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The study was based on correlating a dataset of in vivo mean starch digestibility coefficients obtained in the immediate post-weaning phase of

piglets with a range of dietary in vitro variables. The paper presents a model that predicts (R 2 0·71) in vivo average starch digestibility coefficients

in the 0·5 small-intestinal region of newly weaned piglets fed cereal-based diets using seven in vitro variables describing starch properties that are

fundamentally associated with the quality of feed materials, i.e. hydration, structure and amylolytic digestion. The variables were: Rapid Visco

Analyser (RVA; measures the viscosity of materials when sheared under defined hydration and temperature regimens); RVA end viscosity;

RVA (gelatinisation) peak viscosity; DH (gelatinisation enthalpy that provides an estimate of helical order or degree of crystallinity in starch);

water solubility index (WSI; that denotes the amount of soluble polysaccharides released from starch granules to the aqueous phase); grain

endogenous amylase (concentration of endogenous a-amylase in cereals, assessed by pasting cereal flours in 25 g of AgNO3, an amylase inhibitor

v. water using RVA).

Piglets: Cereals: Starch digestibility: Prediction: In vitro assessment

As starch is the major energy-yielding component of non-
ruminant diets, its apparent digestibility in the small intestine
is an important variable which governs the dietary energy
value of compound diets(1). In young piglets, this variable
has been shown to be considerably reduced in both the mid
(0·5) and distal (0·75) regions of the small intestine (regions
taken proportionally at 0·5 and 0·75 along from the gastric
pylorus to the ileo-caecal valve, respectively) in the period
following weaning, when the animal is introduced to a diet
based on raw cereals(2,3). This reduction in starch digestion
can, however, be lessened when cereals are processed, with
extrusion under controlled conditions appearing to be a more
favourable treatment than micronisation(4). The digestibility
of starch at weaning may be an important consideration in
helping to alleviate, in part, the post-weaning growth-check
commonly observed. The growth-check, resulting from a
period of underfeeding along with a number of environmental
and psychological stresses, can greatly compromise the overall
growing and finishing performance of the animal(5). The recent
removal of in-feed antibiotic growth promoters in the
European Union may exacerbate this problem.

The optimum apparent digestibility of starch in the 0·5 and
0·75 small-intestinal regions of the young piglet remains
unknown. For instance, an elevated apparent digestibility coef-
ficient within the 0·5 region suggests enhanced digestion and a
more rapid uptake of glucose. However, it is unclear whether a
diet containing rapidly, in contrast to slowly, digestible starch
is more beneficial for the piglet, although there is some evi-
dence that the latter may lead to better overall performance
in broiler chickens(6). In contrast, a low apparent digestibility
coefficient indicates that a significant amount of starch has
escaped digestion in the small intestine and is subsequently
available for fermentation within the large intestine(7).
Opinion is divided as to whether starch bacterial fermentation
in the hindgut is beneficial (generation of volatile fatty acids,
leading to a lowering of pH and subsequent absorption by
colonocytes) or detrimental (proliferation of pathogenic
microbes leading to post-weaning scouring); the latter may
predominate.

Starch digestibility in piglets is highly variable. Frequently
overlooked factors associated with the starch source that may
affect digestibility include endosperm texture(2,8), genetic
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variability between and within cereal species(8,9), processing
techniques and variables(2 – 4) and concentration of endogenous
amylase(2). The analysis of starchy materials (for example,
cereals) used in piglet diets has generally consisted of, and
is often limited(3) to, the determination of their gross chemical
composition (i.e. DM, ash, crude protein, crude fat, and
starch), and of gelatinised starch as a proportion of total
starch using enzymic hydrolysis(10,11). However, these
measurements provide no useful information on the properties
of the starch component in relation to its digestibility in pig-
lets. These limitations can be overcome with the application
of reliable quantitative laboratory tests(2 – 4) that have been
used in the field of human food development for a number
of years. The physico-chemical properties of starch that are
believed to be fundamentally associated with the quality of
feed materials and that were found to correlate to varying
extents with in vivo starch digestibility(2 – 4) fall into three
categories (Table 1): (1) hydration properties; (2) structural
properties; (3) in vitro amylolytic digestion. A number of
complementary tests are required to build a complete and
accurate representation of starch properties (Table 1) and
have been described in detail elsewhere(3). Recent studies(2 – 4)

demonstrated that (1) these tests were successful in showing
that variations in processing techniques (unprocessed v. micro-
nised v. extruded cereals) and variables (for example, heat,
mechanical stress, moisture content) affected the physico-
chemical properties of starch differently, (2) the effects of
these variations were apparent in the biological responses
of piglets, and (3) there was a good correlation between
measured in vitro starch characteristics and in vivo starch
digestibility within the small intestine of the weaned piglet.
The good correlation suggests that in vivo starch digestion
could be predicted with reasonable accuracy from in vitro
measurements of cereal diet characteristics. The present
study examined the validity of this hypothesis using principal
components analysis (PCA).

Materials and methods

Piglet trials

Diets. Seventeen experimental diets were evaluated through
five piglet trials, which have been described in detail else-
where(2 – 4). Each diet contained a different source of starch,
either in the form of raw cereal or as processed hard or soft
wheat (micronised or extruded), incorporated at the same
rate of 586 g/kg (Table 2). Diets also included (g/kg): hipro
soya (150), skimmed milk (175), vegetable oil (50), lysine
(4·6), methionine (1·6), threonine (1·7), tryptophan (0·3),
salt (5·0), limestone (4·1), dicalcium phosphate (9·2) and a
vitamin–mineral premix (12·5). None of the diets contained
antibiotic growth promoters or zinc oxide. Two wheat culti-
vars were used throughout the trials, which were of similar
genetic background, identical chemical composition (includ-
ing protein levels), grown under the same agronomic con-
ditions, but differing in endosperm texture (hard (11·2) and
soft (6·3) as measured with the Bran & Luebbe Infra-analyser
260 NIR(4)). Two batches of soft wheat were used in the
research programme; the first batch for trials 1, 2 and 3,
the second batch for trials 4 and 5. Soft wheat batches were of
the same variety, grown by the same breeder at the same

location, but were from two different harvest years. The cereals
were ground through a 1·5 mm screen using a hammer mill
and mixed with the basal diet. Diets were manufactured in the
University of Nottingham experimental animal feed mill.

Trials. Five piglet trials examined the extent to which
in vivo apparent starch digestibility coefficients in the small
intestine (taken proportionally at 0·5 and 0·75 along from
the gastric pylorus to the ileo-caecal valve) as well as other
biological responses(2,4) were affected by diets differing
in the source of starch. Starch sources and exact processing
conditions used for each trial are summarised in Tables 2, 3
and 4. Two diets were evaluated in trial 1, which either
contained raw hard wheat (diet 1) or raw soft wheat (diet 2)
as described above. Four diets were evaluated in trial 2,
containing either hard wheat micronised at high (diet 3) or
low (diet 5) degree of cook, or soft wheat micronised at
high (diet 4) or low (diet 6) degree of cook. Four diets were
evaluated in trial 3, containing either the raw soft wheat
used in trial 1 (diet 2), or soft wheat extruded at low (diet 7)
or high (diet 9) specific mechanical energy (SME), or hard
wheat extruded at high SME (diet 8). Four diets were evalu-
ated in trials 4 and 5: trial 4 diets contained either soft
wheat from a different batch from that in trial 1 (diet 10),
barley (diet 11), rye (diet 12) or triticale (diet 13); trial 5
diets contained either the same soft wheat as in trial 4
(diet 14), naked oats (diet 15), whole oats (diet 16) or maize
(diet 17). Soft wheat in trial 5 was allocated a separate dietary
number from the soft wheat used in trial 4 because piglets
used in trial 5 shared the same genotype, but were sourced
from a different supplier from those animals in the other
four trials. The same rate of inclusion of all cereals was
employed (586 g/kg) for consistency because this represents
an approximate average employed in practice, accepting that
different cereals would have different rates of inclusion.

Animals, housing and management. Entire male piglets
(Large White £ Landrace) weaned at age 28 d (8–12 kg
live weight) were employed. Animals were individually
weighed and transferred to an environmentally controlled
(28–328C; lighting regimen of 16 h light and 8 h dark) experi-
mental unit. Animals were housed in individual pens with
semi-slatted floors, two nipple drinkers and a feed trough.
The piglets were randomly allocated to a specific experimental
diet (ten piglets per diet for each trial), which was fed in
meal form and on an ad libitum basis. Fresh water was also
available ad libitum.

Experimental procedure. For each trial, ‘control’ piglets
were slaughtered on day 0 (day of weaning), as these animals
possessed the same intestinal gut morphology as a suckling
piglet and therefore acted as control groups for each of the
studies. Two (trial 1) or four (trials 2 to 5) animals were
slaughtered on day 0, with two piglets from each dietary
group slaughtered at days 2, 4, 6, 10 and 14 post-weaning
(n 4 (trial 1) or 8 (trials 2 to 5) on each day). The experimental
period was 14 d. Experimental protocols were all within
the relevant and official University of Nottingham codes of
practice applying to care and management of animals.

In vivo analysis

General procedures post-slaughter involving the collection
of tract digesta have been described elsewhere(2).

F. J. Doucet et al.1310

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114509993217  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114509993217


Table 1. In vitro variables describing the hydration and structural properties and the in vitro amylolytic digestion of starch in relation to its digestibility
in piglets

Properties Equipment, variables and nutritional and physiological explanation of variables

1. Hydration properties of starch*
Equipment 1. The Rapid Visco Analyser (RVA) measures the resistance of starches to shearing forces under

defined hydration and temperature regimens(18). It provides a number of pasting
variables which can differentiate between cereal types and between processing techniques

2. The immersion of cereals or diets in water at 258C for 24 h followed by centrifugation provides a
quantitative assessment of the swelling (WAI; see below) and solubility (WSI; see below)
behaviour of the starch component of cereals or diet in excess water

Variables 1.1. RVA end viscosity (RVAe) represents the viscosity of cereal or diet at 258C upon hydration and
stirring in hot water (958C); it is indicative of the macromolecular dimension of polysaccharides
released from starch granules in solution after heating and cooling

1.2. RVA peak viscosity (RVAp) represents the viscosity of cereal or diet on hydrating in hot water
(958C); it is indicative of the extent of hydration and swelling undergone by the particles when
order in the starch granules has been eliminated

1.3. RVA cold swelling viscosity (RVAc) represents the viscosity of cereal or diet in water at 258C;
it is indicative of the rapid hydration and swelling of the particles when immersed in excess
water at 258C

2.1. Water solubility index (WSI) denotes the amount of soluble polysaccharides released from the
feed cereals to the aqueous phase

2.2. Water absorption index (WAI) represents the volume occupied by hydrated cereals following
swelling in excess water

Nutritional and physiological
explanation of variables

Hydration and swelling of foods are considered key factors in food flow in the gut and rate of
breakdown in the body. Hydration and viscosity of the diets will impact on the residence time
within the gut and the mixing behaviour of the diet with the secreted bodily fluids. Enzymes are
required to penetrate into the hydrating food matrix to liberate low-molecular-weight materials that
then can move towards and be absorbed by the gut wall. The in vitro analysis does not give a
direct indication of this, but will suggest the initial hydration properties through the cold water
swelling properties (RVAc, WAI) and solubility (WSI) of the materials. The rheology of feeds can
be followed using the RVA. The viscosity of the heated sample (RVAp) is unlikely to be directly
applicable to the rheology in the digestive tract, but is germane to understanding the resilience of
the feed to breakdown and potential viscosity of the system (RVAe)

2. Structural properties of starch†
Equipment Differential scanning calorimetry (DSC) was used to indicate the enthalpic changes required to remove

order within the structure of the starches
Variables 1. Gelatinisation enthalpy (DH) quantifies the energy required to disrupt the order within starch

(crystallinity)
2. Onset temperature (To) denotes the temperature at which the loss of order occurs
3. Peak temperature (Tp) represents the temperature at which maximum order reduction occurs

Nutritional and physiological
explanation on variables

It has been established that ordered starches, ether native or retrograded, are less readily digested than
non-crystalline materials. Hydration and swelling of ordered starches are difficult and the amylolytic
rates of the ordered regions of native starches are low. High enthalpy values should indicate poor
starch digestion in the early stages of digestion, with the starch utilisation in the lower gut

3. In vitro amylolytic digestion of starch‡
Equipment 1. In vitro digestibility test monitors the kinetic of in vitro amylolytic digestion by exogenous a-amylase

2. The Rapid Visco Analyser (RVA) can be used for the semi-quantification of endogenous a-amylase
enzyme concentration in cereals, by determining the cereals’ hydration characteristics in the
presence and in the absence of silver nitrate, which is a potent amylase inhibitor(19)

Variables 1. Amount of glucose released at 45 (G45) and at 300 (G300) min represents the total amount of
glucose released in solution after 45 and 300 min of in vitro hydrolysis of starch from samples,
caused by exogenous pancreatic a-amylase solution at 37 8C using a phenol–sulfuric acid method

2. Grain endogenous amylase represents the concentration of endogenous a-amylase in cereals
measured using RVA

Nutritional and physiological
explanation on variables

The major component of cereals is starch and therefore its breakdown and utilisation as an energy
source is of prime importance. This breakdown will be dependent on the physical status of the
substrate (for example, crystal order and hydration properties) and the levels of enzyme present.
It is possible that endogenous enzymes present in the feeds are relevant as they may initiate the
amylolytic process. These therefore should be measured (RVA). The substrate–enzyme inter-
actions are important and the in vitro test looks at these using standard procedures where the
enzyme is kept constant and the substrate is prepared in a defined manner. Differences in
digestion rate indicate that the substrates are intrinsically more or less susceptible to
amylase activity

* Hydration and subsequent solubility and swelling are key differences between cereal diets and these factors are changed on processing feeds. The RVA profile ideally
fingerprints the material so that the feeds can be compared and the changes in the hydrodynamic volumes of the feeds are expected to impact on enzyme penetration into
the hydrating matrix, product release and mixing within the gut.

† The structural characterisation of starch granules in raw and processed cereals allows the identification of the amount and stability of native starch granules used in diets and
the quantification of starch conversion following processing. This can help explain the changes in hydration properties that are caused by different types of processing
conditions. The combined structural and hydration examination of starch helps to identify possible artifacts that are inherent to specific methodologies.

‡ The botanical source of the starch and how it is processed influence the intrinsic hydration and structural characteristics of raw and processed starches and this in turn affects
the rate and extent of starch hydrolysis by a-amylase(20).
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Determination of apparent starch digestibility

All analyses were conducted in duplicate with repetition if
variation was . 5 %. Diet samples were dried for approxi-
mately 48 h in a forced draft oven set at a temperature of
1058C for determination of DM. Digesta were freeze-dried
before laboratory analysis. Starch content was estimated by
solubilisation of starch with dimethyl sulfoxide, sodium
acetate buffer and amyloglucosidase enzyme solution
using a total starch assay kit (Megazyme International
Ireland Ltd, Bray, Co. Wicklow, Republic of Ireland;
AOAC method 996.11, AACC method 76.13). A GOPOD
glucose determination reagent solution was used to quantify
the released glucose by reading the absorbance with
a SP6-500 UV spectrophotometer (Pye Unicam Ltd,
Cambridge, Cambs, UK) at 510 nm. Coefficients of appar-
ent digestibility for starch were calculated. These were
determined through estimation of the concentration of
acid-insoluble ash (thus representing an inert marker) in
the trial samples. In vivo data employed in subsequent
PCA were means across all time points; preliminary exami-
nation of individual time points did not reveal any mean-
ingful responses.

In vitro feed characterisation

Several methodologies (Table 1) were used to examine differ-
ences in structure, hydration and in vitro digestive properties
between raw and processed starches in cereals and in diets.
A total of seventeen in vitro variables were determined and
selected for PCA (Table 5).

Structural properties. Differential scanning calorimetry is
a thermo-analytical technique that measures the difference in
the amount of heat required to increase the temperature of a
sample and inert reference material in two sealed containers.
This analysis was used to monitor the degree of thermal tran-
sition in each cereal, based on the principle that native
starch has no loss of crystallinity (0 %) and that a theoretically
fully cooked sample has lost all crystallinity (100 % loss).
In the present experiments cereal samples were immersed in
excess water and then heated at 108C per min. This caused
complete gelatinisation of any amylopectin crystallites present
in the starch. Four variables were recorded for each cereal: the
onset temperature (To) at which gelatinisation starts; the peak
temperature (Tp), also called temperature of gelatinisation; the
end temperature (Te), at which gelatinisation is complete;
and the gelatinisation enthalpy (DH), also called enthalpy
of transition, which is calculated to quantify the degree of
crystallinity of the starch component.

Hydration properties. The Rapid Visco Analyser (RVA)
was used to analyse the pasting of starch. It measures
the torque required to stir starch–water suspensions under

Table 3. Micronisation processing variables used in the study

Diet 6 Diet 4 Diet 5 Diet 3

Raw moisture (g/kg) 146 146 135 135
Belt speed (m/s) 10 3 10 3
Cook time (s) 10 30 10 30
Final moisture (g/kg) 107 64 95 50

Table 4. Extrusion processing variables used in the study

Diet 7 Diet 9 Diet 8

Screw speed (rpm) 202 401 401
Moisture* (g/kg) 262 205 197
Die temperature (8C) 134 155 155
SME (Watts £ h/kg) 103·3 158·9 161·9

SME, specific mechanical energy.
* During processing (water added).

Table 5. List of seventeen in vitro starch variables measured for each
experimental diet

In vitro starch variables

Cereal Diet

Structural properties
Gelatinisation enthalpy DH
Onset temperature To

Peak temperature Tp

End temperature Te

Hydration properties
RVA end viscosity RVAe-cereal RVAe-diet

RVA peak viscosity RVAp-cereal RVAp-diet

RVA cold swelling viscosity RVAc-cereal RVAc-diet

Water solubility index WSIcereal WSIdiet

Water absorption index WAIcereal WAIdiet

Amylolytic digestion
Glucose released at 45 min G45

Glucose released at 300 min G300

Endogenous amylase concentration a-Amylase

RVA, Rapid Visco Analyser.

Table 2. Description of starch sources and processing conditions
for all experimental diets, and dietary numbers allocated for principal
components analysis (PCA)

Diet no. Trial no. Cereal Processing treatment

1 Trial 1 HW Raw
2 Trial 1 SW Raw
3 Trial 2 HW Micronised high cook
4 Trial 2 SW Micronised high cook
5 Trial 2 HW Micronised low cook
6 Trial 2 SW Micronised low cook
7 Trial 3 SW Extruded low SME*
8 Trial 3 HW Extruded high SME*
9 Trial 3 SW Extruded high SME*
10 Trial 4 SW† Raw
11 Trial 4 Barley Raw
12 Trial 4 Rye Raw
13 Trial 4 Triticale Raw
14 Trial 5‡ SW† Raw
15 Trial 5‡ Naked oats Raw
16 Trial 5‡ Whole oats Raw
17 Trial 5‡ Maize Raw

HW, hard wheat; SW, soft wheat; SME, specific mechanical energy.
* SME corresponds to the level of mechanical input used during extrusion

processing. It is calculated as follows:

SME ¼
ðscrew torque ðN £ mÞ £ screw speed ðrpmÞ £ 2 £ p £ number of screwsÞ

mass flow rate ðkg=hÞ £ 60
:

† Elevated endogenous amylase content.
‡ Pigs from different supplier.
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defined hydration and temperature regimens. The process
provides viscosity estimates of the system as it is heated and
then cooled at a uniform rate. In the present experiments,
six variables (three for cereals and three for the correspon-
ding diets) were recorded: the cold swelling viscosity
(RVAc; a measure of the rapid absorption of water by the
cereal or diet particulates when immersed in excess water
at 258C, often associated with precooked starches); the
gelatinisation, or peak, viscosity (RVAp; a measure of the
maximum viscosity upon heating samples to temperatures
over 608C, often associated with the gelatinisation and hence
swelling of starch granules); and the end viscosity after
the samples had been heated to 958C for 6·5 min, cooled
back to 258C over 10 min, and finally held at 258C for 7 min
(RVAe; a relative measure of the viscosity of the stirred
gelatinised starch paste once cooled and stabilised at ambient
temperature).

The water absorption index (WAI) and water solubility
index (WSI) are two quantifiable parameters which are
commonly used to assess the swelling and solubility behaviour
of the starch component of cereals in excess water. WAI
represents the volume occupied by the hydrated starch follow-
ing swelling in excess water, whereas WSI denotes the amount
of soluble polysaccharides released from the granules to
the aqueous phase. WAI and WSI were determined for each
cereal and the corresponding diets, giving four additional
variables.

In vitro amylolytic digestion. This analysis monitors the
hydrolysis of each sample initiated by exogenous pancreatic
a-amylase solution at 378C using a phenol–sulfuric acid
method to determine the total amount of glucose released
over time. In the present experiments, this analysis provided
two additional variables: amount of glucose released at
45 min (G45) and at 300 min (G300). A variation of this proto-
col (i.e. no exogenous enzyme added) was also used to give
another variable: the concentration of endogenous a-amylase
in all cereals. Endogenous amylase concentration in cereals
has hitherto been a largely neglected factor in animal trials.
However, recent work(2) has provided strong evidence that
this may be an important variable that needs careful consider-
ation in the planning of animal feed studies.

Multivariate analysis

An individual number was allocated to each of the seventeen
dietary treatments analysed in the five piglet trials (Table 2).
Each of the raw wheat batches was allocated a different diet-
ary number in order to identify whether variation in endogen-
ous amylase content could be distinguished using the model.
In addition, the soft raw wheat from trial 5 was also allocated
an individual dietary number in order to determine whether
animal variation (different pig suppliers used for this trial)
had any notable effect.

Variations in starch properties in the seventeen experimental
diets as a consequence of cereal source and processing were
quantified using the aforementioned complementary set of
in vitro methodologies, with PCA then being used to confirm
that they were able to separate out the seventeen experimental
diets by showing any segregation or different groups of diets
within the in vitro dataset. In vitro analyses of all cereals

evaluated were then employed using PCA to predict in vivo
apparent starch digestibilities at the 0·5 and 0·75 small-intestinal
regions in piglets.

In vitro differences between diets. PCA was used to analyse
the in vitro dataset consisting of seventeen measurements
(Table 5) of the seventeen diets (Tables 2, 3 and 4), using
Matlab (R14 l; The MathWorks Inc., Natick, MA, USA) and
the PLS Toolbox v. 3·5 software (Eigenvector Research, Inc.,
Wenatchee, WA, USA). Data were pre-processed using
auto-scaling, i.e. per variable (measurement) the average is
subtracted and consequently scaled to unit variance, in order
to correct for the differences in variance between the different
types of measurement. The use of PCA enabled as efficient
a deconvolution of the variance present in the dataset as
possible into a set of linear combinations (also called principal
components), consisting of scores (weight factors per sample)
and loadings (correlated measurement trends). The principle
is that, as the algorithm maximises the explained variance,
each consecutive principal component then explains less
variance than the previous one. Therefore, the bulk of the
variance is explained in the first few principal components
and it is sufficient to inspect only those, approximating the data-
set as a set of a few simple linear combinations of the original
measurements. The scores found by PCA described the
dis-(similarities) between samples, effectively showing a clus-
tering of similar samples, whilst the loadings described
the measurements and their correlation that lead to the cluster-
ing. Inspection of graphical representations of the loadings and
scores enabled a very fast and intuitive visualisation of the main
trends present in the dataset of measurements, simplifying the
inspection of many measurements on many samples greatly.

Linking in vitro starch variables to in vivo apparent
starch digestibility coefficients. An average coefficient of
apparent digestibility value for starch at the 0·5 and 0·75
small-intestinal regions in piglets (ten piglets per diet) was
calculated for each individually numbered diet. In order to
model the correlation of the in vitro variables with the in
vivo digestibility coefficients, partial least squares (PLS)
regression was applied. PLS works along similar lines as
PCA, but, instead of purely describing a dataset of measure-
ments, it achieves a representation of the regressors (herein
the in vitro starch variables, where the standard errors are
less than 2 %) that shows maximum correlation with the
regressand (herein the in vivo starch digestibility coefficients).
The regression model found with PLS was used both to predict
the dependent variable(s) and to inspect the regression coeffi-
cients to find the most important relationships between inde-
pendent and dependent variables. The advantage of PLS
regression over, for example, multiple linear regression was
that PLS can cope with correlated independent variables, as
the PLS algorithm uses the correlation between the indepen-
dent variables to summarise the data whilst predicting the
dependent variable.

Before applying PLS, the dataset was auto-scaled analogous
to PCA modelling. Leave-one-out cross-validation was used to
estimate how many latent variables (the PLS term analogous
to the ‘PCA principal components’) were necessary to build
a stable regression model. Selection of the in vitro variables
showing the strongest regression coefficients was then applied
to find a more concise PLS regression model for the starch
digestibility coefficient.

Prediction of starch digestibility in piglets 1313
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All animal protocols and procedures were conducted under
both National and Institutional guidelines as approved in
advance by the Ethical Review Committee of the School of
Biosciences of the University of Nottingham, UK.

Results

In vitro differences between diets

PCA was conducted to explore the ability of seventeen
measured in vitro variables describing the physico-chemical
properties of starch, to differentiate between seventeen experi-
mental piglet diets with varying starch sources and processing
conditions. Principal component 1 (0·47) and principal com-
ponent 2 (0·25) together explained 0·72 of the variation in
starch properties between experimental diets. The scores plot
of principal component 2 v. principal component 1 showed a
clear pattern for some of the diets (Fig. 1(a)). Diets 1 and 2
(containing raw hard and soft wheat, respectively, with little,
if any, endogenous amylase) and diets 3, 5 and 6 (containing
hard wheat micronised at low or high degree of cook and soft
wheat micronised at low degree of cook) were gathered
together around the zero point or slightly negative on principal
component 1 but positive on principal component 2. Inspec-
tion of the loadings plot (Fig. 1(b)) showed that the position
of the samples in the scores plot must have been characterised
by elevated RVAp and RVAe variables, whilst showing low
values for RVAc, WAI and WSI. Diet 4 (containing soft
wheat micronised at high degree of cook) was located
around the zero point, signifying overall intermediate values
for the in vitro parameters. A similar observation was made
for diets 14 and 15. Diets 7, 8 and 9, which contained extruded
hard and soft wheats, were gathered together around the zero
point on principal component 2 but positive on principal com-
ponent 1. They exhibited high values for RVAc, WAI, WSI,
G45 and G300, and lower than average values for RVAp,
RVAe and DH. Diets containing raw cereals or soft wheat
with some endogenous amylase (diets 10 to 17; trials 4 or 5)
were more widely spread, mostly within the bottom left
quadrant (negative on both principal component 1 and princi-
pal component 2), and showed mostly elevated endogenous
amylase concentration in combination with higher tempera-
tures in the differential scanning calorimetry analysis and
lower values for WSI, RVAp, RVAe, G45 and G300.

Linking in vitro starch variables to in vivo apparent
starch digestibility coefficients

Having shown that the in vitro analyses describe the diets, an
attempt was made to correlate the physico-chemical data from
the diets (in a normalised format by mean centring and unit
variance scaling) with the starch digestibility coefficients.
It is important to point out that the animal variability in
starch digestibility is such a large contributor to the starch
digestibility variance that it would be impossible to build
significant multivariate regression models based on individual
piglet data. The pooled variance between replicate piglets
(two animals per diet per time point) was 0·055 compared
with the total variance for the starch digestibilities, which
was 0·062. By averaging the in vivo apparent starch digestibil-
ity coefficient at the 0·5 intestinal region over the piglets,

a model can be obtained that will describe an average trend
that is valid for at least ten piglets. Consequently, the model
should only be seen as a quantitative description of a general
trend for post-weaning piglets aged between 4 and 6 weeks,
rather than a tool to predict individual piglet data. PLS
regression, along with leave-one-out cross-validation,
showed that a PLS model, using two latent variables, can
predict (R 2 0·74) the in vivo starch coefficients in the 0·5
small-intestinal region in the piglet from the seventeen
in vitro variables. Reducing the number of in vitro variables
from seventeen to the seven with the strongest regression coef-
ficients decreased the regression coefficient only marginally
(R 2 0·71) but led to a more concise and interpretable model
with not only fewer variables (seven instead of seventeen) but
also made use of only one latent variable. The seven strongest
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Fig. 1. Principal components (PC) analysis of in vitro starch variables, auto-

scaled data (total variance explained: R 2 0·72). (a) Samples/scores plot

(seventeen experimental diets, see Table 2; V, raw hard and soft wheats

with negligible amount of endogenous amylase; P, raw cereals with some

endogenous amylase; 1, micronised hard and soft wheats; B, extruded

hard and soft wheats. (b) Variables/loadings plot (seventeen in vitro

variables; see Table 5).
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in vitro variables to predict the in vivo starch digestibility
coefficient at 0·5 small-intestinal region are:

RVAe, i.e. viscosity of diet at 258C upon hydration in hot
water (958C) (indicative of the macromolecular dimension of
polysaccharides released from starch granules in solution);

RVAp, i.e. viscosity of diet on hydrating in hot water (958C)
(indicative of the extent of hydration and swelling undergone
by starch granules in hot water);

DH, gelatinisation enthalpy (provides an estimate of helical
order or degree of crystallinity in starch);

WSI, denoting the amount of soluble polysaccharides
released from starch granules to the aqueous phase;

Grain endogenous amylase, i.e. concentration of endogenous
a-amylase in cereals, assessed by pasting cereal flours in
25 g of AgNO3 (amylase inhibitor) v. water using RVA.

G45, glucose released at 45 min, i.e. amount of glucose
released in solution after 45 min of in vitro hydrolysis
of starch from samples caused by exogenous pancreatic
a-amylase;

G300, glucose released at 300 min, i.e. amount of glucose
released in solution after 300 min of in vitro hydrolysis
of starch from samples caused by exogenous pancreatic
a-amylase.

The seven strongly correlated in vitro variables along with
their correlated regression coefficients are shown in Table 6,
whilst the quality of the regression (one latent variable after
leave-one-out cross-validation, auto-scaling as pre-processing)
is visualised in the plot of leave-one-out cross-validation
predicted v. measured in vivo starch coefficients (Fig. 2).

The resulting location of the data points in the regression
graph revealed that the extruded wheat diets (diets 7, 8 and 9)
were clearly separate from the other dietary values. Data from
the micronised wheat diets (diets 3, 4, 5 and 6) were not notice-
ably different from the values from the raw cereals. The model
was also able to distinguish between the batches of soft wheat
with high amylase content (diets 10 and 14) and the second
batch of wheat with a lower concentration of enzyme (diet 2).
Only two diets (diets 15 and 16), that contained naked oats
and whole oats, respectively, out of the seventeen cereal-based
diets studied, were clearly remote from the measured values,
both being predicted by the linear regression.

Repetition of the PLS model using the starch coefficients
from the 0·75 small-intestinal region revealed a less strong
correlation with the in vitro variables and did not lead to
meaningful regression models (data not shown).

Discussion

In vitro differences between diets

Although starch is generally the most abundant and major
energy-yielding component of piglet diets, it remains a
largely misunderstood parameter in animal nutritional trials.
The basis of this misunderstanding is founded on two com-
monly encountered, but essentially incorrect, assumptions.
The first assumption is that cereal starch is of comparatively
constant nutritional value, regardless of variety, endosperm
texture and growing environment. However, this assumption
is undermined by the wide range found in the structural and
hydration properties of starch among raw cereal species and
among varieties within species, whether closely or distantly
related. These variations in starch properties have important
implications for starch digestibility in newly weaned piglets(2).
For instance, raw cereal starches with an elevated concen-
tration of endogenous amylase may be more rapidly digested
by piglets than those with a lower endogenous amylase con-
centration. The second assumption is that processing of starch
(or cereal) supplies a ‘cooked starch’ (or ‘cooked cereal’);
such processed products are labelled as such regardless of
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Fig. 2. Predicted v. observed values for in vivo starch coefficients at the 0·5

site of the small intestine for the seventeen experimental diets (D1 to D17;

see Table 2). Partial least squares model with two latent variables and auto-

scaled data (R 2 0·71). Each prediction is done on a ‘leave-one-out’ basis,

i.e. the predicted sample was not used to build the predicting model, giving a

reasonable estimation of real prediction error for unknown samples.

Table 6. Regression coefficients depicting in vitro variables strongly correlated with in vivo digestibility coefficients of starch
at the 0·5 small-intestinal region in the weaned piglet

Variable Standardised regression coefficients Regression coefficients on original scale

RVA end viscosity of diet (cP) 29·87 £ 1022 29·63 £ 1026

RVA peak viscosity of diet (cP) 21·03 £ 1021 23·47 £ 1025

DH from DSC analysis (J/g) 22·10 £ 1021 21·50 £ 1022

WSI of cereal (%) 2·01 £ 1021 3·47 £ 1023

Endogenous a-amylase (mg/ml) 21·05 £ 1021 21·30 £ 1024

Glucose released at 45 min (mg/ml) 1·88 £ 1021 5·73 £ 1025

Glucose released at 300 min (mg/ml) 2·14 £ 1021 9·42 £ 1025

Intercept 5·35 £ 1021

RVA, Rapid Visco Analyser; DH, gelatinisation enthalpy; DSC, differential scanning calorimetry; WSI, water solubility index.
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the processing technique and variables used(3). However,
progress in human food science has shown that processing
causes a continuum of complex structural changes to the
starch component of cereals (commonly termed ‘starch con-
version’(12)). The nature and extent of these changes depend
on the type of processing, the processing variables used
and the physico-chemical properties of the raw cereal before
processing(3,4,13,14). These changes in starch structure result
in a wide range of hydration characteristics, which have
been shown to influence starch digestibility in the small intes-
tine of the young piglet(2 – 4).

The five aforementioned trials used a selection of in vitro
food science tests to provide seventeen in vitro variables
believed to give a thorough description of the structure,
hydration properties and in vitro amylolytic degradation of
the starch component for all seventeen experimental diets.
Previously-presented data from the individual trials(2,4) has
indicated fundamental differences in starch properties between
diets. PCA was conducted in the present study and supported
these initial observations. The degree to which PCA was able
to show any segregation or different groups of experimental
diets within the dataset was encouraging. Although a larger
number of diets are required to assert this preliminary finding,
the inclusion of seventeen different dietary samples in
PCA was sufficient to identify clear patterns, with 0·72 of
the variation in starch properties between diets being
explained by two principal components generated from the
seventeen in vitro variables.

Based upon their physico-chemical properties, the seven-
teen experimental diets could be sub-divided into three distinct
groups. Group A was composed of diets containing either raw
(diets 1 and 2) or micronised (diets 3, 5 and 6) wheat with very
low endogenous amylase concentration. These diets exhibited
elevated RVA viscosities on hydration in hot water, no
swelling in excess cold water, and low water absorption and
solubility. These similarities in properties for raw and micro-
nised wheat confirmed that the micronisation regimens used
were very mild and did not disturb starch granules, an
observation already made with the associated piglet studies(4).

Group B included diets based on extruded wheat (diets 7, 8
and 9) and was characterised by diets with low RVA viscos-
ities on hydration in hot water, major swelling in excess
cold water, elevated water absorption, water solubility and rate
of amylolytic digestion, and low crystallinity. The location of
this group in the PCA plot indicated that extruded wheat diets
were clearly separate from the other diets. Diet 4 (soft wheat
micronised under high cook conditions) was located at an
intermediate position between raw and extruded soft wheat,
confirming that only starch in diet 4 had undergone some
degree of disruption as a result of micronisation processing(4).

Group C was more widely spread and contained raw cereals
with varying concentrations of endogenous amylase (diet 10 to
diet 17). Elevated endogenous amylase concentrations were
positively correlated with low RVA viscosity on pasting, con-
firming that cereal starches will undergo enzymic degradation
as soon as the crystalline structure is lost(2). Overall in the
linear equation linking the variables there was negative corre-
lation between the endogenous amylase concentration and the
rate of in vitro digestion. It should be noted that the in vitro
measures are carried out on ground samples that should still
retain the features, such as endosperm structure and starch

crystallinity, of the original cereals. The model was therefore
clearly able to distinguish between diets formulated from the
batch of soft wheat with a high amylase content (diets 10
and 14) and the second batch of wheat with a lower enzyme
concentration (diet 2), confirming the importance of this
hitherto neglected variable on starch properties(2).

At its present stage, the model was unable to distinguish
between samples extruded under different conditions, or
between raw wheats with varying endosperm texture. The
future inclusion of a larger number of experimental diets is
likely to improve the level of sensitivity of the computer model.

Linking in vitro starch variables to in vivo apparent
starch digestibility coefficients

The selection of variables composing the regression equation
supports the published argument(3) whereby the combined
knowledge of three types of starch properties (i.e. structure,
hydration and in vitro amylolytic digestion) is required
before selecting and incorporating starch-based materials in
animal feeds. Each of these properties is represented in the
equation: starch amount and structure (DH for cereal); starch
hydration (RVAe of diet, RVAp of diet and WSI of cereal);
amylolytic digestion (G45 and G300). However, these par-
ameters will be interdependent and reflect not only the pri-
mary factors in the cereals, but also the methodologies used
in the sample preparation and the assay techniques employed.
Although quite a comprehensive range of in vitro techniques
was employed to correlate with the starch digestibility data,
many other factors could have been measured. Little is under-
stood about the key factors in the composition and microstruc-
ture of foods that facilitate their digestion within the gut.
The current model suggests that seven variables need to be
determined for each experimental diet in order to obtain a
good prediction of the resulting in vivo starch coefficient at
the 0·5 site. It should, however, be remembered that the use
of the model is currently limited to diets based on cereals,
included in the diet at a rate of 586 g/kg. Additionally, it
should be noted that the selection of variables for the final
model (based on seven measurements) could be carried out
using different methods which would result in different sub-
sets of selected variables. As shown by the PCA, the in vitro
measurements are highly correlated, and therefore it is per-
fectly feasible that different subsets of variables will carry
the same information. The seven variables selected by the
size of their regression coefficients might therefore be substi-
tuted by another subset which would be expected to describe
again the three types of starch properties (i.e. structure,
hydration and in vitro amylolytic digestion). A much larger
study and application of different variable selection methods
would be needed to give a more definitive selection of
‘best’ in vitro variables. The present study is aimed at showing
the feasibility of applying multivariate statistical methods to
arrive at interpretable and predictive models.

Although the model may need more refining to differentiate
between wheats with varying endosperm texture (and also a
measure of the hardness should be included in the physico-
chemical parameters), it was able to distinguish between batches
of soft wheat with varying endogenous amylase concen-
trations. The model indicates that an elevated concentration
of endogenous amylase is negatively correlated with digestion
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coefficients. This model also contains negative correlations for
RVA values and positive correlations for in vitro digestibility.
The endogenous amylase could be expected to have a major
lowering effect on the viscosity parameters and an increasing
effect on the digestion rates; hence within the model the
negative values for amylases might act as a modifier for the
other values. This underlines the complex nature of multi-
factored models and each component cannot be considered
individually. The model strongly suggests that well-designed
animal trials must involve pre-testing of all dietary cereals
for endogenous amylase concentration before their inclusion
in experimental diets and the recognition that it can affect
other in vitro data. To highlight this potential additional
variable, it is suggested that measured endogenous amylase
concentrations should be reported in all animal feed trials.

The model was also able to emphasise the beneficial effect of
extrusion over micronisation for the improvement of starch co-
efficients at the 0·5 site. This confirmed the importance of care-
fully selecting processing techniques to be used before running
animal trials(3,4). Whilst micronisation is a commonly applied
heat-processing technique in animal studies, the in vitro tests
performed in the present trials demonstrated that this method
of processing, as carried out for the present studies, had caused
only very limited disruption to the starch granules, which in
turn limited the improvement in starch digestibility in vivo (3,4).

Extrusion, on the other hand, was more effective in
improving the hydration properties of starch and induced
nearly complete digestion of starch (coefficient of apparent
digestibility . 0·8) in the small intestine of piglets. Extrusion
processing has already been shown to lessen the reduction in
apparent starch digestibility on day 4 post-weaning, typically
seen at the 0·5 intestinal region in piglets fed an unprocessed
wheat diet, which may have implications in helping to alleviate
the post-weaning growth-check(4). It is a versatile technique that
is already used routinely in the human food industry to produce
starch materials with very specific physico-chemical properties,
in a reproducible manner. Although studies examining the use
of extrusion processing in weaned piglet diets appear to give
somewhat mixed conclusions(10,15), it is possible that at least
some of this disparity may originate from a misconception
about the amount of starch conversion resulting from the
processing method. This is illustrated by the fact that processing
variables are rarely cited in the published literature, making
comparison between studies difficult.

Only two diets, containing either naked or whole oats, did
not appear strongly to fit the model, with the corresponding
in vivo digestibility coefficients being largely underestimated.
Although no experimental attempt was made to explain the
observed divergence between measured and predicted
values, it is conceivable that components other than starch in
oats may have affected some of the in vitro variables obtained.
For instance, oats (but also barley) differ markedly from
the other cereals in the amount of b-glucan they contain(16).
It is known that b-glucan swells progressively and rapidly
when placed in excess water(17). This swelling behaviour
may have affected some of the measured in vitro variables,
especially the WAI and WSI values. In addition, the in vitro
amylolytic digestion method used is a relatively simple
a-amylase assay, and b-glucan may have interfered with the
ability of the exogenous enzyme to interact with the starch.
The use of xylanase, in lieu of amylase, in a more complex

assay may have given digestibility data in better agreement
with the other cereals. Future work on quantitative assess-
ments of NSP may thus be warranted. Extruding or micronis-
ing the oats might have brought them in line with the other
cereal values, although this was not tested in the present study.

Conclusion

The present study provides evidence that in vitro measure-
ments of physico-chemical properties of starch granules
from raw and processed cereals (determined using a range
of accurate and quantitative tests developed in the field of
human food science) can be used to predict apparent starch
digestibility coefficients at the 0·5 site of the small intestine
in the weaned piglet. The present findings provide a link
between dietary composition and average digestibility over a
14 d period. Thus, the average digestibility of a diet offered
for the first 2 weeks post-weaning could be predicted. The pre-
sent study does not contain sufficient data to investigate in
more detail the digestibility at various stages during post-
weaning and, because the model is preliminary at present,
further animal trials would be needed to validate these find-
ings. In future the multivariate modelling approach presented
could be extended by examining changes in digestibility over
time, allowing for investigation of dietary manipulations
during critical time windows in the first 2 weeks post-weaning.
It should also been remembered that the use of the model is
currently limited to diets based on cereals, included in the
diet at a rate of 586 g/kg, but did encompass different cereals,
processes and piglets demonstrating very different rates of
growth. In its current form, the predictive model does not
apply to diets that contain variable amounts of cereals, since
most of the in vitro variables used in the equation (for
example, RVAe, RVAp, WSI) do not correlate linearly to
the amount of starch in diets. It is clear that such an approach
could be used to identify not only variation between cereal
types and endogenous amylase concentration between
different batches of a named cereal, but also the effect these
parameters have on starch digestibility within the small
intestine of the young piglet.
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