars), indicating that apparent 

upper-tract nutrient digestibility exceeded that in the colon by at least a threefold 

difference.  The largest difference between the sites of uptake was for starch (data not 

shown) with ratios ranging from 0.002 (PE) to 0.01 (all other diets).  In the case of NSP, 

the predicted uptake in the colon was calculated relative to total tract uptake (Figure 

1A).   
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Figure 1. Ratio of predicted colonic loss : predicted total tract loss of NSP (A) and the 

ratio of predicted colonic loss : predicted upper-tract uptake of Protein (B) and Gross 
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Energy (C).  Values are means ± pooled SEM, n=6 participants / diet except for WB diet 

(n=5) and LF diet (n=4).   

 

When calculating the ratio of predicted loss (colon) : predicted loss (total tract) for the 

HF diet it was assumed that there was no uptake of NSP in the upper-tract.  This was 

necessary to account for a small apparent net gain of NSP (assumed as analytical error) 

in the upper-tract for the HF diet.  Only the PE diet exhibited more extensive NSP 

uptake in the upper-tract than in the colon with a ratio of predicted colonic loss : 

predicted loss (total tract) of 0.4.  The three remaining diets were observed to have 

colonic NSP loss far exceeding the NSP uptake in the upper-tract with ratios of 0.9 - 1.  

There was a twofold difference in the ratio of protein loss in the colon to the upper-

tract uptake (Figure 1B) for the PE diet (0.2) compared to the other three diets (all 

approximately 0.1).  The ratio of gross energy loss in the colon to the upper-tract 

uptake ranged from 0.12 (LF and WB) to 0.16 (HF and PE) (Figure 1C).  The considerably 

larger uptake of energy in the upper-tract reaffirms the much larger contribution 

upper-tract digestion makes to total tract digestion.  Despite some general similarities 

in the relative portion of energy uptake/loss in the upper-tract and colon across the 

diverse diets, the ratio of the predicted uptake of specific nutrients was unique to each 

diet and no two diets exhibited the same predicted uptake ratios across all analysed 

dietary components.  Moreover, the present data highlight the quantitative 

importance of hindgut digestion to the overall digestive process.   
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Conclusion 

Apparent faecal digestibility data are unable to differentiate between upper-tract and 

colonic uptake for different diets despite the fact that it is important to be able to 

predict both the site (upper-tract or colon) and degree of absorption of each nutrient 

because (i) nutrients vary in the efficiency by which they yield energy that is ultimately 

useful to the body (net ATP gains), and (ii) the energy made available to the body via 

short chain fatty acids (SCFA) from nutrients fermented in the hindgut is less than that 

obtained from direct nutrient uptake in the upper-tract.  There is a need to be able to 

determine separately the contribution of nutrient absorption in the upper-tract and 

colon.  The current reliance on generic digestibility values or total tract digestibility 

data does not allow a completely accurate quantification of the energy available from 

the many diverse diets consumed by different populations globally.  This has 

implications for the nutritional status of communities in both developing and 

developed nations.  Calculating the quantitative uptake of each nutrient in the upper 

and lower digestive tracts separately provides more useful information than does total 

tract digestibility data alone.   
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Appendix to Chapter III 

Table A1      

Food ingredients and foods included in the human diets 

Ingredient 

Wheat 

Bran Diet 

Pectin  

Diet 

Low Fibre 

 Diet 

High Fibre  

Diet 

  Amount (g/MJ)1 

Milk (high calcium, 0.1% fat )2 78.73 88.67 26.19 31.78 

Chicken 11.66 13.51 3.27 3.31 

Mayonnaise3 2.19 2.53 1.31 0.93 

Sugar  2.92 3.55 1.57 1.32 

Cheese spread4  1.46 1.69 3.27 - 

Butter (61% fat)5 1.75 - 2.62 1.46 

Cheddar cheese6 2.92 3.38 - 1.99 

Wheat bran cereal7 11.96 - - 3.31 

Citrus pectin8 - 3.38 - - 

Custard 8.75 - - - 

Cheese omelette 10.21 11.82 - - 

Jelly 35.43 32.93 - - 

Osmolite®9 (isotonic 

supplement) 

43.74 59.11 - - 

Fish (Hoki) 14.58 16.89 - - 

Cream (12% fat)10 0.73 0.84 - - 

Marshmallow chocolate bar11 4.37 7.77 - - 

Blackcurrant drink12 - 16.89 5.24 - 

Whole-wheat cereal13 - - 3.93 - 

Water crackers14 - - 3.14 - 

Wheat bread (white)15 - - 13.62 - 

Honey  - - 0.65 - 

Dairy dessert16 - - 19.64 - 

Popcorn17 - - 3.27 2.65 
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Peaches (canned) - - 15.72 6.62 

Apples (canned) - - 15.72 13.24 

Tomato ketchup  - - 2.62 1.99 

Cucumber - - 5.24 5.30 

Alfalfa sprouts - - 1.96 1.99 

Carrots (frozen, boiled) - - 10.48 21.19 

Green beans (frozen, boiled) - - 9.17 18.54 

Chicken nuggets18 - - 16.50 16.68 

Wheat bran cereal19 - - - 6.62 

Toasted muesli20 - - - 6.62 

Rye crackers21 - - - 1.99 

Wheat bread  

(white, high fibre)22 

- - - 10.33 

Yoghurt  

(contains oligosaccharides)23 

- - - 19.86 

1 MJ refers to the allocated daily dietary energy intake of an individual subject.  
2 Calci-trim®, Meadow Fresh, New Zealand; 3 Real Mayonnaise, Best Foods, Canada; 4 Kraft Foods, 

Australia; 5 Lite Dairy Spread, Anchor, New Zealand; 6 Edam, Valumetric®, New Zealand; 7 All-Bran®, 

Kellogg, Australia; 8 7050 acid/milk pectin, Cerestar, Krefeld, Germany; 9 Abbott Laboratories, IL; 10 Lite 

Cream, Anchor, New Zealand; 11 Pinky®, Cadbury, New Zealand; 12 Ribena® syrup, GlaxoSmithKline, New 

Zealand; 13 Weet-Bix®, Sanitarium, New Zealand; 14 Orginal Water Crackers, Arnotts, Australia; 15 Nature's 

Fresh®, Quality Bakers, New Zealand; 16 CalciYum®, Swiss Maid, New Zealand; 17 Lite 'n' Buttery, Pop'n 

Good, New Zealand; 18 Glovers, New Zealand; 19 Sultana Bran®, Kellogg, Australia; 20 Vitacrunch, Flemings, 

New Zealand; 21 Kavli® crisp bread, Kavli, Bergen, Norway; 22 Nature's Fresh Fibre White®, Quality Bakers, 

New Zealand; 23 Apricot flavour, Metchinkoff, Fonterra, New Zealand. 
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Table A2    

Formulation of the rat diets 

Ingredient 
Wheat Bran  

Diet 

Pectin  

Diet 

Low Fibre  

Diet 

High Fibre  

Diet 

  Composition, g/kg1 

Human diet mix 

(wet)2  

956.1 973.2 970.7 964.6 

Vitamin Mix3 21.3 13.0 14.2 17.2 

Mineral Mix4 21.3 13.0 14.2 17.2 

Titanium dioxide 1.3 0.8 0.9 1.0 

1 per kg wet diet. 
2 The human diet mix (refer Table A1) was used as the base for the rat diet. 
3 Containing the following (g/kg vitamin mix): retinol palmitate, 0.1; cholecalciferol, 0.0005; α-

tocopherol acetate, 4; menadione, 0.06; thiamin-HCl, 0.1; riboflavin, 0.14; nicotinic acid, 0.4;  

calcium pantothenate, 0.4; pyridoxine-HCl, 0.16; biotin, 0.02; folic acid, 0.04; cyanocobalamin, 0.001; 

myo-inositol, 4; choline chloride, 30; sucrose, 960.6. 
4 Containing the following (g/kg mineral mix):  calcium, 126; chloride, 156; magnesium, 21; 

phosphorus, 97; potassium, 105; sodium, 39; chromium, 0.039; copper, 0.214; iron, 9; manganese, 2; 

zinc, 0.964; cobalt, 0.00058; iodine, 0.003; molybdenum 0.003; selenium, 0.003; sucrose, 443.8. 

 

  



200 

 

 

 

Table A3      

Determined chemical composition1 of the four experimental diets given to the women 

and used as a base material for diets given to growing rats 

Component 
Wheat 

Bran Diet 

Pectin  

Diet 

Low Fibre  

Diet 

High Fibre  

Diet 

Dry matter1, g per kg diet 936.3 906.0 926.7 926.3 

Organic matter, g 961.9 966.6 966.5 961.7 

Gross energy, MJ 21.7 21.4 21.2 20.7 

Crude protein, g 299.5 305.5 189.5 192.1 

Fat, g 139.2 116.6 151.2 146.1 

Total CHO, g 523.2 544.5 625.7 623.5 

Starch, g 91.8 43.0 288.1 288.3 

Sugars, g 374.9 469.1 269.8 227.8 

Dietary fibre     

Total, g   68.3 45.1 69.0 100.4 

Insoluble, g 60.8 NR2 54.0 76.8 

Insoluble, % of total DF 89.1 NR2 78.2 76.5 

Soluble, g 7.5 NR2 15.0 23.6 

Soluble, % of total DF 10.9 NR2 21.8 23.5 

NSP, g 65.4 47.5 42.9 55.0 

Ash, g 38.1 33.4 33.5 38.3 

Fatty acids, g     

Saturated     

12:0 1.1 0.6 1.5 1.3 

14:0 5.1 3.1 3.4 5.3 

16:0 21.6 15.3 30.1 35.6 

18:0 8.7 6.7 6.5 8.9 

Monounsaturated     

16:1 1.5 1.4 1.7 2.0 

18:1(n-9) 45.4 38.3 41.0 44.5 
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18:1(n-7) 3.7 2.5 3.4 3.4 

Polyunsaturated     

18:2 15.4 10.6 18.6 14.8 

18:3 3.7 3.0 2.2 2.7 

Other3 15.4 11.5 7.8 8.8 
1 Reported as per kg dry matter for all diet components, except for dry matter (per kg freeze-dried diet) 
2 NR: Not reported. Insoluble and soluble fibre fractions are not given for the Pectin Diet as the results 

obtained were untenable.  
3 Other unidentified fatty acids that were measured but not included in the table. 

CHO, carbohydrate; DF, dietary fibre; NSP, non-starch polysaccharides 
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CHAPTER IV 

The ‘Combined Model’ 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter introduces the framework of a model, which combines predictive nutrient 

uptake and colonic loss data obtained using in vivo and in vitro digestibility assays 

respectively, with a simple mathematical model that uses stoichiometric relationships 

to predict ATP yields based on nutrient uptake.  The digestibility assays predict human 

upper-tract nutrient digestibility (as modelled by the rat upper digestive tract) and 

colonic digestibility, predicted by fermenting rat ileal digesta in an in vitro digestion 

system containing human faecal bacteria.  The studies described in subsequent 

chapters develop and validate the in vitro hindgut digestibility assay and the dual (in 

vivo – in vitro) digestibility assay. 
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Introduction 

The ability to predict absolute quantities of nutrients available for cellular metabolism 

offers a more accurate means of determining the energy available to the body.  It has 

been shown previously that considerable variation exists among different types of 

diets and nutrients for the colonic : small intestinal energy uptake (Coles et al., 2010).  

There is, therefore, a need to be able to calculate the quantitative uptake of each 

nutrient in the upper and lower digestive tract separately.  This provides more useful 

information than does total tract digestibility data alone.  To address this need, we 

propose the development of a model (referred to as the ‘Combined Model’) to predict 

the upper-tract, hindgut and total tract uptakes of energy in humans.  The Combined 

Model allows for the prediction of ATP yields from the catabolism of nutrients 

predicted (based on digestibility assays) to be absorbed from the upper- and lower-

digestive tract, respectively.  The model has particular relevance to the design and 

evaluation of specialised weight-loss foods. 
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Description of model  

The Combined Model brings together predictive nutrient uptake and colonic loss data 

obtained using in vivo and in vitro digestibility assays, with a simple mathematical 

model to predict ATP yields based on absorbed nutrients.  When combined, the 

digestibility assays (referred to as the ‘dual digestibility assay’) predict human upper-

tract digestibility, as modelled by the rat upper digestive tract, and colonic digestibility, 

predicted by fermenting rat ileal digesta in an in vitro digestion system containing 

human faecal bacteria (Coles et al., 2005).  The dual digestibility assay provides 

information on the predicted uptake of nutrients and SCFA (short chain fatty acids) 

from the upper- and lower-digestive tracts, respectively.  Such data can then be used 

with stoichiometric relationships to predict (the potential) ATP available to the body 

from the absorbed nutrients.  The stoichiometry relates to the hypothetical state 

whereby energy intake ≤ energy expenditure and all absorbed nutrients are 

catabolised.  This assumption is an oversimplification since after consumption of a 

main meal excess energy will be temporarily stored for later use. 

 

In addition to predicting upper-tract nutrient uptake, the yield of SCFA from hindgut 

fermentation also needs to be quantified to allow prediction of colonic energy uptake.  

The growing rat is not a suitable model for predicting hindgut fermentation in humans 

(Bach Knudsen et al., 1994).  Also, while carbohydrate present in the faeces is mainly 

of dietary origin, virtually all faecal fat and protein is of endogenous or bacterial origin 

(Elia and Cummings, 2007; Walker, 1975).  The inability of apparent faecal digestibility 

data to isolate the material of dietary origin necessitates an alternative means of 

predicting energy uptake in the colon.   The in vitro fermentation assay used in the 

Combined Model to predict large intestinal digestibility aims to account for the 

dynamic and complex nature of colonic fermentation through incubating the substrate 

with live bacteria sourced from fresh human faecal samples.   

 

The proposed Combined Model (Figure 1) characterises the flow of dietary energy 

through the digestive tract (diet, terminal ileum, faeces) in terms of either gross energy 
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(kJ/d) or absolute quantity (g/d) of individual dietary components (protein, starch, 

sugars, fat, DF).  Chemical analysis of one or more of these parameters is performed on 

the diet and the ileal digesta to determine uptake in the upper-tract.  The Combined 

Model also allows human ileal output (kJ energy/d or g nutrient/d) to be predicted 

based on dietary intakes (kJ/d or g/d), as demonstrated previously (Coles et al., 2010).  

Residual ileal material in the in vitro fermentation vessel post-incubation is measured 

in terms of OM fermented or SCFA production.  The amount of OM fermented during 

hindgut in vitro fermentation can be calculated based on the in vitro hindgut OMD 

(organic matter digestibility) and then converted to SCFA yields, which can be further 

equated with energy uptakes from estimated equivalents in the literature (Cummings 

and Macfarlane, 1997).   
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Figure 1. Schematic diagram of a Combined Model of digestion (combination of in vivo 

and in vitro digestion assays and stoichiometric chemical relationships) over the total 

tract, showing inputs and outputs at each stage.  Left-hand side: model can be used to 

predict absorbed energy over the upper tract, hindgut and total tract in kJ/d.  Right-

hand side: model can be used to predict absorbed energy (g/d) in the upper tract in 

terms of protein / fat / starch / sugars / DF.  The stoichiometry relates to the 

hypothetical state whereby energy intake ≤ energy expenditure and all absorbed 

nutrients are catabolised. 
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Discussion 

The upper-tract digestibility of not only gross energy, but also of most macronutrients, 

can be predicted using the Combined Model.  The model’s flexibility in this regard 

allows for customisation depending on the depth and type of required information or 

laboratory equipment / expertise available.  For example, analysis of amino acids or 

fatty acids in both the diet and ileal digesta can be included to provide a detailed 

profile of the upper-tract uptake of these components. 

 

The Combined Model also allows for the separate characterisation of undigested 

dietary and endogenous nutrient flows.  Upper-tract endogenous losses may be 

predicted based on dietary dry matter intake and included in the model.  

Differentiation between hindgut fermentation of dietary and endogenous materials 

could potentially be predicted by the model through in vitro fermentation of 

endogenous material in addition to total digesta.  Quantification of endogenous losses 

in the upper-tract and hindgut would allow ‘real’ or ‘true’ as opposed to ‘apparent’ 

ileal / faecal digestibility to be determined, which is considered to be more accurate 

than apparent digestibility (Darragh and Hodgkinson, 2000).   

 

The rat, the pig and man are all simple-stomached omnivores with similar 

gastrointestinal anatomy and physiology (Kararli, 1995; Moughan and Rowan, 1989), 

including a small intestinal transit time of 3 - 4 h  (DeSesso and Jacobson, 2001; Wilfart 

et al., 2007).  However, the growing rat was chosen here over the growing pig as an 

animal model for human upper-tract digestion due to a number of economic and 

logistical advantages.  Digestibility studies with pigs demand a greater degree of 

animal husbandry, veterinary intervention and post-surgery recovery time, as well as 

increased food, housing and labour costs compared to rats.  Furthermore, the terminal 

anaesthesia method used with the rat digestibility assay is straightforward and more 

ethically acceptable than using cannulated pigs because the need for surgery is 

avoided and there is no ongoing discomfort for the animal.  Although there is a lack of 

comparative studies between upper-tract digestibility in the rat and human, it is well 
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established that the growing pig is a valid model for the adult human for ileal protein 

digestibility (Deglaire et al., 2009; Moughan and Rowan, 1989; Rowan et al., 1994) and 

good agreement has also been shown between the growing rat and the growing pig for 

ileal protein digestibility over a very wide range of diets and sources of protein 

(Donkoh et al., 1994; Moughan et al., 1984; Moughan et al., 1987; Picard et al., 1984; 

Rutherfurd and Moughan, 2003; Smith et al., 1987).   

 

The use of rat ileal digesta as a substrate for in vitro fermentation has its limitations, 

however, with the main drawback being the limited quantities of digesta obtained, 

particularly with highly viscous diets (such as pectin) or diets that are highly digestible 

in the upper-tract.  The use of a larger animal, such as the pig, could potentially 

overcome this issue.  The Combined Model requires fresh faecal samples to be 

obtained from human subjects on demand for the in vitro fermentation assay and 

while this is physiologically preferable, it is not ideal from a pragmatic point of view 

and there is a need for validated alternatives for the model.         
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Conclusion 

The proposed model differentiates between the location (upper-tract or hindgut) of 

nutrient uptake and determines the contribution of each nutrient to upper-tract 

energy uptake.  This allows diets to be defined in terms of actual energy available for 

cellular metabolism (ATP), which is a true measure of the net or available energy 

provided by a diet at the cellular level.  Application of the Combined Model in this way, 

by quantitatively linking nutrient upper-tract / hindgut uptake of the various energy-

yielding nutrients to cellular ATP yields, following the optimisation and validation of 

the model, is the subject of the following chapters. 
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CHAPTER V 

 

Influence of assay conditions on the in vitro hindgut 

digestibility of dry matter 
 

 

 

 

 

 

 

 

 

 

The first step in developing a valid in vitro hindgut digestibility assay involved 

identifying assay variables that significantly influence predicted dry matter digestibility 

(DMD).  This was investigated by measuring DMD in response to gross variation in pH, 

duration of incubation, presence of shaking during incubation and the concentration of 

faecal inoculum or digestive enzymes for three published in vitro hindgut digestibility 

assays.  

 

 

 

Data published in: Coles, L. T., Moughan, P. J., Awati, A., & Darragh, A. J. (2011). 

Influence of assay conditions on the in vitro hindgut digestibility of dry matter. Food 

Chemistry, 125(4), 1351 - 1358. 
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Abstract 

In vitro assays have been developed to predict dry matter digestibility (DMD) in the 

human colon, but there is little information on the effect of assay variables.  The effect 

of altering pH, duration of incubation, presence of shaking during incubation and the 

concentration of faecal inoculum or digestive enzymes on DMD was investigated for 

three in vitro hindgut digestibility assays.  Three mixed human diets varying in the type 

and ratio of soluble and insoluble dietary fibre were used as substrates.  The pH, 

duration of incubation and the concentration of inoculum relative to substrate 

significantly (P<0.05) affected predicted DMD for the two in vitro methods employing 

faecal inocula.  The method using synthetic enzymes showed little sensitivity to 

alteration of assay variables and gave highly variable results and for this reason was 

not pursued further.  Shaking did not affect (P>0.05) digestibility for any method or 

diet.   The different methods led to large differences in predicted hindgut DMD within 

each of the three diets.  In vitro hindgut digestibility assay variables need to be 

optimised and the predicted DMD data validated against in vivo data.    
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Introduction 

Most energy containing compounds released from food during digestion in humans 

and simple-stomached animals are absorbed in the upper digestive tract.  Although the 

energetic contribution from volatile fatty acids that are mainly absorbed in the large 

intestine should not be ignored, this component is difficult to quantify using human 

studies and no suitable animal model exists.  The digestion of foods in humans is a 

complex process with digestibility of the energy-yielding nutrients being affected by 

numerous factors.  The nutrient composition of each food and also the mix of foods in 

the diet influence digestibility.   

 

In vitro digestibility assays offer a routine means of assessment to study hindgut 

digestibility whilst taking into account complex dietary factors.  A sound in vitro 

digestibility method should be robust enough to not be greatly affected by small 

fluctuations and variations in the system conditions, yet it should also be sensitive 

enough that often small differences between substrates can be detected.  It should 

also be repeatable from one time and place to another to provide consistency and to 

allow global standardisation.  Historically, few in vitro methodologies developed for 

studying fermentation in the human colon meet all these criteria and an explanation as 

to how a particular assay has been optimised to simulate in vivo colonic digestibility is 

seldom provided (Coles et al., 2005).  It is largely unknown how altering fundamental 

assay variables such as enzyme / inoculum concentrations, pH and mixing, 

quantitatively affects in vitro digestibility of the substrate.   

 

The aim of the study here was to ascertain the sensitivity of in vitro hindgut dry matter 

digestibility assays to gross variation in underlying system conditions.  Specifically, the 

objectives were to firstly identify key assay variables for consideration for optimisation 

as part of future work, and secondly, to compare the selected in vitro hindgut dry 

matter digestibility assays, which are the preferred methods based on a review of the 

literature (Coles et al., 2005), with respect to estimated hindgut dry matter 

digestibility.   The effects of pH, duration of incubation, concentration of the inoculum 
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or digestive enzymes and mixing during incubation were investigated.  Three 

previously published in vitro assays developed to simulate the digestibility of organic 

matter in the hindgut of simple-stomached mammals were selected.  The assays were 

applied to mixed human diets varying in the ratio and origin of soluble and insoluble 

dietary fibre.   
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Materials and methods 

In vitro hindgut digestion methods 

Three in vitro hindgut digestibility methods demonstrating potential for simulating 

digestion in the human colon were identified (Coles et al., 2005).  The methods were 

the “Boisen method” (Boisen and Fernández, 1997), the “Barry method” (Barry et al., 

1995) and the “Edwards method” (Edwards et al., 1996). 

 

The Boisen method is primarily based on measuring the DMD / organic matter 

digestibility (OMD) of the substrate by incubating it with a formulation of commercially 

available synthetic enzymes known to be produced by colonic bacteria.  The Barry and 

Edwards methods are based on the incubation of the substrate with live faecal 

microbiota and measuring the dry matter (DM) / organic matter (OM) loss of the 

substrate during the in vitro fermentation.  The Barry and Edwards methods were 

originally developed to measure non-starch polysaccharide (NSP) digestibility and 

resistant starch digestibility respectively.  The methods used here reproduced the 

originally published protocols as closely as possible, although slight modifications were 

introduced to suit the objectives of the study.    

 

Modified Boisen method 

The test substrate (100 mg) was added to a mixture of 1.8 ml of EDTA (0.2 M), 10 ml of 

sodium citrate buffer (0.1 M, pH 4.8), 0.1 ml chloramphenicol solution (0.1% in 96% 

ethanol) and 0.1 ml Viscozyme® (Sigma-Aldrich Co.) in a 28 ml glass McCartney bottle 

(Biolab Ltd., Auckland, New Zealand).  The bottle was capped and placed upright in a 

horizontally shaking water bath (50 stokes/min, 39°C) for 18 h.  The filtering, drying 

and ashing of the bottle contents were then performed as described by Boisen and 

Fernández (1997). 
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Modified Barry method 

A carbonate buffer (pH 7.3) containing 10 ml/L of nutritive solution (Barry et al., 1995), 

was boiled and then maintained at 37°C under a flow of CO2 until required.  A 200 g/L 

batch of inoculum was prepared by processing 250 ml of buffer and 50 g of pooled 

human faeces contributed to equally from four donors (w/w) (see below) in a 

Stomacher® for 2 min.   The inoculum was twice filtered through six layers of muslin 

cloth.  All procedures were performed under strict anaerobic conditions. 

 

Inoculum (10 ml) was added to a dried and pre-weighed 28 ml glass McCartney bottle 

(Biolab Ltd., Auckland, New Zealand) containing 100 mg of test substrate.  The bottles 

were flushed with oxygen-free nitrogen (OFN) and placed upright in a horizontally 

shaking water bath (37°C, 50 strokes/min) for 24 h.  Bottles were then autoclaved 

(120°C, 8 min) to ensure no further microbial activity.  The bottles were then dried in 

an oven (80°C) and placed in a Muffle furnace (500°C, 4 h) for ashing to determine DM 

(Methods 930.15 and 925.10 (AOAC, 2000)) and OM (Method 942.05 (AOAC, 2000)) 

respectively.   

 

Modified Edwards method 

A sodium phosphate buffer (0.1 M, pH 7) containing no nutritive solution, was boiled 

and then cooled under a stream of OFN and then maintained at 37°C until required.  A 

320 g/L batch of inoculum was prepared by homogenising 250 ml of buffer with 80 g of 

pooled human faeces for 7 min in a Stomacher®.  The protocol then followed that 

described above for the modified Barry method except that 5 ml of inoculum and 5 ml 

of buffer were added to each incubation bottle to give a final concentration of 160 g/L.   

 

Inoculum 

Inoculum necessary for both the modified Barry and Edwards methods was prepared 

from fresh faeces collected from four healthy human subjects (3 female, 1 male) 

consuming an unspecified ‘Western’ diet.  Subjects consumed their habitual diets and 

the content of the diets was not recorded as part of the study.  Faeces were collected 
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into pre-warmed, insulated containers flushed with CO2 and were processed in the 

laboratory within 30 min.  Equal quantities of faeces from each subject were 

homogenised in a Stomacher® machine with buffer solution according to the 

quantities specified by each in vitro fermentation method to produce a pooled faecal 

inoculum.  Subjects were not taking medication nor had a history of medical problems 

that may have interfered with digestion.   In the 3 months prior, subjects had not 

experienced gastrointestinal illness or taken antibiotics or laxatives.  Informed written 

consent was obtained from all volunteers, and the study was approved by the Massey 

University Human Ethics Committee (PN 04 /127).  The same batch of inoculum was 

used for all runs testing a given variable within a given method.   

 

Substrates 

Three complete diets formulated for adult humans were used as the substrates (Table 

1).  All foods in a given diet were accurately weighed, homogenised, freeze-dried and 

ground to pass through a 1 mm mesh.    Two of the experimental diets contained a 

single source of dietary fibre which was rich in either insoluble or soluble dietary fibre.  

In the first case, wheat bran (WB) was included at 6.8% of diet DM.  In the second case, 

citrus pectin (PE) was included at 4.5% of diet DM.  The third diet, referred to as the 

Mixed Fibre diet (MF), contained dietary fibre at 6.9% of diet DM from a range of foods 

including cereals, legumes, fruits and vegetables. 
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Table 1     

Determined chemical composition of the three substrates (per kg dry matter) 

Component   Wheat Bran 

Diet 

Pectin Diet Mixed Fibre 

Diet 

Gross energy, MJ 21.7 21.4 21.2 

Crude protein, g  311.7 302.3 184.5 

Fat, g  151.8 133.4 181.1 

Total CHO1, g  498.4 530.9 600.9 

Starch, g  91.8 43.0 288.1 

Sugars, g  374.9 469.1 269.8 

Dietary fibre    

 Total, g  68.3 45.1 69.0 

 Insoluble, g 60.9 25.1 54.0 

 Insoluble, as % of TDF 89.1 55.7 78.2 

 Soluble, g 7.5 20.0 15.0 

 Soluble, as % of TDF 10.9 44.3 21.8 

NSP, g  94.0 67.3 63.7 

Ash, g  38.1 33.4 33.5 
1 Total CHO (by difference) = 100 - Moisture% - Fat% - Crude Protein% - Ash% 

CHO, carbohydrate; NSP, non-starch polysaccharides; TDF, total dietary fibre 
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Experimental design 

The effects of variation in pH, duration of incubation, concentration of the 

inoculum/enzyme solution and the importance of mixing during incubation on 

substrate DMD were tested for each of the three in vitro digestion methods.  Mixing 

was undertaken through bottles being shaken horizontally in an upright position 

during incubation to prevent material being trapped in the cap and interfering with 

total DM recovery.  

 

The four factors were tested at their standard (as originally published) value, a higher 

value and a lower value, whilst keeping all other factors constant at the standard 

value.  Duration of incubation was set at the standard level ± 6 h for the modified 

Boisen method as previous results indicated digestion may be incomplete at less than 

12 h and should be complete by 24 h (Boisen and Fernández, 1997).  For the modified 

Barry and Edwards methods a lower incubation time of 18 h and a higher incubation 

time of 48 h were chosen as these are commonly the shortest and longest times used 

with other in vitro digestibility assays that use a faecal inoculum.  The high and low pH 

levels for the modified Barry and Edwards methods were set at the standard value ± 1 

pH unit, in keeping with the normal range in physiological pH within the proximal colon 

(Cummings, 1996).  For the modified Boisen method a low level of pH 3.6 and a high 

level of pH 5.4 were adopted because the optimum pH for Viscozyme® is between pH 

3.3 and pH 5.5 (S. Boisen, pers. comm.).  For all three methods the high and low levels 

for enzyme/inoculum concentration were set at the standard value ± 50% to give a 

range of extreme values considered high enough to detect any effect of concentration 

on DMD.  Mixing was either absent or performed at 50 strokes / min.  Possible 

interactions between experimental variables were not considered.  Details of the 

experimental factors and the levels at which they were tested are summarised in Table 

2.  In addition to these four experimental factors, repeatability and a comparison 

between the two methods employing faecal inocula was also investigated as a 

complementary study, separate from the main goals of the study (see Discussion for 

details). 
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Variation in inoculum was not investigated as an assay variable because it is well 

established (Barry et al., 1995) that source of inoculum has an effect on predicted 

digestibility.  Although different batches of inoculum were sometimes used for 

different runs (different days) within the same method, the same batch of inoculum 

was always used within a run testing the effect of a given variable.  Since digestibility 

was being compared between levels of a given variable (e.g. pH 6, pH 7 and pH 8) and 

not between variables (e.g. pH and duration), there was no need to use the same 

batch of inoculum for all assay runs.  

 

Each factor was investigated in triplicate for each of the three substrates and for each 

of the three methods. Three bottles containing inoculum but no substrate (blanks) 

were also included in each run to determine the DM/OM present in the system at Time 

0 not contributed by the substrate.  

 

Chemical analyses 

Diet samples were analysed for DM, ash, gross energy (GE), total N, total fat, total 

sugars, total starch, dietary fibre (total, insoluble and soluble) and NSP.   

 

DM and ash were determined in duplicate by drying samples in a Watvic convection 

oven (Watson Victor Ltd., Wellington, New Zealand) at 105°C for 16 h (Methods 930.15 

and 925.10 (AOAC, 2000)), followed by ashing in a Muffle furnace (Electrofurn, New 

Zealand) at 550°C for 16 h (Method 942.05 (AOAC, 2000)). 

 

Gross energy (the heats of combustion of protein, fat and carbohydrate) was 

determined in duplicate using an automatic adiabatic bomb calorimeter (AC-350, Leco 

Corporation, St. Joseph MI, USA) (Miller and Payne, 1959). 

 

Total N was determined in duplicate samples by the total combustion method 

(Method 986.06 (AOAC, 2000)) on a Leco TruSpec CN Carbon/Nitrogen Determinator 

(Leco Corporation, St. Joseph, MI, USA).  Crude protein was calculated by multiplying N 

by a factor of 6.25.   
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Total fat was determined in duplicate using acid hydrolysis/Mojonnier extraction 

(Method 954.02 (AOAC, 2000)). 

 

Total sugars were determined using the phenol sulphuric colorimetric method on 

duplicate samples (Southgate, 1991).   Total starch determination was performed in 

duplicate using a commercial kit (Total Starch Kit, Megazyme, Sydney, Australia) 

(Method 996.11 (AOAC, 2000)).  Starch was hydrolysed with thermostable alpha-

amylase and amyloglucosidase (AMG). The D-glucose quantitatively released during 

hydrolysis was quantitatively measured in a colorimetric reaction employing 

peroxidise. 

 

Total dietary fibre and insoluble and soluble fibre fractions were determined using an 

enzymatic-gravimetric method (Method 991.43 (AOAC, 2000)) with a commercial kit 

(Total Dietary Fibre Kit Assay, Megazyme, Ireland) and alpha-amylase/AMG/protease 

enzymes.   

 

NSP was also separately determined to obtain a complete dietary fibre profile for each 

test diet using a modified Englyst method (Englyst and Cummings, 1984, 1988) with 

constituent sugars measured using colorimetry.   

 
Calculations 

DMD was calculated as follows: 

 

 In vitro DMD (%)  
1

100
S

TBS

0

i00 �
��

�   (Eq. 1) 

 

Where S0 is the DM in the substrate (mg) at time 0, Bo is the DM measured in the blank 

(control) at time 0 (mg) and Ti is the total DM in the bottle after incubation (time i) 

(mg).  For the modified Barry and Edwards methods, and in keeping with standard 

practice (Bourquin et al., 1996; Goni and Martin-Carron, 1998; Sunvold et al., 1995), 
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the DM digestibility of the inoculum itself was ignored and it was assumed that any 

loss in total DM during incubation was a loss from the substrate.   

 

Statistical analyses 

The data for each variable within each method were subjected to a one way analysis of 

variance (ANOVA).  If a statistically significant effect was found, the levels of that 

variable were compared for each diet using Tukey’s test.  An analogous approach was 

used for comparisons between methods (modified Edwards and Barry methods) using 

the same batch of faeces and performed under standard operating conditions for each 

method.  Results were considered statistically significant at P<0.05.  Minitab (version 

14.2, Minitab Inc., PA, USA) was used for all statistical analyses. 
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Results 

The modified Boisen assay showed little sensitivity to changes in assay variables, with 

no clear trend in DMD (data not shown).  Large variations also existed between some 

replicates for this method and for reasons unknown to the authors, the method gave a 

number of aberrant mean observations.  Consequently, it was decided not to pursue 

application of the modified Boisen method.      

 

pH 

The effect of altering pH on the mean DMD of the three dietary substrates is shown in 

Table 3.  For the modified Edwards method, there was a significant difference (P<0.05) 

in DMD between the lowest pH level tested (pH 6) and the higher pH levels (pH 7 and 

pH 8) for the WB and MF diets.  This method consistently gave the highest DMD at pH 

7 and the lowest DMD at pH 6, irrespective of diet, although there was no significant 

difference (P>0.05) between DMD at pH 7 and pH 8.  The modified Barry method gave 

a significant difference in DMD between the lowest pH level tested (pH 6.3) and the 

two higher pH levels (pH 7.3 and pH 8.3).   The highest DMD for a given diet was 

always found at pH 6.3, irrespective of diet.  There was no significant difference 

between the DMD at pH 7.3 and pH 8.3 for any of the diets.     
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Table 3        

Effect of pH1 on mean2 dry matter digestibility for two in vitro methods and three 

experimental diets 

Method pH Dry Matter Digestibility, % 

  Wheat Bran Diet Pectin Diet Mixed Fibre Diet 

  Mean SE Mean SE Mean SE 

 6.0 61.7a 1.5 63.3a 2.2 60.7a 1.2 

Edwards3 7.0 75.5b 1.5 80.0b 3.0 73.0b 0.6 

 8.0 73.0b 1.0 72.0ab 1.5 71.3b 3.3 

        

 6.3 95.7a 4.1 92.2a 5.6 100.4a 4.1 

Barry4 7.3 49.6b 1.3 54.9b 0.4 46.8b 6.7 

  8.3 42.2b 2.8 46.5b 1.7 49.1b 1.3 
1 Only pH was varied, all other variables remained at their standard level for the method.  Edwards: 

24 h incubation, bottles shaken, 160 g/L inoculum concentration; Barry: 24 h incubation, bottles 

shaken, 200 g/L inoculum concentration 
2 mean, n=3 replicates except for the following: n=2: Edwards, Wheat Bran Diet pH 7; Barry, Pectin 

Diet pH 8.3.  
3 Based on the methodology of Edwards et al. (1996) 
4 Based on the methodology of Barry et al. (1995) 

SE, standard error 
ab Means with different letters within the same column and method were significantly (P<0.05) 

different 
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Enzyme / inoculum concentration 

The mean DMD results for the three experimental diets at the different levels of 

inoculum/enzyme concentration are presented in Table 4.  A significant (P<0.05) effect 

for two or more diets tested was found for the modified Edwards and Barry assays.  

DMD tended to increase with an increasing concentration of the inoculum. 

 

Table 4        

Effect of concentration of inoculum1 on mean2 dry matter digestibility for each of the 

two in vitro methods and three experimental diets  

Method Concentration, g/L3 Dry Matter Digestibility, % 

  

Wheat Bran 

Diet 

Pectin Diet Mixed Fibre 

Diet 

  Mean SE Mean SE Mean SE 

 80 58.0a 6.0 71.7a 2.0 66.7a 1.5 

Edwards4 160 75.0b 2.3 79.7ab 1.2 73.0a 0.6 

 240 71.3ab 1.3 83.3b 2.7 75.7a 4.1 

        

 100 53.5a 2.9 53.3a 1.3 54.0a 1.5 

Barry5 200 57.4a 4.0 61.1b 1.8 56.3ab 1.9 

  300 61.7a 4.3 63.8b 1.9 61.8b 0.3 
1 Only concentration of inoculum was varied, all other variables remained at their standard level.  
Edwards: 24 h incubation, bottles shaken, pH 7; Barry: 24 h incubation, bottles shaken, pH 7.3 
2 mean, n=3 replicates 
3 'Concentration' refers to concentration of inoculum in the system.  The concentration of the substrate in 
the system (relative to the inoculum) was as follows: Edwards  5, 10 and 15 g/L (for inoculum 
concentrations of 80, 160 and 240 g/L respectively; Barry 5, 10 and 15 g/L (for inoculum concentrations of 
100, 200 and 300 g/L respectively)  
4 Based on the methodology of Edwards et al. (1996) 
5 Based on the methodology of Barry et al. (1995) 
SE, standard error 
ab Means with different letters within the same column and method were significantly (P<0.05) different 
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Duration of incubation 

Results illustrating the effect of duration of incubation on mean DMD are given in 

Table 5.  The effect of duration of incubation on DMD when comparing 18 h and 48 h 

incubation times was statistically significant with the modified Barry method for all 

three diets and with the modified Edwards method for both the WB and MF diets.  

Specifically, in these cases, the DMD at 48 h was always higher than that at 18 h.  

While for both the modified Edwards and modified Barry methods there was a 

numerical increase in DMD from 18 h to 24 h across all diets, the difference was only 

significant for the PE diet using the modified Barry method.  Likewise, both methods 

showed a numerical increase in DMD from 24 h to 48 h for all diets, but the difference 

was only statistically significant for the WB diet using the modified Edwards method 

and the MF diet using the modified Barry method.   
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Table 5        

Effect of duration of incubation1 on mean2 dry matter digestibility for two in vitro 

methods and three experimental diets 

Method Duration, h Dry Matter Digestibility, % 

  Wheat Bran Diet Pectin Diet Mixed Fibre Diet 

  Mean SE Mean SE Mean SE 

 18 68.7a 1.8 74.3a 0.3 69.0a 1.2 

Edwards3 24 69.0a 0.6 77.7a 2.8 71.7ab 1.3 

 48 79.3b 3.7 82.0a 2.5 77.3b 2.3 

        

 18 41.7a 0.7 42.7a 1.2 42.3a 1.9 

Barry4 24 45.3ab 2.4 49.3b 0.3 44.7a 0.3 

  48 52.0b 1.5 52.3b 1.2 52.7b 0.9 
1 Only duration of incubation was varied, all other variables remained at their standard level.  

Edwards: pH 7, bottles shaken, 160 g/L inoculum concentration; Barry: pH 7.3, bottles shaken, 200 g/L 

inoculum concentration 
2 mean, n=3 replicates 
3 Based on the methodology of Edwards et al. (1996) 
4 Based on the methodology of Barry et al. (1995) 

SE, standard error 
ab Means with different letters within the same column and method were significantly (P<0.05) 

different 
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Mixing of materials during incubation 

Mean DMD of the experimental diets when bottles were mechanically shaken or not 

shaken in the water bath are shown in Table 6.  There was no effect of mixing (P>0.05) 

for both the modified Edwards and Barry methods, regardless of the diet being tested.     

  

Table 6        

Effect of mixing1 during incubation on mean2 dry matter digestibility for two in vitro 

methods and three experimental diets  

Method Mixing Dry Matter Digestibility, % 

  Wheat Bran Diet Pectin Diet Mixed Fibre Diet 

  Mean SE Mean SE Mean SE 

Edwards3 
Yes 68.7 4.8 76.0 3.2 72.0 1.0 

No 70.3 1.5 65.3 6.1 69.0 3.3 

        

Barry4 
Yes 60.9 2.9 59.9 2.7 58.3 3.5 

No 57.9 3.3 60.0 3.6 59.2 1.6 

ANOVA was applied and for each method in each diet there was no significant (P>0.05) effect of 

mixing 
1 Only shaking of bottles (either shaken or not shaken) during incubation was varied, all other 

variables remained at their standard level.  Edwards: pH 7, 24 h incubation, 160 g/L inoculum 

concentration; Barry: pH 7.3, 24 h incubation, 200 g/L inoculum concentration 
2 mean, n=3 replicates 
3 Based on the methodology of Edwards et al. (1996) 

4 Based on the methodology of Barry et al. (1995) 

SE, standard error 
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Discussion 

There is currently no standard in vitro method for predicting the digestibility of dietary 

organic matter in the human colon or in the colon of simple-stomached animals.  

Although several in vitro hindgut digestibility assays have been proposed, there has 

been little work reported on the relative importance of the various assay variables, and 

usually little justification given for the values of the variables chosen (Coles et al., 

2005).  Generally, there has been no attempt made to optimise assay variables, or if 

so, such optimisation has not been reported.  Any variable that has a large effect on 

digestibility should be optimised to ensure that the predictions made by the in vitro 

system are accurate and valid when compared to in vivo digestibility data.  Failure to 

do so may result in in vitro assays that have the ability to correctly rank substrates, but 

are unable to give accurate absolute data.   

 

The effect of manipulating system conditions for three published in vitro digestibility 

assays designed to simulate hindgut digestion in simple-stomached animals and 

considered (Coles et al., 2005) to show promise for practical application was 

investigated.  Each method was tested with three different substrates, each being a 

mixed human diet with varying proportions of soluble and insoluble dietary fibre.  The 

effect of altering pH, concentration of inoculum/digestive enzymes, incubation time 

and mixing during incubation were determined.   

 

Despite the artificial nature of in vitro systems, it is logical that closely mimicking in 

vivo conditions is more likely to produce results in line with in vivo data.  Human body 

temperature, for example, is well known and for this reason, incubation temperature 

was not investigated as a variable. Although it is known that peristalic movement in 

the colon aids in mixing the colonic contents, previous findings on the necessity of 

shaking/stirring during in vitro incubation (Stevenson et al., 1997) call into question its 

widespread inclusion in in vitro digestibility assays.     
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Adaptation of donors 

In the present study, donors consumed an unspecified ‘Western’ diet such that each 

subject consumed his/her regular diet.  The contents of the donor’s diet were not 

regulated as part of the trial or reported by the donors.  Donors were not adapted to 

the test substrates in accordance with the findings of Barry et al. (1995) who found 

that  a 2 week adaptation to pectin or sugar beet fibre did not influence in vitro 

hindgut fermentation, irrespective of the type of substrate tested (pectin, sugar beet 

or soya bean fibre) or length of fermentation.   

 

Boisen assay 

Generally, the results for the modified Boisen method showed no consistent pattern 

with changes in assay variables.  In many cases the standard errors were large and the 

method gave rise to several unexplained untenable mean observations.  It was 

concluded that the modified Boisen method in its present form is not suitable for 

determining in vitro hindgut dry matter digestibility for our purposes and was not 

pursued further. 

 

pH 

With the modified Barry method the difference in DMD between pH 6.3 and the higher 

pH values was considerable.  It is suspected that during incubation the pH may have 

dropped much lower than the starting pH when testing at pH 6.3.  This may account 

for the large difference in DMD between the lowest pH level (pH 6.3) and the two 

higher pH levels (pH 7.3 and pH 8.3).  Some drop in pH is to be expected during 

incubation with faecal bacteria due to the production of SCFA (short chain fatty acids).  

However, it is possible that the pH in this case may have dropped much lower than pH 

5 when the inoculum was prepared for pH 6.3, pre-incubation.  A pH drop of up to 1.6 

units has been observed previously with the Barry method (24 h incubation, pH 7.3 

buffer) (Barry et al., 1995) and a pH drop of between 1 to 2 pH units has also been 

observed during a 24 h incubation with the Edwards assay (Edwards et al., 1996), 
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which uses a pH 7 buffer system that is more easily regulated, pre-incubation.   It was 

more difficult to regulate the pH of the carbonate buffer used for the modified Barry 

method during inoculum preparation than the phosphate buffer used in the modified 

Edwards method.  Too much CO2 causes a drop in pH, whilst the pH rises too high if not 

enough CO2 is added.  As a result, the acidic nature of the environment, rather than 

increased bacterial activity, may have been responsible for the higher DMD at the low 

pH level tested with the modified Barry method.  A buffer that is too acidic may also 

affect the viability of the bacteria. With the modified Edwards method, digestibility 

was considerably lower at the lower pH but did not differ at the higher pH level.  It is 

concluded that pH is an important assay variable, influencing DMD considerably.  The 

standard pH appeared to give the best differentiation in DMD between the diets 

(based on expected in vivo digestibility) for the modified Edwards and Barry methods.   

 

Enzyme / inoculum concentration 

Inoculum concentration appears to be a key determinant of DMD for the modified 

Edwards and Barry assays.  At the standard faecal inoculum concentration the ratio of 

substrate to inoculum for the modified Barry and Edwards methods was 100 mg 

substrate : 10 ml inoculum (w/v), equivalent to 10 g substrate / L of inoculum.  The 

more fermenting or digesting potential there is in the in vitro system, the higher the 

DMD is expected to be.  This is only true up to a certain point, however, as the system 

may become short of substrate (Awati et al., 2006).  At this point, the system cannot 

support further fermentation of the substrate. The bacteria’s access to the substrate 

may also be hindered by the sheer quantity of the inoculum compared to substrate in 

the system.  Conversely, insufficient supplies of bacteria may limit digestibility in the in 

vitro system.  Barry et al. (1995) found inoculum activity to be the limiting factor when 

the substrate was added at levels higher than 10 g / L inoculum.  Lower concentrations 

of inoculum led to lower estimates of digestibility for some of the diets.  Our results 

support the need to determine the appropriate inoculum concentration through 

further experimental work.   
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Duration of incubation 

The degree of in vitro digestion at a given point in time is not only determined by the 

length of time that the faecal bacteria have had access to the substrate for, but the 

substrate’s physical form and chemical make-up are also critical.  It has been observed 

previously that different substrates have different fermentation profiles over time 

(Barry et al., 1995).  In vivo colonic transit times are highly variable, commonly in the 

range of 54 h for subjects consuming a Western diet (Cummings, 1996), although the 

degree of fermentation in various parts of the colon varies.  However, a 24 h 

incubation time is fairly standard for most in vitro digestibility assays developed for 

simulating the human colon.  Edwards et al. (1996) argue that this duration 

corresponds with the transit time in the proximal colon, the main fermenting chamber 

in humans (Metcalfe et al., 1987).  The lack of scientific justification by other workers 

indicates that a duration of 24 h is likely chosen largely due to its convenience in the 

laboratory.  Our results show that the modified Edwards and Barry assays are sensitive 

to variation in the duration of incubation.  The higher digestibility at 48 h compared to 

18 h for both methods and all three diets (except for Pectin Diet, modified Edwards 

method) was notable. 

 

Mixing of materials during incubation 

From a practical perspective, shaking water baths are considerably more expensive 

than standard water baths and are not available in all laboratories.  They are also 

generally smaller than other water baths and this greatly limits the number of bottles 

that can be processed as a single batch.  It is generally wise to limit any unnecessary 

complexity when developing a method to avoid adding another variable and possible 

source of error.  Since it appears to make no difference whether or not the bottles are 

shaken, there is clearly no need to do so. 
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Repeatability 

By default, each main experiment for a given in vitro method contained bottles run at 

the standard levels (see underlined values in Table 1).  In most cases, more than one 

main experiment for a given in vitro method was trialled on a single day (using the 

same batch of faecal inoculum), resulting in multiple bottles (three, six or nine) at the 

standard level per day.  Given that the main experiments were trialled over two or 

three days, there was the opportunity to compare the repeatability of each in vitro 

method on different days using those bottles run at the standard level.  Mean DMD on 

two or three different days when each in vitro method was trialled using the standard 

protocol are given in Table 7.  The modified Edwards method showed no significant 

difference (P>0.05) in DMD between the different days that observations were made, 

but this was not the case for the modified Barry method where often large differences 

across days were apparent.  As such, the modified Edwards method appears to be 

more repeatable than the modified Barry method.  This may be a result of the difficulty 

in maintaining a steady pH for the inoculum pre-incubation, as discussed earlier.  The 

results in Table 7 also show that when considering the methods as a group across all 

diets, the methods gave a large range in DMD.  Overall, the modified Edwards method 

gave the highest DMD values (range 71 – 79%) and the modified Barry method the 

lowest values (range 45 – 60%).  The method adopted clearly has a significant impact 

on the prediction of DMD.  This highlights the difficulty in comparing results across 

different in vitro methods and reinforces the need to develop and validate a 

standardised in vitro method. 
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Table 7           

Comparison of mean dry matter digestibility for three diets on different days for two in 

vitro methods using standard protocols1 

Method Occasion Dry Matter Digestibility, % 

  Wheat Bran Diet Pectin Diet Mixed Fibre Diet 

  n  Mean SE n  Mean SE n  Mean SE 

Edwards2 
Day 1 8 73.0a  1.4 9 79.2a 1.3 9 72.5a 0.5 

Day 2 6 70.5a 2.4 6 75.6a 1.7 6 73.5a 0.9 

           

Barry3 

Day 1  6 53.5ab 2.6 6 58.0a 1.6 5 51.5ab 3.8 

Day 2 6 58.2b 1.8 6 59.7a 1.4 6 57.8a 1.7 

Day 3 3 45.2a 2.4 3 49.4b 0.5 3 44.8b 0.2 
1 Standard protocol refers to the normal levels of the variables as published.  Edwards: pH 7, 24 h incubation, 

bottles shaken, 160 g/L inoculum concentration; Barry: pH 7.3, 24 h incubation, bottles shaken, 200 g/L 

inoculum concentration 
2 Based on the methodology of Edwards et al. (1996) 
3 Based on the methodology of Barry et al. (1995) 

SE, standard error 
ab Means with different letters within the same column and method were significantly (P<0.05) different 

 

It may be expected that consistency of the inoculum on different experimental days 

would be the largest variable, provided sound experimental technique was otherwise 

practiced.  Although the same donors were used for providing faeces on all occasions, 

it has been found previously that variation in SCFA production and ratios from a given 

donor from one day to another consuming their regular diet was similar to variation 

between donors (Barry et al., 1995).  It would therefore seem difficult to maintain 

consistency of faecal samples for in vitro hindgut digestibility methods, even when the 

donors used are kept constant.   However, a wide range of fermentation profiles of 

colonic substrates would also be expected in vivo.  This may in part explain variation 

across days (Table 7). 
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Comparison of methods 

To observe the effect of method per se, independent of any effects due to the batch of 

faeces used, the mean DMD of the diets was compared for the modified Barry and 

modified Edwards methods under standard operating conditions using inoculum 

prepared as each method required, but using the same batch of faeces.  Data were 

taken from the main experiments on a single day when both the modified Edwards and 

Barry methods were performed (Table 8).   

Table 8       

Comparison of mean1 dry matter digestibility for two in vitro methods using standard 

protocols2 with the same batch of faeces used for the inocula and three 

experimental diets  

Method Dry Matter Digestibility, % 

 Wheat Bran Diet Pectin Diet Mixed Fibre Diet 

 Mean SE Mean SE Mean SE 

Edwards3 72.3a 1.5 76.0a 2.1 74.7a 1.5 

       

Barry4 55.6b 0.6 59.5b 1.5 57.3b 1.3 
1 mean, n=3 replicates 
2 Standard protocol refers to the normal levels of the variables as published.  Edwards: pH 7, 24 h 
incubation, bottles shaken, 160 g/L inoculum concentration; Barry: pH 7.3, 24 h incubation, bottles 
shaken, 200 g/L inoculum concentration 
3 Based on the methodology of Edwards et al. (1996) 
4 Based on the methodology of Barry et al. (1995) 
SE, standard error 
ab Means with different letters within the same column were significantly (P<0.05) different 
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Both methods ranked the three diets the same (PE>MF>WB), although for the 

modified Edwards method the differences in DMD between diets were not statistically 

significant (P>0.05), while for the modified Barry method they were significant (P<0.05) 

only when comparing the WB diet to the PE diet.  The absolute differences in DMD 

between the two methods were large and statistically significant (P<0.05), with the 

modified Edwards method always giving considerably higher DMD values than the 

modified Barry method.  The methodology for preparation of the inoculum for the two 

methods was very similar, yet the differences in DMD were large.  The possible effect 

of a large pH drop during incubation decreasing DMD as a result of the buffer solution 

with the modified Barry method, but not the modified Edwards method, has been 

discussed earlier.  One other possible explanation for the differences in DMD between 

the methods lies in differences in the duration of homogenisation of the inoculum for 

the two methods.  The modified Edwards method calls for the inoculum to be 

processed for 7 min, whereas for the modified Barry method, it is only for 2 min.  One 

of the purposes of homogenising the inoculum is to physically separate the bacteria 

from the faecal matrix.  The short processing time in the modified Barry method may 

not allow sufficient time to fully achieve this, thus less bacteria may be present in the 

filtrate resulting in lower substrate DMD values.  The short homogenising time may 

also increase the variability between batches of faeces depending on the level of 

fibrous material in a given faecal sample. 

 

Preparing faecal inocula and sourcing donors to provide a stool sample on demand is a 

practical drawback for the modified Barry and Edwards assays.  However, the results 

for these two assays are promising, both showing the ability to differentiate between 

the DMD of different substrates, and general agreement in ranking substrates.  The 

modified Edwards method is the more straightforward of the two assays in terms of 

buffer and inoculum preparation and does not require the addition of a nutritive 

solution.   

 

There was often a lack of statistical significance between sometimes quite large 

absolute differences in DMD at different levels of a given assay variable, and 
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sometimes the observed standard errors were relatively high.  By way of example, 

DMD for the Pectin Diet for the modified Edwards method at pH 7 was 80% and at pH 

8 was 72% (Table 3), yet this difference (8% units) was not statistically significant.  In 

practice, triplicate runs may not be sufficient to detect actual differences in DMD and a 

greater number of bottles at each variable / method / diet combination may be 

desirable.   
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Conclusion 

There is a lack of detailed experimental work reported for the development of most in 

vitro assays used to study digestibility in the human colon.  It has been shown here, 

however, that variation in assay conditions have important effects on predicted 

digestibility values.  In the present study, several assay variables gave rise to 

statistically significant effects on the hindgut DMD of three mixed human diets 

containing various types and amounts of dietary fibre.  Particularly, altering the pH, the 

duration of incubation and the concentration of inoculum in the in vitro system played 

an important role.  Despite its almost universal use in in vitro fermentation assays, 

shaking of bottles during incubation seems unnecessary and had no affect on 

predicted DMD.  The present study has demonstrated that variation in key assay 

variables influences in vitro hindgut DMD to different degrees across the three assays 

investigated.  The next important step in developing a robust in vitro hindgut 

digestibility assay is the determination of optimal assay conditions and this will be the 

subject of a further study in our laboratory. 

 

  



244 

 

  

Literature cited 

AOAC. (2000). Official Methods of Analysis (Vol. 17). Washington DC: Association of 

Official Analytical Chemists. 

Awati, A., Williams, B. A., Bosch, M. W., Li, Y. C. & Verstegen, M. W. A. (2006). Use of 

the in vitro cumulative gas production technique for pigs: An examination of 

alterations in fermentation products and substrate losses at various time 

points. Journal of Animal Science, 84, 1110-1118. 

Barry, J.-L., Hoebler, C., Macfarlane, G. T., Mathers, J. C., Reed, K. A., Mortensen, P. B., 

Nordgaard, I., Rowland, I. R. & Rumney, C. J. (1995). Estimation of the 

fermentability of dietary fibre in vitro: a European interlaboratory study. 

British Journal of Nutrition, 74, 303-322. 

Boisen, S. & Fernández, J. A. (1997). Prediction of the total tract digestibility of energy 

in feedstuffs and pig diets by in vitro analyses. Animal Feed Science and 

Technology, 68, 277-286. 

Bourquin, L. D., Titgemeyer, E. C. & Fahey Jr., G. C. (1996). Fermentation of various 

dietary fiber sources by human fecal bacteria. Nutrition Research, 16(7), 1119-

1131. 

Coles, L. T., Moughan, P. J. & Darragh, A. J. (2005). In vitro digestion and fermentation 

methods, including gas production techniques, as applied to nutritive 

evaluation of foods in the hindgut of humans and other simple-stomached 

animals. Animal Feed Science and Technology, 123, 421 – 444. 

Cummings, J. H. (1996). The Large Intestine in Nutrition and Disease. Brussels, Belgium: 

Institute Danone. 

Edwards, C. A., Gibson, G., Champ, M., Jensen, B.-B., Mathers, J. C., Nagengast, F., 

Rumney, C. & Quehl, A. (1996). In vitro method for quantification of the 

fermentation of starch by human faecal bacteria. Journal of the Science of 

Food and Agriculture, 71, 209-217. 

Englyst, H. N. & Cummings, J. H. (1984). Simplified method for the measurement of 

total non-starch polysaccharides by gas-liquid chromatography of constituent 

sugars as alditol acetates. Analyst (Cambridge UK), 109, 937-942. 



245 

 

  

Englyst, H. N. & Cummings, J. H. (1988). Improved method for the measurement of 

dietary fibre as non-starch polysaccharides in plant foods. Journal of AOAC 

International, 71, 808-814. 

Goni, I. & Martin-Carron, N. (1998). In vitro fermenation and hydration properties of 

commercial dietary fibre-rich supplements. Nutrition Research, 18(6), 1077-

1089. 

Metcalfe, A., Phillips, S. F., Zinsmeister, A. R., MacCarty, R. L., Beart, R. W. & Wolff, B. 

G. (1987). Simplified assessment of segmental colonic transit. 

Gastroenterology, 92, 40-47. 

Miller, D. S. & Payne, P. R. (1959). A ballistic bomb calorimeter. British Journal of 

Nutrition, 13, 501-508. 

Southgate, D. A. T. (1991). Determination of Food Carbohydrates (2nd ed.). Barking, 

UK: Elsevier Science Publishers. 

Stevenson, A., Buchanan, C. J., Abia, R. & Eastwood, M. A. (1997). A simple in vitro 

fermentation system for polysaccharides - the effects of fermenter fluid 

surface area/fluid volume ratio and amount of substrate. Journal of the 

Science of Food and Agriculture, 73, 101-105. 

Sunvold, G. D., Hussein, H. S., Fahey Jr., G. C., Merchen, N. R. & Reinhart, G. A. (1995). 

In vitro fermentation of cellulose, beet pulp, citrus pulp, and citrus pectin 

using fecal inoculum from cats, dogs, horses, humans, and pigs and ruminal 

fluid from cattle. Journal of Animal Science, 73, 3639-3648. 

 

 

  



246 

 

  

 

 

 



247 

 

 

 
CHAPTER VI 

Optimisation of inoculum concentration and 

incubation duration for an in vitro hindgut 

digestibility assay 
 

 

 

 

 

 

 

 

 

In the work described in Chapter V, the effects of gross changes in assay variables were 

investigated and it was found that inoculum concentration and incubation duration are 

key variables.  The aim here was to optimise these two key variables for a published in 

vitro hindgut digestibility assay using ileal digesta pertaining to a mixed human diet as 

the substrate.  Firstly, hindgut dry matter digestibility at six different inoculum 

concentrations for each of the two modified in vitro hindgut digestibility assays was 

investigated.  Secondly, and based on these findings, the most promising in vitro 

hindgut digestibility method was chosen and then tested at various incubation 

durations (18, 24, 48 h) but with a fixed inoculum concentration (160 g / L).  The study 

also sought to investigate the digestibility of the faecal inoculum itself and the 

importance of correcting for this in the in vitro hindgut digestion assay. 
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Abstract 

The aim was to optimise inoculum concentration and incubation duration for a 

published in vitro hindgut digestibility assay using ileal digesta pertaining to a mixed 

human diet as the substrate.  The study also sought to investigate the digestibility of 

the inoculum itself and the importance of correcting for this in the in vitro hindgut 

digestion assay.  For two assays (Barry and Edwards), hindgut dry matter digestibility 

(DMD) generally increased with inoculum concentration.  A sharp increase in DMD 

observed at high inoculum concentrations may have been related to problems with 

filtering the inoculum.  An inoculum concentration of 160 g/L was considered optimal 

based on close agreement of observed values with previously published in vivo hindgut 

dry matter digestibility for similar diets.  The Edwards method was chosen for 

optimisation of the duration of incubation.  Ileal substrate organic matter digestibility 

(OMD) with the Edwards method increased with increasing time of incubation for all 

diets.  An incubation duration of 18 h using a mean inoculum digestibility value for 

calculation purposes was considered optimal based on observed in vivo hindgut DMD 

values in humans, but there was little difference in estimated in vitro hindgut DMD 

between 18 and 24 h incubation durations.  Although considerably lower than the 

OMD of the substrate (no less than 51% after 48 h), the OMD of the inoculum (13% 

after 48 h) itself was of significance in calculating estimated digestibility.  The 

optimised Edwards assay gave realistic hindgut OMD values ranging from 55 to 79% 

(Wheat Bran diet and Pectin diet respectively) using an 18 h incubation duration.   
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Introduction 

It is important to be able to determine the hindgut digestibility of dry matter and 

energy for diverse dietary sources because hindgut fermentation is estimated to 

contribute up to 3 - 11% of maintenance energy needs in humans consuming a typical 

Western diet low in dietary fibre (Cummings, 1983; Cummings and Macfarlane, 1991; 

McBurney and Thompson, 1989; McBurney et al., 1987; McNeil, 1984).  In vitro 

digestibility assays offer a practical and routine means of assessment to study hindgut 

digestibility. 

 

In an earlier study (Coles et al., 2011) of two published in vitro hindgut digestibility 

assays, (Barry et al., 1995; Edwards et al., 1996) whereby the effects of gross changes 

in assay variables were investigated, it was found that inoculum concentration and 

incubation duration are key variables.  It was also found that shaking of the water bath 

during incubation did not affect hindgut DMD.  Although pH was found to be an 

important variable, the standard pH employed in the two methods allowed the best 

differentiation of DMD across diverse types of substrate.  The standard pH values (pH 

7.0 Edwards, pH 7.3 Barry), moreover, led to a slightly acidic environment during 

incubation, as pH drops during the incubation period, and the resultant slight acidity 

accords with in vivo conditions in the proximal colon (Cummings, 1996). 

 

In general, assay variables have not been reported to be optimised in previously 

published in vitro hindgut digestibility assays.  These in vitro hindgut digestibility assays 

may be adequate for ranking of substrates in order of digestibility, but have not been 

shown to provide valid absolute quantitative data.  The work described here details 

the systematic optimisation of the two important in vitro system variables, the 

optimisation of which remains unresolved:  the concentration of faecal inocula and 

duration of incubation.  

 

The work involved three parts.  Firstly, hindgut DMD at six different inoculum 

concentrations for each of the two modified in vitro hindgut digestibility assays (Barry 
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et al., 1995; Edwards et al., 1996) was investigated.  Secondly, and based on these 

findings, the most promising in vitro hindgut digestibility method was chosen and then 

tested at various incubation durations but with a fixed inoculum concentration.  

Thirdly, the in vitro hindgut digestibility of the faecal inoculum itself was investigated 

to determine the need to account for dry matter lost from the inoculum during 

incubation. 

 

Ileal digesta was used as the substrate for the in vitro studies, rather than the diet as 

eaten.  For the purposes of investigating inoculum concentration on hindgut DMD, ileal 

digesta from broiler chickens were used due to this being easier and less expensive to 

obtain in large quantities than ileal digesta from the rat.  Although from an anatomical 

and physiological perspective the rat and human upper-digestive tracts are more 

similar than that of the chicken and the human, for the purposes of the trial only 

relative comparisons were required between inoculum concentration levels and 

chicken ileal digesta were considered more similar in form to human ileal digesta than 

the diet as eaten. 
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Materials and methods 

The study involved two experiments:  ‘Experiment A’ to optimise the concentration of 

the inoculum and ‘Experiment B’ to optimise the duration of incubation and to 

investigate the need to correct for digestion of the inoculum itself.  Ileal digesta rather 

than dietary material were used as the substrate for digestion in both experiments.     

 

The methodologies for the two in vitro assays were slightly modified versions of the 

protocols of Barry et al. (1995) and Edwards et al. (1996), and have been described 

fully previously (Coles et al., 2011).  Briefly, chicken or rat ileal digesta were incubated 

in glass bottles with live human faecal inocula in a standard (non-shaking) water bath 

at 37°C.  At the conclusion of the incubation, bottles were autoclaved to cease 

bacterial activity and dried in an oven and then ashed to determine dry matter (DM) 

and organic matter (OM) remaining post-incubation.  For the preparation of human 

faecal inocula, faecal samples were provided by the same four donors as used on 

previous occasions in our laboratory (Coles et al., 2011), under approval from the 

Massey University Human Ethics Committee (PN 04 /127).   The use of broiler chickens 

and rats to provide digesta samples was approved by the Massey University Animal 

Ethics Committee for Experiment A (MUAEC 02/21) and Experiment B (PN 04/84) 

respectively. 

 

Experiment A - concentration of the inoculum  

Six different concentrations of inoculum were tested for each of the two in vitro 

methods (Table 1).  Three bottles containing substrate and two bottles containing no 

substrate (blanks) were included for each method-concentration combination.  The 

triplicate bottles within a diet used the same pooled group of substrate (chicken 

digesta).  All bottles within a method, including blanks, contained the same quantity 

and source of inoculum.  Buffer pH, incubation duration and temperature were held at 

their standard values for each in vitro method (refer Table 1).  Blanks were sampled at 

time 0.  At the end of the prescribed incubation period, all bottles were immediately 

autoclaved to cease fermentation and the material analysed for DM and ash.   
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Table 1 

Inoculum concentrations tested1 for two in vitro hindgut digestion methodologies 

 

In vitro method 

Edwards2 Barry3 

Inoculum concentration, g/L 

60 75 

80 100 

1604 2004 

240 300 

320 400 

400 500 
1 Only concentration of inoculum was varied, all other parameters remained at their standard level for 

the method.  Edwards: 24 h incubation, pH 7; Barry: 24 h incubation, pH 7.3 
2 Based on the methodology of Edwards et al. (1996) 
3 Based on the methodology of Barry et al. (1995) 
4 level in standard protocol 

 

Substrate 

For Experiment A, ileal digesta from chickens were used as the substrate.  Eight broiler 

chickens were fed ad libitum one of two freeze-dried, powdered experimental diets 

(Low Fibre, LF or High Fibre, HF diets, Table 2) for three days.  At the end of the feeding 

period, birds were sacrificed and ileal digesta were collected and immediately frozen (-

20°C) prior to being freeze-dried, pooled across birds within a diet and finely ground (1 

mm mesh).          
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Table 2     

Ingredient compositions of four experimental diets (g/kg diet) (as weighed prior to 

freeze drying)  

Ingredient Wheat 

Bran Diet 

Pectin  

Diet 

Low  

Fibre Diet1 

High  

Fibre Diet 

Milk (high calcium, 0.1% fat ) 376.8 370.1 154.0 172.5 

Chicken 55.8 56.4 19.2 18.0 

Mayonnaise 10.5 10.6 7.7 5.0 

Sugar  3.5 - 9.2 7.2 

Cheese spread  7.0 7.0 19.2 - 

Butter (61% fat) 8.4 - 15.4 7.9 

Cheddar cheese (Edam) 14.0 14.1 - 10.8 

Wheat bran cereal2 57.2 - - 18.0 

Citrus pectin3 - 14.1 - - 

Custard 41.9 - - - 

Cheese omelette 48.8 49.3 - - 

Jelly crystals 28.8 27.9 - - 

Osmolite4 209.3 246.7 - - 

Fish (Hoki) 69.8 70.5 - - 

Cream (12% fat) 3.5 3.5 - - 

Marshmallow chocolate bar  20.9 32.4 - - 

Blackcurrant drink (Ribena®) - 70.5 30.8 - 

Whole-wheat cereal  

(Weet-Bix®) 

- - 23.1 - 

Water crackers - - 18.5 - 

Wheat bread (white) - - 80.1 - 

Honey  - - 3.8 - 

Dairy dessert - - 115.5 - 

Popcorn - - 19.2 14.4 

Peaches (canned, in juice) - - 92.4 35.9 

Apples (canned, in juice) - - 92.4 71.9 
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Tomato ketchup  - - 15.4 10.8 

Cucumber - - 30.8 28.8 

Alfalfa sprouts - - 11.5 10.8 

Carrots (boiled) - - 61.6 115.0 

Green beans (boiled) - - 53.9 100.6 

Chicken nuggets - - 97.0 90.6 

Wheat bran cereal5  - - - 35.9 

Toasted muesli - - - 35.9 

Rye crackers (Kavli®)  - - - 10.8 

Wheat bread  

(white, high fibre) 

- - - 56.1 

Yoghurt  

(contains oligosaccharides) 

- - - 107.8 

Vitamin mix6 21.3 13.0 14.2 17.2 

Mineral mix7 21.3 13.0 14.2 17.2 

Titanium dioxide 1.3 0.8 0.9 1.0 
1 referred to as the Mixed Fibre diet in the previous study (Coles et al., 2011) 
2 All-Bran®, Kellogg, Australia 
3 7050 acid/milk pectin, Cerestar, Krefeld, Germany 
4 Abbott Laboratories, IL 
5 Sultana Bran, Kellogg, Australia 
6 Vitamin mix (supplied by Plant and Food Research Ltd., Palmerston North, New Zealand) containing 
(per kg of vitamin mix):  100 mg vitamin A (retinol), 500 μg vitamin D2, 4 g vitamin E (α-tocopherol 
acetate), 60 mg vitamin K3, 100 mg vitamin B1 (thiamin HCl), 140 mg vitamin B2 (riboflavin), 400 mg 
vitamin B3 (nicotinic acid), 400 mg B5 (pantothenic acid), 160 mg vitamin B6 (pyridoxine HCl), 20 mg 
vitamin B7 (biotin), 40 mg B9 (folic acid), 1 mg vitamin B12 (cyanocobalamin),  4 g myo-inositol, 30 g 
choline (as choline chloride), 960.6 g sucrose 
7 Mineral mix (supplied by Plant and Food Research Ltd., Palmerston North, New Zealand) containing 
(per kg mineral mix):  126 g Ca, 156 g Cl, 21 g Mg, 97 g P, 105 g K, 39 g Na, 39 mg Cr, 214 mg Cu, 9 g 
Fe, 2 g Mn, 964 mg Zn, 580 μg Co, 3 mg I, 3 mg Mo, 3 mg Se, 443.8 g sucrose. 

 

Inoculum 

Freshly collected, uncontaminated human faecal samples were delivered to the 

laboratory in a pre-warmed container filled with CO2.  Subjects contributing faeces 

consumed their habitual diets and the content of the diets was not recorded as part of 
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the study.  The faecal inoculum was prepared under strict anaerobic conditions as 

described previously (Coles et al., 2011), accounting for the required inoculum 

concentration (Table 1).   

 

Experiment B - duration of incubation 

Based on results from Experiment A (inoculum concentration trial), the modified 

Edwards method was the only in vitro method selected for Experiment B.  An inoculum 

concentration of 160 g/L, a buffer pH of 7 and an incubation temperature of 37°C were 

used at three durations (18, 24, 48 h), with no shaking of the bottles during incubation.  

Inoculum preparation was performed under strict anaerobic conditions following the 

same protocol as for Experiment A.  Triplicate bottles (WB, LF and HF diets) or 

duplicate bottles (PE diet) for each substrate were included at each incubation 

duration, with each triplicate / duplicate bottle for a given diet using a different pooled 

group of substrate (rat digesta). Additionally, blank bottles containing 5 ml of buffer 

and 5 ml of inoculum were included to determine the digestibility of the inoculum 

when no substrate was present in the system.  A total of 15 blank bottles were 

sampled, with four blank bottles for each of 0, 18 and 24 h, and three bottles at 48 h.  

At the end of the prescribed incubation period, bottles were immediately autoclaved 

to cease fermentation and the material analysed for DM and ash. 

 

Substrate 

Rat ileal digesta were used as the substrate.  While obtaining chicken digesta is easier 

and less expensive when large quantities are required (Experiment A), from an 

anatomical and physiological perspective the rat and human upper-digestive tracts are 

more similar.  A total of 118 Sprague-Dawley male rats (7 wk of age, mean BW 318 g) 

were obtained from the Small Animal Production Unit (SAPU), Massey University.  

Animals were housed individually in wire-bottomed stainless steel cages in a 

temperature- (22 ± 1°C) and humidity- (55 ± 10%) controlled environment with a 12 h 

light/dark cycle (06:00 – 18:00 h).    
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Rats were randomly allocated to cages and one of four diets varying in the ratio of 

soluble : insoluble dietary fibre and source of dietary fibre (Table 2).  The diets are 

referred to herein as Wheat Bran (WB) diet, Pectin diet (PE), Low Fibre (LF) diet 

(referred to as Mixed Fibre (MF) Diet in a previous study (Coles et al., 2011)) and High 

Fibre (HF) diet.   Each diet contained added vitamins and minerals as required for the 

growing rat (National Research Council, 1995) and an indigestible marker (titanium 

dioxide).  All diet ingredients were accurately weighed, mixed, homogenised in a food 

processor, freeze-dried and finely ground (1 mm mesh).  Twenty nine rats consumed 

each of the PE and HF diets, and 30 rats consumed each of the WB and LF diets. 

 

Food was offered ad libitum hourly (10 min meal) between 0800 and 1600 h daily. The 

frequent feeding regimen was to ensure that digesta would be available for collection 

from the terminal ileum when required.  Rats had free access to water at all times. 

 

On study d 14, from 4 h after the first meal, animals were randomly selected to be 

sacrificed by an overdose of CO2 gas.  After confirmation of death, neural stimulation 

was immediately halted by decapitation.   The stomach was inspected for evidence of 

coprophagy, observable by the presence of dark flecks in the stomach contents.  The 

final 20 cm of the ileum was dissected from the body and ileal contents flushed with 

reverse osmosis water into a plastic bag.  The digesta were immediately frozen (-20°C) 

prior to being freeze-dried and finely ground (1 mm mesh).  After discarding digesta 

from animals that may have practised coprophagy, samples of ileal digesta from 

individual rats were pooled across rats within a diet to give sufficient quantities of 

digesta for chemical analysis.  This resulted in two samples for the PE diet (1 x n=14, 1 x 

n=13) and three samples for each of the HF diet (2 x n=8, 1 x n=9), the WB (2 x n=9, 1 x 

n=10) diet and the LF diet (2 x n=9, 1 x n=10). 

 

Chemical analyses 

Chicken ileal digesta samples were analysed for DM and ash.  Rat ileal digesta samples 

were analysed for DM, ash, total fat, nitrogen and total non-starch polysaccharides 
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(NSP).  Diet samples were analysed for DM, ash, gross energy (GE), nitrogen, total fat, 

starch, total sugars, and total, soluble and insoluble NSP.  All analyses were performed 

using duplicate samples, except for NSP which was performed using single samples.  

The chemical composition of the diets are given in Table 3.     

 

Table 3      

Determined chemical composition of four experimental diets (per kg dry matter1) 

Component   Wheat Bran 

Diet 

Pectin Diet Low Fibre 

Diet 

High Fibre  

Diet 

Dry matter, g 904.3 867.3 879.3 904.9 

Gross energy, MJ 19.7 19.9 20.1 19.7 

Crude protein, g  268.6 256.6 162.3 163.1 

Fat, g  135.3 132.0 156.7 139.5 

Total CHO2, g  511.8 548.5 613.2 622.8 

Starch, g  75.2 34.6 224.0 225.4 

Sugars, g  376.0 487.7 291.1 253.1 

NSP 

 Total, g  83.4 61.2 62.5 99.0 

 Insoluble, g 49.2 19.1 28.0 62.3 

 Insoluble,  
 % of total NSP 

59.0 31.2 44.8 62.9 

 Soluble, g 34.2 42.1 34.5 36.7 

 Soluble,  
 % of total NSP 

41.0 68.8 55.2 37.1 

Ash, g  84.2 63.0 67.8 74.7 
1 Reported as per kg dry matter for all diet components, except for dry matter (per kg freeze-dried 

diet) 
2 Total CHO (by difference) = 100 - Moisture% - Fat% - Crude Protein% - Ash% 

CHO, carbohydrate; NSP, non-starch polysaccharides 

 

DM and ash determination were performed using the AOAC standard procedures 

(Methods 930.15 and 925.10 (AOAC, 2000)) by drying samples in a Watvic convection 
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oven (Watson Victor Limited, Wellington, New Zealand), followed by ashing in a Muffle 

furnace (Electrofurn, New Zealand) (Method 942.05 (AOAC, 2000)).   

 

GE (the heats of combustion of protein, fat and carbohydrate) content was determined 

using an automatic adiabatic bomb calorimeter (AC-350, Leco Corporation, St. Joseph 

MI, USA) (Miller and Payne, 1959).   

 

Total N analysis was performed with the Leco total combustion method (Method 

986.06 (AOAC, 2000)) on a Leco TruSpec CN Carbon/Nitrogen Determinator (Leco 

Corporation, St. Joseph, MI, USA).  Crude protein was calculated using an N to protein 

conversion factor of 6.25 (Kraisid et al., 2003). 

 

Total fat was determined using acid hydrolysis/Mojonnier extraction (Method 954.02 

(AOAC, 2000)). 

 

Total sugars were defined as simple sugars, oligosaccharides, polysaccharides, and 

their derivatives, including the methyl esters with free or potentially reducing groups. 

Sugars were determined using the phenol sulphuric colorimetric method (Dubois et al., 

1956).  Total starch determination was performed using a commercial kit (Total Starch 

Kit, Megazyme, Ireland) according to AOAC Method 996.11 (AOAC, 2000).  Starch was 

hydrolysed with thermostable alpha-amylase and amyloglucosidase (AMG). The D-

glucose quantitatively released during hydrolysis was quantitatively measured in a 

colorimetric reaction employing peroxidise.   

 

Total carbohydrate (CHO) (%) was determined as the difference between 100 and the 

sum of the percentage of water, protein, total fat and ash.  NSP content was 

determined using a modified Englyst method (Englyst and Cummings, 1984, 1988) with 

constituent sugars measured using colorimetry. 
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Calculations 

No correction was made for OM in the blanks, as is common practice, when calculating 

the hindgut organic matter digestibility (OMD) of the ileal substrate for Experiment A 

(i.e. calculation method Imin, as described below, was used).  However, for Experiment 

B, hindgut OMD was determined by correcting for the OM in the blanks in one of three 

ways (Imin, Imean and Imax) as described below:     

 

Imax 

Here the inoculum OM present in the total system was assumed to be fermented to 

the same degree as in the blank regardless of whether or not substrate was present in 

the system.   In this case, the OM remaining in the bottle (substrate plus inoculum) at 

the end of the incubation (OMbottle residual) was adjusted by subtracting the OM 

remaining in the blank (OMblank residual) for the corresponding incubation time.   

 

OMDImax (%)  
1

100
OM

)OM(OMOM
substrate

residualblankresidualbottlesubstrate
�

��
�  (Eq. 1) 

 

where OMsubstrate is the OM (mg) contributed by the ileal digesta substrate prior to 

incubation, OMbottle residual is the OM (mg) remaining in the bottle at the end of 

incubation from both the ileal substrate and the inoculum and OMblank residual is the OM 

(mg) remaining at the end of incubation (18, 24 or 48 h) for the blank.   

 

Imin 

Here the OMD (%) of the inoculum when incubated with substrate was assumed to be 

negligible and the OM contributed by the inoculum at time i (end of incubation) was 

assumed to be the same as that at time 0 (OMblank initial).  Therefore, no correction was 

made for the OMD of the inoculum when determining the OMD of the substrate.  
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OMDImin (%)  
1

100
OM

)OM(OMOM
substrate

initialblankresidualbottlesubstrate
�

��
�  (Eq. 2) 

 

OMblank initial is the OM (mg) measured in the blank pre-incubation (0 h).   

 

It is known that when fermentable carbohydrate is available in the incubation system 

microbes will have a preference for this over inoculum OM as an energy source (Awati 

et al., 2006).  Equally, when little fermentable substrate is present in the system, 

inoculum OM can be fermented to some degree.  Thus, in reality, the OMD of the 

substrate is likely to lie somewhere between the values of Imax and Imin.  Pragmatically, 

a mean value (Imean) can be adopted:   

 

Imean 

OMDImean (%)  
2

OMDOMD ImaxImin �
�      (Eq. 3) 

 

Ileal substrate DMD (%) was calculated in an analogous manner to ileal substrate OMD. 

Inoculum DMD (%) was calculated in an analogous manner to inoculum OMD: 

 

Inoculum OMD (%) 
1

100
OM

OMOM
initialblank

residualblankinitialblank
�

�
�   (Eq. 4) 

 

Statistical analysis 

The data for each variable within each method were subjected to a one way analysis of 

variance (ANOVA).  In the case of the duration of incubation trial (Experiment B), if a 

significant overall effect was found, Tukey’s test was used to compare means within 

each diet (Muller and Fetterman, 2002).  Results were considered statistically 

significant at P<0.05.  For Experiment A, where a significant overall effect was found, 
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regression analyses were performed on mean DMD inoculum concentration data for 

each assay using linear, quadratic and cubic models to obtain best fits (R2) to the data 

(Muller and Fetterman, 2002).  The program Minitab (version 14.2, Minitab Inc., PA, 

USA) was used for all statistical analyses.  
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Results  

The chemical composition of the chicken and rat ileal digesta are given in Table 4.  The 

NSP content of the rat ileal digesta ranged from 134 g/kg (PE diet) to 414 g / kg (HF 

diet).  A large difference was seen between the NSP content of the rat ileal digesta of 

the PE diet (134 g/kg) and the LF diet (338 g/kg) despite the chemical composition of 

the two diets (as ingested) having a similar NSP content (61 and 63 g/kg respectively).   
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Experiment A - concentration of inoculum 

The effect of inoculum concentration on the mean DMD of the ileal digesta substrate 

for each of the two in vitro hindgut digestibility methods is shown in Table 5.   

 
Table 5      

Effect of concentration of inoculum on the mean1 dry matter digestibility of ileal 

digesta for two diets for each of the two in vitro hindgut digestibility methods  

Method Inoculum 

Concentration, 

g/L 

Hindgut Dry Matter Digestibility, % 

Low Fibre Diet digesta High Fibre Diet digesta 

  Mean SE Mean SE 

Edwards2 60 48.7 0.3 49.0 0.6 

80 55.0 2.5 52.0 1.9 

160 59.7 2.7 56.3 2.0 

240 60.3 0.3 61.7 0.9 

320 64.0 1.0 68.0 0.9 

400 73.7 2.0 75.3 2.6 

Barry3 75 30.3 2.9 28.7 0.3 

100 36.0 4.5 30.0 0.6 

200 39.3 2.0 34.3 0.7 

300 38.0 1.5 36.0 1.5 

400 52.0 1.5 47.0 0.7 

500 71.0 2.6 73.7 4.4 

ANOVA was applied and for each method in each diet there was a significant (P<0.05) effect of 

inoculum concentration 
1n=3 replicates except for the following where n=2: Edwards 80 g/L (Low Fibre Diet).  Each replicate 

within a diet used the same pooled group of chicken digesta. 
2 Based on the methodology of Edwards et al. (1996) 
3Based on the methodology of Barry et al. (1995) 

SE, standard error 
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The modified Edwards method gave digestibility values in the range of 49 – 74% for the 

LF diet and 49 – 75% for the HF diet.  For the modified Barry method, the digestibility 

values were generally much lower than those for the modified Edwards method at 

similar inoculum concentrations as noted earlier (Coles et al., 2011), ranging from 30 – 

71% for the LF diet and 29 – 74% for the HF diet.   There was a trend observed for both 

methods, of increasing DMD with increasing inoculum concentration. 

 

The absolute differences in DMD between consecutive inoculum concentrations 

tended to be higher at the higher concentration levels.  There was a significant 

(P<0.05) effect of inoculum concentration for each method in each diet.  Fitted line 

plots of DMD versus mean inoculum concentration are presented for the LF and HF 

diets for both the modified Barry (Figure 1a and 1c, respectively) and Edwards 

methods (Figure 1b and 1d, respectively).  Best fits were found using a cubic 

regression, with R2 values of 98.0% (Barry method, LF), 98.5% (Edwards method, LF), 

99.9% (Barry HF) and 99.7% (Edwards method, HF). When the concentration of 

inoculum increased beyond 240 g/L or 300 g/L for the modified Edwards and Barry 

methods respectively, there was a sharp increase in DMD. 

  



266 

 

 

 

Figure 1. Mean (n=3) hindgut dry matter digestibility versus inoculum concentration 

for the: (a) Barry method, Low Fibre Diet; (b) Edwards method, Low Fibre Diet; (c) 

Barry method, High Fibre Diet and (d) Edwards method, High Fibre Diet. 

 

Inoculum digestibility  

DMD and OMD values for the inoculum (160 g/L), when incubated with no added 

substrate at various incubation times for the modified Edwards method, are given in 

Table 6.  Mean OMD ranged from 9.1% (18 h) to 12.8% (48 h) and comparably, DMD 

from 5.0 to 7.1%. 
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Experiment B - duration of incubation  

Data resulting from the three different calculation methods (Imin, Imean and Imax) for 

correction for the blank for three different durations of incubation are given in Table 7.  

Data are given as rat ileal digesta OMD after fermentation in the in vitro digestibility 

system (modified Edwards assay).  Overall there was a significant (P<0.05) effect of 

incubation duration for each calculation method and for each diet, with the exception 

of the PE diet for which the difference in OMD between incubation times was not 

significant (P>0.05) for any calculation method.  There was a general trend of an 

increasing OMD with increasing incubation duration.  For Imean and with the exception 

of the PE diet, differences between the 24 h and 48 h durations were statistically 

significant (P<0.05).  Statistical significance (P<0.05) across all three calculation 

methods within a diet was consistent except for HF using calculation method Imax 

where there was no statistical significance seen between the OMD at the 18 h and 24 h 

durations, which was not the case for Imin and Imean.   

Table 6 

Mean1 dry matter digestibility and organic matter digestibility for blanks 

containing inoculum alone (160 g/L) at three incubation durations using the 

modified Edwards method2 

Duration, h Dry Matter Digestibility, % Organic Matter Digestibility, % 

  Mean SE Mean SE 

18 5.0 0.1 9.1 0.2 

24 5.5 0.1 10.0 0.3 

48 7.1 0.5 12.8 0.5 
1 n=4 replicates except for 48 h duration where n=3 
2 Based on the methodology of Edwards et al. (1996) 

SE, standard error 
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The highly digestible nature of the PE diet was observed at all durations, with the OMD 

considerably higher than those found for the other three diets.  Differences among the 

other three diets were less distinct, although the LF diet appeared to be more 

fermentable than the WB and HF diets.   

 

Across all diets, most of the fermentation occurred in the first 18 h and in most cases 

no difference (P>0.05) in fermentation of the substrate occurred between 18 and 24 h.  

The fermentative loss occurring between 24 h and 48 h, although in most cases being 

statistically significant (P<0.05), was small in comparison to that which occurred in the 

first 18 h of incubation. 
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Discussion  

The study sought to optimise two key assay variables as part of the development of a 

validated in vitro hindgut digestibility assay using ileal digesta pertaining to human 

diets as the substrate.  It has been established previously (Coles et al., 2011) that 

shaking of the bottles during incubation is not necessary in such an assay and that the 

pH levels suggested by the developers of the original in vitro assays (Edwards: pH 7.0, 

Barry: pH 7.3) are suitable.  Inoculum concentration and duration of incubation have 

been previously identified, however, as important variables requiring optimisation 

(Coles et al., 2011).  

 

Substrate for in vitro hindgut digestibility 

Ideally, the substrate for an in vitro hindgut digestibility assay should resemble, 

physically and chemically, the material entering the colon.  Relying on simple chemical 

pre-treatment of foods to mimic upper tract digestion is not ideal as the food may be 

under- or over-digested and endogenous materials (materials of body origin) are not 

present.  Given the close similarities between the rat and human upper digestive tracts 

and thus diet OM digestibility (DeSesso and Jacobson, 2001), our aim was to use rat 

ileal digesta as the substrate for the in vitro hindgut digestibility assay.  However, for 

determining the optimum inoculum concentration, chicken ileal digesta were used as a 

substrate as they were easier and less expensive to obtain.  Rat digesta were used (as 

per the intended finalised in vitro hindgut digestibility assay) for optimising the effect 

of incubation duration.   

 

Experiment A - concentration of inoculum 

The observed trend of increasing DMD with increasing inoculum concentration for the 

modified Edwards and Barry methods was expected due to the greater potential 

fermenting ability in the system at higher inoculum concentration.  The marked 

increase in DMD at high inoculum concentrations (>240 g/L or >300 g/L for the 

modified Edwards and Barry methods respectively) may have been due to an increase 
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in bacteria present in the system, possibly adhered to faecal material not removed 

during filtering, as removal of faecal solids when filtering the inoculum during 

preparation became difficult at these higher concentrations.  It is also possible that 

increased faecal solids in the system may have resulted in the inoculum itself being 

fermented to a greater degree.  

 

In vivo hindgut digestibility data determined with human subjects in separate studies 

(Coles et al., 2010) indicated that the LF diet has a higher hindgut DMD than the HF 

diet and here this directional response was only replicated for the Edwards method at 

inoculum concentrations of 80 g/L and 160 g/L.  Of these two concentrations, the 160 

g/L concentration produced results numerically closest to the expected hindgut DMD 

of the diets based on the in vivo data and was therefore chosen for future work.  It was 

also noted, that as inoculum concentration exceeded 240 g/L for the modified Edwards 

method, it became increasingly difficult to achieve adequate filtration. 

 

The modified Barry method generally resulted in lower DMD values than the modified 

Edwards method.  Results in our laboratory (Coles et al., 2010; ML Zou, unpublished 

results) for seven complete human diets indicate actual hindgut DMD values ranging 

from approximately 50% for poorly fermented cereal diets up to approximately 80% 

for highly fermentable diets.  In the context of the modified Barry method, DMD values 

of around 30 – 40% (for inoculum concentrations < 400 g/L) appear low, whereas DMD 

values for the modified Edwards method of between 50 – 70% are realistic.  

Furthermore, the preparation of the inoculum for the modified Barry method is more 

involved than that of the modified Edwards method and there is a need for the 

addition of CO2 to produce and maintain the correct pH.  The modified Edwards 

method was thus selected for further optimisation.     

 

Inoculum digestibility  

In previous studies (Bourquin et al., 1996; Goni and Martin-Carron, 1998; Sunvold et 

al., 1995) it has been assumed that the DMD of the inoculum itself is zero (calculation 

method Imin).  Although such an assumption may be acceptable for making relative 
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comparisons between diets, when making absolute comparisons accounting for the 

inoculum OMD becomes more important.   

 

In the present study, inoculum on its own was degraded but the DMD and OMD values 

for the inoculum itself were much lower than what is typically observed for the OMD 

of dietary and other substrates when incubated in an in vitro hindgut digestibility 

system.  However, to appreciate the relative importance of the observed inoculum 

DMD/OMD the ratio of the inoculum to the ileal substrate must be considered.   By 

way of example, when the inoculum concentration is 160 g/L the total combined 

weight of OM (substrate plus inoculum) at the end of the incubation is typically around 

180 to 190 mg.  Of this, the minimum weight of OM contributed by the inoculum 

(calculation method Imax) is around 150 mg, but could be as much as 170 mg 

(calculation method Imin).  Even a highly indigestible substrate such as WB or HF, 

contributes only around 20 mg of OM (calculation method Imin) post-incubation, given 

that the pre-incubation ratio of substrate to inoculum is 100 mg : 10 ml.  Therefore, 

the inoculum is expected to contribute between 80 - 90% (w/w) of the OM remaining 

at the end of the incubation.  

 

The lowest possible digestibility coefficient for the inoculum in the system is zero (Imin).  

An upper limit to the digestibility of the inoculum (Imax) is likely set by the digestibility 

of the inoculum when incubated alone, as added material is considered to be a 

preferable substrate for the bacteria (Awati et al., 2006).  Faeces are composed of 

material that has already been fermented for some time in the colon.  It is to be 

expected, therefore, that the digestibility of the inoculum would be lower than that of 

the ileal substrate.  Furthermore, in a system with no substrate the bacteria are forced 

to survive on the faecal material present in the system.  In this case the OMD of the 

inoculum would likely be higher than, or similar to, that in a system where more 

fermentable ileal substrate is present.  SCFA (short chain fatty acid) production, like 

OM loss, is an indicator of the degree of fermentation occurring in vitro.  Other similar 

studies by several other workers have found that fermenting the inoculum on its own, 

with no substrate present, produces low levels of SCFAs, typically around one third to 
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half the amount produced when the inoculum is fermented with a range of substrates 

(Adiotomre et al., 1990; Birkett et al., 2000; Silvester et al., 1995).   

 

The three different calculation methods (Imin, Imean and Imax) led to very different results 

(Table 7).  This illustrates the importance of using the appropriate value for the 

inoculum OMD.  The untenable OMD value for the PE diet (104%) using Imin suggests 

that Imin likely overestimates the actual OMD.  In reality, and as argued above, the 

OMD of the inoculum likely lies between Imin and Imax.  Pragmatically, the use of Imean is 

recommended in practice, but this awaits experimental validation.  

 

Experiment B - duration of incubation  

The pattern of fermentative loss of OM over time (Table 7) is in agreement with that 

found in other studies that illustrate that SCFA production begins to plateau rapidly 

within the first 12 h of fermentation (Barry et al., 1995; Birkett et al., 2000; Silvester et 

al., 1995).  Also, at longer incubation times there may be less viable bacteria, which 

further reduces the rate of fermentation (Vince et al., 1976).   

 

The diets, for the most part, were ranked the same for hindgut digestibility at all three 

incubation durations.  Thus, for an in vitro hindgut digestibility method required to 

provide only relative comparisons of diets it would be possible theoretically to use any 

of these durations.   While such a rationale is not ideal even for relative comparisons, it 

is unacceptable when the objective is to predict absolute quantities of OM digested in 

vivo.   Human faecal and rat ileal digestibility data from our laboratory, using the same 

four diets as studied here (Coles et al., 2010), indicated that approximately 10 – 12% of 

OM lost over the total tract disappears during hindgut fermentation.  This corresponds 

to an OMD of 60 - 80% for the OM entering the colon for the two extreme diets (diets 

WB and PE respectively).  When using the Imean calculation method, an 18 h in vitro 

incubation (OMD of 55.1% and 78.9% for WB and PE respectively) gave data in good 

agreement with these observed values, and thus an 18 h incubation period was 

accepted as optimal.  It was noted that there was little difference in the OMD (%) for 
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the Imean calculation method between 18 and 24 h, and that in practice an incubation 

period between 18 and 24 h would appear to be suitable. 
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Conclusion 

The modified Edwards hindgut digestibility method, as systematically developed and 

optimised here, offers a means of predicting hindgut OMD in humans.  An inoculum 

concentration of 160 g/L and an incubation duration of 18 h are considered optimal for 

this method, based on using a mean inoculum digestibility value (Imean) for calculation 

purposes.  It is important to correct the hindgut digestibility values for digestion of the 

inoculum itself. 
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CHAPTER VII 

 

Validation of a dual in vivo – in vitro assay for 

predicting the digestibility of dietary energy in 

humans 
 

 

 

 

 

 

 

 

 

The validation of a dual in vivo - in vitro digestibility assay for separately predicting the 

upper-tract, hindgut and total tract digestibility of energy in humans is described.  

Upper-tract and large-intestinal organic matter digestibility (OMD) were predicted 

using an animal model (rat) and an in vitro hindgut fermentation assay, respectively.   

Rat ileal digesta were obtained from rats fed one of four complete human diets (wheat 

bran, pectin, mixed low fibre, mixed high fibre) and then fermented with human faecal 

inocula using the in vitro hindgut fermentation system.  To assess the validity of the 

dual digestibility assay, apparent total tract OMD of the four diets as determined with 

a human balance study was compared with that predicted using the dual digestibility 

assay.       
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Abstract 

This work describes the validation of a dual in vivo - in vitro digestibility assay (‘dual 

digestibility assay’) for separately predicting the upper-tract, hindgut and total tract 

digestibility of energy in humans, as estimated using organic matter digestibility 

(OMD).  Upper-tract OMD was predicted using an animal model (rat) with digesta from 

the terminal ileum collected from rats fed one of four complete human diets (wheat 

bran, pectin, mixed low fibre, mixed high fibre).  Large intestinal OMD was predicted 

using an in vitro hindgut fermentation assay employing human faecal inoculum with 

the rat ileal digesta as the substrate.  A comparison of total tract OMD of the four diets 

from a human balance study (OMDhuman) with that predicted using the dual digestibility 

assay OMDdual showed no significant differences (P>0.05).  OMDhuman and OMDdual were 

significantly correlated (r = 0.953, P = 0.047).  The dual digestibility assay is a valid and 

accurate means of predicting the uptake of dietary energy (as grams of organic matter) 

in humans over the total tract.  The assay is able to separately quantify the digestibility 

of dietary energy in the upper and lower tracts.   
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Introduction 

Total tract digestibility studies with humans are invasive, demand considerable time, 

effort and financial resources and do not differentiate between upper-tract and 

colonic nutrient uptakes.   Alternative methods, involving animal models, that allow 

such differentiation, are needed.  The laboratory rat is a suitable choice for an animal 

model due to its low cost and ease of use (Pearson et al., 1999; Wisker and Bach 

Knudsen, 2003). The gastrointestinal tract of rats and humans are similar anatomically 

and both species are omnivorous.  There are, however, some important physiological 

differences, mostly concerning hindgut fermentation.  Fermentation is largely 

dependent on body size, and larger animals such as the pig and man, digest dietary 

fibre (DF) to a greater extent than the rat (Van Soest et al., 1983).  Large intestinal 

transit time in rats is around 15 h, compared to 3 – 4 d in humans and the rat has a 

caecum accounting for 26% of the total anatomical length of the large intestine 

(DeSesso and Jacobson, 2001).   Bach Knudsen et al. (1994) and Wisker et al. (1997) 

support the use of the rat model for determining the digestibility of energy, protein 

and fat in mixed diets for humans, but question its applicability for determining non-

starch polysaccharide (NSP) digestibility as advocated by others (Nyman et al., 1986).  

Measurement of upper-tract digestibility only, however, avoids most of the 

physiological differences between the species (Van Soest et al., 1983).  Although 

relative to body size, humans have an upper–tract absorptive capacity more than four 

times that of the rat, small intestinal transit time in both species is around 3 – 4 h 

(DeSesso and Jacobson, 2001).  Studies have confirmed the validity of rats as a model 

for upper-tract digestibility in pigs (Donkoh et al., 1994; Moughan et al., 1984) and also 

the use of pigs as a model for upper-tract digestibility in humans (Darragh and 

Moughan, 1995; Monsma et al., 2000).  The laboratory rat is accepted here as a 

suitable animal model for upper-tract (mouth to terminal ileum) nutrient digestibility 

in humans. 

 

The complex and dynamic process of bacterial fermentation occurring in the human 

colon is more difficult to simulate in vivo with an animal model, although in vitro 

digestibility assays have shown some success in this regard.  In an attempt to closely 
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replicate in vivo colonic conditions these assays most commonly use human faecal 

bacteria to ferment the substrate.  Given the shortcomings of published in vitro 

hindgut fermentation assays available for use with humans (Coles et al., 2005), a new 

hindgut in vitro assay has been developed based on the systematic identification and 

optimisation of in vitro assay parameters (Coles et al., 2011) (see chapters V and VI).  

An advantage of the latter in vitro hindgut assay is that ileal digesta are used as the 

substrate fermented in the system, allowing for a seamless digestibility model of the 

total tract.   Estimates of upper-tract (ileal) nutrient digestibility obtained using the 

laboratory rat can be combined with estimates of hindgut fermentation determined in 

vitro, to produce a “dual digestibility assay”.  The aim of the present work was to 

validate the dual in vivo – in vitro digestibility assay (“dual digestibility assay”).  

Validation of the assay involved comparison of total tract organic matter digestibility 

(OMD) from a human balance study with total tract OMD predicted using the assay.  
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Materials and methods 

Human balance study 

Subjects 

Twenty four healthy women were recruited for the balance study.  Of these, twenty 

one subjects, aged 20 – 59 y, chose to complete the study.  Subjects were carefully 

selected, based on the criteria that none were taking medication during the study nor 

had a history of medical problems that may have interfered with the aims of the study.   

Especially in the 3 months prior to the trial, subjects had not experienced 

gastrointestinal illness or taken any antibiotics or laxatives.  Subject characteristics are 

given in Table 1, Chapter III.   

 

Informed written consent was obtained from all volunteers, and the study was 

approved by the Massey University Human Ethics Committee (PN 04/128).  All subjects 

were highly motivated and had a genuine interest in the objectives of the study and 

the experimental diets were well received.  In the days immediately preceding the 

study, subjects as a group met the research team to establish a good rapport and 

discuss individually the details of the trial.   To ensure compliance throughout the 

study, subjects met with one of the authors at least once every other day. 

 

Study plan 

The study consisted of a 10-d adaptation period followed by a 7-d balance period 

involving total collection of faeces.  Four experimental diets were randomly allocated 

to subjects such that each subject received one diet, with a constant daily intake of 

food ingredients throughout the 17-d period.  Subjects consumed the diets as six daily 

meals: breakfast (0600 – 1000 h), morning snack (1000 – 1200 h), lunch (1200 – 1500 

h), afternoon snack (1500 – 1700 h), dinner and evening snack (1700 h onwards). Food 

intake was controlled according to individual dietary energy needs determined prior to 

the trial based on a 7-d food record compiled by the subjects when consuming their 

normal diets and analysed using the Foodworks® database (Xyris Software, QLD, 
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Australia).   Subjects were free-living in their own homes during the adaptation period.    

During the balance week, subjects were housed together in an apartment complex 

where they were free to come and go as necessary, with a member of the research 

team present 12 h per day to maintain regular contact with participants.    

 

Diets 

The four experimental diets (Table A1, see Appendix, Chapter III) were designated: 

Wheat Bran (WB), Pectin (PE), Low Fibre (LF) and High Fibre (HF).   WB and PE diets 

contained wheat bran (WB) (All-Bran®, Kellogg, Australia) and high methoxyl citrus 

pectin (PE) (7050 acid/milk pectin, Cerestar, Krefeld, Germany), respectively, as sole 

sources of dietary fibre. An isotonic nutritional supplement (Osmolite®, Abbott Labs, 

IL) was included in both these diets to ensure nutritional adequacy.  The wheat bran 

was included as a ready-to-eat breakfast cereal, a snack bar and a pudding base.  The 

pectin was included as a thickener in drinks (shakes and blackcurrant drink).  The other 

two diets were mixed-fibre, containing cereals, legumes, fruits and vegetables in a low 

fibre (LF) or high fibre (HF) form.  The HF diet contained DF from a wider range of 

sources than the LF diet, and included resistant starch (bread), oligosaccharides 

(yoghurt) and DF from a greater variety of cereal sources (wheat bran, rye and oats).    

For all diets, DF was spread throughout the six daily meals.  Two weeks prior to the 

study, participants on the WB or HF diets were provided with ready-to-eat wheat bran 

breakfast cereal and instructed to gradually increase the amount consumed daily.  The 

purpose was to avoid any adverse effects from suddenly consuming large amounts of 

wheat bran.  Thus for the WB and HF diets, participants were habituated to the fibre 

sources for a total of 31 d. 

 

All food was provided, and was cooked under standardised conditions at the Institute 

of Food, Nutrition and Human Health (Massey University) and was weighed accurately 

and packed for participants to collect.  The weight of each food item for each subject 

was related to individual dietary energy requirements, such that all subjects on a given 

diet consumed proportionally the same amount of each food item.      
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Balance technique 

Faeces were collected over a 7 d period, from 0800 h on study d 11 until 0800 h on 

study d 18 following the methodologies of Zou et al. (2007).  For the purposes of 

chemical analysis of the diets, a sample of each ingredient was taken daily during the 7 

d balance period.  Ingredients were accurately weighed according to their proportion 

in the diet and composite diet samples prepared, homogenised, freeze-dried and finely 

ground (1 mm mesh).  As such, a representative sample of each diet as consumed was 

obtained and nutrient and DF content determined.   

 

Rat study 

Animals and housing 

A total of 112 Sprague-Dawley male rats were obtained (Small Animal Production Unit 

(SAPU), Massey University) at approximately 7 wk of age, with a mean body weight (± 

SEM) of 318 (±4)g.  The trial was approved by the Massey University Animal Ethics 

Committee (PN 04/84).  Rats were randomly allocated to individual cages and to the 

four diets (WB, PE, LF, HF), resulting in 28 rats consuming each of the four diets.  Rat 

weights (mean ± SEM) on Day 0 were 314 (±7)g, 323 (±7)g, 326 (±8)g and 310 (±8)g for 

animals consuming the WB, PE, LF and HF diets respectively.  Animals were individually 

housed at SAPU in wire-bottomed stainless steel cages in a temperature- (22±1°C) and 

humidity- (55±10%) controlled environment with a 12h light/dark cycle (06:00 – 18:00) 

for the duration of the trial.    

 

Diets 

The base for each of the four rat diets (Table A2, see Appendix, Chapter III) comprised 

the same mixture of ingredients as used in the human balance study.  Ingredients were 

weighed accurately and after homogenising in a food processor, diets were freeze-

dried and finely ground (1mm mesh).  A standard vitamin and mineral premix as 

required for the growing rat (National Research Council, 1995) and an indigestible 

marker (titanium dioxide), were added to each diet before mixing.   



286 

 

 

 

Food was offered ad libitum for 10 min each hour between 0800 h and 1600 h daily to 

train rats to feed continuously during this time period.  Hourly feeding was undertaken 

to ensure a semi-continuous flow of digesta at the terminal ileum.  Rats had free 

access to clean drinking water at all times. 

 

Collection of ileal digesta 

On study d 14, from 4 h after the first meal, animals were randomly selected to be 

euthanised by an overdose of CO2 gas.  After confirmation of death, neural stimulation 

was immediately halted by decapitation.  An incision was made along the mid-ventral 

line and the skin and musculature were folded back to expose the viscera.  The 

stomach was inspected for evidence of coprophagy, observable by the presence of 

dark flecks in the stomach contents.  The contents of the terminal 20 cm of the ileum 

were then removed as described by Rutherfurd and Moughan (2003), rapidly frozen (-

20°C) and freeze-dried.  After discarding digesta samples from coprophagous rats, all 

ileal digesta from an individual rat were pooled with that from other rats within a diet 

to give sufficient quantities of material for chemical analysis and finely ground (1 mm 

mesh).  This resulted in two samples of digesta for the PE diet (1 x n=14, 1 x n=13) and 

three samples for each of the HF diet (2 x n=8, 1 x n=9), the WB (2 x n=9, 1 x n=10) diet 

and the LF diet (2 x n=9, 1 x n=10). 

 

In vitro fermentation method 

Fresh faeces were obtained from four healthy human subjects (3f, 1m) consuming 

their normal western diets.  Faeces were collected into pre-warmed, insulated 

containers flushed with CO2 and processed in the laboratory within 30min after 

collection.  Subjects were not taking medication nor had a history of medical problems 

that may have interfered with the aims of the study.   In the 3 months prior, subjects 

had not experienced gastrointestinal illness or taken antibiotics or laxatives.  Informed 

written consent was obtained from all volunteers, and the study was approved by the 

Massey University Human Ethics Committee (PN 04 /127). 
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A phosphate buffer (0.1 M, pH 7) was boiled, cooled under a stream of oxygen-free 

nitrogen (OFN) and maintained at 37°C until required.  A 320 g/L batch of inoculum 

was prepared by processing 160 ml of buffer and 80 g of pooled faeces in a 

Stomacher® for 7 min.   The inoculum was twice filtered through six layers of muslin 

cloth.  All procedures were performed under a constant flow of CO2 to ensure 

anaerobic conditions. 

 

A total of 100 mg prepared rat ileal digesta (see above) were weighed into a dried and 

pre-weighed 28 ml glass McCartney bottle (Biolab Ltd., Auckland, New Zealand).  To 

each bottle was added 5 ml of inoculum and 5 ml of buffer to give a final concentration 

of 160 g/L.  The bottles were flushed with OFN and placed upright in a standard water 

bath (37°C) for 18 h.  Bottles were then autoclaved (120°C, 8 min) and the caps 

removed prior to drying in an oven (80°C) and ashing in a Muffle furnace (500°C, 4 h) 

to determine dry matter (DM) and organic matter (OM) respectively.   

 

Chemical analyses 

On each day during the balance period of the human study, samples of all meals (as 

eaten) were weighed in proportion to their contribution to the diet, homogenised, 

ground to a fine powder (1 mm mesh) and frozen.  At the end of the balance period, all 

daily diet samples were combined in equal proportion, homogenised and frozen to 

provide a composite weekly sample for analysis.  The diet samples were analysed for 

DM, ash, gross energy (GE), total N, total sugars, total starch, total fat, fatty acids (FA), 

NSP and DF (total, insoluble and soluble).  Rat ileal digesta samples were analysed for 

DM and ash.  Human faeces were analysed for DM, ash and GE.  Rat diet and digesta 

samples were also analysed for titanium dioxide.  

 

DM and ash determination of diets, digesta and human faeces were performed in 

duplicate by drying samples in a Watvic convection oven (Watson Victor Ltd., 

Wellington, New Zealand)  at 105°C for 16 h (AOAC, 2000), followed by ashing in a 
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Muffle furnace (Electrofurn, New Zealand) at 550°C for 16 h (AOAC, 2000).  The 

titanium dioxide content of the rat diets and digesta was measured on a UV 

spectrophotometer following the method of Short et al. (1996). 

 

GE (the heats of combustion of protein, fat and carbohydrate) of the diets and human 

faeces was determined in duplicate using an automatic adiabatic bomb calorimeter 

(AC-350, Leco Corporation, St. Joseph MI, USA) (Miller and Payne, 1959).  GE 

determination of digesta samples was performed using 50mg samples in sections of 

plastic wrap of known GE content.    

 

Crude protein was calculated using an N to protein conversion factor of 6.25 (Kraisid et 

al., 2003).  N analysis was performed with duplicate samples using two methods: (a) 

Leco total combustion method (AOAC, 2000) on a Leco TruSpec CN (Carbon/Nitrogen) 

Determinator (Leco Corporation, St. Joseph, MI, USA) and (b)  microanalysis using an 

elemental analyser (EA 1108, Carlo Elba, Italy).   

 

Individual FA were determined in duplicate by GC (Sukhija and Palmquist, 1988; Wu et 

al., 1994) on a 6890 GC FID (Agilent Technologies, Santa Clara, CA).  Total fat was 

determined in duplicate by two methods: (a) acid hydrolysis/Mojonnier extraction 

(AOAC 954.02 (AOAC, 2000)) and (b) total lipid FA as determined by GC, expressed as 

triacylglycerol as suggested by the FDA (Ali et al., 1997; FDA, 2004).   

 

Total sugars were defined as simple sugars, oligosaccharides, polysaccharides, and 

their derivatives, including the methyl esters with free or potentially reducing groups. 

Sugars were determined using the phenol sulphuric colourimetric method on duplicate 

samples (Dubois et al., 1956).  Total starch determination was performed in duplicate 

using a commercial kit (Total Starch Kit, Megazyme, Ireland) (AOAC, 2000).  Total 

carbohydrate (CHO) (%) was calculated as the difference between 100 and the sum of 

the percentage of water, protein, total fat and ash.  Total CHO was calculated using fat 

and N as determined by the Mojonnier and total combustion methods, respectively, as 

described above.   
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Total DF, along with insoluble and soluble fibre fractions, was determined using an 

enzymatic-gravimetric method (AOAC, 2000) with a commercial kit (Total Dietary Fibre 

Kit Assay, Megazyme, Ireland) and alpha-amylase/amyloglucosidase/protease 

enzymes.  NSP content was determined using a modified Englyst method (Englyst and 

Cummings, 1984, 1988).  Constituent sugars of NSP were measured using colorimetry.   

 

Calculations  

Human balance study 

Total tract digestibility (apparent faecal digestibility) of DM and OM 

The total tract (apparent faecal) digestibility of DM/OM (%) in the human balance 

study was calculated as the difference between the DM/OM in the food (g/d) and that 

excreted in the faeces (g/d), relative to DM/OM in the food (g/d), as shown in Equation 

1 for DM digestibility (and analogously for OM digestibility).    

 

Apparent faecal digestibility of DM (%) 
1

100
DM

DMDM
food

faecesfood
�

�
�    (Eq. 1) 

 

Dual in vivo – in vitro digestibility assay 

Rat ileal digestibility  

The apparent ileal digestibility of OM (%) was calculated using the ratio of OM (mg/g 

DMdiet) to titanium dioxide (mg/g DMdiet) in the diet ((OM/Ti)diet) and the ratio of OM 

(mg/g DMdigesta) to titanium dioxide (mg/g DMdigesta) in the ileal digesta ((OM/Ti)ileal).   

 

Apparent ileal digestibility of OM (%)  
1

100
(OM/Ti)

(OM/Ti)(OM/Ti)

diet

digestadiet �
�

�    (Eq. 2) 
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Hindgut OMD with in vitro fermentation assay 

OMD of the rat ileal substrate was determined by correcting for the OM present in the 

blanks, as described elsewhere (see Chapter VI) and calculated as follows: 

 

Hindgut OMD (%) 
1

100
OM
OM

substrateileal

fermented
��  (Eq. 3) 

          

          1
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OM
2

OMOM
(OMOM
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�
�
�
	



�
� �

��
�   (Eq. 4) 

 

where OMileal ubstrate is the OM (mg) in the ileal substrate prior to incubation, OMbottle 

residual is the total OM (mg) remaining in the bottle at the end of incubation (from both 

the ileal substrate and the inoculum), OMblank initial is the OM (mg) of the blank at the 

start of incubation and OMblank residual is the OM remaining of the blank OM (mg) at the 

end of incubation.     

 

OMingested equivalent 

The OM content of the diet (OMdiet) per g of DM was known from chemical analysis.  

However, the mean absolute quantity of OM ingested by the group of rats for each 

pooled ileal digesta sample to give x amount (mg) of OM present in the ileal substrate 

(OMileal substrate, mg), referred to as OMingested equivalent (mg), needed to be calculated.  

This calculation was based on the apparent ileal digestibility of the diet (%) as 

calculated using Equation 2 and the absolute quantity of OM (mg) in the ileal digesta 

sample used for the in vitro fermentation (OMileal substrate).     

 

OMingested equivalent (mg)    
(%)itydigestibilOMileal100

100OM substrateileal

�

�
�    (Eq. 5) 
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Total tract OMD from dual in vivo – in vitro digestibility assay 

OMD over the total tract for the dual in vivo – in vitro digestibility assay (%) was 

defined as the mean OM ingested for the pooled group of rats (OMingested equivalent, mg) 

corrected for the OM contributed by the substrate at the end of the in vitro incubation 

(OMbottle residual, mg), corrected for the OM in the blank (mg), relative to the OM 

ingested (OMingested). 

 

Total tract in vivo - in vitro OMD (%)  

1
100

OM
OM)OM(OM

equivalentingested

fermentedsubstrateilealequivalentingested
�

��
�    (Eq. 6) 
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OM
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� �

��
�   (Eq. 7) 

 

Statistical analysis 

Data were subjected to a one way analysis of variance (ANOVA).  Results were 

considered statistically significant at P<0.05.  If a statistically significant effect was 

found, the means were compared for each diet using Tukey’s test (Muller and 

Fetterman, 2002).  The program Minitab (version 14.2, Minitab Inc., PA, USA) was used 

for all statistical analyses. 
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Results 

The determined chemical composition of the dietary material given to the human 

subjects and also used as a base for the rat diets is given in Table A3 (see Appendix, 

Chapter III). 

 

Human balance study  

The diets were well received and there were no compliance issues.  Subjects reported 

no adverse effects from the diets and remained weight stable (±2kg) during the trial.  

Table 1 shows the faecal bulking (g wet faeces/g DM), DM and OM intakes and 

excretion rates (g/d) and the DM and OM digestibility (%) for each diet.  The apparent 

faecal digestibility of DM and OM for the HF diet were significantly (P<0.05) lower than 

for the PE and LF diets, while no significant difference (P>0.05) was observed between 

the WB, PE and LF diets.  The total tract (apparent faecal) OM digestibility of the diets 

were ranked as HF<WB<LF<PE, with OMD values ranging from 93% (HF) to 97% (PE). 
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Dual in vivo - in vitro digestibility assay   

In vivo upper-tract OMD: rat study 

The diets were readily consumed by the animals.  Despite the large size of the animals 

at the time of digesta sampling, limited quantities of ileal digesta were obtained, 

particularly for the PE diet.  There was also evidence that some rats had practised 

coprophagy, requiring that four animals be excluded from the trial.  Consequently, 

there was insufficient digesta for the necessary chemical analyses if each rat was 

treated as an experimental unit.  Therefore, pooling of digesta for the rats consuming 

the same diet was necessary.  The rat ileal digestibility of OM (%) is shown in Table 2.  

Ileal OMD ranked the diets as HF<WB<PE<LF and ranged from 80% (HF) to 86% (LF), 

with only the difference between the HF and LF diets being significant (P<0.05).   

 

Table 2      

Mean1 ileal (rat) and large intestinal (in vitro) organic matter digestibility for the 

four experimental diets  

Model Organic Matter Digestibility, % SEM 

  Wheat 
Bran Diet  

Pectin 
Diet 

Low Fibre 
Diet  

High Fibre  
Diet  

  

Rat ileal  82.8ab 85.2ab 86.3a 80.3b 0.9 

In vitro hindgut 55.1a 78.9b 61.5a 56.7a 2.7 

1 Mean, n=3 groups of rats, except for Pectin Diet (n=2)   
ab Means with different superscripts within rows were significantly (P<0.05) different 

SEM, standard error of the mean 

 

Hindgut in vitro OMD: in vitro fermentation assay  

Considerable variation was seen for the hindgut (in vitro) OMD (Table 2) due to the 

range in potential fermentability of the diets.  Of the undigested OM reaching the 

terminal ileum, between 55% (WB) and 79% (PE) appeared to be fermented.  The 

hindgut OMD ranking of the diets was WB<HF<LF<PE. 
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Total tract OMD: dual in vivo - in vitro digestibility assay  

Table 3 shows predicted values for total tract OMD determined using the dual 

digestibility assay (OMDdual), which combines the results of rat ileal OMD and hindgut 

in vitro OMD.  The range of total tract OMDdual values, like ileal OMD, was not large, 

ranging from 92% (HF) to 97% (PE).  Total tract OMD was predicted exactly by the dual 

digestibility assay for the PE diet (96.9%), while good agreement (OMDhuman versus 

OMDdual) was found for the other three diets: 93.5% versus 92.3% (WB), 96.7% versus 

94.8% (LF) and 92.8% versus 91.5% (HF).  OMDdual ranked the total tract digestibility of 

the four diets as HF<WB<LF<PE, in agreement with actual total tract OMD (OMDhuman). 

 

Table 3    

Comparison of mean1 predicted (determined using dual in vivo-in vitro digestibility 

assay) and actual (human in vivo balance study) total tract organic matter digestibility 

for the four experimental diets  

Diet Total Tract Organic Matter Digestibility, % SEM 

  Human in vivo  Dual digestibility assay   

Wheat Bran Diet 93.5 92.3 0.5 

Pectin Diet 96.9 96.9 0.4 

Low Fibre Diet 96.7 94.8 0.5 

High Fibre Diet 92.8 91.5 0.9 

1 Mean, n=6 subjects for human in vivo, except for Wheat Bran Diet (n=5) and Low Fibre Diet (n=4); 

mean, n=3 replicates for dual digestibility assay, except for Pectin Diet (n=2)   

Differences between 'Human in vivo' and 'dual digestibility assay' were not significant (P>0.05) for any 

diet 

SEM, standard error of the mean 
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Discussion 

Studies to quantify the overall digestibility of food organic matter and energy in 

humans over the total digestive tract have relied historically on human balance 

studies, due to a lack of validated alternatives.  Here, an alternative approach is 

presented in the form of a dual in vivo – in vitro digestibility assay (“dual digestibility 

assay”), allowing the prediction of the total tract digestibility of dietary energy in 

humans.  The dual digestibility assay brings together upper-tract (ileal) digestibility, as 

determined using an animal model (rat upper-tract), and colonic digestibility, as 

predicted by fermenting rat ileal digesta in an in vitro system with human faecal 

bacteria.  

 

The intent of developing the dual digestibility assay was to enable prediction of the 

uptake of absolute quantities of energy-yielding nutrients (OM) from different parts of 

the digestive tract.  This is shown diagrammatically in Figure 1, where the inputs and 

outputs of OM in both the human digestive system and the dual digestibility assay are 

illustrated for comparative purposes.  The assay needs to be validated.  Thus, in the 

present work total tract OMD was predicted using the dual digestibility assay and 

compared with values obtained from a human balance study, for four mixed human 

diets.  Diets were formulated to represent the extremes in DF likely to be encountered 

in a Western human diet, recognising that the type and level of DF inclusion is known 

to affect the apparent digestibility of the energy-yielding nutrients (Baer et al., 1997; 

Calloway and Kretsch, 1978; Farrell et al., 1978; Kelsay et al., 1978).  These extremes in 

DF were in terms of both degree of fermentability (WB and PE diets) and quantity (LF 

and HF diets) of DF.   
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Current methodologies for determining both GE and OM are known to be accurate.  

However, compared to GE, determination of OM is affordable and straightforward, 

requiring limited specialised laboratory equipment and technical expertise.  OM 

determination can also be undertaken with small sample sizes (100 mg or less), which 

is important given the limited quantities of digesta available from the rat.  

Furthermore, using OMD as a measure of the digestibility of energy means that the 

entire in vitro portion of the dual digestibility assay methodology can be performed in 

a single vessel, limiting loss of material during analysis.  Once the rat digesta have been 

obtained and prepared, the in vitro fermentation is simple and OMD results are 

obtained 75 h from the beginning of the 18 h fermentation period.  Multiple runs are 

easily performed simultaneously, in most cases limited only by the capacity of the 

water bath.  Given the advantages of quantifying OM rather than GE, OMD was used 

as a measure of the digestibility of energy in the dual digestibility assay.   

 

Comparison of total tract OMD: human in vivo OMD and 

predicted OMD from the dual digestibility assay 

 

Total tract OMD obtained from the human study and that predicted using the dual 

digestibility assay ranked the four diets the same: HF<WB<LF<PE.  Predicted and actual 

OMD were not significantly (P>0.05) different for any of the diets.   

 

A Pearson’s Correlation was performed using the mean OMD data for the human study 

and the predicted values from the dual digestibility assay.  A correlation coefficient (r) 

of 0.953 (P=0.047) was obtained.  A plot of OMDdual versus OMDhuman (Figure 2) 

indicates that the PE diet falls on the line x = y, while good agreement was also seen 

for the other diets.   
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To extend the number of diets included in the correlation analysis and the OMD range, 

the dual digestibility assay was used to predict the digestibility of three additional 

mixed diets using OMD data obtained in a previous human balance study (Zou et al., 

2007).   Figure 3 shows the relationship between actual (human in vivo) and predicted 

(dual digestibility assay) OMD for the additional diets (Fruit and Vegetable Diet, 

Refined Diet and Cereal Diet), as well as those from the present study.  The dual 

digestibility assay predicted the OMD of the three additional diets within 1% of actual 

OMD (OMDhuman) and a Pearson’s Correlation including all seven diets gave a 

correlation co-efficient (r) of 0.961 (P=0.001). 
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Conclusion 

The dual digestibility assay performs well using diets ranging in OMD from 

approximately 90% to 97%.  To the authors’ knowledge, the dual digestibility assay is 

the only validated methodology available that is able to predict the total tract 

digestibility of energy in humans as well as separately quantifying the contribution 

from the upper-tract and lower digestive tract.  Uniquely, it is able to predict the 

uptake of absolute quantities of dietary energy (expressed as g of OM) from mixed 

human diets, thus having the potential to quantify the energy available for metabolic 

processes.  The dual digestibility assay has particular practical application in nutritional 

research, such as in the assessment and development of novel weight-loss foods and 

ingredients.  The metabolisable energy content of these novel foods is of considerable 

importance but often difficult to accurately predict due to their unknown digestibility 

in vivo.   

 

The dual digestibility assay is sensitive enough to detect small differences between 

diets and gives a variation no larger than that found with human balance studies.  The 

dual digestibility assay offers a valid and simpler means of determining the digestibility 

of energy in man than that possible with balance studies, without sacrificing accuracy 

or precision.   
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CHAPTER VIII 

A model to predict the ATP equivalents of 

macronutrients absorbed from food 
 

 

 

 

 

 

 

 

 

 

 

 

 

A series of predictive equations for determining ATP costs / yields were developed and 

applied to the uptake of each energy-yielding nutrient (as predicted separately in the 

upper-digestive tract and the hindgut using a validated dual in vivo - in vitro 

digestibility assay), for an adult human in a state of weight-loss (sub-maintenance 

energy intakes). 
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Abstract 

Calculating the physiologically available energy of food at the cellular level (ATP), 

based on known stoichiometric relationships and predicted nutrient uptake from the 

human digestive tract may be more accurate than using currently available factorial or 

empirical models for estimating dietary energy.  The objective was to develop a model 

that can be used for describing the ATP costs / yields associated with the total tract 

uptake of the energy-yielding nutrients for an adult human in a state of weight-loss 

(sub-maintenance energy intakes).  A series of predictive equations for determining 

ATP yields / costs were developed and applied to the uptake of each energy-yielding 

nutrient, as predicted separately in the upper-digestive tract and the hindgut using a 

dual in vivo – in vitro digestibility assay.  The costs associated with nutrient ingestion, 

absorption and transport and with the synthesis and excretion of urea produced from 

amino acid catabolism were also calculated.  ATP yields (not including costs for 

digestion, absorption and transport) were predicted as 28.9 mol ATP / mol glucose; 4.7 

– 32.4 mol ATP / mol amino acid and 10.1 mol ATP / mol ethanol, while yields for fatty 

acids ranged from 70.8 mol ATP / mol lauric acid (C12) to 104 mol ATP / mol linolenic 

acid (C18:3).  The energetic contribution of hindgut fermentation was predicted to be 

101.7 mmol ATP / g organic matter fermented.  The model allows prediction of the 

physiologically available energy (ATP) of foods and has particular application for the 

development of foods such as specialised weight-loss products. 
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Introduction  

There has been considerable discussion in recent years on the most appropriate means 

of predicting the energy available to humans from foods, mostly relating to the use of 

factorial models versus empirical models (Livesey, 1995; Zou et al., 2007).  While the 

application of these models has shown their usefulness to varying degrees, there may 

be more accurate means for determining the “available” energy content of foods (Elia 

and Livesey, 1988; Livesey, 1984; Zou et al., 2007).  An alternative approach would be 

to calculate available energy in terms of ATP yields, based on known stoichiometric 

relationships and predicted uptakes of nutrients from the digestive tract.  Ideally, the 

nutrient uptake would be separately quantified in absolute terms for each energy-

yielding substrate in the upper-tract (mouth to terminal ileum) and for short-chain 

fatty acid (SCFA) uptake as a result of colonic fermentation.  The ATP yield may be 

corrected for energetic costs (ATP equivalents) directly related to dietary intake.  Such 

costs include the energetic cost of digesting, absorbing and transporting the nutrients 

to the main site of catabolism (liver) and excretion of urea synthesised during dietary 

amino acid catabolism. 

 

Two important components to allow the development of such an alternative model for 

predicting food energy values, namely the prediction of the degree of absorption of 

dietary energy-containing compounds and the prediction of subsequent ATP yields, are 

now available.  Recently, a means of predicting the quantitative uptake of each 

substrate available for oxidation across the total tract has been proposed in the form 

of a dual in vivo – in vitro digestibility assay (Coles et al., 2011; Moughan et al., 2009).  

The biochemical pathways involved in nutrient oxidation and therefore the ATP yields 

from the catabolism of absorbed nutrients have been known for some time with 

considerable work being undertaken in the 1970’s and 1980’s.  However, knowledge of 

the underlying cell energetics in the human body has grown considerably in the past 

two decades, largely due to advancements in an understanding of cell biochemistry.  

There is presently more accurate information available on the mitochondrial efficiency 

of ATP production, which provides a more accurate prediction of ATP yields.            
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The current contribution provides an overview of a model that can be used for 

describing the energetic costs and yields associated with the ingestion and digestion of 

food in terms of ATP.  The specific ATP costs and yields as a result of the uptake of 

each energy-yielding substrate are predicted quantitatively.   
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Experimental methods 

Model overview 

The proposed model relates to an adult human consuming food at or below 

maintenance energy levels.  The model predicts the energy yielded from nutrient 

catabolism but does not describe the utilisation of that energy.    The model does not 

include basal energy costs as these were considered to be largely independent of 

dietary intake.  Basal energy costs relate to those functions that are essential for life, 

such as cell function and replacement, brain function, the maintenance of body 

temperature and the uninterrupted work of cardiac and respiratory muscles.  The 

energy costs relating to the processes of urinary and faecal excretion are not well 

characterised and thus were not included in the model, but can be included in the 

future.  The cost of urea synthesis and excretion was included in the model as an 

inherent cost of amino acid catabolism.  ATP was considered to be the end product of 

the catabolism of all absorbed macronutrients which were divided into crude protein, 

crude fat and carbohydrate.  Ethanol, while not considered a major energy source for 

the majority of the population was included for completeness.  Carbohydrate was 

further classified according to its ability / inability to be digested in the upper-tract, as 

either available carbohydrate or unavailable carbohydrate (UC) respectively.  The 

available carbohydrates consist primarily of starch and sugars.  The unavailable 

carbohydrates collectively constitute a range of substrates including hemicellulose, 

cellulose, lignin, pectins, and gums.  While not included here, the model can also 

incorporate other dietary components such as polyols, synthetic fats and organic acids 

(e.g. citric acid). 

 

In the case of a subject whose dietary energy intake is less than the total energy 

requirement, the amino acids, fatty acids and glucose produced as a result of digestion 

and absorbed in the upper digestive tract ultimately undergo oxidation in cells.   Even 

in the case where body weight is constant, all consumed nutrients will be oxidised over 

the course of a few days (Flatt and Tremblay, 1998).  It is therefore assumed that all 

the absorbed nutrients provide the body with ATP directly, rather than material being 
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stored for later use.  Part of the UC undergoes fermentation by colonic bacteria in the 

hindgut, resulting in the formation of SCFA, which are absorbed by the body and 

oxidised.     

 

ATP yield (ATPa) 

The model assumes that all absorbed nutrients are ultimately catabolised and supply 

energy.  ATP is an energy equivalent and may be regarded as the universal currency of 

energy in the body even though other energy intermediaries exist (e.g. creatinine).  

ATP does not accumulate in cells, but rather, is constantly being used for metabolic or 

external work.  ATP yield (ATPa) refers to the energy released in the cell (available ATP) 

and subsequently made available to the body for this work upon the oxidation of 

exogenous energy-yielding nutrients.  ATPa was defined as the summation of ATP 

gained as a result of catabolism of nutrients arising from digestion (upper-tract) and 

fermentation (hindgut), less the direct ATP cost of catabolism, which is the metabolic 

energy cost of processing each nutrient into ATP once it arrives at the site of 

catabolism (liver).  The ATP cost of catabolism includes the ATP used for activation 

(conversion to a compound that can enter the tricarboxylic acid (TCA) cycle) in the case 

of glucose (GL), fatty acids (FA), ethanol (EtOH) and short chain fatty acids (SCFA).  

Amino acids (AA) enter the glycolysis / TCA cycle at various points (α-ketoglutarate, 

acetyl co-enzyme A, pyruvate and serine) depending on their structure.  The quantity 

of ATP, NADH, FADH2 and NADPH involved in the conversion of each AA to these entry 

point compounds is detailed in Table 3 of van Milgen (2002).  The ATP necessary for 

the synthesis and excretion of urea in the case of AA is also included in the ATP cost of 

catabolism.  Other catabolic costs include the cost of transferring NADH from the 

cytoplasm to the mitochondrion, the cost of supplying NADPH required during the 

oxidation of some nutrients (e.g. unsaturated FA, lysine, tryptophan, phenylalanine 

and histidine) and the ATP cost of converting one intermediate substrate into another.  

All of these metabolic costs are accounted for by ATPa.     

 

 

  



313 

 

 

 

ATPa is calculated by summing the predicted molar ATP yields from the catabolism of 

absorbed GL, AA, FA, glycerol and EtOH from upper-tract digestion and SCFA from 

hindgut fermentation, while allowing for the energetic cost of any directly related 

metabolic processes.  ATP yields arising from the catabolism of each nutrient (Table 1) 

were calculated using the equations given in the metabolic framework proposed by 

van Milgen (2002), with an additional equation added for the metabolism of ethanol 

(see sub-section on ethanol).  The van Milgen framework does not place constraints on 

the cellular P/O ratios of NADH and FADH2.  For the purposes of the model described 

here, the following general assumptions were made and applied to all nutrients: 

� All absorbed nutrients are catabolised directly in the liver, rather than being 

temporarily stored or converted to intermediary compounds 

� Recycling of absorbed nutrients or their products was not considered, except in 

the case of urea produced as a result of AA catabolism 

� P/O ratios of 2.31 for NADH and NADPH, and 1.38 for FADH2 were applied 

� The transfer of NADH from the cytoplasm to the mitochondria was at an 

equivalent cost of 0.25 ATP (van Milgen, 2002).  This is relevant for glucose, 

ethanol, glycerol, propionate and all AA.   

� Conversion of mitochondrial GTP to ATP yields 0.75 ATP, rather than 1 ATP and 

as such, the reaction of α-ketoglutarate to oxaloacetate yields 0.75 ATP (van 

Milgen, 2002)  
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Table 1 

ATP yields (ATPa) of glucose, amino acids, fatty acids, SCFA and ethanol and the 

costs associated with their digestion (ATPd) and absorption / transport (ATPt)  

  

Model component  ATP yield or cost 

ATP yields  

 ATPa 

  Glucose 28.9 mol ATP / mol GL  

  Amino acids see Table 2 

  Fatty acids see Table 3 

  SCFA (produced in hindgut) see Table 3 

  Glycerol see Table 3 

  Ethanol 10.1 mol ATP / mol EtOH  

ATP costs  

 ATPd 28 mol ATP / kg OMD+F
1 

 ATPt 

  Glucose 0.5 mol ATP / mol GL 

  Amino acids 0.5 mol ATP / mol AA   

  Fatty acids 0.75 mol ATP / mol FA 

  SCFA (produced in hindgut) 0 mol ATP / mol SCFA 

  Glycerol 0 mol ATP / mol GY 

  Ethanol 0 mol ATP / mol EtOH 
1 OMD+F refers to ingested OM that is digested and fermented by the body 

 AA, amino acid; EtOH, ethanol;  FA, fatty acid; GL, glucose; GY, glycerol, OM, organic matter; SCFA, 

short chain fatty acid 

 

 

Carbohydrate catabolism  

Monosaccharide carbohydrates in foods consist mainly of glucose, fructose and 

galactose (Livesey, 1984).  The heat of combustion (routinely measured by bomb 

calorimetry) and the ATP and NADH produced in the cytoplasm and mitochondria and 
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the mitochondrial FADH2 produced during oxidation are the same for glucose, fructose 

and galactose.    The ATP yield and heat of combustion of glucose was therefore taken 

as being representative of all dietary monosaccharides and all sugars absorbed in the 

upper-digestive tract were considered equivalent to glucose.   

 

Catabolism of available glucose proceeds via aerobic glycolysis with each GL producing 

2 pyruvate, using 2 ATP but generating 4 ATP and 2 NADH.  Each pyruvate enters the 

TCA cycle, yielding 4 NADH, 1 FADH2 and 1 GTP.  It was assumed that glycolysis uses 

the glutamate-aspartate shuttle, rather than the more costly glycerol phosphate (αGP) 

shuttle as the glutamate-aspartate shuttle is the dominant shuttle system in the liver 

(Houston, 2006).  The corresponding ATP yield from glucose catabolism was 

determined as 28.9 mol ATP/mol GL based on Equations 1 – 4 from van Milgen (2002).   

A molar mass of 180 g/mol was used to equate this ATP yield to 160.3 mmol ATP/ g GL.   

 

Protein and amino acid catabolism  

Equations 21- 40 from van Milgen (2002) were used to determine ATP equivalents 

produced from the catabolism of AA (Table 2), calculated using free molecular weights 

and considering only primary metabolic pathways.  Free molecular weights, rather 

than ‘bound’ molecular weights were used because the ATP values derived here may 

be applied to an ileal digestibility assay (see below) which measures AA rather than N 

and chemical analysis results from laboratories for AA (mg) are routinely reported 

using free molecular weights.   
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Table 2 

ATP yields from the catabolism1 of amino acids 

Amino Acid Free AA molar mass ATP yield 

    g/mol   mol ATP/mol AA   mmol ATP/g AA 

Lys 146.2 26.2 179.3 

Met 149.2 19.7 132.2 

Cys 121.2 11.5 95.0 

Thr 119.2 16.0 134.6 

Trp 204.2 32.4 158.7 

Ile 131.2 30.0 228.7 

Leu 131.2 29.0 221.1 

Val 117.2 23.3 198.5 

Phe 165.2 28.4 171.8 

Tyr 181.2 30.7 169.3 

His 155.2 15.9 102.5 

Arg 174.2 20.2 116.0 

Ser 105.1 9.2 87.6 

Gly 75.1 4.7 62.2 

Ala 89.1 11.5 129.2 

Glu 147.1 18.0 122.4 

Gln 146.2 15.8 108.4 

Pro 115.1 21.5 186.4 

Asp 133.1 11.5 86.5 

Asn   132.2   9.3   70.7 

1 Amino acids are assumed to be deaminated and catabolised via the tricarboxylic cycle 

(gluconeogenesis was not considered) 

AA, amino acids  

 

Amino acids are absorbed from the lumen of the gastrointestinal tract as free amino 

acids or small peptides.  The latter are hydrolysed within the enterocyte to amino acids 

(Sanford, 1992).  Upon reaching the liver, AA are catabolised by deamination followed 
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by either gluconeogenesis or catabolism via the TCA cycle, although it was assumed 

here that all AA follow the latter route.  The ammonia produced from deamination is 

disposed of via ureagenesis.  The cost of urea synthesis was equated to 4 mol ATP/mol 

urea produced (Armstrong, 1969; Birkett and de Lange, 2001b; Gerrits et al., 1997).  

Transportation across the cytoplasmic membrane of the NADH produced during 

ureagenesis was calculated at a cost of 0.25 ATP.  There is a lack of literature on the 

energetic cost of excreting synthesised urea.  Birkett and de Lange use a value of 6 mol 

ATP / mol of urinary N to account for both the synthesis and excretion of urea and all 

non-metabolisable materials in the urine (Birkett and de Lange, 2001b).  In the present 

work, the value quoted by Martin and Blaxter (1965) as adopted by Gerrits (1997) of 

0.1 mol ATP/mol urea excreted was applied on the basis that all AA produce 0.5 mol 

urea per AA oxidised, with the exception of lysine, arginine, glutamine and asparagine 

(each producing 1 mol urea) and histidine (1.5 mol urea).  It was further assumed that 

at least some of the urea produced as a waste product of protein metabolism is 

recycled via ureolysis.  Urea passes into the large intestine where it is metabolised by 

colonic bacteria (Moran and Jackson, 1990).  In line with previous findings that have 

found approximately 20 – 30% of the synthesised urea is not excreted in the urine but 

is recycled and remains within the body’s metabolic N pool in normal subjects, it was 

assumed here that 25% of synthesised urea is recycled (Groff and Gropper, 2000; Long 

et al., 1978; Walser and Bodenlos, 1959).  The cost associated with metabolising the 

recycled urea was not considered.  It has been documented that the degree of urea 

recycyling varies under different dietary conditions and physiological states, although 

no account of this was considered here (Langran et al., 1992).  The total net ATP 

requirement for the synthesis and excretion of urea from AA catabolism was therefore 

estimated at 4.33 mol ATP / mol urea.  The potential energy value contained within 

each mole of excreted urea was considered a loss to the body.  However, based on a 

gross energy of 10.5 MJ/kg urea (Boisen and Verstegen, 2000), a molecular mass of 

60.07 g/mol urea and a ΔG (free energy) of -59.8 kJ/mol ATP (Flatt and Tremblay, 1998; 

Stryer et al., 2002), the equivalent ATP of 0.00293 mol ATP/mol excreted urea was 

considered negligible and therefore ignored in the calculation of the ATP yielded from 

AA.    
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Triacylglycerol and fatty acid catabolism  

The digestion of triacylglycerol (TAG) was assumed to liberate fatty acids and glycerol, 

which are subsequently available for absorption.  Table 3 gives ATP yields for individual 

FA and glycerol.  ‘Bound’ molecular weights, rather than ‘free’ molecular weights were 

used for the calculation of ATPa as mmol ATP / g FA since it is assumed that all dietary 

FA originate from TAG. 

 

Table 3 

ATP yields from catabolism of glycerol, short chain fatty acids and fatty acids  

Molar Mass1 ATP yield 

g/mol   mol ATP/mol   mmol ATP/g  

Glycerol 92 16.5 179.1 

Acetic acid 60 7.1 117.6 

Propionic acid 74 12.8 173.1 

Butyric acid 88 19.8 225.1 

10:02 172 58.1 337.5 

Lauric (12:0) 183 70.8 386.9 

Myristic (14:0) 211 83.6 396.0 

Palmitic (16:0) 239 96.3 403.0 

Palmitoleic (16:1) 237 94.9 400.5 

Stearic (18:0) 267 109.1 408.5 

Oleic (18:1) 265 107.7 406.3 

Linoleic (18:2) 263 105.4 400.6 

Linolenic (18:3) 261 104.0 398.4 

20:03   295   121.8   412.9 
1 Bound molecular weight, assumed to be equal to the free molecular weight - 17 g/mol 
2 Used for all fatty acids with less than twelve C 
3 Used for all fatty acids with more than eighteen C 

 



319 

 

 

ATP yields from fatty acid (FA) catabolism are dependent on the number of C atoms 

and double bonds in the fatty acid, as well as whether there are an even or odd 

number of C atoms.  Fatty acids are iteratively reduced through consecutive cycles of 

β-oxidation, with each cycle producing 1 mole each of NADH, FADH2 and acetyl-CoA 

and shortening the C chain by two C atoms.  Unsaturated FA are first converted by an 

isomerase (for odd numbered double bonds) or a reductase and an isomerase (for 

even numbered double bonds) into suitable intermediate forms before undergoing β-

oxidation.  While the details of these pathways will not be discussed here, the result is 

1 less FADH2 being generated for each double bond present and in addition, 1 less 

NADPH being generated for each even numbered double bond. 

 

Each acetyl-CoA generated through β-oxidation enters the TCA cycle and yields a 

further 3 NADH and 1 FADH2, as well as 1 GTP.   Fatty acids containing an even number 

of C atoms produce one extra acetyl-CoA during β-oxidation than those FA of an odd C 

chain length. 

 

ATP yields for saturated FA and glycerol were calculated using Equations 14 and 19 

respectively as given by van Milgen (2002).  ATP yields of unsaturated FA containing an 

even numbered double bond (e.g. linoleic and linolenic acids) were calculated using 

van Milgen’s Equation 15 (van Milgen, 2002), while those containing only one double 

bond (i.e. palmitoleic and oleic acids) were calculated as for their saturated 

counterparts but with one less FADH2 to account for the enoyl-CoA isomerise replacing 

acyl-CoA dehydrogenase in one cycle.  The model only accounts for FA of C chain 

length of 18 or less.   

 

Catabolism of glycerol can proceed via one of two pathways which vary in ATP yields 

(Equations 19 and 20 in van Milgen (2002)).  The primary pathway produces acetyl-

CoA, which then enters the TCA cycle.  The secondary pathway proceeds via 

gluconeogenesis and becomes more important during times of starvation.  

Quantitatively, 6.7 moles less of ATP are produced when glycerol catabolism proceeds 

via gluconeogenesis.  Under normal physiological conditions the contribution of 
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glycerol to gluconeogenesis is relatively minor compared to the other major precursors 

of gluconeogenesis (alanine, glutamine and lactate).  In both obese and lean humans 

glucose from glycerol contributed only around 10% of the total glucose production as a 

result of gluconeogenesis after a 17 h fast (Chevalier et al., 2006).  In fasted (16 h - 18 

h) dogs, glycerol was estimated to be responsible for only 5% of total carbon used for 

gluconeogenesis (Rolfe and Brown, 1997).   It is difficult to estimate the proportion of 

glycerol catabolised via each of the two pathways as it would be expected to vary 

depending on the body’s physiological energy status and the time lapsed since the last 

meal.  Therefore, ATP yields from glycerol were calculated on the basis of catabolism 

proceeding via the primary pathway.   

 

Ethanol catabolism  

Approximately 5 – 10% of ingested ethanol is excreted unaltered, primarily in the 

expired breath and urine (Rubin and Strayer, 2008).  Total ethanol absorption in the 

stomach is estimated to be in the range of 10 – 30% (Levitt et al., 1997), with the 

remaining ethanol absorbed in the small intestine.  Ethanol is absorbed intact into the 

portal vein and transported unaltered, primarily to the liver.  Upon arrival at the liver, 

ethanol is degraded to acetaldehyde and then to acetate, producing 1 NADH at each 

step (Bamworth, 2005; Groff and Gropper, 2000).  The acetate enters normal 

metabolic pools, largely outside the liver, and is activated to acetyl-CoA (at a cost of 2 

ATP) and enters the TCA cycle producing 3 NADH, 1 FADH2 and 1 GTP (Lands and 

Zakhari, 1991).  This pathway  (alcohol dehydrogenase (ADH)) is considered the most 

important for individuals with moderate ethanol intake, although a second pathway, 

known as the microsomal ethanol oxidising system (MEOS) may be induced in chronic 

alcoholics (Bamworth, 2005; Lieber, 1988).  The equations provided by van Milgen 

(2002) did not include the two steps from ethanol to acetaldehyde and acetaldehyde 

to acetate.   Two additional equations were thus added to account for these steps 

based on the NADH, FADH2 and ATP yields above.  Total ATP yields for ethanol were 

calculated using these two additional equations in conjunction with Equation 16 

(acetate to acetyl-CoA) and Equations 3 and 4 (TCA cycle) (van Milgen, 2002).  The cost 

of activation of acetate to acetyl-CoA is included in the ATP yields.  Accounting for the 
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fact that only approximately 90% of ingested ethanol is metabolised (Rubin and 

Strayer, 2008), the ATP yield was calculated as 10.1 mol ATP/mol EtOH or 218.2 mmol 

ATP/g EtOH using a molar mass of 46.1 g/mol. 

 

SCFA catabolism  

The main substrate for hindgut fermentation is undigested dietary carbohydrate 

(Cummings, 1996) and in the model it was assumed that all organic matter (OM) 

fermented in the hindgut produces SCFA as the only product of energetic value to the 

host.  SCFA are rapidly absorbed and subsequently metabolised by the body, with the 

main SCFA being acetic, propionic and butyric acids.  Branched chain fatty acids 

produced from the fermentation of protein were not considered.  Equations 16 – 18 in 

van Milgen (2002) were used to determine the respective ATP yields from the three 

major SCFA (Table 3).   

 

Proportionally, acetic acid is always the predominant SCFA produced during hindgut 

fermentation in humans and is rapidly converted to acetyl-CoA.  The minor pathway of 

propionic acid conversion to acetyl-CoA was not considered and it was assumed that 

propionic acid is converted to glucose in the liver (McDonald et al., 1995).   Butyric 

acid, like acetic acid, is converted to acetyl-CoA.   

 

Lactic acid is also produced as an end product of microbial fermentation, primarily in 

the stomach and upper-tract, while SCFA remain the primary product of fermentation 

in the hindgut (Serena et al., 2007).  Any fermentation occurring before the terminal 

ileum was ignored.  However, the lactic acid produced as a result of the fermentation 

of starch / sugars in the upper-tract is implicitly accounted for as part of the digested 

starch / sugars (assumed to be absorbed as glucose). 
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Prediction of uptake of substrates using a dual in vivo / in 

vitro digestibility assay 

 

The model described here details the ATP yields (ATPa) from nutrients once they have 

been absorbed and are available for cellular metabolism.  However, it is not correct to 

assume that nutrients are absorbed in the same proportions as present in the diet or 

that a generic digestibility value applies to all nutrients or diets.  The digestibility and 

hindgut fermentability of dietary components are difficult to determine accurately in 

humans in vivo.  We have developed and validated a dual in vivo – in vitro digestibility 

assay to predict energy absorbed in the upper and lower digestive tract of humans 

(Coles et al., 2011) (see chapters V - VII).  The model is based on an in vivo 

measurement of upper-tract (mouth to terminal ileum) nutrient uptake using the 

growing rat or pig as an animal model for digestion in humans coupled with in vitro 

measurement of hindgut fermentation based on an incubation assay using a human 

faecal inoculum.  The dual digestion model has been fully described elsewhere (Coles 

et al., 2011) (see chapters V - VII) and has been shown to accurately predict organic 

matter digestibility in humans over a wide range of diets (see Chapter VII).    The dual 

digestion model predicts the quantities of AA, FA, starch (ST) and sugars (SU) absorbed 

in the upper-tract and the SCFA produced during in vitro hindgut fermentation of the 

ileal substrate.  Equations describing ATP generation from absorbed nutrients, such as 

those described here, can be linked with the outputs from the dual digestibility assay 

to provide a detailed estimate of ATP yield, whilst accounting for the specific 

digestibility of a food or diet (Figure 1).  The overall predictive model described here, 

combining the in vivo and in vitro digestion assays and the equations to predict ATP is 

referred to as the ‘Combined Model’.   
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Figure 1. Schematic diagram of a Combined Model of digestion (combination of in vivo 

and in vitro digestion assays and stoichiometric chemical relationships) over the total 

tract, showing inputs and outputs at each stage.  Model can be used to predict 

absorbed energy (g/d) in the upper-tract in terms of protein / fat / starch / sugars / 

ethanol / dietary fibre.  The stoichiometry relates to the hypothetical state whereby 

energy intake ≤ energy expenditure and all absorbed nutrients are catabolised.  DF, 

dietary fibre; OM, organic matter; SCFA, short chain fatty acids. 
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Chemical analysis of the ingested diet allows quantification of ST, SU, FA, AA (STd, SUd, 

FAd and AAd respectively).  Chemical analysis of ileal digesta sampled from growing rats 

or pigs (in vivo assay) allows quantification of the same nutrients at the ileal level (STi, 

SUi, FAi and AAi) and calculation of the absorbed quantities of each of these nutrients.  

The predicted absorbed quantities of nutrients and the predicted SCFA produced 

during in vitro fermentation can be used to derive the total ATP yield (ATPa) resulting 

from catabolism of all nutrients absorbed across the digestive tract: 

 

Calculation of ATP yields from nutrient catabolism 

ATP yield from starch and sugars (ATPST+ SU)  

The ATP yield from monosaccharide (ATPST+SU, mmol) was based on the quantities of ST 

and SU digested as given by Equation 1. 

 

    GLATP)/g(mmolglucoseforyieldATP))ST(SU)SU((STATP iiddSUST ������    (Eq. 1) 

 

where ST and SU are given in glucose equivalents.  STd and SUd are the ST and SU 

present in the diet (g / dry matter diet) respectively, STi and SUi are the ST and SU 

present in ileal digesta (g / dry matter diet) respectively, and ‘mmol ATP / g GL’ is the 

ATP (mmol) yielded per gram of glucose. 

 

ATP yield from fatty acids (ATPFA)  

The ATP yield from FA (ATPFA, mmol) was calculated according to Equation 2:   

 

FA)/gATP)(mmolFAforyieldATP)FA((FA
3

FAmoln179.1
ATP idFA ��
�

�
�  (Eq. 2) 

 

where 179.1 is the ATP yield (mmol ATP / g glycerol) from catabolising glycerol (see 

Table 3), ‘n mol FA’ is the sum of the moles of all fatty acids, FAd is the FA present in 

the diet (kg / dry matter diet) and FAi is the FA present in the ileal digesta (kg / dry 

matter diet). 
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It was assumed that the majority of dietary FA (12 C and above) available for 

absorption originate from triacylglycerol (TAG) in the diet, rather than as non-esterfied 

fatty acids (NEFA).  Therefore, when calculating the ATP yield (mmol /g FA), the 

‘bound’ molecular weight for each FA was used rather than the ‘free’ molecular 

weight.  The bound molecular weight was taken as the free molecular weight for the 

FA less 17 g / mol (18 Da / mol). 

 

ATP yield from amino acids (ATPAA)  

ATP from AA was calculated using the ATP yield from the sum of all AA in dietary (AAd, 

g) and ileal (AAi, g) samples: 

 

)AAATP)/g(mmolAAforyieldATP)AA((AAATP idAA ��
�  (Eq. 3) 

 

ATP yield from SCFA (ATPSCFA)  

The sum of ATP generated from the catabolism of the individual SCFA (ATPSCFA, mmol) 

produced as a result of hindgut fermentation of OM was used to predict the energy 

contribution from hindgut fermentation.  Individual SCFA were limited to acetic acid, 

propionic acid and butyric acid, with ATP yields for each SCFA defined in terms of 

mmol ATP / g SCFA produced, as quantified in Table 3. 

 

SCFA)ATP)/g(mmolSCFAforyieldATPproducedSCFA(gATPSCFA �
�  (Eq. 4) 

 

Quantification of the three primary SCFA produced during in vitro fermentation may 

also be predicted based on the OM fermented using the difference between OM in the 

ileal digesta (OMi) and unfermented OM at the end of in vitro incubation (OMuf).  

 

fermentedOMATP/gmmol)OM((OMATP ufiSCFA ���  (Eq. 5) 

  

A molar ratio of 60:20:18 for acetic : propionic : butyric acid was assumed for colonic 

fermentation in humans (Cummings and Macfarlane, 1997).  This ratio is supported by 
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theoretical and experimental findings and equates to a yield of 63 g SCFA per 100 g of 

carbohydrate fermented (Cummings and Macfarlane, 1997), similar to the value of 61 

g SCFA per 100 g reported by Livesey and Elia (1995).  An ATP yield of 10.4 mol 

ATP/mol SCFA produced is equated to 101.7 mmol ATP/g carbohydrate fermented and 

applied generically to all OM fermented in the hindgut.   These figures are based on 

the molar ratios of the respective SCFA given above (60:20:18) and a value of 63 g 

SCFA per 100g of carbohydrate fermented.  Molar masses used for acetic, propionic 

and butyric acid are given in Table 3. 

 

fermentedOMATP/gmmol101.7)OM((OMATP ufiSCFA ���   (Eq. 6) 

 

where OMi is OM in the ileal digesta (g) and OMuf is the unfermented OM at the end of 

incubation (g).   

 

The indirect route of energy supply to the body (via SCFA produced from bacterial 

fermentation) in the hindgut results in some inefficiency and loss of potential ATP 

compared to upper-tract digestion, through a loss of energy from the heat of 

fermentation.  Consequently, ATP yields from nutrients absorbed in the upper-tract 

(160 mmol ATP / g GL; 62 – 229 mmol ATP /g AA, 338 – 413 mmol ATP / g FA and 218 

mmol ATP / g EtOH), are generally greater than the ATP yield from hindgut 

fermentation of OM (110 mmol /g fermented OM).  
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Discussion  

A model is described for predicting ATP yields for foods consumed by humans, based 

on the predicted absorbed nutrient content of foods (dual in vivo / in vitro digestibility 

assay) and derived values for ATP yields for each nutrient.  The model is designed 

specifically for an adult human under negative energy balance so it is applicable to the 

design and evaluation of weight-loss food products.  In such a scenario it is assumed 

that all absorbed nutrients will ultimately be catabolised to meet the body’s energy 

requirements.  The model does not account for the temporary storage of nutrients 

after a main meal, although it is recognised that ATP values derived here are affected 

by the physiological state (fed, post-absorptive, fasting, starvation) determining the 

preferred metabolic substrate to meet energy requirements of the body.  The 

assumptions made here are general and do not include extreme scenarios (trauma, 

sepsis, starvation). 

 

Energetic efficiency  

ATP yields derived here for each nutrient may be translated into kJ equivalents.  The 

ΔG for the hydrolysis of ATP is most commonly stated as 7.3 kcal / mol ATP under 

standard conditions.  However, in vivo conditions may not be representative of 

standard conditions and so there is some possible degree of error in this figure.  The 

free hydrolysis of ATP under typical cellular conditions, and in muscle, is approximately 

-59.8 kJ/mol (-14.3 kcal/mol) (Flatt and Tremblay, 1998; Stryer et al., 2002).  This value 

was used here for calculating the calorific equivalent of ATP yields.  Energetic efficiency 

values (%) as MJ / MJ of GE were calculated for selected nutrients as determined using 

the present model ATPa values and compared with values reported in the literature 

(Boisen and Verstegen, 2000) (Table 4).  The present values were not dissimilar to 

those reported by Boisen and Verstegen (2000), but it would appear that in most cases 

currently reported values (Boisen and Verstegen, 2000) of ATPa may be overestimated.    
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Table 4 
Gross Energy1, Physiological Energy2 and Energetic Efficiency3 values of selected 
nutrients  

Nutrient Gross 
Energy1

, 

Physiological 
Energy2

, 

Energetic Efficiency3, % 

    
MJ / kg   MJ / kg 

  
Model 
value 

Literature 
value1 

Glucose 15.6 10.7 68 67 
Lys 23.5 11.7 50 49 
Met 18.6 8.6 46 34 
Cys 18.4 6.4 35 37 
Thr 17.2 9.0 53 53 
Trp 27.5 9.9 36 44 
Ile 27.6 15.1 55 60 
Leu 27.6 14.6 53 58 
Val 25.0 13.4 53 59 
Phe 28.2 11.0 39 44 
Tyr 24.9 10.7 43 49 
His 21.7 6.6 30 32 
Arg 21.4 7.4 34 40 
Ser 13.8 6.0 44 47 
Gly 12.9 4.7 36 38 
Ala 18.2 9.2 51 51 
Glu 17.6 8.0 45 49 
Gln 12.9 7.0 55 38 
Pro 23.7 12.6 53 55 
Asp 12.1 5.7 47 55 
Asn 14.6 4.7 32 40 
Glycerol 18.0 11.1 62 63 
Acetic Acid 14.6 7.0 48 59 
Propionic Acid 20.8 10.4 50 61 
Butyric Acid 24.9 13.5 54 64 
Lauric (12:0) 36.4 23.1 64 67 
Palmitic (16:0) 39.1 23.7 61 67 
Stearic (18:0) 39.9 24.1 60 67 
Oleic (18:1) 39.7 24.0 60 67 
Ethanol   29.7   13.0   44 61 
1 As summarised by Boisen and Verstegen  (2000) 
2 Calculated based on ATPa for given nutrient using 'in chain' molecular weights for glucose, amino 
acids and long chain fatty acids.  See Table 1 for values of ATPa. 
3 Energetic Efficiency (%) = Physiological Energy (MJ / kg) / Gross Energy (MJ / kg) x 100 / 1 
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Urea recycling 

The fate of endogenous urea entering the large intestine is that it is converted to 

ammonia through bacterial degradation, which is then partly absorbed (most likely 

through passive non-ionic diffusion) into the portal vein and transported in the form of 

NH4
+ to the liver where the majority is metabolised to urea via the urea cycle (Wrong 

and Vince, 1984).  It was assumed that there is no cost for the absorption and 

transport of the ammonia from the large intestine.  The conversion of ammonia back 

to urea via the urea cycle is at a cost of 3 ATP, although this was not factored into the 

model.  The extent of urea recycling in humans is difficult to predict and is known to be 

affected by dietary protein intake (Danielsen and Jackson, 1992).  However, most 

estimates lie within the range of 20 to 30% (Groff and Gropper, 2000; Walser and 

Bodenlos, 1959) and here, a figure of 25% was adopted and incorporated into the 

calculation of ATPa.  The accuracy of the actual figure used would seem of limited 

importance given that the ATP cost of urea excretion is small compared to the ATP 

produced via AA catabolism.  This conclusion is supported by Livesey (1984) who 

examined the numerical effect on ATP yields of different assumptions on the extent of 

urea recycling and concluded that this source of error was small.        

 

Extent of gluconeogenesis from amino acids 

It is unknown to what extent free AA undergo gluconeogenesis in the liver.  While it 

has been assumed here that all free AA undergo direct oxidation, some certainly will 

proceed via the gluconeogenesis route.  Flatt and Tremblay (1998) base their 

calculations on 35% of the free AA being used for gluconeogenesis and the remainder 

being deaminated and catabolised via the TCA cycle.  However, Lindsay (1976) states 

that approximately 90% of the AA catabolised by monogastric animals proceeds via 

oxidation.  The actual scenario will vary depending on the fed/fasted state of the 

individual.  The liver does not instantaneously switch from the gluconeogenic state to 

the glycolytic state in the early fed state (Salway, 2004).  Rather, the gluconeogenic 

state persists for some time after a meal.  The ability of an AA to act as a substrate for 
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gluconeogenesis is limited to those glucogenic AA, with alanine, glutamate and 

aspartate being quantitatively the most important AA for gluconeogenesis (Brosnan, 

2003; Garlick and Reeds, 2000; Rolfe and Brown, 1997).  The GL produced from AA 

catabolism via gluconeogenesis (in most cases 0.5 mol GL) enters the TCA cycle to yield 

28.9 mol ATP / mol GL.  However, the number of moles of ATP used to produce this GL 

varies significantly among the AA.  For methionine, there is an overall ATP gain of 19.8 

mol ATP, whereas for histidine there is an ATP cost of 7.9 mol ATP.  The net ATPa gains 

(including costs for urea synthesis and excretion) for producing 0.5 mol GL from the 

main glucogenic AA are: alanine, -5.2 mol ATP; glutamate, 2.6 mol ATP; aspartate, -4 

mol ATP.  If these are added to the ATP gain from 0.5 mol GL (14.4 mol ATP), the 

overall ATPa for each mole of these AA undergoing gluconeogenesis can be estimated 

at 2.3, 1.0 and 1.1 mol ATP less for each mole of alanine, glutamate and aspartate 

respectively, than if they were directly oxidised via the TCA cycle to produce ATPa 

(Table 2).  Although Livesey (1984) suggests that the choice of catabolic pathway may 

be an important consideration for dietary protein, the results presented here are more 

in agreement with Birkett and de Lange (2001b) who calculated little difference in 

overall ATP yields for the two catabolic pathways for AA (providing GL is non-limiting). 

Birkett and de Lange also undertook model simulations using exclusively either the 

gluconeogenic pathway or the direct oxidation pathway for AA catabolism and found 

very small differences in retained energy at the whole animal level, thereby confirming 

that the choice of pathway appears to be unimportant (Birkett and de Lange, 2001b).  

The presently described model can be altered to include different assumptions about 

alternative pathways and the different scenarios simulated and evaluated. 

 

Net ATP yield (ATPnet)  

A model to quantify the net daily cytoplasmic ATP yields from ingested food is 

illustrated (Figure 2).  ATPa is an estimate of the ATP produced from the catabolism of 

absorbed nutrients less the energetic cost of catabolism as described earlier (see 

section on ‘ATP yield (ATPa)’), which includes the cost of urea synthesis and excretion 

and the cost of activation.  As defined here, ATPa does not take into account the 

energy expended to ingest and digest these nutrients (ATPd), nor the costs of 
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absorption / transportation to the liver (ATPt), considered here to be the primary site 

of catabolism.  These two energetic costs (Table 1), which in part vary with dietary 

chemical composition, are deducted from the available ATP produced (ATPa) to give 

the net ATP yield (ATPnet) (Equation 7).  

Figure 2. Overview of model (adapted from Birkett and de Lange (2001a)).  AA, amino 

acids; ATPa, energy yielded in terms of ATP from the metabolism of dietary nutrients; 

CF, crude fat; CP, crude protein; EtOH, ethanol; FA, fatty acids; GL, glucose; GY, 

glycerol; SCFA, short chain fatty acids; ST, starch; SU, sugar; UC unavailable 

carbohydrate (carbohydrate not digested in upper digestive tract).  #GL includes all 

monosaccharides (galactose, fructose etc.  See text). 

 

tATPATPATPATP danet ���  (Eq. 7) 

 

The model considers only “first pass” metabolism and allows calculation of the net 

yield of ATP (ATPnet) available to the body from dietary intake, after accounting for 

ATPd and ATPt. 

 

In the case of the Combined Model, ATPa can be calculated as the total of the ATP 

yields from equations 1 – 6 and the overall equation for determining the net ATP yield 

(ATPnet) is given as: 
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ATPnet = tdSCFAEtOHAAFASUST ATPATPATPATPATPATPATP �������     (Eq. 8) 

 

ATP costs (ATPd and ATPt)  

Digestion (ATPd)  

ATPd is a function of the digestible OM intake and is the energetic cost associated with 

the intake and digestion of CP, CF, ST, SU, UC and EtOH.  The ingested OM that is 

digested and fermented by the body (OMD+F) was used as a basis to calculate ATPd (mol 

ATP / kg OMD+F).  OMD+F was calculated as the difference between OM intake (OMi) 

and unfermented OM (OMuf).  A value of 28 mol ATP/kg faecal digestible dry matter 

(DM) was used by Birkett and de Lange (2001a) and was applied here to give an ATPd 

value of 28 mol ATP / kg OMD+F.   

 

Transportation (ATPt)  

ATPt refers to the energetic cost of absorbing, transporting and handling each energy-

yielding nutrient.  This cost varies depending on the substrate (Table 1), but in all cases 

was defined as the cost to transfer the nutrient from the intestinal lumen to the major 

site of catabolism, which was assumed to be the liver.  Active transport requires 

energetic input to absorb the nutrient from the intestinal lumen through the 

enterocyte, while passive diffusion is a non-energy requiring process (Mercadante, 

2006).   

 

Glucose is absorbed by both passive diffusion and active transport systems and 

transported to the liver at an estimated cost of 0.5 mol ATP / mol GL (Blaxter, 1989; 

Flatt and Tremblay, 1998).  While the different energy costs of absorption of the 

different monosaccharides may affect cytoplasmic ATP yield, this was not accounted 

for here and the absorption and transport costs for all monosaccharides were taken as 

being equivalent to glucose.  

 

It was assumed that digested protein is absorbed and transported to the liver as free 

amino acids at an estimated cost of 0.5 mol ATP / mol AA (Flatt and Tremblay, 1998).  
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The model assumes that all absorbed AA are transported to the liver and catabolised, 

and protein turnover and its energetic costs were not considered.  The amount of 

protein returned to the body to replace losses will vary considerably depending on a 

number of factors including protein intake, body mass (lean / obese), nutritional status 

(weight losing / weight stable) and fed / fasted  state (Fearon et al., 1988; Waterlow, 

2006).  Whole-body protein breakdown has been estimated to be in the range of 2.2 – 

4.6 g/kg/d (Fearon et al., 1988).  The use of absorbed AA to meet AA maintenance 

needs was ignored in the present version of the model but can be readily incorporated.   

 

Ethanol is absorbed by passive diffusion with no ATP costs involved in its transport to 

the liver.   

 

In the case of lipids, the absorption process depends on the carbon-chain length.  Short 

and medium chain FA are absorbed intact by passive diffusion at no energetic cost and 

like GL, AA and EtOH, these are transported to the liver via the portal vein (Nelson and 

Ackman, 1988).  FA of carbon-chain length less than 8 or 10 may be absorbed directly 

from the stomach intact into the venous circulation (Nelson and Ackman, 1988).  The 

uptake and transport of SCFA from bacterial fermentation in the colon is assumed to 

be similar to those SCFA in the upper-tract in that there is no energetic cost involved in 

their uptake and transport (Mercadante, 2006).  FA of carbon-chain length of C10 to 

C14 may be absorbed intact from the small intestine (Nelson and Ackman, 1988).    FA 

of carbon-chain length longer than C14 are absorbed from the intestinal lumen into 

the mucosal cell as two NEFA and a 2-monoglyceride by passive diffusion across the 

microvillus membrane at no energetic cost (Johnston and Borgstrom, 1964).  These 

components are then reconstituted to TAG in the endoplasmic reticulum (ER) in the 

enterocytes and formed into chylomicrons which then enter the blood via the 

lymphatic system.  The process of reesterification in the ER is an energy requiring 

process.  Flatt and Tremblay (1998) quote a value of 2.3 mol ATP per TAG reesterified 

in the adipose tissue and the liver and the same value was assumed here for TAG 

reesterified  in the ER.  Although some FA may be absorbed intact and will not require 

reconstituting, it was assumed that TAG are reesterified in the ER at a cost of 0.75 mol 
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ATP / FA for all absorbed FA, but not including SCFA.  FA reach the liver as chylomicron 

remnants via the general circulation (Nelson and Ackman, 1988).  The model assumes 

that all absorbed dietary FA are ultimately catabolised by the liver, for a person in a 

state of weight-loss.  The model does not consider any energetic costs once the 

absorbed FA reach the liver, such as the cost of reesterifying the NEFA by the liver and 

reexporting the resulting TAG as lipoproteins. 

 

Accuracy of ATPnet 

The costs ATPd and ATPt are not known with a high degree of accuracy.  In contrast, 

ATP yields are based on known stoichiometry and as such, can be determined 

accurately.  Consequently, ATPa can be predicted with accuracy and is likely to be 

estimated more accurately than ATPnet, which includes the energetic costs of ATPd and 

ATPt.  In spite of this, it needs to be borne in mind that ATPd and ATPt are relatively 

smaller energetic transactions (compared to the yield of ATP from catabolism, ATPa), 

and that errors in estimating these energy costs are of less significance overall.  In the 

case of ATPd, while the exact cost of those processes relating to digestion is not known 

precisely, the enthalpy of the enzymic hydrolyses of the three main energy yielding 

nutrients (protein, lipid and polysaccharides) in the lumen of the gut is estimated to be 

only 0.1 - 0.2% of the energy of the substrates hydrolysed (Blaxter, 1989).  This heat, 

along with heat produced during the other metabolic processes related to the 

digestion, absorption and assimilation of nutrients as a result of meal feeding is that 

broadly referred to as dietary induced thermogenesis (DIT).   The exact causes of DIT 

are still not entirely understood (McCue, 2006) and it is therefore difficult to quantify 

DIT.  The model proposed here, however, accounts for the energetic costs of digestion, 

absorption, transport, the production and excretion of urea from AA catabolism and 

those costs inherently necessary as part of nutrient catabolism, such as activation.  

Heat produced from these processes as a result of energy expended to digest and 

metabolise the potential energy from nutrient intake is therefore a component of the 

model.  Processes such as protein turnover and glycogen production are not 

incorporated in the model, so any ATP used and consequently heat produced as a 

result of such processes is not considered. 
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P/O ratios 

The most significant source of error in the model is likely limited to the selection of the 

cellular P/O ratio used to calculate ATP yields (ATPa).  The P/O ratio describes the ATP 

produced per oxygen atom reduced by the electron transport chain during oxidative 

phosphorylation.  Historically, it was assumed that these ratios were integers (3 for 

NADH and 2 for FADH2) (Hinkle, 2005).  More recently, with the advance of 

chemiosmotic theory, non-integer values (2.31 for NADH and 1.38 for FADH2) have 

been derived.  Brand (2005) discusses these ratios in detail, but briefly, the P/O ratio is 

based on the proton/O ratio and the proton/ATP ratio.  The proton/O ratio describes 

the number of protons (currently believed to be 10 for NADH and 6 for FADH2) that are 

translocated across the mitochondrial membrane by the electron transport complexes 

as a consequence of the oxidation of 1 NADH (or FADH2) and the concomitant 

consumption of 1 oxygen atom.  The relocated protons provide the proton gradient 

that powers the ATP synthase to produce 1 ATP (currently believed to be 3.3 protons 

for every 1 ATP synthesised) and the adenine nucleotide translocase to transport that 

ATP from the mitochondrion (currently believed to be 1 for every ATP transported).  

Overall, for every NADH oxidised 10 protons are translocated, while 4.33 protons are 

required for every ATP produced.  Consequently, 2.31 (10/4.33) ATP molecules are 

synthesised for every NADH.  Similarly, for FADH2 6 protons are translocated, giving a 

ratio of 1.38 (6/4.33).    

 

However, these theoretical P/O ratios may still be higher than what occurs in vivo.  Slip 

reactions, proton leakage and the activity of uncoupling proteins may not be fully 

accounted for by the accepted P/O ratios.  Slip may occur when the proton pumps are 

not perfectly coupled, resulting in fewer protons pumped across the mitochondrial 

membrane and therefore less ATP synthesised, effectively lowering the P/O ratio 

(Brand, 2005).  Although it would seem that slip does not occur under normal 

physiological cell conditions, there is still some uncertainty around this (Brand, 2005; 

Brown, 1992; Kadenbach, 2003; Murphy, 1989).  The phenomenon of proton leakage, 

where protons leak back across the coupling membrane and are therefore unavailable 

for ATP synthesis, is more widely accepted.  Several in vitro studies have shown that 
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proton leakage occurs not only in isolated mitochondria, but also in intact cells, 

accounting for around 20% of the total cellular respiration rate, dependent largely on 

the species and type of cell (Brand, 2005).  It has been calculated that only 60% of an 

hepatocyte’s total oxygen consumption may be used for ATP synthesis, effectively 

lowering the P/O ratio considerably (Brand, 2005).  However, it is still uncertain as to 

whether in vitro observations are completely transferable to the in vivo situation and 

to what extent proton leakage should be accounted for when predicting the P/O ratio 

(Marcinek et al., 2004; Rolfe et al., 1999).  The specialised uncoupling proteins (UCP) 

present in some mitochondria are most probably used for transporting anionic fatty 

acids and may create proton permeability by allowing H+ pumped out of the 

mitochondria by electron transport to flow back in (Groff and Gropper, 2000; Hinkle, 

2005).  While UCP may be important with regard to physiological energy metabolism, 

they are not seen as affecting mechanistic P/O ratios, at least in liver and heart (Hinkle, 

2005).  Overall, corrections to the P/O ratios on account of uncoupling, including slip, 

proton leakage and uncoupling proteins appear to be small or of limited relevance 

(Hinkle, 2005), although there is still a need to confirm the extent of protein leakage in 

vivo.   
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Conclusion 
 

Previous models proposed for predicting the energetic value of foods in terms of ATP 

are most often based on P/O ratios that are now viewed as outdated by cell 

bioenergeticists.  In combination with the in vivo – in vitro digestibility assays, the 

model presented here allows a diet to be defined in terms of potential ATP yields 

based on currently accepted P/O ratios and the experimentally determined digestibility 

of the specific diet across the total human digestive tract.  The accuracy of the model 

could potentially be improved if the extent of proton leakage in vivo and the cost of 

digestion (ATPd) could be determined with greater certainty.  The model is a valuable 

tool for the research and development of foods such as specialised weight-loss 

products that need to provide accurate known quantities of dietary energy for subjects 

undergoing weight loss.     
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CHAPTER IX 

 

Available energy content of three meal replacement 

formulations determined using a model to predict 

the cellular ATP yield of absorbed macronutrients in 

the adult human 
 

 

 

 

 

 

 

 

 

The objective of the final experimental study was to demonstrate the practical 

application of the ‘Combined Model’ to predict the available (ATP) energy content of 

weight-loss foods.  The uptake of each energy-yielding nutrient in the human was 

predicted separately in the upper-digestive tract (rat ileal digestibility) and the hindgut 

(in vitro digestibility assay based on human faecal inoculum) for three commercial meal 

replacement formulations.  A series of predictive equations for estimating net ATP 

yields (based on stoichiometric relationships) were applied to the predicted nutrient 

uptakes for each diet. 
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Abstract 

A model has been developed to predict the uptake of energy-yielding nutrients and 

subsequent physiologically available energy of food at a cellular level (ATP) for an adult 

human in a state of weight-loss. The objective was to demonstrate the practical 

application of the model to predict the available energy (ATP) content of weight-loss 

foods. The uptake of each energy-yielding nutrient in the human was predicted 

separately in the upper-digestive tract (rat ileal digestibility, n=11 rats per diet) and the 

hindgut (in vitro digestibility assay based on human faecal inoculum) for three 

commercial meal replacement formulations (Diet A a weight-gain supplement and 

diets B and C weight-loss formulations).  A series of predictive equations for estimating 

net ATP yields (based on stoichiometric relationships) were applied to the predicted 

nutrient uptakes for each diet. Predicted total tract digestibility of energy varied from 

86% (Diet B) to 99% (Diet A).  Available energy (ATP energy) was estimated to be 9.6, 

8.3 and 7.3 kJ/g for Diets A, B and C, respectively and metabolisable energy (ME) 

ranged from 17.5 – 18.1, 13.6 – 18.4 and 12.5 – 15.4 kJ/g for Diets A, B and C, 

respectively depending upon the ME model.  Most, but not all of the ME systems 

ranked the diets in accordance with the predicted available energy (Diet A>B>C).  

When the energy content of each diet was compared to that of a baseline food 

(dextrin), some ME models gave considerably different ratios compared to that 

predicted by the Combined Model (in vivo / in vitro / stoichiometric).  By way of 

example, for Diet C a ratio of 0.96 (Atwater and FDA models) was found versus 0.75 

(Combined Model).  The Combined Model may provide a more accurate means of 

predicting the dietary energy content of foods than some current ME models and has 

application in the development of specialised weight-loss foods. 
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Introduction 

The current prevalence of obesity in humans with its accompanying health disorders 

has led to the development of novel foods, many of which are aimed at reducing the 

available calorie content to assist in maintaining or reducing body weight.  Estimation 

of the energy content of foods (metabolisable energy, ME) currently relies on various 

factorial or empirical models.  There is evidence, however, that such models may not 

accurately predict the energy content of foods with more extreme nutrient 

compositions, especially low-fat, high fibre foods (Brown et al., 1998; Zou et al., 2007).  

The energetic values assigned to protein and dietary fibre in particular vary between 

individual models and are difficult to define generically due to the diversity in chemical 

composition and digestibility of these two components (Ferrer-Lorente et al., 2007; 

Livesey, 1990).  It is these same two dietary components that are often included in 

novel weight-loss products in significant quantities based on their satiating effect 

(Howarth et al., 2001; Paddon-Jones et al., 2008; Slavin, 2005; Veldhorst et al., 2008) 

and/or lower metabolic energy yields compared to fat, simple sugars and starch.  The 

generic nature of factorial or empirical models means that they may significantly over- 

or under-estimate the energy content of novel foods (Livesey, 1995).   

 

It has been suggested that the available energy content of foods could be more 

accurately quantified in terms of potential ATP generation (physiological energy) 

(Livesey, 1984; Zou et al., 2007).  ATP is the universal currency of energy in the body, 

and the metabolic pathways that yield ATP from the catabolism of nutrients are well 

known.  However, until recently there has not been consensus on the quantities of ATP 

yielded from these reactions as a result of varying estimates of the theoretical P/O 

ratios during cellular metabolism (Brand, 2005).  Furthermore, prediction of ATP yields 

relies on being able to quantify the nutrients available for metabolism based on uptake 

from the digestive tract.  Ideally, nutrient uptake should be determined separately in 

the upper-tract and the hindgut (Coles et al., 2010), but it is impractical to obtain such 

measures in vivo in humans (Darragh and Hodgkinson, 2000).   
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Recently, our research group has proposed a model (referred to as the ‘Combined 

Model’) to allow quantification of cellular ATP yields in humans based on predictions of 

the uptake of energy-yielding nutrients from both the upper digestive tract (mouth to 

ileum) and the hindgut, and mathematical stoichiometric relationships linking 

quantities of absorbed nutrients to ATP generation (see chapters V - VIII).  Nutrient 

uptake in the human is predicted using a dual in vivo / in vitro digestibility assay that 

predicts upper-tract nutrient uptake based on an in vivo animal model (rat or pig) and 

colonic energy yield based on an in vitro hindgut digestibility assay utilising a human 

faecal inoculum. 

 

In the present study, the aim was to apply the Combined Model to (i) predict ileal, 

hindgut and total tract nutrient uptakes for three meal replacement formulations and 

(ii) predict the associated ATP yields and costs for each nutrient to determine available 

energy as ATP.  The overall objective was to demonstrate the practical application of 

the Combined Model to predict net ATP yields (available energy) and to compare the 

predicted available energy content (kJ) with that determined using a number of 

published traditional factorial and empirical ME based models.  It was particularly 

pertinent to investigate whether the rankings of the diets, in terms of their abilities to 

deliver utilisable energy to the body, differed according to method of dietary energy 

estimation. 
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Materials and methods 

The study sought to obtain estimates for humans of nutrient uptake from the upper-

tract (mouth to ileum) and colon, separately, for three different diets.  Colonic uptakes 

were predicted using an in vitro hindgut digestibility assay and upper-tract nutrient 

uptakes were predicted using the growing rat as a model for humans.   

 

Stoichiometric relationships were applied to the predicted nutrient uptakes across the 

total tract to predict net cellular ATP generated for each of the diets in an adult human 

consuming food at sub-maintenance energy intakes whereby it can be assumed that all 

absorbed nutrients are catabolised. 

 

Diets 

The experimental diets (referred to herein as diets A, B and C) were based on three 

commercial meal replacement shake mixtures in powder form.  Diet A was based on a 

weight-gain supplement, whereas diets B and C were based on weight-loss 

preparations.  Vitamins and minerals (supplied by Plant and Food Research Ltd., 

Palmerston North, New Zealand) were added to each mixture as required for the 

growing rat (National Research Council, 1995) along with an indigestible marker 

(titanium dioxide) (Table 1).  All diet ingredients were accurately weighed and then 

thoroughly homogenised and the chemical composition of the three diets determined 

(Table 2).  Both diets B and C contained high levels of NSP (142 and 132 g/kg 

respectively) compared to Diet A (22 g/kg).  Diet C had a particularly high protein 

content (382 g/kg) and low fat (14 g/kg) and starch (5 g/kg) contents.     
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Table 1 

Ingredient composition (g/kg air-dry weight) of the three experimental diets  

Component g/kg 

Meal replacement formulation (A, B or C) 897.5 

Vitamin Mix1 50.0 

Mineral Mix2 50.0 

Titanium dioxide 2.5 
1 Containing the following (g/kg vitamin mix): retinol palmitate, 0.1; cholecalciferol, 0.0005; α-

tocopherol acetate, 4; menadione, 0.06; thiamin-HCl, 0.1; riboflavin, 0.14; nicotinic acid, 0.4;  calcium 

pantothenate, 0.4; pyridoxine-HCl, 0.16; biotin, 0.02; folic acid, 0.04; cyanocobalamin, 0.001; myo-

inositol, 4; choline chloride, 30; sucrose, 960.6. 
2 Containing the following (g/kg mineral mix):  calcium, 126; chloride, 156; magnesium, 21; 

phosphorus, 97; potassium, 105; sodium, 39; chromium, 0.039; copper, 0.214; iron, 9; manganese, 2; 

zinc, 0.964; cobalt, 0.00058; iodine, 0.003; molybdenum 0.003; selenium, 0.003; sucrose, 443.8. 
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Table 2 

Determined chemical composition of the three experimental diets (per kg dry 

matter1) 

Component   Diet A Diet B Diet C 

Dry matter, g per kg diet 930.9 936.6 953.8 
Organic matter, g  930.2 901.7 904.1 
Ash, g  65.0 92.1 91.4 
Gross energy, MJ 19.2 18.7 16.8 
Crude protein, g  144.4 93.1 382.4 
Fat, g  121.2 155.7 14.3 
Total CHO2, g  664.7 652.9 507.5 
Starch, g  173.6 77.5 4.7 
Sugars, g  399.6 309.6 380.6 
NSP 
 Total, g  22.1 142.0 132.3 
 Insoluble, g 7.6 81.0 11.5 
 Insoluble, % of total NSP 34.5 57.1 8.7 
 Soluble, g 14.4 60.9 120.8 
 Soluble, % of total NSP 65.3 42.9 91.3 
Titanium dioxide, g  1.7 1.7 1.6 
Fatty acids 
 SFA 
  C12, g 11.6 0.2 0.2 
  C14, g  5.2 0.4 0.0 
  C16, g  8.7 10.5 2.2 
  C18, g  4.0 9.7 0.6 
 MUFA 
  C16:1, g  0.1 0.1 0.1 
  C18:1 (n-9), g  57.1 112.8 2.2 
  C18:1 (n-7), g 0.9 2.0 0.2 
 PUFA 
  C18:2, g 22.1 14.8 6.0 
  C18:3, g 2.3 0.3 0.7 
 Other FA3, g 4.0 4.1 2.6 
1 Reported as per kg dry matter for all diet components, except for dry matter (per kg diet) 
2 Total CHO (by difference) = 100 - Moisture% - Fat% - Crude Protein% - Ash% 
3 Other FA refers to the sum of other unidentified fatty acids not included in the table 
CHO, carbohydrates; FA, fatty acids; MUFA, monounsaturated fatty acids; NSP, non-starch 
polysaccharides; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids 
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In vivo digestibility assay 

Upper-tract nutrient digestibility was determined based on collection of samples of 

ileal digesta from the growing rat.  The ileal digesta were also used as the substrate for 

the in vitro fermentation part of the assay.  The study was approved by the Massey 

University Animal Ethics Committee (PN 06/18). 

 

Animals and housing 

A total of 99 Sprague-Dawley female rats (7 wk of age, mean BW 204 g) were obtained 

from the Small Animal Production Unit (SAPU), Massey University.   Animals were 

individually housed in wire-bottomed stainless steel cages in a temperature- (22±1°C) 

and humidity- (55±10%) controlled environment with a 12 h light/dark cycle (0600 h – 

1800 h) for the duration of the trial.  Rats were randomly allocated to cages and the 

three diets (Diet A, B or C), resulting in 33 rats consuming each diet. 

 

Food was offered ad libitum for 10 min per hour between 0800 and 1600 h daily to 

train rats to feed continuously during every meal and provide a semi-continuous flow 

of digesta at the terminal ileum on the collection day.  Rats had free access to water at 

all times. 

 

On Day 14, from 4 h after the first hourly meal, animals were randomly selected to be 

sacrificed by overdose of CO2 gas.  After confirmation of death, neural stimulation was 

immediately halted by decapitation.  The stomach was inspected for evidence of 

coprophagy, observable by the presence of dark flecks in the stomach contents.  The 

contents of the terminal 20 cm of the ileum were then removed as described by 

Rutherfurd and Moughan (2003), rapidly frozen (-20°C) and freeze-dried.  After 

discarding digesta samples from coprophagous rats, samples of ileal digesta from 

individual rats were pooled within a diet to give sufficient quantities of material for 

chemical analysis and finely ground (1 mm mesh).  This resulted in two composite 

samples of digesta for Diet A (1 x n=14, 1 x n=13 animals), three samples for Diet B (3 x 

n=11 animals) and four samples for Diet C (4 x n=8 animals).   
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In vitro hindgut digestibility assay  

Ileal digesta obtained from rats consuming the three meal replacement formulations 

were used as the substrate for the in vitro hindgut digestibility assay.  Faecal samples 

for the in vitro hindgut fermentation were provided by the same four human donors as 

used on previous occasions in our laboratory (Coles et al., 2011), under approval from 

the Massey University Human Ethics Committee (PN 04 /127). 

 

The methodology for the in vitro hindgut digestibility assay was based on a modified 

version of the Edwards et al. (1996) method and is described in detail elsewhere (Coles 

et al., 2011).  In brief, an inoculum concentration of 160 g/L, a buffer of pH 7 and an 

incubation temperature of 37°C were used.  Bottles were incubated for 18 h with no 

shaking during incubation.  The faecal inoculum was prepared under strict anaerobic 

conditions using freshly collected, uncontaminated human faecal samples which were 

delivered to the laboratory in a pre-warmed container filled with CO2.  Rat ileal digesta 

were used as the substrate for the hindgut assay with triplicate in vitro bottles for each 

group of pooled rat digesta within a diet.  Triplicate blank bottles containing 5 ml of 

buffer and 5 ml of inoculum were also sampled at 0 and 18 h to determine the 

digestibility of the inoculum when no substrate was present in the system.  Short chain 

fatty acids (SCFA) were sampled from all sample bottles at 18 h and blanks at 0 h, by 

carefully removing 2 ml of bottle contents.  At the end of the prescribed incubation 

period, all bottles were immediately autoclaved to cease fermentation and analysed 

for dry matter (DM) and ash.  The DM and organic matter (OM) present in the SCFA 

sample were determined and during calculations the determined quantities were used 

to correct for the DM/OM loss from the system. 

 

Chemical analyses 

Diet samples were analysed for DM, ash, titanium dioxide, gross energy (GE), crude 

protein, fatty acids (FA), starch, total sugars, and total, soluble and insoluble non-

starch polysaccharides (NSP).  Rat digesta samples were analysed for DM, ash, titanium 
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dioxide, GE, crude protein, FA, starch, total sugars.  In vitro fermentation residues were 

analysed for DM, ash and SCFA.   

 

DM and ash determination were performed in duplicate using the AOAC standard 

procedures (AOAC, 2000) by drying samples in a Watvic convection oven (Watson 

Victor Limited, Wellington, New Zealand), followed by ashing in a Muffle furnace 

(Electrofurn, New Zealand).  The titanium dioxide content of the diets and digesta was 

measured on a UV spectrophotometer following the method of Short et al. (1996). 

 

GE was determined in duplicate using an automatic adiabatic bomb calorimeter (AC-

350, Leco Corporation, St. Joseph MI, USA) (Miller and Payne, 1959).  GE determination 

of digesta samples was performed using 50mg samples in sections of plastic wrap of 

known GE content. 

 

Microanalysis of total N was performed on duplicate samples, using an elemental 

analyser (EA 1108, Carlo Elba, Italy).  Crude protein was calculated using an N to 

protein conversion factor of 6.25 (Kraisid et al., 2003). 

 

Given the limited quantity of ileal digesta, total fat content of diet and digesta samples 

was determined as the total lipid FA expressed as triacylglycerol as suggested by the 

FDA (Ali et al., 1997; FDA, 2004). Individual FA were determined in duplicate by GC on 

a 6890 GC FID (Agilent Technologies, Santa Clara, CA) (Sukhija and Palmquist, 1988; 

Wu et al., 1994).  

 

Total sugars were defined as simple sugars, oligosaccharides, polysaccharides, and 

their derivatives, including the methyl esters with free or potentially reducing groups. 

Sugars were determined using the phenol sulphuric colorimetric method on duplicate 

samples (Dubois et al., 1956).  Total starch determination was performed in duplicate 

using a commercial kit (Total Starch Kit, Megazyme, Ireland) according to the AOAC 

method (AOAC, 2000).  Total carbohydrate (CHO) (%) was determined as the difference 

between 100 and the sum of the percentage of water, protein, total fat and ash.  NSP 
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was determined using a modified Englyst method (Englyst and Cummings, 1984, 1988) 

and constituent sugars measured using colorimetry. 

 

SCFA in in vitro fermentation residues were determined using GC (Wronlowska et al., 

2006). The sample was deproteinised using metaphosphoric acid. The supernatant was 

injected directly into the gas chromatograph (Carlo Erba 5380, capillary column Alltech 

ATTM-1000, 15m x 0.53mm ID, 1.00um film) with hydrogen as the carrier gas, FID 

(flame ionisation detector), and iso-caproic acid as an internal standard. 

 

Calculations 

Upper-tract nutrient digestibility 

The apparent ileal digestibility of each nutrient was calculated using the ratio of the 

nutrient (mg) to titanium dioxide (mg) in the diet ((Nutrient/Ti)diet) and the ratio of the 

nutrient (mg) to titanium dioxide (mg) in the ileal digesta ((Nutrient/Ti)ileal). 

 

Apparent ileal digestibility of nutrient (%)  
1

100
Ti)(Nutrient/

Ti)(Nutrient/Ti)(Nutrient/

diet

ilealdiet �
�

�

(Eq. 1) 

 

The ileal digestibility of GE and other dietary components was calculated in an 

analogous manner.   

 

In vitro hindgut OM digestibility 

Organic matter digestibility (OMD) of the ileal substrate was determined by correcting 

for the OM present in the blanks, as described elsewhere (see Chapter VI) and 

calculated as follows: 
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OMD (%) 
1

100
OM

2
OMOM

(OMOM

substrate

initialblankresidualblank
residualbottlesubstrate

�
�
�
	



�
� �

��
�   (Eq. 2) 

 

where OMsubstrate is the OM (mg) contributed by the ileal substrate prior to incubation, 

OMbottle residual is the OM (mg) remaining in the bottle at the end of incubation from 

both the ileal substrate and the inoculum, OMblank initial is the OM (mg) of the blank at 

the start of incubation and OMblank residual is the OM remaining of the blank OM (mg) at 

the end of incubation.  Ileal substrate DMD was calculated in an analogous manner to 

ileal substrate OMD.   

 

SCFA 

The quantity of each SCFA produced during in vitro hindgut fermentation was 

calculated as the difference between the concentration of SCFA (μmol per bottle) at 

the beginning of in vitro incubation, as observed in the blank (SCFAblank initial) (μmol), 

and that at the end of in vitro incubation (SCFAbottle residual)  (μmol).  

 

SCFA produced (μmol per bottle) initialblankresidualbottle SCFASCFA ��   (Eq. 3) 

 

OMingested equivalent 

The OM content of the diet (OMdiet) per g of DM was known from chemical analysis.  

However, the mean absolute quantity of OM ingested (OMingested equivalent, mg) by the 

group of rats for each pooled ileal digesta sample to give x amount (mg) of OM present 

in the ileal substrate (OMileal substrate, mg) needed to be calculated.  This calculation was 

based on the apparent ileal digestibility of the diet (%) as calculated using Equation 1 

and the absolute quantity of OM (mg) in the ileal digesta sample used for the in vitro 

fermentation (OMileal substrate).     
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OMingested equivalent (mg)    
(%)itydigestibilOMileal100

100OM substrateileal

�

�
�    (Eq. 4) 

 

Total tract OMD from dual in vivo – in vitro digestibility assay 

OMD over the total tract for the dual in vivo-in vitro digestibility assay (%) was defined 

as the mean OM ingested for the pooled group of rats (OMingested equivalent, mg) 

corrected for the OM contributed by the substrate at the end of the in vitro incubation 

(OMbottle residual, mg), corrected for the OM in the blank (mg), relative to the OM 

ingested (OMingested, mg). 

 

Total tract in vivo - in vitro OMD (%)  

   
1

100
OM

OM)OM(OM

equivalentingested

fermentedsubstrateilealequivalentingested
�

��
�            (Eq. 5) 

 

1
100

OM
2

OMOM
(OMOM

equivalentingested

initialblankresidualblank
residualbottleequivalentingested

�
�
�
	



�
� �

��
�   (Eq. 6) 

 

Total predicted ATP yield (ATPa) 

The ATP yield (ATPa) for each diet (per kg DM diet) (Equation 7) was calculated as the 

sum of ATP gains from starch and sugars (ATPST+SU), fatty acids (ATPFA), amino acids 

(ATPAA) and SCFA (ATPSCFA).   

 

ATPa =      SCFAAAFASUST ATPATPATPATP ����    (Eq. 7) 

 

The upper-tract in vivo digestibility of crude protein, starch, sugars and FA (per kg DM 

diet) and the primary hindgut SCFA produced (per kg DM diet) during in vitro 
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fermentation (acetic acid, propionic acid and butyric acid) were determined using the 

dual in vivo – in vitro digestibility assay.  These were translated into predicted ATP 

yields (ATPa, mol ATP/ kg DM diet) using the values given in Chapter VIII.  The ATP yield 

for starch was taken as 178.11 mmol/g starch, which was calculated as 1.11 times the 

ATP yield of glucose based on a molecular weight of 162 mol/g glucose, rather than 

180g/mol as in free glucose. 

 

The digestibility of individual amino acids (AA) was not determined in the present 

study and the uptake of AA was determined based on crude protein digestibility.  A 

generic ATP yield for all proteins was calculated as 130.9 mmol / g protein.  This value 

was calculated by determining the AA content of 32 common food proteins from FAO 

tables (FAO, 1981), and summing the associated ATP yields for each AA in the food on 

a proportional basis using the free AA molar mass to obtain the total ATP yielded for 

each AA for each of the 32 foods (mmol ATP / g protein) (Table 3).  The ATP yield 

values for each AA were taken from Chapter VIII, but with 0.5 mol / AA subtracted to 

account for the cost of absorption and transport (ATPt), that is included in these 

published ATPa yields.  The ATPa from the catabolism of AA (ATPAA, mmol) was 

therefore determined as: 

 

130.96.25)N(NATP dAA ���� i  (Eq. 8) 

 

where Nd and Ni are the nitrogen in the diet (g) and ileal digesta (g) respectively and  

6.25 is the conversion factor from N (g) to protein (g) (Kraisid et al., 2003).  It is 

acknowledged that there is a wide range of products and subsequent ATP yields for 

the different AA and a single value for all proteins may not be fully representative of 

the ATP yield. 
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Table 3 

ATP yields1 from the catabolism of amino acids for selected food proteins2 

Food mmol ATP / g protein2 

Cow's milk cheese 168.2 
Spinach leaf 146.7 
Whole cow's milk  161.8 
Whole hen's egg  149.8 
Potato  109.6 
Beef meat  139.5 
Pilchard-like fish 150.9 
Lamb flesh  138.9 
Chicken meat 131.2 
Tuna-like fish 129.7 
Salmon-like fish  131.3 
Mollusk 142.6 
Cabbage  98.6 
Haddock-like fish  149.9 
Chick-pea  135.4 
Polished rice  142.3 
Crustacean 144.7 
Pea  131.0 
Soybean  152.0 
Lentil  136.9 
Sesame  152.3 
Bean  128.1 
Whole wheat 146.9 
Hazelnut  165.1 
Cassava  99.1 
Carrot  105.5 
Apple  111.0 
Almond  153.5 
Tomato  103.4 
Banana  110.9 
Orange 109.7 
Oats  140.3 
1 ATP yield based on amino acid ATP yields given in Chapter VIII.  Protein conversion factors are as 

given in FAO (1981) 
2 Amino acid content data for each protein obtained from FAO (1981) 
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In the present study, it was also investigated whether the ATP yield from SCFA in the 

hindgut could be accurately predicted using the digestibility of OM.  The digestibility of 

OM was translated into predicted ATPSCFA using the value of 101.7 mmol ATP/g 

fermented OM, as given elsewhere (see Chapter VIII).  The ATP yielded per gram of 

triacylglycerol (TAG) was calculated based on a generic TAG consisting of palmitic acid, 

stearic acid and oleic acid.  This combination of FA is the typical pattern of adipose fat 

in humans (Flatt and Tremblay, 1998) and adipose tissue is known to largely be a 

reflection of dietary intake (Summers et al., 2000).  The sum of ATP yielded from the 

catabolism of these three FA, as well as glycerol, was used to calculate the total ATP 

yield of 329.5 mmol ATP / mol TAG.  When calculating the ATP yield on a mmol ATP / g 

TAG basis, the ‘bound’ molecular weights of the three FA contributing to the TAG were 

used and it was assumed that the bound molecular weight of each FA was equal to the 

‘free’ molecular weight less 17 g / mol (18 Da / mol).  A molar mass of 810.5 g / mol 

was calculated for the generic TAG and converted to 406.6 mmol ATP / g TAG.   

 

TAGATP/gmmol406.6)TAG(TAGATP idFA ���   (Eq. 9) 

 

where TAGd is the TAG present in the diet (kg / DM diet), TAGi is the TAG present in the 

ileal digesta (kg / DM diet), and ‘mmol ATP / g TAG’ is the ATP (mmol) yielded per gram 

of TAG.   

 

Statistical analyses 

Data for each diet for a given parameter were compared using a one way analysis of 

variance (ANOVA).  If a statistically significant effect was found, the means were 

subjected to multiple comparison using Tukey’s test (Muller and Fetterman, 2002).  

Results were considered statistically significant at P<0.05.  The program Minitab 

(version 15, Minitab Inc., PA, USA) was used for all statistical analyses. 
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Results 

Animal Study 

The rats readily consumed all the diets.  One rat (Diet C) died during the study from 

unrelated causes. 

 

Upper-tract nutrient digestibility 

There were significant differences (P<0.05) for the apparent ileal digestibility of GE for 

the three diets (Table 4).  Diet A had the highest GE digestibility (94%), while Diet B 

had a relatively low GE digestibility (68%) compared to both Diets A and C.  Diet B also 

exhibited a very low apparent ileal protein digestibility (29%) compared to the other 

diets (Diet A: 89%, Diet C: 93%) (Table 4).  Total CHO digestibility (Diet A: 93%, Diet B: 

60%, Diet C: 72%) and starch digestibility (Diet A: 100%, Diet B: 97%, Diet C: 93%) were 

significantly (P<0.05) different for all diets, but there was no significant difference 

(P>0.05) in the digestibility of sugars (Table 4).  The difference between Diet A and the 

other two diets for ileal fat digestibility (Diet A: 98% Diet B: 93% Diet C: 94%) was 

statistically significant (P<0.05) (Table 4).  FA digestibility for Diet B was lower than that 

for one or both of the other diets for all fatty acids and this difference was statistically 

significant (P<0.05) for all fatty acids except lauric acid (C12) (Table 5).     
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Table 4 

Mean1 ileal excretion2 (g or MJ per kg digesta DM) and apparent ileal digestibility (%) 

of gross energy, crude protein, fat, total carbohydrate3, starch, sugar, DM and OM in 

the growing rat fed three diets 

Component Parameter Diet SEM 

      Diet A Diet B Diet C   

Gross energy Ileal excretion, MJ/kg 13.7ab 14.6a 13.1b 0.3 

Ileal digestibility, % 93.5a 68.4c 83.6b 3.5 

Crude protein Ileal excretion, g/kg 170.6a 164.5a 132.0b 6.5 

Ileal digestibility, % 89.3a 28.8b 92.7a 10.6 

Total fat Ileal excretion, g/kg 25.8a 26.7a 3.8b 4.1 

Ileal digestibility, % 98.1a 93.0b 94.4b 0.8 

Total CHO3 Ileal excretion, g/kg 495.4b 606.5a 618.6a 17.6 

Ileal digestibility, % 92.8a 60.1c 71.8b 4.4 

Starch Ileal excretion, g/kg 2.6b 5.9a 1.6c 0.7 

Ileal digestibility, % 99.9a 96.9b 93.0c 1.0 

Sugars Ileal excretion, g/kg 396.6a 82.8c 175.5b 41.0 

Ileal digestibility, % 91.0 89.2 90.3 0.4 

DM Ileal excretion, g/kg 938.1a 958.0b 964.2b 3.8 

Ileal digestibility, % 90.9a 59.4c 78.9b 4.4 

OM Ileal excretion, g/kg 691.7c 797.6a 754.4b 13.7 

Ileal digestibility, % 93.0a 62.7c 81.5b 4.3 
1 Mean of pooled groups of rat ileal digesta.  Diet A, n=2 samples (1 x n=14 animals, 1 x n=13 animals);  

Diet B, n=3 samples (3 x n=11 animals); Diet C, n=4 samples (4 x n=8 animals)  

2 Expressed as g per kg of ileal digesta dry matter, except for DM (g per kg digesta) 
3 Total CHO (by difference) = 100 - Moisture% - Fat% - Crude Protein% - Ash% 
abc Means with different superscripts within the same row were significantly (P<0.05) different 

CHO, carbohydrate; DM, dry matter;  OM, organic matter; SEM, standard error of the mean 
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Table 5 

Mean1 ileal excretion2 (g/kg digesta dry matter) and apparent ileal digestibility (%) of 

fatty acids in the growing rat fed three diets 

Component Parameter Diet SEM 

        Diet A Diet B Diet C   

SFA C12 Ileal excretion, g/kg 0.67a 0.04b 0.02b 0.10 

  Digestibility, % 99.4 90.2 97.7 2.7 

 C14 Ileal excretion, g/kg 0.81a 0.10b 0.04c 0.11 

  Digestibility, % 98.6a 90.2ab 73.7b 4.2 

 C16 Ileal excretion, g/kg 3.80a 3.33a 0.59b 0.53 

  Digestibility, % 96.0a 86.6b 94.1a 1.5 

 C18 Ileal excretion, g/kg 3.28b 4.96a 0.49c 0.71 

  Digestibility, % 92.5a 78.2b 82.4ab 2.2 

MUFA C16:1 Ileal excretion, g/kg 0.12a 0.07b 0.04b 0.01 

  Digestibility, % 88.9a 68.7b 86.1a 3.6 

 C18:1 n9 Ileal excretion, g/kg 7.11b 11.78a 0.43c 1.82 

  Digestibility, % 98.9a 95.5b 94.9b 0.6 

 C18:1 n7 Ileal excretion, g/kg 0.49a 0.29ab 0.13b 0.06 

  Digestibility, % 95.3a 93.8a 86.2b 1.7 

PUFA C18:2 Ileal excretion, g/kg 1.83a 2.05a 0.44b 0.27 

  Digestibility, % 99.3a 94.0b 98.4a 0.8 

 C18:3 Ileal excretion, g/kg 0.16a 0.05ab 0.01b 0.02 

  Digestibility, % 99.4a 93.0b 99.7a 1.2 

Other FA  Ileal excretion, g/kg 6.48a 2.98b 1.52b 0.74 

  Digestibility, % 85.4a 68.9b 87.0a 3.3 

Sum of FA   Ileal excretion, g/kg 24.8a 25.6a 3.7b 3.9 
1 Mean of pooled groups of rat ileal digesta.  Diet A, n=2 samples (1 x n=14 animals, 1 x n=13 animals);  

Diet B, n=3 samples (3 x n=11 animals); Diet C, n=4 samples (4 x n=8 animals)  
2 Expressed as g per kg of ileal digesta dry matter 
abc Means with different superscripts within the same row were significantly (P<0.05) different 

FA, fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; SEM, standard 

error of the mean; SFA, saturated fatty acids 
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In vitro hindgut OM digestibility and SCFA production  

There were no significant (P>0.05) differences between the hindgut OMD of Diet A 

(89%) and Diet C (84%) (Table 6).  However, the hindgut OMD of Diet B (57%) was 

significantly (P<0.05) lower when compared to the other two diets.  Total SCFA 

production of 719, 567 and 785 μmol per in vitro fermentation bottle was observed for 

Diets A, B and C respectively (Table 7).   

 
 

Table 6 

Mean1 hindgut organic matter digestibility (OMD) (%) for three experimental diets as 

determined using the hindgut in vitro digestibility assay and predicted total tract 

OMD2 

Model OMD1, % SEM 

  Diet A Diet B Diet C   

In vitro hindgut 88.7a 57.2b 84.2a 5.6 

Total tract2  99.2a 86.2b 97.2a 2.2 
1 Mean of pooled groups of rat ileal digesta.  Diet A, n=2 samples (1 x n=14 animals, 1 x n=13 animals);  

Diet B, n=3 samples (3 x n=11 animals); Diet C, n=4 samples (4 x n=8 animals)  
2 Total tract digestibility in rat predicted based on ileal flows and hindgut in vitro digestibility 
abc Means with different superscripts within the same row were significantly (P<0.05) different  

OMD, organic matter digestibility; SEM, standard error of the mean 
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Table 7 

Mean1 short chain fatty acid production (μmol per bottle)2 of the three ileal 

substrates during in vitro hindgut fermentation 

SCFA 

Concentration at end of in vitro incubation1, 

μmol per bottle2 SEM 

  Diet A Diet B Diet C   

Acetic 387.4b 327.7c 472.3a 25.3 

Propionic 129.8a 101.3b 135.8a 6.2 

iso-Butyric 16.0a 12.7b 11.5b 0.8 

n-Butyric 112.0a 76.1b 108.5a 6.1 

iso-Valeric 21.0a 18.8a 14.7b 1.1 

n-Valeric 36.6a 20.9c 27.7b 2.3 

n-Caproic 16.6a 9.4c 14.7b 1.1 

Total 719.3a 566.9b 785.1a 34.7 
1 Mean of pooled groups of rat ileal digesta.  Diet A, n=2 samples (1 x n=14 animals, 1 x n=13 

animals);  Diet B, n=3 samples (3 x n=11 animals); Diet C, n=4 samples (4 x n=8 animals)  
2 μmol per in vitro fermentation bottle  
abc Means with different superscripts within the same row were significantly (P<0.05) different 

SCFA, short chain fatty acid; SEM, standard error of the mean 

 

Predicted ATP gains and costs 

Nutrient uptakes (per kg dry matter) predicted using the chemical composition of the 

diets and the digestibility data obtained from the dual in vivo – in vitro digestibility 

assay were used to calculate ATP gains and costs. The predicted net ATP yields from 

absorbed nutrients (ATPa) (Table 8) were calculated using two different ways of 

calculating hindgut SCFA uptake; using the OM fermented or the sum of individual 

SCFA produced.  The two calculation methods gave similar ATPa yields.  Diet C had the 

lowest overall ATPa value, whereas Diet A, as expected had the highest available 

energy content. 
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Table 8 

Predicted ATP yields (ATPa) (mol/kg DM diet) for three meal replacement 

formulations 

Metabolic substrate Predicted ATP yield, 

mol/kg diet DM 

Diet A Diet B Diet C 

Upper-tract absorption 

 Protein1 16.9 3.5 46.4 

 Starch  30.9 13.4 0.8 

 Sugars 58.3 44.3 55.1 

 TAG 48.3 58.9 5.5 

Hindgut absorption 

 Organic matter 5.7 18.8 13.6 

 SCFA  

 Acetic acid 2.5 9.6 7.1 

 Propionic acid 1.5 5.4 3.7 

 Butyric acid 2.0 6.2 4.6 

 Total SCFA 6.1 21.2 15.4 

Total predicted ATP yield  

 using hindgut OM 160.1 138.9 121.4 

 using SCFA 160.4 141.2 123.1 

        
1 The ATP yield for protein includes the cost of amino acid transport 

DM, dry matter; TAG, triacylglycerol; OM, organic matter; SCFA, short chain fatty acids 
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Discussion 

The model applied in the present study allowed prediction of the net ATP yield (i.e. 

ATP yield net of direct ATP costs of catabolism) subsequent upon metabolism of the 

absorbed energy-yielding substrates for three meal replacement formulations.   The 

quantities of nutrients predicted to be absorbed from two regions of the digestive 

tract (mouth to terminal ileum and the hindgut) and subsequently available for cellular 

metabolism were determined using a dual in vivo - in vitro digestibility assay (see 

chapters V - VII).  The in vivo portion of the dual digestibility assay uses the laboratory 

rat as an animal model for predicting upper-tract nutrient digestibility in humans.  The 

in vitro portion of the dual digestibility assay uses rat ileal digesta as the substrate in a 

hindgut in vitro fermentation system using human faecal bacteria.  The potential ATP 

yield from the metabolism of the absorbed nutrients was predicted using a series of 

mathematical equations derived using known stoichiometric relationships (see Chapter 

VIII).  

 

The Combined Model (in vivo / in vitro digestion / stoichiometric predictions) allows 

for the prediction of ATP yields from the catabolism of nutrients predicted to be 

absorbed from the upper- and lower-digestive tract separately, thereby providing 

more useful information than total tract digestibility data alone.  The use of 

experimentally determined digestibility data for the actual food/diet in question is 

preferable to relying on generic factors for each of the energy yielding nutrients.  The 

upper-tract digestibility of not only gross energy, but also of most macronutrients, can 

be predicted using the Combined Model.  

 

It is difficult to determine nutrient uptakes directly in humans (Darragh and 

Hodgkinson, 2000).  The rat is an omnivore and has a similar small intestinal transit 

time as adult humans (3 - 4 h) (DeSesso and Jacobson, 2001). The laboratory rat was 

accepted here as a suitable animal to predict the loss of nutrients in the upper 

digestive tract of humans. 
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The rat model, although offering some logistical advantages, does have the limitation 

of providing low quantities of ileal digesta.  The use of a larger animal, such as the pig, 

would increase the limited quantities of ileal digesta obtained from the rat for the in 

vitro fermentation step in the assay.  The in vitro digestibility assay could also be 

improved from a pragmatic point of view by finding a valid alternative to the 

requirement for fresh faecal samples to be obtained from human subjects on demand.    

 

Total tract organic matter digestibility  

The predicted total tract OMD of Diet B (86%) (Table 6) was lower than that previously 

observed for high dietary fibre (DF) diets studied using the dual in vivo - in vitro 

digestibility assay, which have been in the range of approximately 90 – 92% (see 

Chapter VII).  The high predicted total tract OMD observed with Diet A (99%) was 

expected given the low NSP content and highly digestible ingredients of this diet.  

Despite the upper-tract digestibility of Diet C being lower compared to Diet A, the 

highly fermentable nature of Diet C meant that over the total tract it was almost 

completely digested with an OMD of 97%.  The OMD ranking of the three diets in the 

upper-tract was the same as in the hindgut (Diet A>Diet C>Diet B).  However, the 

relative proportion of each diet and specific nutrients digested at each site varied.  

These differences in digestibility in the two areas of the digestive tract were clearly 

demonstrated using the digestibility assay.  Overall, the dual digestibility assay was 

able to differentiate between the diets in several aspects of digestibility and provides 

considerably more information than just a simple ranking of diets. 

 

Predicted ATP yields 

There were differences between the three meal replacement formulations, in terms of 

the predicted ATP yields (ATPa).  The basis on which ATPa values were derived for 

hindgut fermentation (SCFA versus OM fermented) made little difference to the 

calculated ATP gains.  For the remainder of the discussion here, the ATPa figures 

calculated from OM fermented will be used, which were 160, 139 and 121 mol ATP/kg 

DM for Diets A, B and C, respectively.     
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SCFA are the primary end product of hindgut fermentation and can be used as a 

measure of the degree of OM fermentation.  Diets A and C produced similar hindgut 

OM digestibility values and Diet B had a much lower hindgut OMD than the other two 

diets (Table 6), which corresponded closely to the observed SCFA production rates 

(Table 7).  All three test diets produced acetic, propionic and butyric acids in the 

approximate ratio of 3:1:1, respectively.  A similar pattern of molar SCFA ratios has 

been found both in human colonic contents and with other in vitro fermentation 

studies, as summarised elsewhere (Cummings, 1996) and estimated to be 

approximately 60:20:18 (acetic, propionic and butyric acids, respectively).  This molar 

ratio from the literature was used here to predict SCFA yields from fermented OM.  A 

significant deviation from these generic molar ratios may cause the calculation of ATP 

from directly measured SCFA production rates to be more accurate than predicting 

SCFA production from the OM fermented in the in vitro hindgut digestibility system.  

However, given the relatively small contribution of hindgut fermentation to total ATP 

yields, the overall effect is likely not to be of any great practical significance.  Hindgut 

fermentation of OM contributed around only 4% of total ATPa yield for Diet A, while 

higher contributions were seen for diets B (14%) and C (11%).  These results were 

expected given that diets B and C were formulated to have a high DF content for the 

satiating effect purported to be imparted by DF (Howarth et al., 2001; Slavin, 2005), 

while Diet A was designed primarily as a nutritional supplement (for weight-gain rather 

than for weight-loss) and exhibited high upper-tract digestibility for all nutrients.  The 

values observed for the contribution of hindgut fermentation to total energy gains in 

humans are largely in agreement with values of 3 – 11% quoted in the literature 

(Cummings, 1983; Cummings and Macfarlane, 1991; McBurney and Thompson, 1989; 

McBurney et al., 1987; McNeil, 1984).   

      

Diet C contributed the majority of its total energy from the upper-tract digestion of 

protein (43%) and starch and sugars (52%), with a minimal contribution from TAG (5%).  

A similar disproportionate split between protein and fat was seen for Diet B, except 

that upper-tract energy gains from fat contributed 49% of total ATPa, and protein 3%.  
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The relatively low protein content of Diet B (93 g/kg DM diet), may have partly 

accounted for the particularly low apparent ileal protein digestibility value observed 

(29%).  This low degree of protein digestibility was unexpected given that the protein 

component of Diet B was dairy-based (buttermilk powder and milk protein 

concentrate).  It is possible that the highly viscous nature of the ileal digesta observed 

with Diet B may have increased the presence of endogenous protein in the ileal digesta 

sample, thereby reducing the apparent digestibility of the diet.   

 

Tabulated food energy values are currently calculated by the use of various factorial 

and empirical models, which vary from country to country.  These models calculate 

‘metabolisable’ energy and may be suitable for food tabulation and food labelling 

purposes.  However, for the purposes of foods specially formulated for weight-loss, the 

‘available’ (ATP) energy, as predicted here, gives a more accurate estimate of the 

energy that is actually physiologically available to the cell and takes into account the 

efficiency of utilisation of each energy-yielding dietary nutrient.  In the present study, 

the ranking of diets obtained using nine different factorial and empirical models 

(Atwater, 1910; Brown et al., 1998; FDA, 1993; Holland et al., 1991; Levy et al., 1958; 

Livesey, 1991, 2002; Miller and Judd, 1984; Miller and Payne, 1959; Southgate, 1975) 

(Table 9) for determining ME were compared with the diet rankings made according to 

predicted ‘available’ energy (ATPa) values (Table 8).  The ME values were calculated for 

each diet as kJ equivalents using the chemical composition of the diets (Table 10), 

whilst predicted ATPa values were translated into kJ equivalents using a value of -59.8 

kJ/mol ATP (-14.3 kcal/mol ATP) (see Chapter VIII).  The ME models use various 

definitions for the indigestible carbohydrate fraction and are most often determined 

using the Southgate (1969) or total dietary fibre (TDF) (AOAC, 2000) methods.  In the 

present study, NSP was used instead, as TDF was not measured.  This may have 

resulted in a slight underestimation of the total ME content for those models that are 

based on TDF. 
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Table 9 

Models used to predict ME1 of the three experimental diets (kJ/g dry diet)2 

Model and reference Model 

Factorial models 

 Atwater  (1910) MEAtwater = 16.7P + 37.6F+ 16.7C 

 Holland et al.  (1991)3  MEBritish = 16.7P + 37.6F+ 15.7Cm 

 FDA  (1993) MEFDA = 16.7P + 37.6F + 16.7 (C - isDF) 

 Brown et al.  (1998), 

 Livesey (2002) 

MEAtwater modified = 16.7P + 37.6F+ 16.7 AC+ 8.4UC 

Empirical models 

 Levy et al. (1958) MELevy =  0.976E - 33.3N - 250 

 Miller and Payne  (1959) MEM&P = 0.95E - 31.4N 

 Southgate  (1975) MESouthgate = 0.977E - 16.7UC - 27.6N 

 Miller and Judd  (1984) MEM&J = (0.95E - DF%) - 31.4N 

 Livesey  (1991) MELivesey = 0.96E - 8.4U - 30N 
1 ME (kJ/g dry diet), metabolisable energy; P (g), dietary protein; F (g), dietary fat; C (g), total 

carbohydrate by difference; Cm (g), determined available carbohydrate expressed as equivalent 

weight of monosaccharide (1.1 x starch (g) + sugars (g)); isDF (g), insoluble dietary fibre; AC, 

available carbohydrate (determined by difference); UC (g), unavailable carbohydrate determined as 

Southgate dietary fibre or total dietary fibre; E(kJ/g), gross energy of diet; N(g), dietary nitrogen; 

DF%, total dietary fibre as a percentage of the dry weight of the diet; U (g), unavailable complex 

carbohydrate; FDA, Food and Drug Administration. 
2 Table taken from Zou et al. (2007) 
3 For legislative purposes, the Atwater approach is used in the European Union; fibre has zero 

energy by default (C = total carbohydrate minus total dietary fibre). 
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With the exception of the British Food Tables model (16.2 kJ/g), the estimated ME 

content for Diet A was similar for all models from the literature, ranging from 17.5 – 

18.1 kJ/g.  The low NSP content of Diet A meant that differences in the models were 

not large.  However, for the two diets with higher NSP content the calculated ME 

content varied widely from 13.6 kJ/g to 18.4 kJ/g for Diet B and from 12.5 – 15.4 kJ/g 

for Diet C using the models from the literature.   

 

The available energy predicted using the Combined Model (present study) ranked the 

diets as diet A>B>C.  All ME models investigated also ranked the diets as diet A>B>C 

with the exception of the Atwater model and the FDA model, which both ranked the 

diets as diet B>A>C.  Some ME models, therefore, may not be suitable for ranking 

foods formulated for weight-loss in terms of physiologically available energy.   

 

The predicted ‘available energy’ values for the Combined Model and the four factorial 

ME systems were compared with that of dextrin as a baseline, assuming that dextrin 

consists entirely of starch, with a GE equivalent to the heat of combustion of starch 

(17.5 kJ/g) (Livesey, 1992), which was completely digested, absorbed and metabolised 

as glucose (Table 11).  The calculated available energy for dextrin was predicted as 

0.58 kJ/kJ GE (10.15 kJ/g) using the Combined Model, whereas for the ME models ME 

was predicted as 0.99 kJ/kJ GE (17.3 kJ/g) (British Food Tables model) or 0.95 kJ/kJ GE 

(16.7 kJ/g) (other ME models).  The British Food Tables model gave relatively close 

agreement for the ratio of metabolisable energy (ME) (meal replacement formulation: 

dextrin); (Diet A: 0.86, Diet B: 0.74, Diet C: 0.78) when compared to predicted available 

energy (ATPa) (Diet A: 0.86, Diet B: 0.77, Diet C: 0.75).  The three other ME systems 

(Atwater, FDA and Atwater Modified), generally gave similar comparable ratios (meal 

replacer: dextrin) to each other but considerably higher than was predicted using the 

Combined Model.  In particular, both the Atwater and FDA models gave a ratio of 0.96 

for Diet C: dextrin, compared to 0.75 for the predicted available energy.  This again 

demonstrates that current ME systems may not be the most appropriate means of 

determining the dietary energy content of some foods, particularly weight-loss diets, 

and that the Combined Model may be a more accurate measure of the ATP made 
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available to the body, having particular application for the development of such diets.  

The Combined Model predicted the generation of quite different amounts of ‘available 

energy’ relative to that for the baseline dextrin for the three diets, compared to the 

other ME based models.   

 

Table 11 

Available energy1 and Metabolisable Energy (ME)2 of dextrin and the ratio of energy 

meal replacement formulation : energy dextrin3 

Model Available1 or 

Metabolisable2 Energy 

of dextrin, kJ/kJ GE4 

Ratio of energy meal replacement 

formulation : energy dextrin3 

  Diet A Diet B Diet C 

Combined Model 0.580 0.859 0.766 0.746 

MEAtwater 0.954 0.985 1.027 0.961 

MEBritish 0.987 0.856 0.738 0.783 

MEFDA 0.954 0.984 1.031 0.961 

MEAtwater modified 0.954 0.975 0.961 0.893 
1 Available energy based on predicted ATP yields (Combined Model) 
2 Metabolisable energy as predicted using published factorial ME models  
3 Calculated using predicted available or metabolisable energy values of meal replacement and dextrin as 

kJ/kJ gross energy  
4 kJ/kJ gross energy, where the GE of dextrin was taken as the heat of combustion of starch at 17.5 kJ/g, 

taken from Livesey  (1992) 

GE, gross energy; ME, metabolisable energy 
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Conclusion 

To the authors’ knowledge, the Combined Model is the first published model to 

separately predict the upper-tract and hindgut uptake of all major energy yielding 

nutrients of a food in humans and convert this into predicted available energy (ATP) at 

the cellular level using recent estimates of cellular P/O ratios.  The model is able to 

differentiate between diets in terms of both digestibility and predicted ATP yields.  The 

model follows the complete process of food assimilation from mouth to the primary 

site of metabolism (liver) by simulating the digestive and absorptive processes across 

the total tract and converting the uptake of energy into energy ultimately available to 

the body at the cellular level (ATP).  The model can be applied in practice to refine the 

development of weight-loss foods. 
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CHAPTER X 

General discussion and conclusions 
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A global obesity epidemic has been declared (WHO, 2000).  Although a multifaceted 

approach using a variety of techniques to combat obesity is recommended, one means 

of counteracting the problem may be through the provision of foods specifically 

designed for weight-loss using nutritional science based on valid and accurate theory 

and experimentation.  The general objective when developing weight-loss foods is 

normally to minimise the energy delivered to the body (i.e. available energy, ATP) per 

gram of food, whilst (ideally) imparting maximum satiety.  To accurately predict the 

available energy (ATP) provided by a food, the uptake of dietary energy needs to be 

separately quantified in the upper- and lower-digestive tract and translated into the 

ATP delivered to the body upon post-absorptive catabolism at the cellular level.   

Current methods of comparing the energy content of foods generally rely on 

metabolisable energy (ME) systems.  However, ME systems do not accurately describe 

the uptake of dietary energy in the gut because the gross energy contents of dietary 

proteins, fats, and carbohydrates are not constants and the digestibilities of these 

nutrients are also variable, may be affected by the presence of other dietary 

components and depend on the site of uptake (upper-tract or hindgut) (Zou et al., 

2007).  Further, the amount of energy per unit nitrogen excreted in urine varies across 

diverse diets and foods.  Every diet is essentially unique and this cannot be consistently 

and accurately accounted for when using generic factors.  The accurate determination 

of digestibility is particularly important for novel foods as these are often formulated 

to have reduced digestibility that may be significantly different from what is expected 

based on determined chemical composition alone.   

 

A model was therefore proposed (Chapter IV), developed (Chapters V, VI, VII and VIII) 

and practically demonstrated (Chapter IX) to more accurately predict the actual energy 

a given food delivers in terms of ATP, as specific to adults in the catabolic state (i.e. 

sub-maintenance energy requirements) and with application to weight-loss foods.  The 

development process involved devising a routine means of (i) predicting the uptake 

from the gut of all energy-yielding components of food (sugars, starch, fats, protein, 

alcohol) as a result of upper-tract digestion; (ii) predicting the production of short 

chain fatty acids (SCFA) in the hindgut; and (iii) predicting the available energy (mol of 
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ATP) as a result of the post-absorptive catabolism of known quantities of absorbed 

nutrients and SCFA (as predicted by (i) and (ii), respectively).   

 

It is important to be able to predict both the site (upper-tract or colon) and degree of 

absorption of each nutrient because (i) nutrients vary in the efficiency by which they 

yield energy that is ultimately useful to the body (net ATP gains), and (ii) the energy 

made available to the body via SCFA from nutrients fermented in the hindgut is less 

than that obtained from direct nutrient uptake in the upper-tract.  Ideally, the upper-

tract digestion of foods would be determined in humans directly.  However, there are 

shortcomings of determining ileal digestibility in humans (ileostomy or intubation 

studies), such as the heavy demand on resources, the need for a number of willing 

subjects and the ethical acceptability of using such methods for the routine evaluation 

of foods.  There are also questions regarding the validity of data from ileostomised 

subjects due to a prolific ileal microbiota, and the potential alteration in digestive 

function (Christl and Scheppach, 1997; Dowsett et al., 1990).  Although comparative 

studies have not been undertaken for upper-tract nutrient digestibility between the rat 

and humans, it is well established that the growing pig is a valid model for the adult 

human for ileal protein digestibility (Deglaire et al., 2009; Moughan and Rowan, 1989; 

Rowan et al., 1994) and good agreement has also been shown between the growing 

rat and the growing pig for ileal protein digestibility over a very wide range of diets and 

sources of protein (Donkoh et al., 1994; Moughan et al., 1984; Moughan et al., 1987; 

Picard et al., 1984; Rutherfurd and Moughan, 2003; Smith et al., 1987).  Furthermore, 

the rat and man are both simple-stomached omnivores with similar gastrointestinal 

anatomy and physiology (Kararli, 1995; Moughan and Rowan, 1989), including a small 

intestinal transit time of 3 - 4 h  (DeSesso and Jacobson, 2001).  Throughout the 

experimental work described herein, the growing rat was chosen over the piglet as an 

animal model due to economic and logistical advantages in that pigs demand a greater 

degree of animal husbandry, veterinary intervention and post-surgery recovery time, 

as well as increased food, housing and labour costs compared to digestibility studies 

with rats. Furthermore, the terminal anaesthesia method used with the rat digestibility 

assay is straightforward and more ethically acceptable than using cannulated pigs 
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because the need for surgery is avoided and there is no ongoing discomfort for the 

animal.   

 

In Chapter III of this dissertation, the extent to which the type of diet (quantity and 

source of DF) affects upper-tract and hindgut nutrient digestibility was investigated.  

This was undertaken using four diverse diets containing either a single DF source 

(Wheat Bran and Pectin diets) or mixed fibre sources (Low Fibre and High Fibre diets) 

for two separate studies; a human balance study to predict apparent faecal 

digestibility and a rat digestibility trial to predict human apparent ileal energy and 

nutrient excretion.  Although there were general similarities in the relative amounts of 

energy uptake/loss in the upper-tract and colon across the diverse diets, the ratio of 

the predicted uptake of specific nutrients (colon : upper-tract) was unique to each diet 

and no two diets exhibited the same predicted uptake ratios across all analysed dietary 

components.  It was reaffirmed that total energy uptake at each site of digestion 

(upper-tract and hindgut) cannot be predicted using apparent faecal digestibility data 

alone and hence, there is a need to be able to calculate the quantitative uptake of 

each nutrient in the upper and lower digestive tracts separately.   

 

In response to this need, a ‘Combined Model’ was proposed (Chapter IV) to allow 

prediction of the upper-tract, hindgut and total tract uptakes of energy and nutrients 

in humans.  The Combined Model allows for the prediction of ATP yields from the 

catabolism of nutrients predicted (based on rat ileal and in vitro hindgut digestibility 

assays) to be absorbed from the upper- and lower-digestive tract, respectively.  Whilst 

the use of the growing rat (or pig) as an animal model is considered a valid means of 

predicting digestibility in the human upper-tract, no such alternative exists for 

predicting the uptake of energy from the human hindgut.  Although several in vitro 

hindgut digestibility assays have been proposed for this purpose, none meet the 

criteria necessary for the assay to be used with confidence to quantitatively predict the 

colonic uptake of energy in man (i.e. values of assay variables have been 

experimentally optimised, the assay has been validated with human in vivo data from 

controlled studies and the method is applicable for a range of fermentative 
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substrates).  It was deemed necessary, therefore, to develop a robust and valid in vitro 

hindgut digestibility assay through a systematic process of experimentation.  This 

process firstly involving the identification (Chapter V) and optimisation (Chapter VI) of 

key assay variables affecting in vitro dry matter digestibility (DMD) and secondly, the 

validation (Chapter VII) of the in vitro hindgut digestibility assay (when combined with 

predicted upper-tract digestibility using the growing rat as an animal model) against 

human in vivo digestibility data.   

 

In Chapter V, the effect of altering pH, duration of incubation, presence of shaking 

during incubation and the concentration of faecal inoculum or digestive enzymes on 

DMD was investigated for three promising published in vitro hindgut digestibility 

assays (Barry et al., 1995; Boisen and Fernández, 1997; Edwards et al., 1996).  Three 

mixed human diets varying in the type and ratio of soluble and insoluble DF were used 

as substrates.  It was found that the method using synthetic enzymes (Boisen and 

Fernández, 1997) showed little sensitivity to alteration of assay variables and produced 

highly variable results and for this reason was not pursued further.  Shaking of bottles 

during incubation did not affect (P>0.05) digestibility for any method or diet.  This was 

a somewhat unexpected result given that shaking is commonly, although seemingly 

unnecessarily, used with in vitro hindgut digestibility assays.  For the other three assay 

variables tested (pH, duration of incubation and the concentration of inoculum relative 

to substrate), a significant (P<0.05) effect on predicted DMD was observed for the two 

in vitro methods employing faecal inocula (Barry et al., 1995; Edwards et al., 1996).   

 

Any assay variable that has a large effect on digestibility should be optimised to ensure 

that the predictions made by the in vitro system are accurate and valid when 

compared to in vivo digestibility data.  Failure to do so may result in in vitro assays that 

have the ability to correctly rank substrates, but are unable to give accurate absolute 

data.  Although pH was also found to be a key assay variable it was argued (Chapter VI) 

that the pH levels suggested by the developers of the original in vitro assays (Edwards: 

pH 7.0, Barry: pH 7.3) are suitable, waiving the need for pH to be investigated further.   
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It remained therefore, for the optimal values for two assay variables (inoculum 

concentration and duration of incubation) to be determined and this was the subject 

of the study described in Chapter VI.   Throughout this study to optimise key assay 

variables, ileal digesta pertaining to mixed human diets were used as the substrate for 

fermentation based on the premise that the substrate for an in vitro hindgut 

digestibility assay should resemble, physically and chemically, the material entering 

the colon.   

 

The first part of the study predicted hindgut DMD at six different inoculum 

concentrations (whilst keeping all other assay variables constant) for each of the two 

modified in vitro hindgut digestibility assays (the Barry and Edwards methods).  Results 

indicated that an inoculum concentration of 160 g/L was optimal based on close 

agreement of observed values with previously published in vivo hindgut DMD for 

similar diets.   

 

Based on these findings, the second part of the study involved selecting the most 

promising of the two assays (Edwards method) and predicting hindgut DMD at various 

incubation durations (18, 24, 48 h) using a fixed inoculum concentration (160 g faeces 

(wet weight) / L buffer).  An incubation duration of 18 h, using a mean inoculum 

digestibility value for calculation purposes, was considered optimal based on observed 

in vivo hindgut DMD values in humans, although there was little difference in 

estimated in vitro hindgut DMD between 18 and 24 h incubation durations.  Overall, 

the optimised Edwards assay gave realistic hindgut organic matter digestibility (OMD) 

values ranging from 55 to 79% (Wheat Bran diet and Pectin diet respectively) using an 

18 h incubation duration.   

 

As an addition to the study, the digestibility of the faecal inoculum itself and the 

importance of correcting for this in the in vitro hindgut digestion assay was 

investigated.  Although considerably lower than the OMD of the substrate (no less 

than 51% after 48 h), the OMD of the inoculum itself (13% after 48 h) was of 

significance in calculating estimated digestibility.  It is therefore important to correct 
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the hindgut digestibility values for digestion of the inoculum and it was argued that for 

calculation purposes, a mean inoculum digestibility (relative to minimum and 

maximum inoculum digestibility) was suitably valid (pragmatically), although this 

awaits experimental validation.    

 

The ultimate purpose of developing the in vitro hindgut digestibility assay was to 

combine the assay with predictions of in vivo upper-tract digestibility using the rat as 

an animal model to create a valid dual in vivo – in vitro digestibility assay that could be 

used to predict absolute quantities of energy and nutrient uptake across the entire 

digestive tract.  However, in order to ensure that the dual assay could fulfil its purpose 

it was necessary to undertake validation of the method using reliable human in vivo 

data.  As such, the study described in Chapter VII sought to compare apparent total 

tract OMD as predicted using human in vivo data from a balance study (OMDhuman) 

with that predicted using the dual assay (OMDdual) for each of four complete human 

diets (wheat bran, pectin, mixed low fibre, mixed high fibre).   

 

No significant differences (P>0.05) were found between OMDhuman and OMDdual for any 

of the diets and the two sets of data gave a correlation coefficient of 0.953 (P=0.047).  

Furthermore, removing diet PE from the correlation improved the correlation to 0.998 

(P=0.039).  To extend the number of diets included in the correlation analysis and the 

OMD range, the dual digestibility assay was used to predict the digestibility of three 

additional mixed diets using OMD data obtained in a previous human balance study 

(Zou et al., 2007).  The dual digestibility assay predicted the OMD of the three 

additional diets within 1% of actual OMD (OMDhuman) and a Pearson’s Correlation 

including all seven diets gave a correlation co-efficient (r) of 0.961 (P=0.001).  It was 

concluded that the dual assay is a valid and accurate means of predicting the uptake of 

dietary energy in humans in absolute terms (as grams of organic matter) for a wide 

range of mixed diets over the total tract (OMD range: 90 – 97%), as well as separately 

in the upper-tract and hindgut.   
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The overall goal of the experimental work described in this dissertation was to 

calculate the predicted available energy content of a diet (mol ATP / g diet).  Having 

established the validity of the dual digestibility assay, there only remained a need to 

translate absorbed quantities (g) of the energy-yielding nutrients and SCFA into 

quantities of ATP (mol).  Estimates of ATP yields from the catabolism of the various 

nutrients (e.g. glucose) have been available for some time.  However, it is only recently 

that accurate information on the mitochondrial efficiency of ATP production has 

emerged, providing a more accurate prediction of ATP yields.  It was therefore deemed 

necessary to develop new estimates of catabolic ATP yields and costs for glucose 

(taken as representative of starch and sugars), each fatty acid and amino acid (as well 

as a ‘generic’ triacylglycerol and protein), ethanol and each SCFA (and organic matter 

fermented in the hindgut), based on recent estimates of cellular P/O ratios (2.31 for 

NADH and 1.38 for FADH2) (Brand, 2005) and ATP costs of catabolism.    

 

Thus, Chapter VIII describes the development of a series of predictive equations for 

determining ATP yields / costs (in moles) and their application to the uptake of each 

energy-yielding nutrient (in grams), as predicted separately in the upper-digestive tract 

and the hindgut using the dual in vivo - in vitro digestibility assay and as applied to the 

adult human in a state of weight-loss.  The costs associated with nutrient ingestion, 

absorption and transport and with the synthesis and excretion of urea produced from 

amino acid catabolism were also calculated.  ATP yields (not including costs for 

digestion, absorption and transport) were predicted as 28.9 mol ATP / mol glucose; 4.7 

– 32.4 mol ATP / mol amino acid and 10.1 mol ATP / mol ethanol, while yields for fatty 

acids ranged from 70.8 mol ATP / mol lauric acid (C12) to 104 mol ATP / mol linolenic 

acid (C18:3).  The energetic contribution of hindgut fermentation was predicted to be 

101.7 mmol ATP / g organic matter fermented.  It is to be noted that these estimates 

of ATP yields differ considerably from ‘textbook values’ (e.g.  36 – 38 mol ATP / mol 

glucose) which are generally based on the more traditional integral P/O ratios of 3 for 

NADH and 2 for FADH2 (Hinkle, 2005).   
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Together with the dual in vivo – in vitro digestibility assay, the mathematical equations 

presented in Chapter VIII constitute the ‘Combined Model’.  The Combined Model 

allows a diet to be defined in terms of potential ATP yields based on recently proposed 

P/O ratios and the diet’s experimentally determined nutrient digestibility across the 

total human digestive tract.  The model is therefore a valuable tool for the research 

and development of foods that need to provide accurate known quantities of dietary 

energy for subjects undergoing weight-loss.   The practical application of the Combined 

Model for this purpose (to predict the available energy (ATP) content of weight-loss 

foods) was demonstrated in Chapter IX.  Firstly, the uptake of each energy-yielding 

nutrient in the human was predicted separately in the upper-digestive tract (rat ileal 

digestibility, n=11 rats per diet) and the hindgut using the dual digestibility assay for 

three commercial meal replacement formulations (Diet A, a weight-gain supplement 

and diets B and C, weight-loss formulations).  The new predictive equations for 

estimating net ATP yields (as given in Chapter VIII) were then applied to the predicted 

nutrient uptakes for each diet to determine the predicted available energy content 

(mol ATP / g diet).  The metabolisable energy (ME) content of the diets was also 

determined using a number of published traditional factorial and empirical ME based 

models and compared with the predicted available energy content (kJ) to investigate 

whether the rankings of the diets, in terms of their abilities to deliver utilisable energy 

to the body, differed according to method of dietary energy estimation. 

 

The Combined Model was successfully able to differentiate between the diets in terms 

of both total tract gross energy digestibility, which ranged from 86% (Diet B) to 99% 

(Diet A), and predicted available energy (ATP energy), which was estimated to be 9.6, 

8.3 and 7.3 kJ/g for Diets A, B and C, respectively.  Determined ME ranged from 17.5 – 

18.1, 13.6 – 18.4 and 12.5 – 15.4 kJ/g for diets A, B and C, respectively depending upon 

the ME model and most, but not all of the ME systems ranked the diets in accordance 

with the predicted available energy (Diet A>B>C).  When the energy content of each 

diet was compared to that of a baseline food (dextrin), some ME models gave 

considerably different ratios compared to that predicted by the Combined Model e.g. 

for Diet C a ratio of 0.96 (Atwater and FDA models) was found versus 0.75 (Combined 
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Model).  As such, the Combined Model may provide a more accurate means of 

predicting the dietary energy content of foods than some current ME models. 

 

The Combined Model has the potential to be used as a tool for the product 

development of specialist weight-loss foods.  The model can be used to screen 

ingredients during the early stages of the product development process, particularly 

novel ingredients designed to have reduced digestibility (and/or impart a high degree 

of satiety), to identify those ingredients that deliver the lowest predicted available 

(ATP) energy to the body.  Alternatively (or additionally), the model can be used in 

combination with sensory evaluation to test ingredients once incorporated into 

potential weight-loss foods.  The advantage of using the model to test whole foods or 

diets is that possible interactions between dietary components affecting nutrient 

uptake from the gut can be taken into account, which is not possible using generic 

digestibility factors.    

 

Whilst the use of the growing rat has a number of logistical advantages over the pig as 

an animal model for human upper-tract digestion, quantities of digesta obtained are 

much smaller and this increases the number of animals required, particularly for diets 

that are highly digestible or highly viscous.  The use of fresh human faecal inoculum for 

use in the in vitro hindgut digestibility assay requires a number of willing subjects to 

produce samples on demand and this is impractical if the assay is to be used for 

routine evaluation.   

 

In summary, the main contributions of the experimental work described in this 

dissertation are as follows: 

� A dual in vivo – in vitro digestibility assay was developed through systematic 

experimentation to separately predict the uptake of energy from the upper-tract 

and hindgut in humans.  The methodology and analytical methods for the in vitro 

hindgut digestibility portion of the assay in particular are straightforward and 

hindgut and total tract OMD results are rapidly available (after 75 h from the 

beginning of in vitro incubation of the ileal digesta).     
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� Through comparison with human in vivo data, the dual in vivo – in vitro 

digestibility assay was shown to be a valid means of predicting the uptake of 

energy across the human total tract for a diverse range of mixed diets.   There was 

excellent agreement between total tract OMD as predicted with the dual assay 

(OMDdual) and human in vivo data (OMDhuman).  No significant difference (P>0.05) 

was found between OMDhuman and OMDdual for any diet and the two sets of data 

gave a correlation coefficient of 0.953 (P=0.047) when all diets were included in 

the correlation, or 0.998 (P=0.039) after removal of the Pectin Diet from the 

correlation. 

� A series of mathematical equations were developed to predict the available 

energy (ATP) yields from nutrient uptake (as a result of upper-tract digestion) and 

SCFA uptake (as a result of hindgut fermentation), and associated ATP costs of 

nutrient ingestion, digestion, absorption and transport.  The equations are based 

on recent estimates of cellular P/O ratios and are applicable to the adult human in 

a state of weight-loss (sub-maintenance energy requirements). 

� When the ‘Combined Model’ (dual in vivo – in vitro digestibility assay + 

stoichiometric predictive equations) was applied to three meal replacement 

formulations, the model was successfully able to differentiate between the diets in 

terms of both energy digestibility and predicted ATP yields.  This demonstrates 

that the model has practical application, particularly in the research and 

development of weight-loss foods, where it may be a more accurate means of 

predicting the dietary energy content than some current ME models.    

   

Although other workers have explored the concept of a ‘dual digestibility assay’ to 

span nutrient uptake over the total tract (see Table 2, Chapter II), there is no such 

published method (to the authors’ knowledge) that has been validated against human 

total tract nutrient digestibility data and can therefore provide absolute digestibility 

data to relate predicted nutrient uptake to the predicted available (ATP) energy 

delivered by the food at the cellular level.  Whilst estimates of ATP yields from the 

uptake of the various energy-yielding nutrients in humans have been made, these 

estimates either use outdated cellular P/O ratios (Livesey, 1984), have not equated 
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ATP yields to dietary intake (mol ATP/ g food)(van Milgen, 2002), are only applicable to 

a limited number of nutrients (Ferrer-Lorente et al., 2007) or use generic digestibility 

factors (Birkett and de Lange, 2001).  To the authors’ knowledge, the Combined Model 

is the first published model, validated against human in vivo data to separately predict 

the upper-tract and hindgut uptake of all major energy yielding nutrients of a food in 

humans and convert this into predicted available energy (ATP) at the cellular level 

using recent estimates of P/O ratios.  The model follows the complete process of food 

assimilation from mouth to the primary site of nutrient metabolism (liver) by 

simulating the digestive and absorptive processes across the total tract and converting 

the uptake of nutrients and energy into energy ultimately available to the body at the 

cellular level (ATP).  The ability to quantitatively define a food in terms of ATP content 

(mol ATP / g food) is considered to be the ‘Holy Grail’ in terms of describing the energy 

content of a food because it directly relates dietary energy intake to the quantity and 

form (ATP) of useful energy ultimately delivered at the cellular level (i.e. from mouth 

to mitochondrion).  The ideal index of available energy would be in terms of ‘mol ATP / 

unit satiety’, however this was beyond the scope of the work presented here.   

 

Recommendations for future research 

Based on the findings of this research a number of recommendations are made for 

future research to improve the potential usefulness of the Combined Model.   

1. The investigation of another animal model (pig) is warranted in order to 

increase quantities of ileal digesta obtained.   

2. An alternative to the requirement for fresh human faecal inoculum needs to be 

found from a pragmatic perspective. 

3. It remains for the most appropriate means of accounting for the digestibility of 

the inoculum itself to be experimentally validated for the in vitro hindgut 

digestibility assay (currently a mean value of the minimum and maximum 

inoculum digestibility is used).    

4. The accuracy of the model could potentially be improved if the extent of proton 

leakage in vivo and the cost of digestion (ATPd) could be determined with 
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greater certainty.  

5. Linking the predicted available (ATP) energy content of a food with predictions 

of satiety would provide a useful measure for product developers of weight-

loss foods to identify ingredients and foods which may deliver minimal 

available energy to the body whilst also depressing post-meal hunger.     
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