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A new in vitro method to evaluate digestibility of commercial diets for dogs

Giacomo Biagi, Irene Cipollini, Monica Grandi, Carlo Pinna, Carla Giuditta Vecchiato and Giuliano Zaghini

Dipartimento di Scienze Mediche Veterinarie, University of Bologna, Ozzano Emilia, Italy

ABSTRACT

The aim of the present study was to develop a new in vitro method for evaluating the digestibil-
ity of commercial diets for dogs. First, in order to develop the in vitro method, the digestibility
of four commercial diets for dogs was evaluated through several in vitro trials and results were
compared with those that were retrieved from the literature. The in vitro method that was devel-
oped consists of two incubation phases, a first lasting 2h and taking place in the presence of
pepsin, gastric lipase and HCl (gastric phase) and a second 4h one with pancreatin and bile salts
(intestinal phase). Later, digestibility of 16 extruded diets for dogs was evaluated both in vivo
with adult dogs and in vitro. There was a close linear relationship between in vivo total tract and
in vitro dry matter digestibility (r*=.81), whereas accuracy of crude protein digestibility using the
in vitro method was lower (#=.51). Linear regression accuracy for ether extract and starch
digestibility was low, but the digestibility results obtained with the in vitro method (95.3 and
98.7% for ether extract and starch, respectively) were very close to those from the in vivo trial
(average digestibility of ether extract and starch was 94.8 and 99.1%, respectively). The present
in vitro method has proved to be a relatively simple, quick procedure for predicting the digest-
ibility of commercial diets for dogs. The utilisation of such a method may significantly reduce
the need for in vivo digestion trials with dogs.
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Introduction (Yamka et al. 2003a,b; Barry et al. 2009; Faber et al.
2010; Hendriks et al. 2013). A comprehensive review of
technologies that may be used to assess the digestibil-
ity of foods for dogs and cats has recently been pub-
lished by de Godoy et al. (2016). Methods based on
the use of digestibility markers (inert and indigestible
dietary components), included at low concentrations
in the diet, are widely used [for example, chromic
oxide (Guevara et al. 2008; Barry et al. 2009), yttrium
oxide (Vhile et al. 2007) and celite (Scott & Boldaji
1997)]. Nowadays, the use of dogs as experimental
animals is a source of great concern for most pet own-
ers and many pet food producers would like to see a

Today’s pet food industry is growing rapidly, with pet
owners demanding high-quality diets for their pets.
Nutrient composition and digestibility are of crucial
importance for the qualitative evaluation of pet food.
Indeed, these aspects can provide indications as to the
real availability of the different nutrients making up a
diet, with significant implications in terms of an ani-
mal's health and well-being (Case et al. 2000).
Although much attention is paid to nutritional quality,
in the marketing of commercial food for dogs there is
usually limited information on digestibility. The pet
food industry traditionally uses a wide range of pro-

tein sources, both of animal and vegetable origin,
including meat, bone and soybean meals. Variations in
the quality of the ingredients as well as food process-
ing methods directly affect the availability of nutrients,
either positively or negatively (Zentek et al. 2004). The
digestibility of dog foods has been evaluated in vivo
using dogs housed in metabolic cages as experimental
animals (Brambillasca et al. 2010; Dobenecker et al.
2010) or, in some cases, using fistulated dogs

reduction in the need for in vivo trials with dogs.
Moreover, European legislation for the protection of
companion animals (European Directive 2010) such as
dogs and cats is very strict and discourages the use of
these species for experimental purposes, advocating
research oriented toward the development, validation
and implementation of alternative methods. For all
these reasons, the pet food industry would benefit
from the availability of a reliable in vitro method to
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estimate digestibility. The aim of the present study
was to develop a new method for in vitro evaluation
of the digestibility of commercial diets for dogs.

Materials and methods

The present study consisted of two phases, the first
being the development of an in vitro method aimed at
simulating the enzymatic digestion processes that take
place in the canine gastrointestinal tract and the
second being the validation of the method through
parallel in vitro and in vivo trials.

Development of the in vitro method

Preliminary application of the method proposed by
Vervaeke et al. (1989). Four samples of commercial dog
foods (three dry extruded and one wet canned) were
used. Analyses of the diets (crude protein, crude fibre,
ether extract, ash and starch) were performed accord-
ing to AOAC standard methods (AOAC, 2000; Method
934.01 for dry matter; Method 954.01 for crude pro-
tein, Method 962.09 for crude fibre, Method 920.39 for
ether extract, Method 942.05 for ash, Method 920.40
for starch). Prior to ether extraction, the samples were
acid-hydrolyzed. The chemical composition of the diets
is reported in Table 1.

Samples of the dry extruded dog foods (Diets 1, 2
and 3) were first digested using the first two steps of
the in vitro digestion technique proposed by Vervaeke
et al. (1989) for the prediction of the digestibility of
diets and feedstuffs intended for pigs. This method
can be briefly summarised as follows:

1. Sample preparation: samples of dry extruded dog
foods were dried at 65°C until constant weight
and finely ground (<1 mm particle size).

2. Gastric digestion simulation: for each pet food
sample, 400mL of a pepsin-HCI solution (HCI
0.075N; 2g/L pepsin from porcine gastric mucosa,
600-1800 units/mg, P7125, Sigma Aldrich
Chemical, St. Louis, MO) was added in a 1L bottle
to 20g of food. The bottles were incubated in a
shaking waterbath at 39°C for 4 h.

Table 1. Chemical composition (% on DM basis) of the four
dog foods used during the development of the in vitro diges-
tion method.

Diet®  Crude protein  Ether extract ~ Starch  Crude fibre Ash
1 31.8 16.0 39.1 1.60 6.96
2 30.8 15.5 43.2 1.18 6.57
3 26.7 1.2 39.2 343 8.92
4 357 30.3 19.3 0.96 11.48

DM: dry matter.
“Diets 1, 2 and 3 were dry extruded foods, diet 4 was a wet canned food.

3. Small intestine digestion simulation: the pH level
was adjusted to 7.5 with NaOH (1 N) and 400 mL
of a pancreatin solution (10g/L pancreatin in
phosphate buffer; pancreatin from porcine pan-
creas, P1500, Sigma Aldrich) was added. The bot-
tles were incubated in a shaking waterbath at
39°C for 4 h.

4. Collection of the undigested fraction: after enzym-
atic digestion, the content of each bottle was cen-
trifuged (3000 x g, 10min, 4°C), washed twice
with distilled water, re-centrifuged (3000 x g,
5min, 4°C) and the residue was dried at 65°C
until constant weight.

The composition of the phosphate buffered solution
used in the simulation of small intestine digestion was
as follows: 3.72 g Na,HPO,, 3.92g NaHCOs, 0.19g Nadl,
0.23g KCl, 0.12g MgCl,, and 0.08g CaCl, in 1L of dis-
tilled water (Martillotti et al. 1987). The pH of the
phosphate buffer was adjusted to 7.5 with HCl 1N.
There were three replicates for each diet tested.

Calculation and data analysis. In order to determine
the dry matter digestibility of the food samples, the
residue obtained from each bottle after the in vitro
digestion was weighed and digestibility was calculated
with the following equation:

[100 — [(residue weight x 100)/sample weight]

The undigested fraction was analysed for crude pro-
tein, ether extract, crude fibre, starch and ash, accord-
ing to AOAC standard methods (AOAC 2000). Nutrient
digestibility was calculated with the following
equation:

100 — {[nutrient % in residue x (100 — diet digestibility)]/
nutrient % in diet}

Digestibility data obtained with the in vitro tech-
nique were compared to digestibility data drawn from
the literature (apparent total tract digestibility data
obtained from feeding trials performed with adult
dogs).

For the development of the in vitro method, it was
decided to compare the results obtained in vitro with
apparent total tract digestibility data from the litera-
ture, despite the fact that a comparison with ileal
digestibility data would have been more appropriate.
The main reasons for this decision were the fact that
only a few ileal digestibility data for dogs can be
found in the literature and, even more importantly,
studies involving dogs for the measurement of ileal
digestibility of diets are unacceptable nowadays for
ethical reasons. In fact, in the second part of the



present study, validation of the new in vitro method
was performed by comparing in vitro results with
apparent total tract digestibility data from a feeding
trial with adult dogs.

Modifications to the method of Vervaeke et al. (1989).
As the digestibility coefficients of pet food samples
obtained with the in vitro method proposed by
Vervaeke et al. (1989) greatly differed from those
reported in the literature, the method was modified in
order to achieve a more precise simulation of the
canine digestive process.

In particular, during four in vitro trials, the following
critical points were considered with the aim of improv-
ing the method proposed by Vervaeke et al. (1989):

1. Different ratios (1:40 and 1:80; g/mL) between the
amount of food and total volume of digestive sol-
utions (pepsin-HCl solution + pancreatin solution)
evaluated using one dry extruded diet for adult
dogs (Diet 1).

2. Addition of gastric lipase (Rhizopus lipase, F-AP15,
Amano Enzyme Inc., Japan) at different concentra-
tions (1, 2 and 4 g/L) to the pepsin-HCI solution in
combination with the addition of a non-ionic sur-
factant (Polyoxyethylene sorbitan monolaurate;
Tween 20, Sigma Aldrich; added at a final concen-
tration of 10 and 20g/L) or bile salts (Cholic acid-
Deoxycholic acid sodium salt mixture, 48305 Fluka
BioChemika, Buchs, Switzerland; added at a final
concentration of 10, 20 and 25g/L) to the pan-
creatin solution using a wet canned food for adult
dogs (Diet 4, chosen for its high fat content) as
the experimental substrate.

3. Different concentrations of pancreatin (10 and
12.5g/L of the phosphate buffer) and bile salts (at
the final concentration of 20 and 25 g/L) evaluated
using a wet canned food for adult dogs (Diet 4)
as the experimental substrate.

4. Different durations (2 and 4h) of the gastric
digestive phase evaluated using one dry extruded
(Diet 1) for adult dogs. The duration of the intes-
tinal digestive phase was kept at 4 h.

Based on the digestibility results collected through
the several trials described above, and after a compari-
son of these results with those that were retrieved
from the literature, the following new method for
in vitro evaluation of the digestibility of commercial
diets for dogs was developed.

1. Sample preparation: each food sample is dried at
65°C until constant weight and finely ground
(<1 mm particle size).
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2. Gastric digestion simulation: 10g of food sample
and 400 mL of a pepsin-HCI solution (HCl 0.075N;
pepsin 2g/L; P7125, Sigma Aldrich) containing
gastric lipase (1g/L; Rhizopus lipase, F-AP15,
Amano Enzyme Inc.,, Japan) are incubated in a 1L
bottle in a shaking waterbath at 39°C for 2 h.

3. Small intestine digestion simulation: first, the pH
level is adjusted to 7.5 with NaOH (1 N). Then,
400mL of a pancreatin solution [10g/L of pan-
creatin (P1500, Sigma Aldrich) in the previously
described phosphate buffered solution (Martillotti
et al. 1987)] is added to each bottle. Immediately
prior to the addition of the pancreatin solution,
bile salts (Cholic acid-Deoxycholic acid sodium salt
mixture, 48305, Fluka BioChemika, Buchs,
Switzerland) are added to each bottle at a final
concentration of 25g/L. Finally, the bottles are
placed in a shaking waterbath at 39°C for 4 h.

4. Collection of the undigested fraction: after enzym-
atic digestion, the preparation is centrifuged (3000
X g, 10min, 4°C), washed with distilled water and
re-centrifuged twice (3000 x g, 5min, 4°C). The
undigested residue is dried at 65 °C until constant
weight and later analysed for the determination of
crude protein, ether extract, ash and starch,
according to AOAC standard methods (AOAC
2000).

Validation of the in vitro method

In order to validate the new in vitro method, the
digestibility of 16dry extruded commercial diets for
adult dogs was evaluated both in vitro and in vivo. A
chemical analysis of the diets was performed accord-
ing to AOAC methods (AOAC 2000); the results are
reported in Table 2.

In vitro digestibility of diets was evaluated following
the new method described above. All diets were ana-
lysed in triplicate.

In vivo trials. In vivo apparent total tract digestibility
was evaluated using a total of 30 adult dogs (different
breeds, individually housed in 12m? pens, in good
health conditions, with an average body weight of
249+6.4kg). Four in vivo trials were conducted in
order to evaluate digestibility of all experimental diets.
The experimental protocol was reviewed and
approved by the Ethical Committee of the University
of Bologna.

Celite, a source of acid-insoluble ash, was included
as a digestion marker at 15g/kg in each tested diet.

Before the beginning of the trial, all dogs were
treated against intestinal parasites (Drontal® Plus
Flavour, Bayer, Germany). The dogs were randomly
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Table 2. Chemical composition (% on DM basis) of the 16 dry
dog foods used for the validation of the in vitro method.

Table 3. In vitro digestibility (mean values + SD) of three dry
extruded diets for adult dogs as determined using the

Crude  Ether Crude Insoluble method proposed by Vervaeke et al. (1989) and literature

Diet Dry matter protein extract Starch fibre  Ash ash data.
1 94.5 23.8 16.4 30.0 237 9.67 1.68 Digestibility, %
2 93.7 24.8 18.4 34.6 1.65 8.80 1.59 .
3 94.9 240 155 347 257 947 128 Diet N DM cp EE Starch
4 94.9 25.2 12.5 38.2 2.90 8.74 0.41 1 3 724+042 847+1.00 289+1.05 964+0.19
5 94.2 215 16.4 36.1 2.86 735 0.92 2 3 73.2+£031 7931023 453+132 9571024
6 93.5 240 144 374 288 10.24 0.61 3 3 657+£039 83.1+058 339+1.31 96.6 £0.16
7 96.3 26.3 12.7 40.0 3.15 8.92 0.84 Literature®® 10 82.2+4.91 846+3.19 943+£336 99.7+0.14
8 962 268 153 430 2:44 >-88 110 DM: dry matter; CP: crude protein; EE: ether extract.
9 925 23.2 10.4 42.0 1.99 8.44 1.03 a X R . . .

Means obtained from: Dust et al. 2005; Yamka et al. 2006; Vhile
10 91.3 23.1 11.9 375 2.85 6.82 1.04 .

et al. 2007; Kempe and Saastamoinen, 2007; Guevara et al. 2008;
1 93.6 294 16.1 34.1 2.73 7.53 0.93 X

Barry et al. 2009; Dobenecker et al. 2010; Brambillasca et al. 2010;
12 91.7 225 13.8 349 2.66 8.09 1.09 . o

Hendriks et al. 2013; Menniti et al. 2014.
13 929 229 12.0 46.4 2.04 6.61 0.56 b . ™ .

Starch digestibility values from the literature refer to N-free extract, cal-
14 93.5 304 140 364 261 8.16 0.54 culated as follows: 100 - (ash + CP + EE + crude fibre)
15 93.8 316 12.4 338 3.01 1228 0.55 ' ’
16 94.7 24.2 16.3 39.1 1.63 734 0.35

assigned to the different experimental groups (six ani-
mals for each diet) based on homogeneity of body
weight. After a 5-day adaptation period (during which
the dogs were progressively adapted to the experi-
mental diet), the dogs received the experimental diet
for 12 days. The dogs were fed once daily (at 08.00 h).
The daily amount of food was calculated based on the
dogs' maintenance energy requirements (estimated at
132Kcal x Kg BW®’%; NRC, 2006) and the energy con-
tent of the diets, the latter being calculated using the
modified Atwater factors for the canine species
(3.5kcal/g of crude protein and starch and 8.5 kcal/g
of ether extract; Case et al. 2000). All dogs had free
access to water and were allowed daily exercise out-
side of their pens. During the last five days, all faeces
excreted by each dog were collected daily and imme-
diately frozen. At the end of the trial, all faecal sam-
ples collected from each dog were mixed thoroughly
and freeze-dried for the determination of moisture,
protein, ether extract, starch and acid-insoluble ash.

Chemical analyses and calculation of digestibility
coefficient. The concentration of protein, ether extract
and starch in dietary undigested residues from in vitro
digestion and faecal samples was determined accord-
ing to AOAC standard methods (AOAC 2000). Prior to
ether extraction, samples were acid-hydrolyzed. The
moisture of faecal samples was likewise determined
according to the AOAC method (AOAC 2000). The level
of acid-insoluble ash (celite) in diets and faeces was
determined using the method of Vogtmann et al.
(1975).

The calculation of the in vitro digestibility of all
experimental diets was performed as described above.

The in vivo apparent total tract digestibility of dry
matter (DM) of the experimental diets was calculated

using the following equation:

100 — [(100 x % acid — insoluble ash in the diet)/
% acid — insoluble ash in faeces]

The apparent digestibility of crude protein, ether
extract and starch was calculated using the following
equation:

100 — (% nutrient in faeces x (100 — DM digestibility)/
% nutrient in the diet)

Statistical analysis of results

During the development of the in vitro method, it was
decided to compare the results obtained in vitro with
data drawn from the literature. However, no statistical
analysis was conducted.

Linear regression was performed to evaluate the
accuracy of the relationships between the digestibility
coefficients of commercial foods evaluated both in
vitro and in vivo (GraphPad Prism 3.0, GraphPad
Software, San Diego, CA).

Results and discussion
Development of the in vitro method

Preliminary application of the method proposed by
Vervaeke et al. (1989). The results obtained from the
digestion of three dry extruded diets for adult dogs
using the method proposed by Vervaeke et al. (1989)
are shown in Table 3.

The average mean DM digestibility of foods proc-
essed with the method of Vervaeke et al. (1989) was
70.4%, far below the average in vivo digestibility
(82.2%) that can be derived from the data reported in
the literature. More specifically, when the method



proposed by Vervaeke et al. (1989) was used, lipid
digestibility showed to be very low (the average
in vitro digestibility of lipids was only 36%, whereas
the average fat in vivo digestibility derivable from the
literature is 94.3%) and was the main factor that
affected total DM digestibility. It has to be underlined
that Vervaeke et al. (1989) proposed their method to
determine the digestibility of diets intended for pigs,
which usually contain much lower concentrations of
lipids than diets for dogs (in this case, the lipid con-
tent of the dry extruded diets ranged from 11.2 to
16.0% on a DM basis). In particular, the Vervaeke
method does not call for the utilisation of bile salts,
which represent essential factors in lipid digestion.
Conversely, protein and starch digestibility data were
consistent with those reported in the literature. Based
on these results, it was decided to modify the
Vervaeke method to adapt it to dogs’ digestion
characteristics.

Maodifications to the method of Vervaeke et al.

Ratio between the weight of food samples and volume
of digestive solution. The ratio between the amount of
food and total volume of digestive solutions (pepsin-
HCl solution + pancreatin solution) in the original
method proposed by Vervaeke et al. (1989) was 1:40
(20g of food in 800 mL). As this ratio influences the
quantity of enzymes that are available to digest the
food substrate, the effect of different food/digestive
solution ratios (1:40 and 1:80) was evaluated. In this
case, only DM digestibility was evaluated.

Average DM digestibility was 66.5+5.79 and
70.9+3.79 with the utilisation of 1:40 and 1:80 solu-
tion ratios, respectively. Despite the fact that no statis-
tically significant difference was observed among
digestibility values obtained with different food/digest-
ive solution ratios, the utilisation of the 1:80 ratio led
to digestibility values that were numerically closer to
in vivo digestibility data than can be obtained from
the literature (82.2+4.91). For this reason, it was
decided to use the 1:80 ratio in the further develop-
ment of the in vitro method.

Utilisation of gastric lipase and emulsifiers. In order
to further improve lipid digestion, the effects of add-
ing gastric lipase to the pepsin-HCl solution and two
different types of emulsifiers (Polysorbate 20 and bile
salts) to the pancreatin solution were studied. For this
purpose, it was decided to use the wet canned food
(Diet 4) in view of its high fat content (30.3% on a DM
basis).

The presence of lipase in dog gastric juice was con-
firmed by Carriere et al. (1991), who were able to
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extract it from canine gastric tissue. The role played by
bile salts in the digestion of lipids has long been rec-
ognised in all domestic animals, including dogs. In
fact, Playoust et al. (1965) found that ileal resection
caused steatorrhoea in dogs due to reduced reabsorp-
tion of bile acids. Polysorbate 20 is an amphipathic,
non-ionic surfactant composed of fatty acid esters of
polyoxyethylene sorbitan (Kerwin 2008) and is used in
many applications, including food and biotechnical
applications. It was decided to evaluate polysorbate 20
as a possible alternative to bile salts, mainly because it
is less expensive than the latter.

The addition of gastric lipase and bile salts (at both
concentrations) improved lipid digestibility and
enabled data more consistent with those reported in
the literature to be obtained (Figure 1). In contrast,
the utilisation of polysorbate 20 only partially
improved lipid digestion and failed to reach digestibil-
ity coefficients similar to those retrieved from the lit-
erature. Based on these results, it was decided to use
gastric lipase at 1g/L during the gastric digestive
phase in the further development of the in vitro
method while the use of bile salts at a final concentra-
tion of 20 and 25g/L was later evaluated in combin-
ation with different concentrations of pancreatin.

Concentration of pancreatin and bile salts. An add-
itional in vitro study was subsequently conducted to
evaluate the effect of different concentrations of pan-
creatin (10 and 12.5g/L of the phosphate buffer) and
bile salts (at a final concentration of 20 and 25 g/L).

Among the combinations tested, compared with
data from the literature, the utilisation of bile salts at
259g/L led to a better estimation of lipid digestibility
than when bile salts were used at 20g/L (Table 4).
Conversely, increasing pancreatin concentrations from
10 to 12.5g/L did not affect lipid digestibility. Based
on these results, it was decided to use pancreatin at
10 g/L in association with bile salts at 25 g/L in the fur-
ther development of the in vitro method.

Duration of the gastric phase. The last step in the
development of the in vitro method consisted in the
evaluation of different durations (2 and 4 h) of the gas-
tric digestive phase, while the duration of the intes-
tinal digestive phase was kept at 4 h.

As shown in Table 5, the duration of the gastric
phase had no significant effect on digestibility.
Consequently, it was decided to reduce the duration
of the gastric phase from four to two hours.

Validation of the in vitro method

The relationships between digestibility of dry matter,
crude protein, ether extract and starch determined
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Figure 1. In vitro lipid digestibility of a sample of wet canned food for adult dogs as determined using different combinations of
gastric lipase and emulsifiers and literature data. The dotted line indicates the mean of results drawn from the literature (Dust
et al. 2005; Yamka et al. 2006; Vhile et al. 2007; Kempe and Saastamoinen, 2007; Guevara et al. 2008; Barry et al. 2009;

Dobenecker et al. 2010; Brambillasca et al. 2010; Hendriks et al.

2013; Menniti et al. 2014) while the solid line indicates results

obtained with the technique proposed by Vervaeke et al. (1989) with no addition of gastric lipase and emulsifiers. BS: Bile salts
(cholic acid-deoxycholic acid sodium salt mixture); Tw20: Polysorbate 20 (polyoxyethylene sorbitan monolaurate; Tween 20, Sigma

Aldrich); L: Gastric lipase.

Table 4. In vitro digestibility (mean values+SD) of a wet
canned food for adult dogs as determined using different
concentrations of pancreatin (g/L of phosphate buffer) and
bile salts (g/L of total volume of digestive solutions) and lit-
erature data.

Digestibility, %

Bile salts, g/L  Pancreatin, g/L N DM CcpP EE

20 10 3 84.8+0.28 852+0.28 86.0+£0.26
20 12.5 3 84.8+040 89.3+0.28 852+0.39
25 10 3 853+0.07 87.1+0.06 90.9+0.05
25 12.5 3 84.8+0.20 86.7+t0.17 89.4+0.14
Literature® 10 822+491 846+3.19 943+336

DM: dry matter; CP: crude protein; EE: ether extract.

*Means obtained from: Dust et al. 2005; Yamka et al. 2006; Vhile et al.
2007; Kempe and Saastamoinen, 2007; Guevara et al. 2008; Barry
et al. 2009; Dobenecker et al. 2010; Brambillasca et al. 2010; Hendriks
et al. 2013; Menniti et al. 2014.

in vivo and using the new in vitro method are shown
in Figure 2.

The following linear regressions were obtained and
used in order to define the relationship between
in vitro and in vivo digestibility results.

in vivo DM digestibility (%)=—-1.15+1.00£0.13
in vitro DM digestibility (%); r*=.810; p < .001

in vivo CP digestibility (%)=18.7+0.71%0.19 in vitro
CP digestibility (%); *=.510; p < .01

in vivo EE digestibility (%)=37.8+40.60+0.20 in vitro
EE digestibility (%); r*=.383; p < .05

in vivo starch digestibility (%)=48.2+0.52+0.31
in vitro starch digestibility (%); *=.161; p > .05

Table 5. In vitro digestibility (mean values+SD) of a dry
extruded food for adult dogs as determined using different
durations of the gastric digestive phase and literature data.

Digestibility, %

Duration, h N DM CcP EE

2 3 86.4+1.46 915+1.10 94.9+3.69
4 3 84.2+2.20 91.1+£0.92 94.5+4.26
Literature® 10 82.2+£4.91 84.6+£3.19 943+3.36
Within a column, different letters indicate a significant difference
(p < 0.05).

?Means obtained from: Dust et al. 2005; Yamka et al. 2006; Vhile et al.
2007; Kempe and Saastamoinen, 2007; Guevara et al, 2008; Barry
et al. 2009; Dobenecker et al. 2010; Brambillasca et al. 2010; Hendriks
et al. 2013; Menniti et al. 2014.

Despite the limited number of foods that were eval-
uated (n=16), the results presented in Figure 2 show
a good correlation (*=.81) between in vitro and
in vivo digestibility of DM. Average DM digestibility
was 80.0% in vitro and 78.8% in vivo, and the average
absolute difference between in vitro and in vivo results
for DM digestibility was 2.1%+ 1.5 (mean +SD). These
results confirm the fact that in vitro methods tend to
slightly overestimate digestibility of diets (Savoie
1994), presumably because of the assumption that all
the components solubilised in vitro are digestible and
absorbable in vivo (Hervera et al. 2007). In their study,
Hervera et al. (2007) proposed an in vitro method to
estimate energy digestibility of commercial pet food
and concluded that their method overestimated
in vivo digestibility of energy by 4% on average. In
their study, Hervera et al. (2007) did not evaluate
digestibility of lipids but found a very good correlation
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Figure 2. Relationship between digestibility of dry matter (DM), crude protein (CP), ether extract (EE) and starch of 16dry
extruded pet food samples determined in vivo (n=15) and in vitro (n=3). In vivo DM digestibility (%) = —1.15+1.00£0.13 in
vitro DM digestibility (%); * = .810; p < .001. In vivo CP digestibility (%) = 18.7 +0.71+0.19 in vitro CP digestibility (%); r* = .510;
p <.01. In vivo EE digestibility (%)=37.840.60+0.20 in vitro EE digestibility (%); r* = .383; p <.05 In vivo starch digestibility
(%) =48.2 4+ 0.52+0.31 in vitro starch digestibility (%); = .161; p > .05.

(r* = .95) between in vivo and in vitro organic matter
digestibility despite the fact that their method did not
involve the utilisation of gastric lipase and bile salts
(however, the last step of the method that they pro-
posed involves washing the undigested residue with
ethanol and acetone, two organic solvents which are
very likely to remove all the undigested fat). Based on
our own results, the digestibility of lipids is strongly
underestimated if gastric lipase and bile salts are not
used and this is very likely to lead to an underestima-
tion of the digestible energy of food.

The correlation between in vitro and in vivo digest-
ibility of crude protein was not as accurate (?=.51) as
the one found for DM digestibility. Average protein
digestibility was 86.0% in vitro and 80.1% in vivo, and
the average absolute difference between in vitro and
in vivo results for CP digestibility was 6.0%+3.9
(mean £SD). The discrepancy between in vitro and in
vivo results was presumably caused by the fact that
faeces do not contain only protein of dietary origin,
but also bacteria and other endogenous protein sour-
ces (mainly sloughed off intestinal cells and digestive
enzymes), leading to an underestimation of protein
digestibility (Crampton & Rutherford 1954). The

presence of dietary fibre (Burrows et al. 1982) and pro-
tein digestibility are the factors that most affect the
digestibility of a commercial food for dogs, because
the digestibility of starch, if it has been properly
cooked, and fat is in general very high (Twomey et al.
2002; Vhile et al. 2007). Protein digestibility of a com-
mercial pet food may be negatively affected by the
utilisation of poor protein sources (Cramer et al. 2007)
and an excessive heat treatment (Opstvedt et al.
1984). Undigested protein reaches the animal hindgut,
where it may be fermented by proteolytic bacteria,
resulting in the production of ammonia and other
toxic compounds (including biogenic amines; Russell
et al. 1983), leading to increased intestinal absorption
of ammonia, faecal odour (Macfarlane et al. 1986) and
higher incidence of intestinal diseases (Ramakrishna
et al. 1991). For these reasons, a precise evaluation of
protein digestibility is critical for characterising a pet
food's nutritional value.

The correlation between in vitro and in vivo digest-
ibility of ether extract and starch was low (r*= .38 for
ether extract and 0.16 for starch). With only one
exception, for all diets tested, the digestibility of ether
extract was comprised between 93 and 99% in vitro
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and between 93 and 98% in vivo. Similarly, for all diets
tested, the digestibility of starch was comprised
between 98 and 99% in vitro and between 98 and
100% in vivo. The low variability that characterised the
ether extract and starch digestibility of the tested diets
seems to be the main reason for the low correlations
that were found. In fact, digestibility results obtained
with the in vitro method (95.3 and 98.7% for ether
extract and starch, respectively) were very close to
those from the in vivo trial (the average digestibility of
ether extract and starch was 94.8 and 99.1%, respect-
ively) as shown by the low average absolute differen-
ces observed between in vitro and in vivo results,
which were 1.8%+0.9 and 0.6%+0.3 (mean*SD) for
EE and starch, respectively. However, the equations
that we have proposed to estimate in vivo digestibility
of fat and starch fractions of a pet food from in vitro
digestibility data may not be accurate in the case of
pet food samples characterised by a low digestibility
of these nutrients.

Conclusions

In conclusion, the in vitro method that was developed
during the present study is a relatively simple, quick
procedure for predicting the digestibility of commer-
cial diets for dogs. The utilisation of such a method
may significantly reduce the need for in vivo digestion
trials with dogs.
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