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Summary 
Understanding the digestion of nutrients in different segments of the gastro-intestinal 

tract of horses is important for correct feed evaluation. This thesis aimed to examine 

starch and fibre digestion and fermentation in various segments of the equine 

gastrointestinal tract using different methods. First, it was verified whether the 

disappearance of nutrients obtained by the mobile bag technique (MBT) could predict the 

apparent total tract digestibility (ATTD) from the total faeces collection (TFC) method 

when horses were fed hay-only or hay and fibrous feedstuffs. Results on dry matter (DM), 

organic matter (OM), neutral detergent fibre (NDF) and acid detergent fibre (ADF) showed 

that disappearances from the MBT can be used to predict the ATTD. Second, digestion 

kinetics were modelled using degradation data from individual mobile bags and advanced 

degradation models. No differences were measured between the ATTD of DM and 

degradation to time t (Dt) from mobile bags placed in the stomach or hindgut and 

recovered in faeces when biological relevant mean retention times (MRT) were used in 

the model. Finally, metabolic, and digestive responses to a meal of processed (toasting or 

micronizing) barley or maize fed at 1 g starch/kg body weight (BW) showed no consistency 

in either plasma glucose or insulin responses. This was despite greater pre-caecal starch 

digestion measured with the MBT of micronized maize (MM) compared to micronized 

barley (MB), toasted maize (TM), or barley (TB). Changes in digestive responses in the 

caecum were measured with increased total short-chain fatty acid (SCFA) concentration 

with a corresponding decrease in pH in the caecum 3 h after feeding the processed grains. 

This indicated that some starch by-passed the enzymatical digestion in the small intestine 

and was instead fermented in the hindgut. Overall, this thesis shows that the MBT can 

predict the ATTD of individual feedstuffs and of the total ration. However, it can be 

challenging to study starch digestion using only one method, thus a comprehensive 

approach is required when investigating starch digestion in horses. Further studies using 

the in-sacco method to predict early fibre degradation would therefore be of interest. 

Moreover, studies are required to establish a comprehensive overview of different 

processing methods, including in-depth processing details and their effects on 

enzymatical starch digestion of various grains. The new knowledge generated in this 

thesis is important for further development and standardization of feed evaluation 

systems for horses.  
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short-chain fatty acids; starch; total faeces collection. 
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Sammendrag 
Å forstå fordøyelsen av næringsstoffer i ulike segmenter av mage-tarmkanalen til hester 

er viktig for riktig fôrvurdering. Denne avhandlingen undersøkte stivelse- og 

fiberfordøyelse og fermentasjon i ulike segmenter av hestens mage-tarmkanal ved hjelp 

av forskjellige metoder. Først, ved å verifisere om forsvinningen av næringsstoff oppnådd 

ved mobil-pose-teknikken (MBT), kan forutsi den tilsynelatende totale fordøyeligheten i 

fordøyelsessystemet (ATTD) fra metoden total oppsamling av avføring (TFC) når hester 

fôres med høy eller fibrøst fôr. Resultater for tørrstoff (DM), organisk materiale (OM), 

nøytral løseligfiber (NDF) og syreløselig fiber (ADF) viste at forsvinning fra MBT kan forutsi 

ATTD. Videre ble fordøyelseskinetikk modellert ved å bruke nedbrytningsdata fra 

individuelle mobile poser og avanserte nedbrytningsmodeller. Ingen forskjeller ble målt 

mellom ATTD for DM og degradering til tid t (Dt) fra mobile poser plassert i magen eller 

blindtarmen og samlet opp i avføringen når biologisk relevante gjennomsnittlige 

retensjonstider (MRT) ble brukt i modellen. Til slutt viste responsene i metabolisme og 

fordøyelighet i et måltid med bearbeidet (ristet og mikronisert) bygg og mais med 1 g 

stivelse/kg kroppsvekt (BW) ingen sammenhengende effekt verken i plasmaglukose- eller 

plasmainsulinrespons, til tross for høyere stivelsesfordøyelighet i mage- og tynntarm for 

mikronisert mais (MM) sammenlignet med mikronisert bygg (MB), og ristet mais (TM) 

eller bygg (TB). I tillegg ble endringer i fordøyelsesresponser i blindtarmen målt ved økt 

total kortkjedet fettsyrekonsentrasjon med tilsvarende reduksjon i pH i blindtarmen 3 

timer etter fôring av de bearbeidede kornene. Dette indikerer at noe stivelse passerte 

den enzymatiske fordøyelsen i tynntarmen og i stedet ble fermentert i tykktarmen. 

Samlet sett viser denne avhandlingen at MBT kan forutsi ATTD fra individuelle fôrmidler 

til en totalrasjon. Dessuten kan det være vanskelig at studere stivelsesfordøyelighet ved 

hjelp av kun en metode. Derfor kreves en omfattende undersøkelse for at evaluere 

stivelsesfordøyelighet hos hester. Ytterligere studier som bruker in-sacco metoden for at 

forutsi tidlig fibernedbrytning er av interesse, dessuten er ytterligere studier nødvendig 

for å etablere en omfattende oversikt over ulike prosesseringsmetoder med dyptgående 

prosessdetaljer og deres effekt på ulike korns enzymatiske stivelsesnedbrytning. Den nye 

kunnskapen skapt i avhandlingen er viktig for videreutvikling og standardisering av 

fôrvurderingssystem for hester. 

 

Søkeord: nedbrytningskinetikk; Hest; fiber; i-pose; pH; plasma glukose; plasma insulin; 

kortkjedede fettsyrer; stivelse; total avførings oppsamling.  
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1 Introduction 
Horses are herbivores eating plants consisting of primarily carbohydrates (~80% of DM) 

as their main energy source (Bach Knudsen, 2001; Hoffman, 2013). In the following 

section carbohydrates will be classified. 

 

1.1 Carbohydrate classification  
Depending on perspective, carbohydrates can be classified in different ways. From an 

equine digestive point of view, carbohydrates are divided into hydrolysable and 

fermentable carbohydrates (Hoffman, 2013, Figure 1). Hydrolysable carbohydrates are 

hydrolysed to simple sugars by enzymes in the small intestine. Fermentable 

carbohydrates cannot be enzymatically digested and are instead fermented to short-

chain fatty acids (SCFA) by microorganisms, a process that takes place primarily in the 

hindgut. Hydrolysable carbohydrates, also called non-structural carbohydrates (NSC), can 

be divided into three sub-groups: resistant starch (resistant to small intestine enzyme 

hydrolysis due to the physical or chemical structure), starch, and water-soluble 

carbohydrates (WSC). While fructans are part of the WSC, they are polymers of oligo- and 

polyfructosyl sucrose linked by β-2.1 or β-2.6 glycosidic bonds resistant toward 

enzymatical digestion, and are therefore classified as fermentable carbohydrates 

(Hoffman, 2013). Fermentable carbohydrates, also called non-starch polysaccharides 

(NSP), can be divided into soluble and insoluble NSP (S-NSP and I-NSP, respectively). In 

the following section the primary focus will be on starch and NSP. 

 

 
Figure 1. Classification of hydrolysable (solid line) and fermentable carbohydrates 

(dashed line) (CHO) modified from Hoffman et al. (2001). Non-structural carbohydrates 

(NSC) are divided into three subgroups: starch, resistant starch, and water-soluble 

carbohydrates (WSC). Non-starch polysaccharides (NSP) are divided into soluble and 

insoluble NSP (S-NSP and I-NSP, respectively).  

1.2 Starch 

Starch is a polysaccharide containing glucose units linked by glycosidic bonds (Hoffman, 

2013). It consists of linear ɑ-1.4 amylose and the more branched molecule ɑ-1.6 
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amylopectin (Figure 2). Starch is the main storage carbohydrate in grains, and it is 

accumulated in granules of the endosperm deposited in layers with various amylose and 

amylopectin content (Svihus et al., 2005; Hoffman, 2013). The ratio between amylose and 

amylopectin defines whether grain starch is categorized as “normal,” “waxy,” or “high 

amylose.” The “normal” grain starch consist of approximately 25% amylose, whereas 

“waxy” starch may have little or no amylose (<10%) and “high” amylose starch may 

contain up to 70% (Svihus et al., 2005; Cowieson et al., 2019). The “waxy” gene is mainly 

found in barley and maize, which contain approximately 75% and 99% amylopectin, 

respectively (Svihus et al., 2005; Cowieson et al., 2019). 

 
Figure 2. Illustration of the chemical structure of amylose and amylopectin obtained 

from Romano and Kumar (2019). 

1.2.1 Starch digestion 

In horses, starch is already exposed to ɑ-amylase in the mouth (Hoffman, 2013). However, 

the amount of ɑ-amylase in saliva is limited in horses (8-108 IU/L) (Fuentes-Rubio et al., 

2015) in comparison to the saliva of pigs (265-7,060 IU/L) (Fuentes et al., 2011), and the 

retention of feed in the mouth is short, hence negligible when estimating starch 

digestibility. Studies have found indications of starch degradation in the stomach 

assuming microbial fermentation in the non-glandular part of the stomach (de Fombelle 

et al., 2003; Varloud et al., 2004, 2007; Coenen et al., 2006). This assumption is built on 

the lack of ɑ-amylase in the stomach, and the only way for ɑ-amylase to enter the stomach 

is by duodenal reflux when horses are fasted (Murray and Schusser, 1993). Varloud et al. 

(2004) measured the apparent digestibility of “starch and sugar” by use of indigestible 

markers in the stomach with a digestibility varying from 41-76%. However, the gastric 

degradation of starch and sugar is still a less investigated area of starch digestion.  

 

The major enzymatic digestion of starch occurs in the small intestine. Here, the enzymes 

ɑ-amylase and amylopectinase are released from the pancreas into the duodenum via the 
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pancreatic duct cleaving the ɑ-1.4 and ɑ-1.6 linkages (Merritt and Julliand, 2013). The free 

glucose units are transported into the bloodstream (Argenzio, 1993; Dyer et al., 2002). 

Meyer et al. (1995) found the enzymatical starch digestion in the small intestine to vary 

to a large extent when horses were fed different grains with approximately 2 g starch/kg 

BW/meal (Table 1). Due to low ɑ-amylase secretion in horses (0-7 U/g mucosa/min vs. 0-

200 U/g mucosa/min in pigs, Roberts, 1974) only limited amounts of starch can be 

digested in the small intestine, with remaining undigested parts passing to the hindgut.  

1.2.2 Starch fermentation 

Starch that escapes digestion in the small intestine is fermented to lactate and SCFA in 

the hindgut by starch-utilizing microbes (Argenzio et al., 1974; Hintz et al., 1971a; Julliand 

et al., 2001; Medina et al., 2002). This results in a greater ratio of propionate at the 

expense of acetate compared to a forage diet (Hintz et al., 1971a; Julliand et al., 2001; 

Medina et al., 2002). This should be avoided as disturbance of the microbiota can lead to 

colic (Hudson et al., 2001), colitis (Costa et al., 2012), laminitis (Garner et al., 1975) and in 

severe cases inflammatory bowel disease (Kalck, 2009). Further, the altered microbiota 

adapted for starch degradation can potentially impair fibre fermentation (Julliand et al., 

2006).  

 

Starch-utilizing bacteria (Lactobacilli and Streptococci spp.) and lactate-utilizing bacteria 

are present in larger concentrations in the stomach (8.1, 7.4, and 7.2 log10 CFU/ml, 

respectively) than cellulolytic bacteria (1.2 log10 CFU/ml) (de Fombelle et al., 2003). 

Similarly, presence of Lactobacilli (6.5 log10 CFU/ml), and concentrations of lactate (1 

mmol/l) and total SCFA (7.3 mmol/l) in the stomach 2 h after feeding a morning meal of 

pelleted grains (1 g starch + sugar/kg BW) were observed (Varloud et al., 2007). 

Additionally, Varloud et al. (2004) reported more than 40% starch and sugar digestibility 

in the stomach independent of diet. Furthermore, horses fed a starch-rich diet (4.5 g/kg 

BW/day) had greater concentrations of SCFA and propionate in the stomach (9.4 and 1.4 

mmol/l higher, respectively) and small intestine (average 4 mmol/l greater) than horses 

fed a diet of 2.2 g starch/kg BW/day (de Fombelle et al., 2003). Altogether, this reveals 

that some starch and sugars are fermented pre-caecally, but the extent of this 

fermentation still needs investigation. Therefore, fermentation of starch is considered 

more important compared to fibre fermentation pre-caecally (see 1.4.2 Fibre 

fermentation). Collectively, the hydrolysis and fermentation in the stomach, the 

enzymatic digestion in the small intestine, and the fermentation in the hindgut, cause 

starch (and WSC) to be almost completely digested when estimated by apparent total 

tract digestibility (ATTD) (Wolter et al., 1982; McLean et al., 1999a; Jensen et al., 2014).  
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1.2.3 Factors affecting pre-caecal starch digestion 

As earlier reviewed by Kienzle (1994) and Julliand et al. (2006), several factors affect pre-

caecal starch digestibility in horses, as illustrated in Figure 3. These will be covered 

individually through the section; however, additive effects and interactions are present 

between factors.  

 

 
Figure 3. Factors affecting pre-caecal starch digestibility in horses. 

1.2.3.1 Feeding management 

Feeding management, with a focus on starch intake (g/kg BW/meal) and its effect on pre-

caecal starch digestion, has been investigated over the last 50 years (Hintz et al., 1971a; 

Householder et al., 1979). In general, the greater starch intake the lower pre-caecal starch 

digestibility (Figure 4). To avoid starch by-passing to the hindgut, an early study by Potter 

et al. (1992) suggested a maximum of 3.5-4 g starch/kg BW/meal. Reviewing the 

literature, Kienzle (1994) suggested a maximum of 2 g starch/kg BW/meal could be fed to 

avoid by-pass starch. This was supported by Julliand et al. (2006).  
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Figure 4. Pre-caecal starch digestibility (%) as a response to starch intake (g/kg body 

weight (BW)/meal). 1Cited in Potter et al. (1992).  

 

A high starch intake is related to prolonged gastric emptying (~1 h longer, Métayer et al., 

2004) and, longer pre-caecal (~1 h longer) (de Fombelle et al., 2004) and total tract mean 

retention time (TMRT, up to 12 h longer) (Drogoul et al., 2001; Jensen et al., 2014) in 

relation to a high forage intake. In contrast, increased feeding frequency shortens the pre-

caecal MRT (de Fombelle et al., 2004). Longer transit time (TT) for mobile bags is reported 

to increase pre-caecal starch disappearance (Hymøller et al., 2012) and starch 

disappearance in the caecum (McLean et al., 1999bc). In theory, a longer MRT can be 

associated with greater starch digestibility, as digesta are exposed to enzymes for a longer 

time.   

1.2.3.2 Animal variation 

Variation between individual animals is often recorded in digestibility experiments with 

horses (Kienzle et al., 1997; Ragnarsson and Lindberg, 2010; Jensen et al., 2012). The 

variation may be because of anatomic differences in gastro-intestinal size and 

divergences in eating behaviour (Meyer et al., 1995). These factors may interfere with the 

digestibility of starch. Eating behaviour involves both the chewing activity and the speed 

of ingestion. This influences the particle size in the jejunal chyme (Kienzle et al., 1997), as 

a hasty eater may not chew sufficiently. Further, amylase activity in the jejunum chyme 

was greater when horses were fed grains (barley, maize, or oats) compared to a hay-only 

diet (31 and 15 U/g chyme, respectively; Kienzle et al., 1994). Additionally, amylase 

activity in the chyme was reported to vary between animals (Kienzle et al., 1994).  
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1.2.3.3 Grain characteristics 

Studies have compared the pre-caecal starch digestibility of barley, maize, and oats. 

Among these, oat starch was found to have greater digestibility than barley and maize 

(Table 1). Svihus et al. (2005) concluded that a high ratio of amylose to amylopectin is 

negatively correlated with starch digestibility. This may be explained by the crystalline 

regions being easier to solubilize than the amorphous regions (mainly amylose). The size 

of the starch granules may also affect digestibility, as small granules have a larger surface 

area in relation to volume than large ones, and thus a larger area for enzymes to 

approach. This is the case for oat starch, which has small granules compared to maize 

starch (Svihus et al., 2005).  

 
Table 1. Pre-caecal starch digestibility (%) of barley, maize, and oats determined by the 
marker method or the mobile bag technique (MBT). 

Reference Starch 
intake1 

Method Place of 
digestion 

Digestibility 
Barley Maize Oats 

Arnold et al. (1981)2 ? Marker3 Pre-caecal  80 95 

Meyer et al. (1995)4 2 Marker3 Pre-ileal 22 29 84 

Moore-Colyer et al. 
(2006)5 

?6 MBT Pre-caecal 82 73 99 

de Fombelle et al. 
(2004)5 

0.8-1.5 MBT Pre-caecal 86 88 100 

1.5-2.8 MBT  87 91 100 
Brøkner et al. (2012a)7 28 MBT Pre-caecal 75  98 
Rosenfeld and Austbø 
(2009)9 

0.5-1 MBT Pre-caecal 71 66 95 

      
1 g/kg body weight/meal. 
2 Cracked grains. 
3 Chromium oxide. 
4 Crushed barley, whole maize, and oats. 
5 Grains ground to 3 mm screen size when used in mobile bags. 
6 350 g pelleted feed/day (unknown starch intake). 
7 Grains ground to 1 mm screen size when used in mobile bags. 
8 Morning meal for a hay+barley+sugar beet pulp (SBP) or hay+oats+SBP diet.  
9 Digestibility of the grains are provided in averages of different processing methods (ground, pelleted, 

extruded, and micronized) and moreover ground to 1 mm screen size when used in mobile bags. 

 
Starch can interact with both lipids and protein in the grain matrix. This may impair starch 

digestibility directly and indirectly by reducing the contact between starch and enzymes 

and reducing swelling of the starch granule (McAllister et al., 1993; Svihus et al., 2005). 

Lipids are more associated with amylose than amylopectin (Morrison et al., 1984; Baldwin 

et al., 1997) and this can lead to less starch being gelatinized during feed processing.  
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1.2.3.4 Processing of grains 

Grains used for horses can be subjected to mechanical, thermal, or thermo-mechanical 

processing methods in either wet or dry conditions (Julliand et al., 2006) (Table 2). The 

main aims for processing grains are to increase the nutritional value by increasing nutrient 

digestibility, and to improve the hygienic quality (Kienzle, 1994; Hill, 2007). Some common 

processing methods for equine feedstuffs are thermal micronizing, flaking, or pelleting 

(Table 2) and mechanical rolling or grinding. Mechanical processing methods can break 

the connections between starch granules, which decreases the particle size of the grain. 

This increases the surface area in relation to the volume of particles and thereby renders 

them easier for enzymes to digest (Kienzle, 1994; Meyer et al., 1995). This corroborates 

with results reported by Philippeau et al. (2014), who measured a greater pre-caecal 

starch digestibility with ground barley compared to untreated barley (Table 3). Similar 

effects were found for untreated and ground maize (Meyer et al., 1995). 

 

Table 2. Characteristics (temperature (temp., ˚C), duration (seconds, sec) and moisture 

content (%)) of different processing methods (Van der Poel, 1990; Svihus et al., 2005; 

Julliand et al., 2006; Newton, 2020). 

Process 
method 

Type of 
processing 

Processing details Heat source 

Temp. Duration Moisture 

Thermal Roasting 90-190 40-60 -/+ IR1 

Micronizing 80-130 40-60 18-21 IR 
Extrusion 80-200 30-150 + Steam 

Thermo-
mechanical 

Expander 80-140 1-15 10-20 Steam 
Toasting2  100-140 60-300 + Steam 
Toasting3 90-105 1800-2700 + Steam 
Flaking  90-95 600-1200 ? Steam 
Pelleting 60-95 70-250/25-35 + Steam 

1 IR, infrared radiation. 
2 Pressure toasting. 
3 Conventional toasting. 

 
Thermal processing methods can include both heat and pressure, and grains are often 

pre-treated with moisture to increase the effect. Thermal-mechanical processing 

methods can include mechanical treatment, moisture, heat, and pressure either all 

together or separately, depending on processing method. Thermal and thermal-

mechanical processing methods increase the degree of gelatinization (DG) of starch. 

Gelatinization is a process by which the internal structure of the starch granule is broken 

(Figure 5, Donald, 2001). It is an initial swelling process that increases the interface 

between crystalline regions (mainly amylopectin) and amorphous regions (mainly 

amylose). During gelatinisation, viscosity increases as starch granules swell and 

additionally gels of solubilized amylose are produced (Hermansson and Kidman, 1995; 

Svihus et al., 2005; del Carmen Robles-Ramirez et al., 2012). This can increase the 
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susceptibility of amylose and increase starch digestibility. The DG depends on moisture 

content, temperature (starts around 50-70 ˚C), and duration (Julliand et al., 2006; Liu et 

al., 2019). Further, the size of the starch granules affects the DG. Large granules have a 

greater gelatinization enthalpy (sum of energy in J/g starch) than small granules (Svihus 

et al., 2005; Zhu, 2017), indicating that large granules are easier to gelatinise than small. 

As mentioned (in 1.2.3.3 Grain characteristics), amylose-lipid complexes can possibly lead 

to less starch gelatinized during processing (Svihus et al., 2005) and the possibility of 

increased resistant starch formation (Russell et al., 1989; Sievert and Pomeranz, 1989) 

both reducing pre-caecal starch digestibility (Asp and Björck, 1989; Åkerberg et al., 1998). 

Therefore, a linear relationship between DG and pre-caecal starch digestibility might not 

be unambiguous.  

 
Figure 5. Illustration of structural modifications of starch granules during the 

gelatinization process obtained from Romano and Kumar (2019).
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Literature is, however, inconclusive in terms of the impact that individual processing 

methods have on DG. Vervuert al. (2007) and Philippeau et al. (2014) measured no 

difference in DG for ground and whole barley (Figure 6). However, thermo-mechanical 

processing methods resulted in greater DG (Vervuert et al., 2007; Philippeau et al., 2014), 

with the greatest DG reported for popped barley (Vervuert et al., 2007). Similar was 

reported for thermo-mechanically processed maize (Vervuert et al., 2004) and oats 

(Vervuert et al., 2003). However, steaming oats did not increase the DG compared to 

whole oats (Vervuert et al., 2003). At unfavourable processing conditions for 

gelatinization (e.g., temperature >100˚C at an insufficient water-condition) the content of 

resistant starch increases (Russell et al., 1989; Sievert and Pomeranz, 1989). Thus, 

resistant starch escapes to the hindgut where it has dietary fibre-like functions resulting 

in production of SCFA (Åkerberg et al., 1998). This indicates that the individual processing 

conditions (temperature, duration, and moisture content) can differ thus affecting DG 

and site of digestion in the gastrointestinal tract (GIT).  
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Figure 6. The degree of gelatinization (DG, %) for whole barley and barley having 

undergone different processing methods.  

1.3 Glucose and insulin regulation  

Insulin is the main regulator for blood glucose concentration in horses (Geor, 2013). The 

primary stimulus for insulin secretion is glucose, however it can also be induced by the 

amino acids’ arginine and leucine (Geor, 2013). Insulin is first secreted in an initial rapid 

phase and thereafter released less intensely when a stimulus is given (Wilcox, 2005). In 

horses, basal serum glucose is measured to approximately 5 mmol/l (Vervuert et al., 2008, 

2009ab; Lindåse et al., 2018) and approximately 5 µU/ml for insulin (Vervuert et al., 

2009ab).   
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1.3.1 Glycaemic and insulinaemic response  

After a meal both plasma glucose and insulin will increase (Healy et al., 1995; Vervuert et 

al., 2004, 2007, 2008). Therefore, glycaemic and insulinaemic responses are measures of 

changes in plasma glucose and insulin to a given feedstuff or meal. Both can be measured 

by glucose and insulin peaks, time to reach peaks, and area under the curve (AUC) for 

plasma glucose and insulin concentrations over time (Harris and Geor, 2009). These 

measures can be used to evaluate if starch is rapidly digested (high and fast peaks) and to 

what extent, as a large AUC indicates higher digestibility than a small AUC. Another 

approach to measure the glycaemic response after a meal is the glycaemic index (GI). 

Originally it was developed for human foods to determine the potential of a given 

carbohydrate source to increase plasma glucose concentrations (Granfeldt et al., 2006; 

Harris and Geor, 2009). Mainly, it was used to formulate diets with low glycaemic impact 

for humans with diabetes (Wolever and Mehling, 2002). In horses, several studies have 

estimated the GI for grains (Vervuert et al., 2003, 2004; Rodiek and Skull, 2007; Nielsen 

et al., 2010). However, the procedure (starch intake and reference feed used to calculate 

GI) is inconsistent and hence difficult to compare results across studies.  

 

1.3.2 Factors affecting glucose and insulin responses 
1.3.2.1 Processing  

Processing has been studied for its ability to affect both glucose and insulin responses in 

horses (Vervuert et al., 2003, 2004, 2007, 2008; Philippeau et al., 2014) and for having a 

positive effect on pre-caecal starch digestibility, and thereby glucose absorption, with a 

corresponding increase in plasma glucose and insulin responses.  

 

The effects of different feedstuffs on plasma glucose and insulin responses are presented 

in Table 4. However, results are conflicting. Vervuert et al. (2007) reported a greater 

plasma glucose peak when horses were fed steam-flaked barley compared to ground or 

steamed barley (Table 4). Despite this observation, there was no difference in glucose 

response between whole and steam-flaked barley. Further, steamed barley resulted in 

the lowest overall glucose response than the other processing methods. Thus, results 

were inconsistent when barley was processed. Similar processing methods were used for 

oats and maize, but no effect was measured on either plasma glucose or insulin responses 

(Table 4). Another study (Vervuert et al., 2008) reported that micronized and extruded 

barley resulted in greater plasma glucose (1.7 and 3 mmol/l larger, respectively) and 

insulin peaks (39 and 85 µU/ml larger, respectively) than rolled barley. However, results 

among processing methods were inconsistent, as only extruded barley resulted in a 

greater AUC for plasma glucose compared to rolled barley (731 vs. 275 mmol/l/min). 

Based on results from Vervuert et al. (2007, 2008), barley starch may be more 

enzymatically digestible when thermal processed than unprocessed.  
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Only one study has combined glucose responses with pre-caecal starch digestion 

(Philippeau et al., 2014). In this study, horses were fed 2.7 g barley starch/kg BW before 

sampling. However, the processing method did not affect mean whole blood glucose, 

peak, or AUC, despite processed barley’s greater pre-caecal starch digestibility in relation 

to whole barley. Details of the processing methods were lacking but a numerical 

difference in DG was reported (Figure 6). Generally, oats have the greatest glucose and 

insulin response independent of processing method compared to maize and barley (Table 

4). This indicates that oats are more digestible in the small intestine, and that possibly less 

starch by-passes to the hindgut compared to maize and barley. Therefore, oats are more 

appropriate to use in horse feed than maize and barley. Furthermore, the processing 

methods of steam-flaking, steaming, extrusion, and micronizing may have some 

advantages for grain starch digestion compared to untreated grains. 

 

Table 4. Glycaemic and insulinaemic (mean ± SD) responses in equine blood plasma when 

fed processed maize, oats, or barley (1.2-1.5 g starch/kg body weight/day) obtained from 

Vervuert et al. (2003, 2004, 2007).  

Feedstuff Processing 
method 

Peak Area under the curve (AUC) 

Glucose 
(mmol/l) 

Insulin  
(µU/ml) 

Glucose     
(mmol × min/l) 

Insulin           
(µU × min/ml) 

Maize Whole 6.6 ± 0.8 23.6 ± 12.9 1630 ± 170 4334 ± 2129 
Ground 6.2 ± 1.2 30.4 ± 22.9 1527 ± 175 4539 ± 2456 
Steamed 6.1 ± 1.1 26.4 ± 14.6 1480 ± 111 4291 ± 2271 
Micronized  6 ± 0.5 25.4 ± 8.1 1505 ± 101 5129 ± 2415 
SF1 5.9 ± 0.3 23.1 ± 9.4 1513 ± 48 4373 ± 1796 
Popped 6.3 ± 1.2 18.8 ± 10.8 1691 ± 283 3511 ± 1929 

Mean  6.2 ± 0.9 24.6 ± 13.1 1558 ± 148 4363 ± 2166 

Oats Whole 6.4 ± 0.9 31.9 ± 23 1659 ± 254 6052 ± 4623 
 Ground 6.6 ± 0.9 49.3 ± 54 1697 ± 318 9946 ± 11,415 
 Steamed 6.8 ± 1.4 41.9 ± 38 1638 ± 253 7641 ± 5930 
 SF 6 ± 0.2 22.9 ± 6.8 1549 ± 67 4662 ± 1351 
 Popped 5.9 ± 1.2 27.2 ± 21.6 1576 ± 186 4998 ± 3166 

Mean  6.3 ± 0.9 34.6 ± 28.7 1624 ± 216 6660 ± 5297 

Barley Whole 6.1 ± 0.5ab 19.1 ± 6.5a  161 ± 87.2ab 2041 ± 614a 
 Ground 5.7 ± 0.7a 19.9 ± 8.2a 127 ± 58.5ab 2923 ± 1532ab 
 Steamed 5.8 ± 0.3a 23.1±11.9ab 103 ± 61a 2440 ± 1338ab 
 SF 6.5 ± 0.6b 29.5 ± 11.9b 205 ± 62.9b 3837 ± 1440b 
 Popped 6.1 ± 0.4ab 21.5 ± 7.6a 242 ± 53.5b 2173 ± 1194ab 

Mean  6 ± 0.5 22.6 ± 9.2 168 ± 64.6 2683 ± 1224 

1 SF, Steam-flaked. 
a, b, c Values within a row for barley are different if superscript differs (P<0.05). 
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1.3.2.2 Inclusion level of non-structural carbohydrates 

A few studies have investigated the inclusion level of starch and WSC’s effect on plasma 

glucose and insulin (Vervuert et al., 2009a; Lindåse et al., 2018). Vervuert et al. (2009a) 

investigated the effect of increasing the starch intake from 0.3 to 2 g/kg BW/meal. An 

increase in both plasma glucose and insulin responses (AUC) was reported when the meal 

exceeded 1.1 g starch/kg BW. To avoid development of insulin dysregulation, the authors 

suggested that starch intake should not exceed 1.1 g/kg BW/meal. Lindåse et al. (2018) 

evaluated the plasma glucose and insulin response when two breeds (Icelandic and 

Standardbred) were fed haylage with varying NSC content (low: 42, medium: 136, and 

high: 182 g/kg dry matter (DM)) resulting in different NSC intakes (low: 0.3, medium: 0.8, 

and high: 1.1 g NSC/kg BW/meal). A greater glucose peak was reported with increased 

NSC intake (6.5, 7.1, and 7.7 mmol/l, respectively). Moreover, the early glucose response 

(first 60 min of AUC) was greater with the high compared to low NSC intake (21 and 40 

mmol/l×min, respectively). Similar reports emerged for the Icelandic horses for the 

overall AUC glucose (low: 248 and high 460 mmol/l×min) and corresponding insulin 

response (low: 9782 and high 14420 µIU/ml×min, respectively).  

1.3.2.3 Feeding management 

Feeding management such as the first or second meal and restricting forage before 

and/or after the test meal is reported to affect plasma glucose and insulin responses. 

Karasu et al. (2015) found lower plasma glucose and insulin responses after feeding the 

second meal rather than the first meal with starch (0.9 g/kg BW). Vervuert et al. (2009c) 

measured an effect of fasting before and/or after feeding cracked maize on both plasma 

glucose and insulin responses. The authors (Vervuert et al., 2009c) suggested that horses 

should be fasted 12 h before and after a test meal, as fermentation of forage generates 

propionate, which has glycogenic properties (Ford and Simmons, 1985). 

1.4 Non-starch polysaccharides (fibre) 

Fermentable fibrous carbohydrates, also called NSP, can be divided into soluble- and 

insoluble carbohydrates (S-NSP and I-NSP, respectively, Figure 1). These are both resistant 

to enzymatic digestion in the small intestine but degradable by microbial fermentation 

primarily in the large intestine. The S-NSP consists of gums (e.g., ß-glucans), mucilage, and 

pectin, whereas I-NSP consist of cellulose and hemicellulose (Hoffman, 2013). Gums and 

mucilage are galactopolysaccharides whereas pectin is a structural polysaccharide 

containing 1.4-linked α-D-galactosyluronic acid residues, all rapidly fermented in the 

hindgut (Hoffman, 2013; McDonald et al., 2011). Cellulose is polymers of glucose bound 

by ß1-4 linkages (glycosidic bonds) whereas hemicellulose includes several polymers 

mostly xylose, glucose, mannose, and arabinose (Figure 7) and both are found in the plant 

cell wall (Hoffman, 2013; Varloud et al. 2004). These are slowly fermentable and often 
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referred to as fibre. Lignin is also considered as fibre; though, it is not a carbohydrate but 

a non-degradable complex phenolic polymer (Hoffman, 2013; McDonald et al., 2011). 

However, it is still an important compound, as it can reduce the digestibility of other 

nutrients (Ragnarsson and Lindberg, 2008).  

 

 
Figure 7. Illustration of cell material in oats from Bach Knudsen (2001). 

 

Figure 7 illustrates the cell materials in oats. The husk of a grain is mainly composed of I-

NSP and lignin, whereas the endosperm is composed of starch embedded in a matrix of 

protein, ß-glucans, and soluble arabinoxylans (Bach Knudsen, 2001). The cell wall consists 

of NSP and lignin, where pectin in particular is found in the middle lamella (Bach Knudsen, 

2001; Hoffman, 2013). Polysaccharide and lignin content varies among plant species 

(Table 5). Total NSPs constitute approximately 60% of forage (hay) and in grains it 

constitute 7-36%, dependent on species (Table 5). Oats have the greatest content of T-

NSP, followed by barley and then maize, as the oat hull is rich in I-NSP (Table 5).  
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Table 5. Nutrient composition of various feedstuffs (g/kg dry matter (DM)). 

Ref.1 Feed Nutrients2      

  Starch WSC NDF ADF DF T-NSP I-NSP S-NSP 

Bach 

Knudsen 

(1997) 

Barley 587 21 - - 221 189 131 55 

Maize 690 20 - - 108 97 88 9 

Oats 468 17 - - 298 232 192 40 

Oats3 557 - - - 148 116 63 53 

Brøkner 

et al. 

(2012b) 

Barley 575 40 130 - 192 170 125 45 

Maize 701 35 90 - 80 76 69 7 

Oats  343 18 338 - 439 360 269 91 

 Hay 1 100 577 - 699 600 586 14 

Jensen et 

al. (2014) 

Barley 583 35 143 50 200 175 133 42 

MSBP4 1 230 331 153 499 488 248 240 

Hay 1 84 685 376 683 569 528 41 
1 Ref., reference. 
2 WSC, water soluble carbohydrates; NDF, neutral detergent fibre; ADF, acid detergent fibre; T-NSP, total non-

starch polysaccharides; I-NSP, insoluble non-starch polysaccharides; S-NSP, soluble non-starch polysaccharides. 
3 Dehulled oats. 
4 MSBP, molassed sugar-beet pulp. 

1.4.1 Fibre analyses 

One common method of evaluating fibre content of feedstuffs is described by Van Soest 

et al. (1991). This method quantifies neutral detergent fibre (NDF: cellulose, 

hemicellulose, and lignin), acid detergent fibre (ADF: cellulose and lignin) and acid 

detergent lignin (ADL: lignin), by extraction with detergents (Van Soest et al., 1991). 

Another method is dietary fibre (DF) analysis. It quantifies T-NSP, I-NSP, and their 

constituent sugars (Bach Knudsen, 1997). From this, total DF (T-NSP + Klason lignin) and 

S-NSP (T-NSP – I-NSP) can be calculated. This method covers more fibre components than 

the NDF method, as NDF does not include pectin, gums (ß-glucans), mucilage or any 

hemicellulose soluble in neutral detergent. Additionally, the insoluble residue lignin can 

be quantified by an enzymatic-chemical procedure that removes sugars, starch, and NSP 

by sulfuric acid (Theander et al., 1994). This method is called Klason lignin (Theander et 

al., 1994).  

1.4.2 Fibre fermentation 

Carbohydrates that are not enzymatically digested in the small intestine can instead be 

fermented by microbes in the hindgut. The microbiota constitutes bacteria, protozoa, 

anaerobic fungi, bacteriophages, and archaea (Julliand and Grimm, 2016). Some have 

been isolated and described; however, most microbes have not yet been identified 

(Julliand and Grimm, 2016). Furthermore, most studies conducted on the microbiota in 
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horses have focused on bacteria, therefore the following section will focus on bacteria in 

general.  

1.4.2.1 Microbiota along the equine gastrointestinal tract  

In horses, bacteria have been identified along the entire GIT. The total anaerobic bacterial 

concentration in the stomach is high, varying from 5.5 to 9 log10 colony-forming units 

(CFU)/mL gastric fluid (de Fombelle et al., 2003; Varloud et al., 2007; Julliand et al., 2018). 

The small intestine contributes with a total anaerobic bacteria concentration between 7.7 

and 8.8 log10 CFU/mL digesta (de Fombelle et al., 2003). The bacterial community present 

in the hindgut has a total anaerobic bacteria concentration varying from 7.1 to 9.1 log10 

CFU/mL digesta (Julliand et al., 2001; de Fombelle et al., 2003; Muhonen et al., 2009). The 

bacteria count in the colon is slightly higher than in the caecum (8.6 vs. 7.7 log10 CFU/mL 

digesta, respectively) (de Fombelle et al., 2003). Despite a similar concentration of total 

anaerobic bacteria through the GIT, the volume (stomach 8-15 l, small intestine 60 l, 

caecum 32 l and colon 91 l) (Merritt and Julliand, 2013) and retention time of the digesta 

in the different segments (see 1.5 Passage rate) are diverse. Thus, the greatest 

fermentation and thereby production of SCFA occurs in the hindgut.  

1.4.2.2 Production of short-chain fatty acids 

The microbiota’s primary function is to provide the horse with energy through 

carbohydrate fermentation. Fermentation includes several steps to produce the end-

products SCFA—mainly acetate, propionate, and butyrate (Figure 8). The first step 

involves hydrolysis of the carbohydrates to their constituent monosaccharides. For 

example, cellulose is degraded by ß-D-glucosidase, whereas hemicellulose is degraded by 

ɑ-L-arabinosidase (Merritt and Julliand, 2013). The monomeric sugars are then 

hydrolysed in the bacterial cells through the Embden-Meyerhoff pathway to form 

pyruvate, SCFAs, and gasses (Leek, 1993; Merritt and Julliand, 2013). 
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Figure 8. Fermentation pathways of carbohydrates (obtained from Leek (1993)). 

 

Cellulolytic bacteria have optimal growth conditions at pH 6.7 (Van Soest, 1994). Fibre 

fermentation is possible pre-caecally where pH is between 6-7 and 6-7.4 in the non-

glandular part of the stomach and small intestine, respectively (de Fombelle et al., 2003; 

Merritt and Julliand, 2013). As mentioned (1.4.2.1 Microbiota along the equine 

gastrointestinal tract), total anaerobic bacteria are present in both the stomach and small 

intestine (de Fombelle et al., 2003). Additionally, cellulolytic bacteria are present in the 

stomach and small intestine (de Fombelle et al., 2003; Varloud et al., 2007), but the 

concentration is small (~1.3 log10 CFU/ml), and fibre fermentation is assumed to be 

negligible (de Fombelle et al., 2003). The pre-caecal apparent NDF digestibility is reported 

to be 12-14 % (Hintz et al., 1971b; Moore-Colyer et al., 2002; Varloud et al., 2004). This 

suggest a minor pre-caecal cellulose (NDF) fermentation.  
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1.4.3 Factors affecting fibre fermentation 

As earlier reviewed by Harris et al. (2017) several factors affect fibre digestibility in horses, 

as illustrated in Figure 9. These will be covered individually through the section; however, 

additive effects and interactions are present between factors.  

 

Figure 9. Factors affecting fibre fermentation in horses. 

 

1.4.3.1 Chemical composition 

Regardless of production site, the concentration and proportions of the fermentation 

end-products depend on the chemical composition of a feedstuff (Table 6). A diet rich in 

starch results in a greater total SCFA concentration compared to a diet rich in fibre in the 

hindgut (Medina et al., 2002; de Fombelle et al., 2003; Jensen et al., 2016; Warzecha et 

al., 2017). Additionally, fermentation of starch can alter the proportions of the individual 

SCFAs and further decrease pH, altogether altering microbial composition (McLean et al., 

2000; Julliand et al., 2001; Medina et al., 2002; Jensen et al., 2016; Warzecha et al., 2017). 

This may lead to a further decrease in pH which favours lactate-utilizing bacteria in the 

hindgut. Overall, this may impair fibre fermentation (Julliand et al., 2006). 
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Fermentation of fibre and production of SCFA is important for a normal GIT function and 

energy supply to the horse. Therefore, a daily minimum forage provision of 15 g DM/kg 

BW/day is recommended (Harris et al., 2017). However, no further description of the 

forage’s chemical composition has been established. The chemical composition of grass 

and forage is dependent on plant species (Brøkner et al., 2012b; Longland, 2013), 

environmental conditions (soil, weather) (Longland, 2013), management factors 

(fertilizer, harvest techniques, and storage conditions) (Müller, 2012a; Harris et al., 2017; 

Loaiza et al., 2017), and most importantly, stage of maturity at harvest (Ragnarsson and 

Lindberg, 2008; Müller, 2012b). As the plant matures, the lignin content increases, 

resulting in a decreased ATTD of DM, NDF and ADF (Darlington and Hershberger, 1968; 

Ragnarsson and Lindberg, 2008; Ragnarsson and Jansson, 2011; Müller, 2012b) assuming 

a corresponding decrease in SCFA concentration in the hindgut. The ATTD of T-NSP 

increases when forage is substituted with sugar beet pulp (SBP) (Murray et al., 2008; 

Jensen et al., 2014), as the S-NSP fraction is greater in SBP than forage (Brøkner et al., 

2012b; Jensen et al., 2014; Murray et al., 2008). The higher digestibility of SBP than forage 

(e.g., lucerne hay and silage) is explained by its higher content of hemicellulose and pectin 

(Murray et al., 2008; Santos et al., 2011; Brøkner et al., 2012a). When SBP substituted hay 

(85:15% hay:SBP vs. 100% hay) Jensen et al. (2016) did not measure any difference in pH 

and SCFA concentration in the hindgut. However, literature is scarce on the effects of S-

NSP and I-SNP on the microbial composition, production of SCFA, and pH in the hindgut. 

Therefore, more knowledge on the effect of fibre composition and other factors (Figure 

9) on the digestive processes in the hindgut is needed additionally to the established 

recommendation for daily forage intake for horses. 

1.4.3.2 Feeding level 

An increased feeding level results in a shorter TMRT (Clauss et al., 2014), and it may impair 

fibre fermentation as the exposure time to microbiota is shortened. The ATTD of DM and 

NDF decreased when feeding level increased from 10.7 to 18.1 g DM/kg BW/day 

(Ragnarsson and Lindberg, 2010), while feeding ad libitum compared to 75% of ad libitum 

feeding did not affect the ATTD of NDF but shortened the MRT in ponies (Pearson et al., 

2006). Similar findings were reported by Martin-Rosset and Dulphy (1987) and Martin-

Rosset et al. (1990). However, the disagreement between studies may be a result of 

differences in the chemical composition of the diets provided.  
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1.5 Passage rate 

Several expressions are used when describing the passage of digesta through the GIT 

(Table 7). Typically, these include minimum-, mean- and maximum retention time. 

However, in this section the focus will be on MRT of digesta (or expressed as TT for mobile 

bags).  

 

Table 7. Terminology of passage rate (Van Weyenberg et al., 2006). 

Term Definition 

Passage rate The flow of material within or through the entire tract 

per unit of time. 

Gastric emptying Measurement of how fast the feed travels through the 

stomach after a meal. 

Mean retention time1 The integrated average time between a marker 

administration and excretion. 
1 Expressed as transit time (TT) for mobile bags.  

1.5.1 Indigestible markers 

Indigestible markers are used to determine the MRT of solids and liquids through the GIT 

(Argenzio et al., 1974; Drogoul et al., 2000; Miyaji et al., 2014). In the following section, 

markers for determination MRT of digesta will be presented. 

 

The passage rate can be calculated by use of an indigestible marker. The characteristics 

of the marker’s transit through the GIT can be assessed by calculating the MRT as 

described by Faichney (1975) for a single dose of a marker with time-sequence sampling:  

MRT = ∑ 𝑡𝑖 × 𝑀𝑖

𝑛

𝑖=1

                                                                                                         𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1 

Where Mi is the concentration of marker at time ti as a proportion of the total marker 

excreted and ti is the time elapsed between the administration of marker and the 

midpoint of the ith collection interval.  

1.5.1.1 Marker procedure  

Indigestible markers can occur naturally in the feed or be added as external markers 

(Sales, 2012). In horse feed, naturally occurring markers are acid insoluble ash, ADL, and 

n-alkanes (Van Weyenberg et al., 2006; Sales, 2012). External markers can be titanium 

dioxide, chromic oxide, ytterbium (Yb), chromium-ethylenediaminetetraacetic acid 

(EDTA), cobalt-EDTA, thulium (Drogoul et al., 2000; Moore-Colyer et al., 2003; Sales, 2012; 

Schaafstra et al., 2018). When choosing a marker, several criteria should be considered. 

Faichney (1975) summarized the criteria for an ideal marker: 
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- Strictly non-absorbable. 

- Must not affect or be affected by the GIT and/or its microbial population. 

- Must be physically equal to or closely associated with the material it is to mark. 

- Its method of estimation in digesta samples must be specific and sensitive and it 

must not interfere with other analyses.  

Yet Faichney (1975) stated that no available marker satisfy all of the above-mentioned 

criteria. Studies that use markers for nutrient digestibility or passage rate can be difficult 

to compare, as different markers, feedstuffs, and procedures are used (Van Weyenberg 

et al., 2006). Feeding level can also affect the passage rate of digesta through the GIT and 

additionally complicate the comparison between studies.  

1.5.2 Factors affecting digesta passage rate  

1.5.2.1 Dry matter intake 

Increasing the feed intake (g DM/kg BW) influences passage rate by shortening the MRT 

(Figure 10). Clauss et al. (2014) measured shorter MRT for the solid and the liquid phase 

when horses were fed ad libitum (average 27 and 22 h, respectively) compared to 

restricted hay feeding (average 43 and 34 h, respectively). This agrees with earlier studies 

in which horses were fed ad libitum or restricted forage (Pearson et al., 2006; Miyaji et 

al., 2011). 
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Figure 10. Comparison of dry matter (DM) intake (g/kg body weight (BW)/day) on total 

tract mean retention time (TMRT, h) of digesta from different studies.  

1.5.2.2 Particle size 

Several authors have reported that particle size has an effect on passage rate (Argenzio 

et al., 1974; Drogoul et al., 2000; Miyaji et al., 2011). A marker moved at a faster rate 

through the entire GIT when particle size increased (2 mm, 1 cm, and 2 cm; Argenzio et 
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al., 1974). This aligns with findings by Drogoul et al. (2000), who determined that smaller 

particles remained longer in the hindgut and the total tract than did larger particles. The 

TMRT was 8 h shorter for chopped hay (78% particles >0.8 mm) than ground-pelleted hay 

(84% particles <0.8 mm). Also, Miyaji et al. (2011) reported a longer TMRT for smaller (5 

mm: ~28 h) hay particles than longer particles (10 mm: ~26 h).  

1.5.2.3 Composition of the diet 

Gastric emptying takes approximately 1-6 h (Van Weyenberg et al., 2006). The passage 

rate, including gastric emptying rate, is different for the solid and liquid phases, with the 

liquid phase flowing faster through the GIT than the solid phase. After 0.5 h, 75 % of the 

liquid phase marker left the stomach, whereas 75 % of the solid marker remained 

(Argenzio et al., 1974). Métayer et al. (2004) reported slower gastric emptying of the solid 

phase when horses were fed a starch-rich meal (1.3 g/kg BW; 2.4 h) compared to a meal 

low in starch (0.7 g/kg BW; 1.5 h). The digesta passage rate is more rapid through the 

duodenum than the ileum (14-15 vs. 11 movements/min, respectively) (Van Weyenberg 

et al., 2006), with an MRT of approximately 3-6 h through the small intestine for the solid 

phase (Moore-Colyer et al., 2002; de Fombelle et al., 2004). Most likely, a major part of 

digesta have reached the caecum after approximately 3 h (Van Weyenberg et al., 2006). 

For mobile bags the average pre-caecal TT was 3.3 h in caecum cannulated ponies 

(Moore-Colyer et al., 2002). Similarly, Drogoul et al. (2000) reported longer pre-caecal 

MRT for chopped hay (3.6 h) than ground pelleted hay (2 h) when calculated by difference 

of MRT for total tract and hindgut by use of markers. Moreover, for starch-rich feedstuffs, 

pre-caecal TT, estimated by the mobile bag technique (MBT), was longer when horses 

were fed three meals (6.6 h) rather than five meals a day (5.9 h) (de Fombelle et al., 2004). 

However, studies on pre-caecal MRT are scarce, as it requires physical modification or 

euthanisation of horses. The TMRT is estimated to approximately 24-30 h for the liquid 

phase and 21-48 h for the solid phase when horses are fed hay (Clauss et al., 2014; Jensen 

et al., 2014; Hummel et al., 2017). Substituting forage with grain prolongs the TMRT 

(Pagan et al., 1998; Drogoul et al., 2001; Jensen et al., 2014). 

1.5.2.4 Cannulation 

The MRT may be affected by cannulation (Austbø and Volden, 2006), but results are 

inconsistent (Drogoul et al., 2000; Austbø and Volden, 2006). Drogoul et al. (2000) 

measured a longer TMRT of Yb-labelled hay in intact ponies than in cannulated ponies 

(caecum and right-ventral colon) (49 h and 42 h, respectively). Prolonged TMRT after 

cannulation (caecum) has been reported by Pulse et al. (1973) and Austbø and Volden 

(2006) (23, 27 and 31 h before, 1 and 15 months after caecum cannulation). Further 

studies are required to determine the effect on TMRT years after cannulation.  
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1.6 Methods to measure carbohydrate digestion 

Feedstuff evaluation is important for optimizing nutrient supply and ration formulation 

for horses (Hyslop, 2006). To achieve this, both in-vivo and in-situ methods have been 

developed. For in-vivo techniques, total faeces collection (TFC) will be covered here, and 

for in-situ techniques, the focus will be on the MBT. To distinguish between estimation of 

nutrient digestibility in these different methods, various terms will be used. For the TFC, 

digestibility will be used, whereas for the MBT, two terms, disappearance, and 

degradations, will be used. 

1.6.1 In-vivo techniques 

1.6.1.1 Total faeces collection 

The total faeces collection is the “gold standard” method for determination of 

digestibility. This is a common method used for feedstuff evaluation in horses (Goachet 

et al., 2009). The total collection usually has an adaptation period of 14 days followed by 

5-6 consecutive days of total faeces collection (Table 8). In horses, a collection harness 

can be used which allows for quantitative collection of faeces. The ATTD of a diet can 

thereby be determined according to equation: 

ATTD =
𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑖𝑛𝑡𝑎𝑘𝑒 − 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑒𝑥𝑐𝑟𝑒𝑡𝑖𝑜𝑛

𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑖𝑛𝑡𝑎𝑘𝑒
× 100                                  𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2 

According to Martin-Rosset et al. (1984), the digestibility of a supplement is equivalent to 

the weighted sum of the nutrient supplied from forage and the additional amount of 

supplement. The ATTD can thereby be calculated for the supplement added to the basal 

diet of, for example, forage with a known digestibility:   

dS =  
𝑑𝐷 − (ℎ x 𝑑𝐻)

𝑠
                                                                                                   𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3 

Where dS is the supplement’s digestibility (coefficient), dD is the diet digestibility 

(coefficient), dH is the digestibility of the forage (coefficient), h the fraction of forage in 

the diet, and s the fraction of the supplement in the diet.  

The TFC method is time consuming and expensive in terms of feedstuff and labour time 

compared to other methods (e.g., MBT) (Goachet et al., 2009). To decrease labour time 

and expenses, the adaptation period can be shortened. The adaptation period varies from 

7 to 28 days (Table 8) and is included to ensure feed residues from the previous diet are 

excreted and that the microbiota has adapted to the new diet. The maximum retention 

time of the GIT must be considered when number of adaptation days is determined. 

Furthermore, the new diet’s chemical composition in relation to the previous diet can 
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affect the numbers of days needed for adaptation (Muhonen et al., 2009; Warzacha et al. 

2017; Garber et al., 2020). The length of the adaptation period can vary depending on the 

digestive responses of interest. For digestibility trials, effects can be detected 1-2 days 

after an abrupt feed change from hay to silage or visa-versa, but microbiota might need 

a longer adaptation period (Muhonen et al., 2009). However, an abrupt change from a 

forage-only diet to a diet rich in starch (>1 g/kg BW/meal) should be done with caution 
(Garner et al., 1975; Hudson et al., 2001; Luthersson et al., 2009; Warzacha et al., 2017). 

 

Table 8. Number (n) of horses included, days of adaptation, and consecutive collection 
days when using the total faeces collection (TFC) method.  

Reference n Adaptation Collection  Feed  

Vander Noot et al. (1967) 4 14 6 Hay + grain 

Hintz et al. (1971a) 3 21 7 Hay + grain 

Palmgren Karlsson et al. (2000) 4 9 2 × 21  Hay + grain 

Palmgren Karlsson et al. (2002) 4 16 2 Hay + concentrate 

Bergero et al. (2005) 4 14 6 Hay 

Jansson et al. (2006) 7 28 3 Hay + concentrate 

Van Weyenberg et al. (2007) 4 21 5 Hay + grain 

Murray et al. (2008) 4 10 7 Hay + SBP2 

 4 16 5 Silage + SBP 

Goachet et al. (2009) 6 7 5 Hay + concentrate 

De Marco et al. (2012) 6 14 6 Hay/hay + grain 

Schaafstra et al. (2015) 4 14 10 Hay 

Schaafstra et al. (2017) 4 14 10 Haylage+ concentrate 

Longland et al. (2018) 4 14 5 Hay + concentrate 

Mean 

 4.4 15.1 5.6   
1 One day of rest in between four days of collection. 
2 SBP, sugar beet pulp.  

 

The number of consecutive collection days varies from 2 to 10 days (Table 8). This is done 

to reduce the possible variation occurring between animals and collection days and to 

obtain enough data to have a valid mean of digestibility. There are disparities between 

the recommended number of collection days in existing literature. Hintz and Loy (1966) 

suggested 4 days of collection when horses were fed a hay-grain diet to determine 

digestibility. This is consistent with Vander Noot et al. (1967), who suggested that 4 days 

of TFC would be sufficient, but to reduce variation between animals (when few animals 

are used), 5 consecutive days of collection would be optimal. However, Goachet et al. 

(2009) did not find that a decrease in collection days from 5 to 4 or 3 days had any effect 

on DM, organic matter (OM), or NDF digestibility. Schaafstra et al. (2015, 2017) and 

Martin-Rosset et al. (1984) recommend 14 days adaptation and 5-6 consecutive days of 

TFC. Conclusively, the recommended number of days for TFC is between 3 and 6. 
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1.6.2 In-situ techniques 

The in-situ techniques cover the in-sacco and MBT. These techniques have been used 

widely in both pigs and ruminants to determine the apparent digestibility of nutrients 

(Sauer et al., 1983; Udén and Van Soest, 1984; Vanzant et al., 1998). Yet there are some 

differences between the two techniques, as the in-sacco requires physical modification 

of animals. The MBT can be used in both physically modified and intact animals, as the 

bags can be administered naso-gastrically and recovered in faeces (Macheboeuf et al., 

1996; Hyslop et al., 1998). 

1.6.2.1 The mobile bag technique 

de Reaumur (in Sauer et al., 1983) first recorded the MBT in 1756. Since then, the 

technique has evolved from employing metal tubes to the use of linen bags (Spallanzani, 

1782 cited in Sauer et al., 1983), which are replaced by nylon and polyester bags today 

(Macheboeuf et al., 1996; Hyslop et al., 1998; McLean et al., 1999b; Brøkner et al., 2012a). 

The method was originally developed for sheep (de Reaumur, 1756, cited in Sauer et al., 

1983) and thereafter adapted for humans (Spallanzani, 1782, cited in Sauer et al., 1983) 

and later for pigs and cattle (Petry and Handlos, 1978; de Boer et al., 1987). Udén and Van 

Soest (1984) compared the MBT in ponies, heifers, sheep, and rabbits. Today, studies 

using the MBT in horses are still limited and are mostly published as abstracts 

(Macheboeuf et al., 1996; Hyslop et al., 1999; McLean et al., 1999b), leaving out important 

information and making them difficult to repeat. However, these abstracts are the 

foundation of the technique when used in horses.  

 

The MBT, if combined with effective degradation calculations, can provide additional 

knowledge on degradation kinetics in different segments of the GIT (Ørskov and 

McDonald, 1979). The MBT has been used to evaluate pre-caecal starch digestion in 

horses (de Fombelle et al., 2004; Brøkner et al., 2012a; Hymøller et al., 2012; Philippeau 

et al., 2014; Rosenfeld and Austbø, 2009) and further, the extent of degradation of fibrous 

feeds in the small intestine and total tract of ponies (Moore-Colyer et al., 2002).  

1.6.2.2 The mobile bag technique procedure 

Descriptions of the mobile bag procedure differ among literature (Table 9). To flush the 

mobile bags into the stomach, between 500 and 5000 ml of water is used. After the 

administration into the stomach or caecum, the mobile bags can either be harvested in 

the caecum or collected in faeces. Mobile bags harvested in the caecum are equipped 

with one or two steel washers and collected with a magnet (Moore-Colyer et al., 2002; 

Brøkner et al., 2012a; Hymøller et al., 2012). To determine the DM disappearance, the 

individual bags are oven-dried (40-60˚C, 48-72 h or to constant weight) (Moore-Colyer et 

al., 2002; Rodrigues et al., 2012; Philippeau et al., 2014). For further analysis, handling of 
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the feed residue varies between studies. While one study analysed the individual bag for 

its nutrient disappearance (Hymøller et al., 2012), most studies pool the bag residues to 

gain enough feed residue. The mobile bags can then be pooled by time or by horse 

(ignoring the time effect) (Moore-Colyer et al., 2002; Philippeau et al., 2014; Rodrigues et 

al., 2012). Hyslop et al. (1998) pooled the bags’ residue by horse and then grouped the 

bags according to their collection time.  

 

Table 9. Overview of the mobile bag technique (MBT) with various feedstuffs used in 

horses harvested from the caecum (pre-caecal) or faeces (total tract).  

Reference Bag 
material 

Bag size 
(cm) 

Pore 
size 
(µm) 

Feed 
amount 
(mg) 

FSA1 
(mg/cm2) 

Feed Screen 
size (mm) 

Segment 

McLean et al. 
(1999b) 

Polyester 1×6 7 165 13.8-
37.5 

Starch ? Pre-caecal 

 1×4  300    
de Fombelle 
et al. (2004) 

Nylon 1×6 46  400 21.5  Grains 3 Pre-caecal 

Brøkner et al. 
(2012a) 

Nylon 1.5×15 11 500-
2000 

11-44 Forage 
+grains 

1 Pre-caecal  

Hymøller et 
al. (2012) 

Nylon 1.5×15 11  1500 33.3  Grains 1 and ?2 Pre-caecal 

Philippeau et 
al. (2014) 

Nylon 1×6 50 400 21.5 Grains < 4 Pre-caecal 

Jensen and 
Prestløkken 
(2018) 

? 1.5×15 15 1000 22.2 Grains 1.5 Pre-caecal 

  37      

Macheboeuf 
et al. (1996) 

Polyester 1×6 ? 200 10.6 Forage
+grains 

? Pre-caecal 

   400 21.3  Total tract 

Moore-Colyer 
et al. (2002) 

Polyester  1×6 41 350 29 Forage 1   Pre-caecal 
Total tract 

Rosenfeld 
and Austbø 
(2009) 

Nylon 1×6 37 500-
1000 

42-83 Grains 1 Pre-caecal 
Total tract 

Hyslop et al. 
(1998) 

Polyester 1×4 41 130 32.5 Forage  ? Total tract 

 1×6  200 33.3    

Rodrigues et 
al. (2012) 

Nylon 3×6.5 45 633 16.2 Forage 1  Total tract 

Mean 

Pre-caecal  1.2×8.5 28.3 523.83 22.84 1.8   

Total tract  1.7×5.5 41 318.83 23.84 1  

1 FSA, feed to surface area. 
2 Blended, unknown screen size. 
3 Brøkner et al. (2012a) and Rosenfeld and Austbø (2009) not included. 

4 McLean et al. (1999a), Brøkner et al. (2012a) and Rosenfeld and Austbø (2009) not included.  

1.6.2.3 Recommendations for the mobile bag technique  

In the Nordic feed evaluation system, NorFor for ruminants, mobile bags are used to 

determine digestion in the small intestine (Åkerlind et al., 2011). It is recommended that 
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mobile bags have, a pore size of 11-15 µm and a feed to surface area (FSA) of 5-7 mg/cm2 

for forage and 10-15 mg/cm2 for concentrate (Åkerlind et al., 2011). For the in-sacco 

technique used in the rumen, recommendations are for a pore size of 38 µm and an FSA 

of 10 mg/cm2 (Åkerlind et al., 2011). While the in-sacco and MBT are two different in-situ 

procedures, these recommendations can still be applied to the MBT when studying 

microbial degradation in horses. Despite that, studies have used the MBT in the equine 

hindgut and/or the total tract, no recommendations have yet been established. Although 

Macheboeuf et al. (1996) are often cited for recommendations of the MBT for horses 

described in a study aiming to investigate pre-caecal and total tract DM and nitrogen (N) 

digestibility (Table 9). The authors stated that the DM and N disappearance were close to 

the in-vivo total tract digestibility (results not presented). Therefore, based on the aim of 

the study, assigning Macheboeuf et al. (1996) for recommendations of the MBT should 

be done with caution.  

1.6.2.3.1 Pore size 

The pore size of the mobile bags is important, as it should allow enzymes and microbes 

to enter the bag and at the same time prevent the entry of digesta particles, retain 

undigested particles, and allow fermentation end-products to exit. A small pore size may 

restrict the entry of enzymes and microbes (e.g., protozoa range 5-250 µm) (Stewart et 

al., 1988), whereas a large pore size may increase the loss of undigested particles. Pore 

size affects the nutrient disappearance in pigs and ruminants (Varvikko and Lindberg, 

1985; Varvikko and Vanhatalo 1989; Cherian et al., 1989). Varvikko and Vanhatalo (1989) 

found that increasing the pore size increased the DM disappearance for all feedstuffs 

tested (ryegrass, barley, and barley straw) in the duodenum of cows. Udén and Van Soest 

(1984) measured an effect of porosity on “cell wall” disappearance in the rumen when 

the porosity increased from 5 to 37 µm (54 and 63%, respectively). Jensen and 

Prestløkken (2018) reported increased DM and starch pre-caecal disappearance of 

pelleted barley (1.5 mm) in horses as the pore size increased (DM 15 µm: 79% and 37 µm: 

82%; starch 15 µm: 69% and 37 µm: 81%). Starch-rich feedstuffs may require a smaller 

pore size than fibrous feedstuffs.  

1.6.2.3.2 Particle size 

Particle size should accommodate the pore size to avoid undigested particles from exiting 

the bags. In pigs, increasing the feedstuff’s particle size (from 0.5, 1, 1.5 to 2 mm) used in 

mobile bags decreased the N disappearance (91, 90, 90 and 88%, respectively) (Cherian 

et al., 1989). Similar findings could be expected in horses, as smaller particles have a larger 

surface area in relation to volume. Feedstuffs, used in mobile bags, are ground, or milled 

to obtain a homogenous feed sample and to imitate feed mastication in the mouth. Most 

studies in horses have used a screen size of 1 mm independent of feedstuff (Table 9). 
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1.6.2.3.3 Size of the mobile bags 

For mobile bags flushed into the stomach, sizes vary from 1×4 cm to 1.5×15 cm (Table 9). 

Increasing the size of the bag allows for more feedstuff used and thereby a possible 

increase in the remaining residue. However, the bag size has limits, as it must travel along 

the GIT. In pigs, no differences are measured for N disappearance (~91% for soyabean 

meal) between two bag sizes (2×5 cm and 2.5×4 cm), yet the 2×5 cm bag travelled faster 

than the 2.5×4 cm (80 and 60% recovered 48 h after administration, respectively) (Cherian 

et al., 1989). In ponies, a preliminary study (Hyslop and Cuddeford, 1996), indicated that 

bag size affected TT and hence nutrient disappearance. Moreover, further research is 

needed to investigate the effect of bag size on nutrient disappearance in horses. 

1.6.2.3.4 Feed to surface area 

A way to compare the MBT between studies is to use the FSA. Udén and Van Soest (1984) 

found an effect of FSA on “cell wall” disappearance (16% difference) when the FSA 

increased from 6.5 to 50 mg/cm2. This aligns with observations by Hyslop and Cuddeford 

(1996), who found indications of decreased DM and NDF disappearance in horses when 

FSA increased from ≤10.5 to ≥20.3 cm2. In addition, an FSA of ≤10.5 cm2 fitted the in-vivo 

DM and NDF ATTD. Increasing the sample size (500 and 1000 mg), and thereby the FSA 

(not stated), decreased N disappearance of soyabean meal (93 vs. 90%) and meat and 

bone meal (83 vs. 81%) in pigs (Cherian et al., 1989). The recommended FSA may differ 

depending on the type of feedstuff, as forages can be greater in terms of volume 

compared to grains. Therefore, a large FSA for forage may prevent enzymes and microbes 

from penetrating the bag and end-products from exiting the bag compared to grains. To 

establish recommendations for the FSA, further studies are needed for individual 

feedstuffs (forage vs. grains) and to further validate it against the in-vivo methods.  

1.6.2.3.5 Washing procedure  

For the washing of mobile bags, loss is used to describe nutrients exiting the bag. Bags 

administered into the GIT must be washed after collection to rinse off mucous, 

endogenous enzymes, and microbial biomass from the feed residue (Van Straalen et al., 

1993), all to avoid interference when determining nutrient disappearance. While several 

studies have discussed the washing procedure (Cherney et al., 1990; Dhanoa et al., 1999; 

Moore-Colyer et al., 2002; de Fombelle et al., 2004; Hyslop, 2006), no standard procedure 

has yet been developed. Hand-rinsing would in theory be the mildest form of washing in 

relation to machine washing. However, Cherney et al. (1990) reported similar DM loss in 

both hand-rinsing and washing by machine (20 vs. ~23% for maize). In hand washing, 

mucous, endogenous enzymes, and microbial biomass may not be rinsed off the 

remaining residue. Therefore, in combination with standardisation, machine washing has 

been implemented. Studies have implemented programs without spinning (Cherney et 



 

30 
 

al., 1990; de Fombelle et al., 2004; Rodrigues et al., 2012), and others with (Moore-Colyer 

et al., 2002), with the latter leading to the possibility of excessive loss. In theory, pore size, 

FSA, particle size of the feed, and type of feedstuff can affect nutrient loss at washing. 

However, methodology studies investigating these factors’ effect on nutrient loss are 

lacking.  

 

To determine the nutrient loss at time 0, bags can be washed exclusively (without 

entering the GIT). This nutrient loss is primarily the soluble and rapidly degradable 

fraction of the feed, and this is needed when determining degradation kinetics.  

1.6.2.3.6 Degradation kinetics 

One main advantage of the MBT is that it facilitates the study of degradation kinetics. 

Originally the method was developed for the in-sacco technique in ruminants (Ørskov and 

McDonald, 1979), but has since been adapted for the MBT in horses to study degradation 

kinetics in the small intestine (McLean et al., 1999b) and the total tract (Hyslop et al., 

1998; Moore-Colyer et al., 2002). These studies reported that the MBT can be successfully 

used to determine the DM degradation kinetics in horses. Using this method and based 

on the assumption that a constant part of the potential degradable fraction is degraded 

per time unit (1st order kinetics), the DM degradability can be described by a non-linear 

model fitted to the degradation curve: 

Dt =  𝑎 + 𝑏 (1 − 𝑒−𝑐𝑡)                                                                                                 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4     

Where Dt = the potential degradability after time t, a = the intercept of degradation at Y-

axis at time 0 (soluble and completely degradable fraction, washed out of the bag), b = 

the potential degradation of a component (the insoluble but potentially degradable), c = 

the rate constant for the degradation of b (% per h), and e = exponential (Figure 11). 

Further, the potential degradable fraction of a feed is expressed as a+b. Other methods 

have been developed taking the lag phase into the account (Dhanoa, 1988) and the non-

linear models (Vieira et al., 1997; López et al., 1999). However, the model by Ørskov and 

McDonald (1979) is commonly used and the one this thesis will focus on. 
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Figure 11. Illustration of a dry matter degradation curve adapted from Weisbjerg et al. 

(1990). 

 

The soluble fraction (a) of a feedstuff can be determined by bag washing. Yet some small 

insoluble particles may be lost at time 0. However, the potential degradable fraction (a+b) 

is built on the assumption that, all particles washed out, is rumen degradable (Weisbjerg 

et al., 1990), thus in horses, hindgut degradable. The potential error due to losses of 

particle mass can be estimated by measuring true water solubility (e.g., over filter paper), 

after which particle loss can be estimated as the difference between a and true solubility. 

Further, this could allow for corrections based on particle losses (Hvelplund and 

Weisbjerg, 2000). 

 

Despite the possibility of estimating the potential degradability of feedstuffs, Dt does not 

consider the fractional rate of digesta passage through the GIT. However, the effective 

degradability (ED) includes an additional outflow rate (k): 

 

ED = 𝑎 + ( 
𝑏𝑐

𝑐 + 𝑘
)                                                                                                        𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5 

 

By including the outflow rate, several feedstuffs can be compared as it allows for a 

common time scale. In horses, studies often use the outflow rates 0.10, 0.05, and 0.025% 

per h to obtain DM degradation equal to MRTs of 10, 20, and 40 h (Hyslop et al., 1999; 

McLean et al., 1999c; Moore-Colyer et al., 2002). The ED depends on the outflow rate, 

and the lower outflow rate (longer retention) of digesta in the GIT the greater ED. 
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1.6.3 Comparison of the mobile bag technique and total faeces collection  

The MBT aims to determine individual feedstuffs’ digestibility and be an alternative to 

ATTD determined by quantitative collection. However, studies validating the MBT against 

the TFC in horses are scarce. Rodrigues et al. (2012) reported similar total tract DM 

disappearance and ATTD for coastcross hay (53 and 51%, respectively). Their findings 

indicate that the MBT underestimates the NDF and ADF ATTD (Table 10). However, the 

ATTD of NDF (72%) and ADF (69%) were probably inaccurate, as the ATTD of DM was 51%. 

  

Table 10. The apparent total tract digestibility (ATTD, %) and mobile bag disappearance 

(%) of dry matter (DM), neutral detergent fibre (NDF), and acid detergent fibre (ADF) of 

coastcross hay. 

 Araujo et al. (2000) Rodrigues et al. (2012) 

Nutrient ATTD Disappearance ATTD Disappearance 

DM 44a 45a 51a 53a 
NDF 46a 37b 72a 43b 

ADF 35a 17b 69a 42b 

a, b Values within a row for each reference are different if superscript differs (P<0.05). 

 

Araujo et al. (2000) reported greater ATTD of NDF and ADF than disappearances (Table 

10). Horses were fed 22 g DM/kg BW/day of coastcross hay, and the mobile bags allocated 

in the stomach contained 20 mg/cm2 coastcross hay (1 mm) with a porosity of 60.3 µm. 

A possible explanation for the difference in digestibility between methods may be that 

the mobile bags’ feed residue was pooled after each horse, independent of collection 

time, thereby leaving out a possible time effect. Based on the studies presented above, 

further research is needed to validate the MBT against the TFC in horses.  
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2 Background 
The equine gastrointestinal tract (GIT) has acclimated to continuous consumption of 

pasture and fibrous plants (Janis, 1976). This starts in the mouth where saliva production 

is activated by chewing and continues to the stomach where gastric acid is continuously 

produced. The small intestine has a short mean retention time (MRT, 3 h) with limited 

amylase concentration and the absence of a gall bladder, resulting in continuous 

secretion of bile acid and enzymes into the duodenum (Van Weyenberg et al., 2007; 

Merritt and Julliand, 2013). Finally, the horse has a large hindgut with a highly specialised 

microbiota for fibre fermentation, resulting in short-chain fatty acids (SCFA) as an end-

product (Julliand and Grimm, 2016). Yet, the hindgut microbiota is sensitive towards the 

diet’s nutritional composition (Julliand et al., 2006). Fermentation of starch is associated 

with increased lactate and total SCFA concentration, and additionally, with alterations in 

the proportion of the individual SCFA with increased propionate at the expense of acetate 

(Julliand et al., 2001; Medina et al., 2002). This results in a decreased pH and changes in 

the microbial composition with an increase in the starch-utilizing bacteria compared to 

fibre fermenting bacteria (Julliand et al., 2001; Medina et al., 2002). Additionally, starch 

intake is associated with gastrointestinal disorders such as gastric ulcers (Luthersson et 

al., 2009), colic (Hudson et al., 2001), insulin dysregulation (Durham et al., 2019), and 

laminitis (Garner et al., 1975). Thus, the way we keep horses today challenges the GIT. 

Therefore, to maintain a healthy microbiota and thereby a healthy horse, a maximum of 

2 g starch/kg body weight (BW)/meal is suggested (Julliand et al., 2006) with further 

minimum recommendation of 15 g dry matter (DM)/kg BW/day derived from forage 

(Harris et al., 2017). However, for easy keepers and horses at maintenance, it can be 

difficult to meet the DM recommendation without exceeding the horse’s energy demand. 

For high-performing horses (growth, gestation, lactation, and hard work), though, it can 

be difficult to fulfil their energy demand without exceeding the suggested starch 

recommendation. Therefore, feedstuff evaluation addressing both chemical composition 

and digestion through the GIT is important.  

 

The in-vivo method total faeces collection (TFC) is interpreted as the “gold standard” in 

equine digestibility trials. This method provides information on a nutrient’s apparent total 

tract digestibility (ATTD); however, it is limited to a total ration and concerns the whole 

digestive tract. Another method to determine nutrient digestibility is the mobile bag 

technique (MBT). This method allows for determination of individual feedstuffs’ nutrient 

digestibility and, additionally, with use of cannulated horses, digestibility in various 

segments of the GIT (Hyslop, 2006). If the MBT and cannulated horses are combined with 

feed degradation kinetics, it can provide essential knowledge on degradation rate within 

different segments of the GIT (Hyslop et al., 1998; McLean et al., 1999b; Moore-Colyer et 

al., 2002). However, some European countries like France, have banned cannulation of 
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horses. Thus, alternative methods, validated against the TFC method, are needed for 

feedstuff evaluation in horses.  

2.1 Objective and hypothesis  

The main objective of the thesis was to investigate starch and fibre digestion in various 

segments of the equine gastrointestinal tract using different methods. Three experiments 

were conducted, and the following hypotheses were tested: 

 

• The mobile bag technique can predict the digestibility of individual feedstuffs in 

different segments of the gastrointestinal tract, and hence estimate the total 

ration digestibility.  

• Digestibility data from mobile bags can be used to model digestibility kinetics of 

individual feedstuffs in different segments of the gastrointestinal tract. 

• Processing of grains affects the site of starch digestion in the gastrointestinal 

tract, thereby affecting the metabolic and digestive responses in the plasma and 

caecum, respectively.  
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Figure 12. Overview of fibre and starch digestibility through the gastrointestinal tract 

illustrated by solid arrows. Within each paper the aim and methods are presented 

between the dashed lines. The largest impactors on fibre (left) and starch (right) 

digestibility listed in italics. The gastrointestinal tract figure is modified from Merritt and 

Julliand (2013). 1MBT, mobile bag technique; 2ATTD, apparent total tract digestibility; 
3DM, dry matter; 4OM, organic matter. aVarloud et al. (2004); bMeyer et al. (1995); de 

Fombelle et al. (2004); Brøkner et al. (2012a); Moore-Colyer et al. (2006); cMcLean et al. 

1999a; Jensen et al. (2014); dPalmgren Karlsson et al. (2002); Ragnarsson and Lindberg 

(2008). 
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4 Summary of papers 

4.1 Paper I  

Methodical considerations when estimating nutrient digestibility in horses 

using the mobile bag technique. 

 

Total faeces collection is considered the “gold standard” for estimating apparent total 

tract digestibility (ATTD) in horses. However, the evaluation is limited to a total ration and 

the whole gastrointestinal tract (GIT). The rationale for performing this study was that the 

mobile bag technique (MBT) can provide information on individual feedstuffs' 

degradation, and the use of cannulate animals provides additional information on 

degradation in individual segments of the GIT. The MBT is well-established in ruminants, 

but methodical studies for using the MBT in horses are limited. The objective of this study 

was to evaluate the MBT by comparing the ATTD with the nutrient disappearance and 

degradation kinetics of hay in horses. It was hypothesised that dry matter (DM) 

degradation as estimated by the MBT is equal to the ATTD of DM. Furthermore, we 

hypothesised that bag size has no effect on nutrient disappearance, but that increasing 

the feed to surface area (FSA) decreases the DM disappearance. Five caecum cannulated 

horses were fed a hay-only diet (6.7 kg DM/day) with 14 days of adaptation followed by 

four consecutive days of total faeces collection. Three bag sizes (height × length × side, 

cm; 1.2 × 10 × 2, 3 × 4 × 2, 1 × 6 × 2) and three FSAs (10.4, 20.8 and 41.7 mg/cm2) were 

administrated at each meal (3 meals/day) on days 1 and 2 of the collection. Faeces were 

checked for bags every 6th h, the collection time was noted, and the DM disappearance 

together with the transit time (TT) for each bag type was estimated. Dry matter 

disappearance from the individual bags was fitted to degradation profiles, and the 

effective degradability (ED) and degradation (Dt) were determined. The results of the 

study showed that the ATTD of DM, organic matter (OM), neutral detergent fibre (NDF), 

and acid detergent (ADF) can be predicted based on their disappearance from the mobile 

bags. The TT for the bags was 29.2 h, and when using a mean retention time of 30 h to 

predict ED and Dt, it was clear that ED was underestimated, whereas Dt reflected the 

ATTD of DM. In conclusion, the MBT can be used to estimate the degradability of DM, 

OM, and fibre, as these nutrients resemble the ATTD. The bag size did not affect DM 

disappearance, but the FSA should be kept below 20 mg/cm2 as higher levels might limit 

degradation. 
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4.2 Paper II 

Mobile bag technique for estimation of nutrient digestibility when hay is 

supplemented with alternative fibrous feedstuffs in horses 

 

To evaluate the effect of substituting hay with alternative fibrous feedstuffs, the total 

collection of faeces was used to measure the apparent total tract digestibility (ATTD). 

Nutrient disappearance and digestion kinetics were examined using the mobile bag 

technique (MBT) and marker passage measurements. Four caecally-cannulated horses 

(body weight (BW) 558±32 kg) were used in a cross-over design experiment with two 

periods of 14 adaptation days and four days of faecal collection. Horses were fed three 

times a day with either a hay-only (HAY) diet or a mixture of hay:supplement (MIX) (15.1 

and 8.4:6.7 g dry matter (DM)/kg BW/day, respectively). The hay used in both treatments 

(HAY and MIX) was mainly of Timothy and first cut. The MIX supplement diet consisted of 

oat hulls, alfalfa-, sugar beet pulp- (SBP), grass- and soya hull pellets, each given in 0.44 g 

DM/kg BW/meal. On day 15 in each period, 20 bags of either hay or SBP pellets and 6–12 

bags (height × length × side; 1 × 12 × 2 cm; 37 μm pore size; 0.5 g feed) of each feedstuff 

and ytterbium (Yb) were placed in the stomach or caecum, respectively. Bags were 

harvested from the caecum every hour and faeces were checked for bags every 4th h, 

collection time was noted, and data from the bags were used to estimate pre-caecal, 

hindgut, and total tract nutrient disappearance. Further, faecal subsamples were 

collected, weighed, and stored for Yb analysis and further estimation of feed mean 

retention time (MRT). Rate and extent of feed degradation were estimated from the MBT. 

The ATTD of DM was similar between the two diets, but the HAY diet had higher ATTD of 

neutral detergent fibre assayed with heat-stable amylase and expressed inclusive of 

residual ash (aNDF), and acid detergent fibre (ADF). The hindgut MRT for Yb was longer 

for the MIX than the HAY diet. No differences for DM, aNDF, or ADF digestibility were 

measured when comparing the ATTD with nutrient disappearance using bags found in the 

time interval of 20–30 h, indicating that the ATTD of these nutrients can be predicted by 

the MBT. The estimated degradation (Dt), but not effective degradation (ED), is preferred 

when the MBT is used to predict the ATTD. In conclusion, hay can be substituted partly 

by fibrous feedstuffs and the MBT can predict the ATTD of DM, aNDF, and ADF in a mixed 

ration based on MBT measures on individual feedstuffs. 
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4.3 Paper III 

The effects of processing barley and maize on metabolic and digestive 

responses in horses 

 

The competition for customers increases the search for new grain processing methods for 

equine feeds, but the effect on starch digestibility and metabolic responses varies. 

Therefore, to evaluate the effect of the processing methods, toasting and micronizing, on 

starch digestion and the effect on metabolic responses, the mobile bag technique (MBT) 

and plasma glucose and insulin concentrations in the blood were used to estimate 

nutrient disappearance and metabolic responses pre-caecally. The pH in caecum and 

short-chain fatty acid (SCFA) concentrations were used to estimate the metabolic 

response in the caecum. Four caecally cannulated horses (body weight (BW) 565 ± 35 kg) 

were used in a 4 × 4 Latin square design with four periods of 8 days of diet adaptation and 

2 days of data collection. Diets were formulated using hay and processed grains: 

micronized barley (MB), toasted barley (TB), micronized maize (MM), and toasted maize 

(TM), and balanced to provide 1 g starch/kg BW in the morning meal. On day 9 in each 

period, blood and caecal fluid samples were taken before the morning meal and hourly 

thereafter for 8 h. On day 10 in each period, 15 bags of either MB, TB, MM, or TM (height 

× length × side; 1 × 12 × 2 cm; 15 μm pore size; 1 g feed) were placed in the stomach. The 

dry matter disappearance from the mobile bags was highest for the MM at all time points 

compared with the other feedstuffs. Maize and micronizing had the highest starch 

disappearance compared with barley and toasting. No treatment effect was measured for 

any of the glucose and insulin parameters. No feed effect was measured for the insulin 

parameters. Plasma glucose peaked later for maize than for barley, and TB had a larger 

area under the curve for glucose than MB, MM, and TM. The concentration of total SCFA 

increased after feeding, with a higher concentration for barley than for maize. No 

treatment or feed effects were measured for pH, but time affected pH that decreased 

after feeding. In conclusion, toasting was not as efficient as micronizing to improve pre-

caecal starch digestibility; therefore, the preferred processing method for both barley and 

maize is micronizing. Further, the amount of starch escaping enzymatical digestion in the 

small intestine was higher than expected. 
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5 Discussion 
The present study aimed to investigate fibre and starch digestibility determined using 

different methods originally developed for ruminants but adapted to horses. Other 

experiments have often used the “gold standard” method of TFC. However, to investigate 

several feedstuffs simultaneously and in different segments of the GIT, the MBT is of great 

importance. This method, however, needs to be further developed for horses and hence 

validated against the TFC. The experiments in this thesis were conducted on caecal 

cannulated horses, and even though differences between them and intact horses may 

occur, these horses were of great importance, as they provided the opportunity to gain 

in-depth knowledge on digestive parameters in various segments of the GIT. This 

discussion will focus on the main results from the three papers (I, II, and III). 

5.1 Experimental diets 

For the daily forage intake, the recommendation is 15 g DM/kg BW/day with a minimum 

of 12.5 g/kg BW/day (Harris et al., 2017). The diet provided in paper I, 12.3 g/kg BW/day, 

was slightly below the minimum recommendation whereas in the forage:grain diet in 

paper III, hay provided 14.2 g/kg BW/day of the total DM intake closer to the 

recommendations (Table 13). The DM intake can influence the MRT (Clauss et al., 2014; 

Miyaji et al., 2014) and possibly digestibility (Pagan et al., 1998). Thus, Clauss et al. (2014) 

reported a longer MRT with a very low DM intake (7.3 g/kg BW/day) than at ad libitum 

intake (MRT of 38 and 23 h) and a lower ATTD of DM (34 and 48%). However, when DM 

intake was just below or above the recommendations (13.4 and 18.3 g/kg BW/day, 

respectively), no difference in forage DM ATTD or MRT was recorded (Clauss et al., 2014). 

For paper II, the daily DM intake of hay for the mixed diet was low (8.4 g/kg BW/day), but 

the diet was supplemented with other fibrous feedstuffs (6.7 g/kg BW/day). The DM 

recommendation does not account for the diet’s chemical composition; hence it is 

independent of the fibre (e.g., NDF) and WSC contents for the forage. Therefore, the 

chosen DM intakes in papers I, II and III were considered reasonable. The WSC content 

was greatest for the forage used in paper I (114 g/kg DM) compared to the forages in 

papers II and III (74 and 85 g/kg DM, respectively) (Table 13). For the daily WSC intake, 

no recommendations are established, however, forage WSC content is suggested to be 

less than 6-10% of DM for horses suffering from equine metabolic syndrome (EMS) and 

insulin dysregulation (Frank et al., 2010; Ringmark and Jansson, 2013). Hence, integrating 

the DM recommendations of 15 g/kg BW/day for forage and the suggested forage WSC 

content, the resulting daily WSC intake will be 1-1.5 g/kg BW. The diets fed in paper III 

contributed with less (Table 13) than the tentative maximum recommendation. Harris et 

al. (2013) questioned whether the maximum starch recommendation should include the 

WSC and thereby recommend a daily NSC intake. Supposing that the daily NSC maximum 

recommendation is 1-1.5 g/kg BW the diets provided in paper III (~2.6 g NSC/kg BW/day) 
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exceeded this tentative maximum recommendation of daily NSC intake. In practise this 

may be difficult to implement, as it requires a chemical analysis of the forage, and that is 

not common among horse owners. 

 

Table 13. Daily nutrient1 intake (g/kg body weight (BW)) for the diets applied in papers I, 

II, and III given in means2. 

 Paper 
Nutrient I II III3 

 Hay Hay MIX4 MM MB TM TB 

DM 12.3 15.1 15.1 15.6 15.6 15.7 15.7 
Starch - - 0.25 1.39 1.39 1.37 1.34 
WSC 1.4 1.01 0.90 1.25 1.25 1.27 1.26 
NSC 1.4 1.01 1.15 2.64 2.64 2.64 2.60 
aNDF 7.87 9.27 8.76 8.91 8.97 8.97 9.01 
ADF 4.57 4.71 4.77 4.92 4.89 4.94 4.91 
DF - 8.76 9.03 - - - - 
T-NSP - 7.31 7.61 - - - - 
I-NSP - 6.85 6.55 - - - - 
S-NSP - 0.46 1.07 - - - - 

1 DM, dry matter; WSC, water soluble carbohydrates; NSC, non-structural carbohydrates; aNDF, neutral 

detergent fibre assayed with heat-stable amylase and expressed including residual ash; ADF, acid detergent 

fibre; DF, dietary fibre; T-NSP, total non-starch polysaccharides; I-NSP, insoluble non-starch polysaccharides; S-

NSP, soluble non-starch polysaccharides. 

2 Standard deviation of mean (SD) is presented in papers I and II and standard error of mean (SEM) in paper III.  

3 Hay plus micronized maize (MM) or micronized barley (MB) or toasted maize (TM) or toasted barley (TB).  
4 MIX = 8.4:6.7 g DM/kg BW/day of hay and supplement (alfalfa pellets, grass pellets, oat hulls, soya hull pellets 

and sugar beet pulp pellets), respectively. 

5.2 Analytic methods for classifying fibre  

The chemical fractionation of the fibre content in feedstuffs can be analysed using several 

methods (Table 13). The detergent fibre method by Van Soest et al. (1991) determines 

the fibre fraction as NDF, ADF and ADL. However, it excludes the soluble fibre fraction 

(Bach Knudsen, 2001) and thereby underestimates the total NSP content. The importance 

of a broad NSP approach when evaluating fibrous feedstuffs was clear in paper II where 

the fibre content, analysed using the Van Soest (1991) method, was underestimated for 

SBP pellets and soya hull pellets, as these feedstuffs had a large S-NSP fraction. This aligns 

with Brøkner et al. (2012b) who reported an underestimation of the fibre fraction for 

feedstuffs with a high content of S-NSP as SBP (DF 728 g/kg DM and NDF 347 g/kg DM). 

On the other hand, differences between analyses were less noticeable for feedstuffs with 

little or no S-NSP e.g., straw (DF 944 and NDF 815 g/kg DM) (Brøkner et al., 2012b). 

Similarly, Jensen et al. (2014) measured comparable fibre fractions for hay with 683 g 

DF/kg DM and 685 g NDF/kg DM and likewise higher DF than NDF for molassed sugar beet 

pulp (MSBP, 499 and 331 g/kg DM, respectively). The importance of the DF analysis has 
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previously been stressed by Bach Knudsen (2001). These findings imply that the fibre 

content of novel fibrous feedstuffs or in a scientific matter ought to be analysed by the 

DF method and include both the I-NSP and S-NSP fraction. 

5.3 Factors affecting starch digestion 

5.3.1 Starch intake 

The starch intake has been discussed previously for its effect on pre-caecal starch 

digestibility and for its potential to cause health issues like gastric ulcers (Luthersson et 

al., 2009), laminitis (Garner et al., 1975), and colic (Hudson et al., 2001). The 

recommendations for maximum starch intake in horse diets have developed from 3.5-4 

g/kg BW/meal (Potter et al., 1992) and then decreased to 2 g/kg BW/meal (Kienzle, 1994; 

Julliand et al., 2006) to avoid by-pass starch to the hindgut. Moreover, Coenen et al. 

(2011) preliminarily suggested 1 g starch/kg BW/meal, which is consistent with 

recommendations by Harris et al. (2013). In paper III, starch intake was reduced to 1 g 

starch/kg BW/meal, but despite this, up to 0.3 g/kg BW/meal starch by-pass was 

measured by the MBT. To reduce the odds ratio of getting gastric ulcers, a maximum of 1 

g/kg BW/meal was suggested (Luthersson et al., 2009). Similarly, Vervuert et al. (2009a) 

recommended a maximum of 1.1 g/kg BW/meal to horses with insulin dysregulation. The 

recommendation for the maximum starch intake should acknowledge all health aspects 

including gastric ulcers, glucose and insulin responses, and limit by-pass starch to the 

hindgut. Hence, based on existing literature, it can be concluded that a maximum of 1 g 

starch/kg BW/meal should be recommended to avoid the above-mentioned health issues, 

and paper III supports this recommendation in relation to the metabolic and digestive 

responses measured.  

5.3.2 Processing of grains 

The main aim when processing grains for horses is to increase pre-caecal starch digestion. 

When comparing the pre-caecal starch digestion of whole untreated grains with 

processed grains, effects are consistent (Meyer et al., 1995; Philippeau et al. 2014). On 

the other hand, the findings of studies comparing different thermo-mechanical 

processing methods are inconsistent (Rosenfeld and Austbø, 2009; Philippeau et al., 

2014). Therefore, whole barley and maize were not included in paper III. The aim was 

instead to study differences on pre-caecal starch digestibility between the processing 

methods of micronizing and toasting. Although toasting has not previously been 

investigated in horses, micronizing has. Rosenfeld and Austbø (2009) found higher pre-

caecal starch digestibility of micronized grains than extruded (85 and 70%, respectively). 

In pigs, Canibe and Knudsen (1997) reported lower pre-caecal starch digestibility of peas 

when toasted than dried. This corroborates paper III, where micronizing resulted in a 

greater pre-caecal starch digestibility compared to toasting. Conversely, the content of 
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rapidly digestible starch is reported to increase with higher processing temperatures (83 

to ~137˚C) for barley and maize (increased 18 and 11% of DM) (Murray et al., 2001). In 

the present study grains, when toasted, were subjected to a surface temperature of 

150˚C, approximately 53˚C higher than micronizing (Table 14). Moreover, increased 

moisture content increases DG (Liu et al., 2019). The DG for the grains when toasted were 

lower than when micronized despite having a greater moisture content prior to toasting 

(22%) than micronizing (13%). This indicates that the processing conditions were not 

optimal for gelatinization when toasting. Additionally, maize had a greater DG than barley 

(paper III). Similar results are reported by Vervuert et al. (2004, 2007) for whole and 

processed maize and barley (except popped: 88 and 96%, respectively). Maize had a 

higher pre-caecal starch digestibility than barley (paper III), which aligns with findings by 

Hymøller et al. (2012). Likewise, Meyer et al. (1995) reported numerically higher pre-

caecal digestibility for crushed maize than barley (30 and 22%, respectively). Conversely, 

Rosenfeld and Austbø (2009) measured similar pre-caecal starch digestibility between 

barley and maize (71 and 66%, respectively). Overall, this indicates that processing details 

are important when comparing studies, and moreover that different grains may respond 

differently to diverse processing methods. There is a need for comprehensive studies 

including processing details (temperature, moisture, and duration) and DG when starch 

digestibility is investigated in horses.  

 

Table 14. Processing details (temperature (temp., ˚C), duration (seconds, sec) and 
moisture content (%)) of micronizing and toasting used in paper III and earlier studies1. 

Reference Type of 
processing 

Processing details Heat 
source 

Particle 
size, mm 

Temp. Duration Moisture   

Paper III Micronizing  90-105 45  13.42 IR3 0.15 

Studies1  80-130 40-60  18-21 IR  

Paper III Toasting 150 1800 21.62 Steam 0.35-1 

Studies1 Toasting4 100-140 60-300 + Steam  
 Toasting5 90-105 1800-2700 + Steam  

1 Van der Poel (1990), Svihus et al. (2005), and Newton (2020). 
2 Average moisture content between maize and barley within each processing method. 
3 IR, infrared radiation. 
4 Pressure toasting. 
5 Conventional toasting. 
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5.4 Glucose and insulin responses   

One hypothesis in this thesis was, that processing grains affect the site of starch digestion 

in the GIT, thus affecting the metabolic responses in plasma. Increasing the pre-caecal 

starch digestibility in horses should be reflected in increased plasma glucose and insulin 

responses (Svihus et al., 2005; Julliand et al., 2006). An effect of time on glycaemic and 

insulinaemic responses in plasma was measured in paper III, but the effect of processing 

was not clear. The glycaemic responses have been used as an indirect measure of the pre-

caecal starch digestibility (Hoekstra et al., 1999; Vervuert et al., 2004, 2008). However, a 

disjoint between pre-caecal starch digestion and glucose responses has been reported 

(Hintz et al., 1971ab; Philippeau et al., 2014), which is consistent with the results from 

paper III. Philippeau et al. (2014) reported no connection between glucose responses, 

and greater DG or pre-caecal starch digestibility of processed barley, and Vervuert et al. 

(2003, 2004) reported no differences in plasma glucose and insulin responses between 

whole and processed oats, maize, and barley, regardless of a numerically greater DG for 

processed grains. Vervuert et al. (2007) reported that popped barley had higher numerical 

DG (96%) than steam-flaked (29%) and whole (15%) barley, however, this was not 

reflected in plasma glucose AUC. In paper III, an interaction between feedstuff and 

processing was measured for the glucose response with toasted barley (TB) having a 

greater AUC than toasted maize (TM). Factors like DG, gastric emptying and/or meal size 

could have caused this effect as discussed in paper III. These results highlight the 

difficulties of using plasma glucose and insulin responses solely for evaluating the effect 

of processing grains.   

 

The results presented in paper III are novel as this is the first paper to include both feed 

characteristics, starch disappearance measured with the MBT, plasma responses and 

caecal pH and SCFA concentrations. In theory, increasing starch digestion in the small 

intestine will increase plasma glucose and insulin responses, thus, less starch should reach 

the caecum and be fermented. Data from paper III support this, as there tended to be a 

positive correlation between AUCglucose and minimum pH in the caecum (Figure 13, a). 

Furthermore, there tended to be a positive correlation between DM disappearance from 

mobile bags and caecal pH when correlating bags found at specific time point with the 

corresponding pH values at that time (Figure 13, b). Fermentation of starch in the stomach 

is another factor that might affect the measured responses in plasma and caecum. It is 

unknown to what extent starch is fermented in the stomach (paper III), but gastric 

fermentation of starch and sugar has been reported up to 76% (Varloud et al., 2004). If 

starch is fermented in the stomach less starch will be available for digestion in the small 

intestine resulting in a lower glycaemic response than expected. 
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Figure 13. a) Linear correlation between minimum pH in caecum and area under the curve 

(AUC) for plasma glucose. b) Linear correlation between hourly pre-caecal dry matter 

(DM) disappearance (%) (measured the second day of data collection) and corresponding 

average pH for individual feedstuffs (TM, toasted maize; MM, micronized maize; TB, 

toasted barley; MB, micronized barley, measured at the first day of data collection).  

 

Plasma glucose and insulin responses were not investigated in papers I and II, although 

forage NSC affects the plasma glucose and insulin concentrations (Borgia et al., 2011; 

Lindåse et al., 2018). Besides the glucose absorbed in the small intestine, the 

fermentation end-products propionate and to a lesser extent valerate, are important in 

regulating the plasma glucose concentration through hepatic gluconeogenesis (Ford and 

Simmons, 1985). Propionate produced in the hindgut contributes with approximately 50% 

blood glucose when horses are fed hay (Simmons and Ford, 1991). Therefore, forage 

results in a more stable plasma glucose response than diets rich in starch (Brøkner et al., 

2016; Jensen et al., 2016). Out of the diets used in papers I, II and III, that of paper III (2.6 

g/kg BW/day) provided higher NSC intake than that of papers I and II (1.4 and ~1 g/kg 

BW/day NSC, starch is assumed to be 0), thus assuming a greater plasma glucose and 

insulin response in paper III, than paper I and II. 

5.5 Digestive response in caecum 

As described above, responses in plasma glucose and insulin of starch digestion are 

difficult to interpret. Therefore, combining plasma parameters with digestive responses 

such as pH, the concentration of SCFA, and their individual proportions can provide a 

more comprehensive approach to the interpretation.  

5.5.1 Caecal pH 

If starch by-passes the enzymatic digestion, alterations in SCFA and pH can be detected in 

the hindgut (Hintz et al., 1971a; Julliand et al., 2001; Medina et al., 2002; de Fombelle et 

al., 2003). The importance of starch intake (g/kg BW/meal) on hindgut pH is stressed by 

Julliand et al. (2006). Increasing the starch intake decreases caecal pH, as illustrated in 

Figure 14. Different methodologies for measuring caecal pH can affect the results. In 
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paper III the caecal pH was higher when measured in-vivo by a pH-electrode than in 

collected caecal samples (Figure 15). Næsset et al. (2018) suggested that the alkaline 

digesta from the ileal influx increased the pH in the caecal top layer when measuring 

caecal pH at two locations in the caecum (unweighted pH-electrode vs. a weighted pH-

electrode). Sampling site may be the explanation for the high pH values measured in the 

caecum regardless of a high starch intake (3.4 g/kg BW/meal) by Medina et al. (2002) 

(Figure 14).  

0 2 4 6 8 10

6.0

6.5

7.0

7.5

8.0

Time after feeding, h

p
H

0A,C,D

1.1E

1.3B

2C,D

3.4B

5.8A

 

Figure 14. Caecal pH after feeding different starch intakes (g/kg body weight (BW)/meal) 

obtained by data from AWillard et al. (1977), BMedina et al. (2002), CBrøkner et al. (2012a), 
DJensen et al. (2016), and Epaper III. 
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Figure 15. Comparison between pH measured with a pH-electrode in caecum (pH logger) 

and caecum fluid samples when feeding four diets (1.1 g starch/kg body weight 

(BW)/meal, paper III). 

 

Forage results in a higher caecal pH compared to starch-rich meals (Willard et al., 1977; 

Julliand et al., 2001; Brøkner et al., 2012a; Jensen et al., 2016). Although no pH 

measurements were performed in papers I and II, when horses were fed forage, the pH 

in caecum is assumed to have been higher than measured in paper III. Furthermore, a 

more stable pH is assumed for forage diets (papers I and II) compared with the barley and 
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maize diets provided in paper III, as reported in earlier studies (Willard et al., 1977; 

Brøkner et al., 2012a; Jensen et al., 2016).  

 

In the present study, the minimum pH (~6.4) in paper III was reached approximately 3 h 

after feeding (Figure 15), independent of diet. This aligns with McLean et al. (2000), 

Brøkner et al. (2012a), and Jensen et al. (2016) when horses are fed barley at 2 g starch/kg 

BW/meal. Further, a preliminary study reported lower minimum pH in the caecum when 

horses were fed 2 g than 1 g starch/kg BW/meal (6.2 and 6.4, respectively) (Jensen et al., 

2012). In the present study, the minimum pH was below 6.7 for all diets and possibly 

impaired growth of cellulolytic bacteria with negative impact on fibre digestibility (Van 

Soest, 1994). However, the caecal pH was at all times greater than 6, which is stated as a 

critical threshold for normal function of the hindgut (Philippeau et al., 2009).  

5.5.2 Caecal pH and blood parameters 

Brøkner et al. (2012a) reported an effect of diet on both mean and minimum pH when 

feeding forage or starch-rich diets, however plasma glucose and insulin (AUC and peak) 

was not different when similar diets were tested in Brøkner et al. (2016). The diets 

provided in paper III did not evoke any differences between diets on caecal pH and only 

to a limited extent on plasma glucose-insulin responses and as discussed (5.4 Glucose and 

insulin responses), alterations in glycaemic responses can be difficult to detect despite 

differences in pre-caecal starch digestibility and hindgut pH. Inconsistency between 

plasma glucose and insulin responses and other parameters as pH (paper III), pre-caecal 

starch digestibility (Philippeau et al., 2014; paper III), DG (Vervuert et al., 2007; Philippeau 

et al., 2014; paper III), and SCFA concentration in the hindgut (Jensen et al., 2016; paper 

III) confirms that plasma glucose and insulin responses should not be used solely to 

evaluate feedstuffs digestible potential.  

5.5.3 Concentration of short-chain fatty acids in caecum 

Changes in the caecal SCFA concentration have either been analysed hourly (Willard et 

al., 1977; Jensen et al., 2016; Warzecha et al., 2017), as average concentration in time 

intervals (Moore-Colyer et al., 2000), or as single measurements of concentration 

(Argenzio et al., 1974; Medina et al., 2002; de Fombelle et al., 2003). The latter discounts 

possible changes in the fermentation pattern over time. In paper III, samples of SCFA were 

collected before the morning meal (time 0) and then hourly after, but only analysed at 0, 

1, 3, 5 and 7 h. This was done to decrease expenses, yet the data was sufficient to detect 

changes over time, which correspond with Moore-Colyer et al. (2000). In the present 

study (paper III), the total SCFA increased after the meal of processed grains and 

decreased again over time (Figure 16), which aligns with literature (Jensen et al., 2012; 

Jensen et al., 2016; Warzecha et al., 2017). Although no differences were found for pH, 
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barley resulted in higher total SCFA concentration than maize, reflecting pre-caecal starch 

digestibility in addition to the greater pre-caecal starch digestibility for maize than barley 

measured by the MBT (paper III). Lactate concentration was not measured, but this could 

have supported the measurements of starch fermentation. However, Julliand et al. (2001) 

did not measure increased lactate concentration in the caecum when barley proportions 

increased in the diet. Moreover, McLean et al. (2000) only measured increased lactate in 

caecum when horses were fed rolled barley compared to micronized and extruded barley. 

Still, the lactate concentration, together with the pH, SCFA concentration and individual 

SCFA proportions, could have contributed to the description of starch fermentation.  
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Figure 16. Changes in pH and total short-chain fatty acid (SCFA) concentration in caecum 

after feeding (modified from paper III). 

5.6 Digesta passage rate 

The digesta passage rate can be measured directly by a marker or indirectly by mobile 

bags or digestive responses, time to reach minimum pH and maximum SCFA 

concentration in the caecum. In paper II, the pre-caecal TT for mobile bags containing 

either hay or SBP pellets was on average 2.6 h when horses were fed a diet of 15.1 g 

DM/kg BW. This is shorter than reported by Moore-Colyer et al. (2002) despite a higher 

DM intake (>16 g DM/kg BW/day). However, as discussed in paper II and in this thesis 

several factors (processing, differences in chemical composition and larger FSA) could 

have caused the faster TT of the mobile bags (Hyslop and Cuddeford, 1996; Drogoul et al., 

2000; Moore-Colyer et al., 2003). The SCFA concentration was not measured in paper II. 

However, in paper III the minimum pH was reached after approximately 3 h with a 

corresponding maximum SCFA concentration (Figure 16) at comparable DM intake as in 

paper II (15.6-15.7 g DM/kg BW/day). This corresponds to findings by Jensen et al. (2016) 

at similar DM intake (15.7 g/kg BW/day). 

 

The hindgut TT is an important measure for evaluating feedstuff degradation kinetics and 

fermentation patterns. Comparing different fibrous feedstuffs’ TT through the hindgut in 
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paper II provided information on the retention of individual feedstuffs. In this paper (II) 

soya hull pellets had a longer TT through the hindgut than SBP pellets. This may be 

explained by the physiochemical properties of the feeds (Bach Knudsen, 2001; Brøkner et 

al., 2012b). Nevertheless, in paper I the hindgut TT of mobile bags with hay was on 

average 29 h, comparable to the hindgut TT of mobile bags with hay in paper II (32 h) 

(Table 15). However, when measured by the indigestible marker Yb the MRT in the 

hindgut was faster (23 h) (paper II). This indicates the possibility of prolonged retention 

of mobile bags in the hindgut. However, the hindgut MRT of 23 h measured by Yb (paper 

II) aligns with earlier studies using Yb to determine the TMRT for horses fed solely hay (15 

and 18.5 g DM/kg BW/day) (Moore-Colyer et al., 2003; Jensen et al., 2014). In this thesis, 

horses were kept at maintenance, whereas ponies and horses were exercised in Moore-

Colyer et al. (2002) and Jensen et al. (2014), and exercise can decrease TMRT (Orton et 

al., 1985; Pagan et al., 1998). 

 

Table 15. Transit time (hours, h) for mobile bags used in different segments of the 

gastrointestinal tract.  

Reference Feedstuff Transit time for mobile bags 

  Pre-caecal Hindgut Total tract 
Paper I Hay  29.4  

Paper II Hay 2.3 32.3 30.3 
 Hay + fibrous 

feedstuffs1 

2.8 (SBP) 30.81 32.81 

Moore-Colyer et al. 
(2002) 

Fibrous 

feedstuffs2 

3.0-4.3  54.8-65.5 

Hymøller et al. (2012) Grains3  2.4-4.3   

1 Alfalfa pellets, grass pellets, hay, oat hulls, soya hull pellets, and sugar beet pulp pellets.   
2 Hay cubes, oat hulls:naked oats, sugar beet pulp, and soya hulls.  
3 Flaked maize, soaked maize, cracked maize, oats, black oats, barley, and soaked barley.  

5.6.1 Effect of digesta passage rate on nutrient digestibility 

A prolonged MRT of digesta is hypothesized to affect the nutrient digestibility positively 

both pre-caecal and along the GIT, as digesta is exposed to enzymes and microbiota for a 

longer time. In papers I, II, and III there was a positive correlation between TT of mobile 

bags and DM disappearance. A similar effect of time was measured for starch 

disappearance in paper III. This corroborates with earlier in-situ studies (Hyslop et al., 

1998, Moore-Colyer et al., 2002, Hymøller et al., 2012). However, correlations between 

nutrient digestion and MRT are inconsistent when measured in-vivo (Pagan et al., 1998; 

Drogoul et al., 2000; Miyaji et al., 2011; Clauss et al., 2014), which suggests that 

parameters other than MRT may affect digestibility.  
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5.6.2 Cannulated versus intact horses 

Austbø and Volden (2006) reported an effect of cannulation on MRT, and some of those 

horses were included in papers I, II, and III. The TMRT was longer 3 and 15 months after 

cannulation (4.5 and 7.8 h longer, respectively) compared to pre-surgery measures 

(Austbø and Volden, 2006). This is consistent with Pulse et al. (1973), who reported that 

50% of chromium oxide remained approximately 6 h longer 3 months post cannulation. 

Conversely, Drogoul et al. (2000) measured longer MRT in intact ponies compared to 

cannulated (7 h longer). Despite a possible effect of cannulation on MRT in the present 

study, the MRT values measured are in the range of non-cannulated horses (Pagan et al., 

1998; Pearson et al., 2001; Moore-Colyer et al., 2003).  

5.7 Methods to estimate nutrient digestibility  

The TFC method is often used in digestibility trials for horses, and was the chosen method 

for validating the MBT in paper I. Although, no clear protocol is developed for TFC, 

recommendations are 14 days of diet adaptation followed by 3-6 consecutive collection 

days. In papers I and II, 14 days of adaptation followed by 4 consecutive days of TFC were 

instituted. The adaptation period of 14 days was chosen as the previous diet consisted of 

low energy hay compared to the ones provided in papers I and II. In papers I and II, the 

DM digestibility was stable after the second day of collection (Figure 17). This is consistent 

with findings by Vander Noot et al. (1967), Palmgren Karlsson et al. (2000, 2002), Goachet 

et al. (2009), and Jansson et al. (2006) and therefore it was concluded that 4 consecutive 

days of total collection was sufficient to estimate the ATTD when horses are fed a forage 

diet.  
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Figure 17. Mean (± SD) dry matter (DM) apparent total trat digestibility (%) for the diets 

provided in paper I (hay-only) and paper II (MIX: hay and supplement (alfalfa pellets, grass 

pellets, oat hulls, soya hull pellets and sugar beet pulp pellets)) determined by 

quantitative collection of daily faeces from day 1, 1 to 2, 1 to 3, and 1 to 4. 
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The MBT allows for determining individual feedstuffs’ digestibility, it was the chosen 

method in papers I, II and III. It was necessary to validate it against the TFC (paper I) 

because earlier studies have reported inconsistent effects of bag size (Cherian et al., 1989; 

Hyslop and Cuddeford, 1996), pore size (Varvikko and Lindberg, 1985; Varvikko and 

Vanhatalo, 1989; Cherian et al., 1989; Jensen and Prestløkken, 2018), and FSA (Udén and 

Van Soest, 1984) on nutrient disappearance and TT. Therefore, three bag sizes and four 

FSA were chosen (paper I).  A high FSA (>20.8 mg/cm2) restricted the DM disappearance 

and underestimated the DM ATTD (paper I). Similarly, a higher FSA has been proven to 

affect nutrient disappearance negatively in heifers (Udén and Van Soest, 1984) and pigs 

(Cherian et al. 1989). The effect of different pore sizes was not tested in paper I, as the 

recommendations from NorFor (Åkerlind et al., 2011) were considered to be 

representative of the microbial degradation of fibrous feedstuff in the hindgut. When 

comparing the DM ATTD of hay with hindgut DM disappearance, similar results were 

obtained (papers I and II, Figure 18). Although enzymatical digestion was omitted for 

mobile bags, the nutrient fraction of hay that is potentially enzymatically degraded pre-

caecal is assumed to be soluble and rapidly degradable in the hindgut, and therefore 

representative for the ATTD. Furthermore, in paper I the OM, NDF, and ADF 

disappearance resembled the ATTD of these nutrients. Similar results were obtained in 

paper II for hay, with the NDF and ADF disappearance for bags collected from 20-39 h 

after administration in the hindgut. This contradicts with findings by Araujo et al. (2000) 

and Rodrigues et al. (2012), who pooled bags from each individual horse. The collection 

time has previously been reported to affect the disappearance of nutrients (Hyslop et al., 

1999; Moore-Colyer et al., 2002; Hymøller et al., 2012), and this was also reported in 

paper I. Moreover, Macheboeuf et al. (1996) stressed the importance of using 

physiological relevant TT for the mobile bags when predicting the in-vivo digestibility. 

Therefore, based on the conclusions in paper I and earlier studies, the feed residue from 

mobile bags was pooled according to collection time in papers II and III. In paper II, the 

NDF and ADF disappearances were underestimated with bags retrieved from 10-19 h and 

overestimated when collected 40-100 h after administration in the caecum, supporting 

the conclusion that time affects nutrient disappearance and thereby the 

representativeness of the ATTD. This thesis recommends to pool mobile bags according 

to their collection time instead of by horse for predicting the ATTD. 
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Figure 18. Comparison between the apparent total tract digestibility (ATTD, illustrated by 

solid line —) of dry matter (DM) and mobile bag DM disappearance to different time 

intervals (hours, h) obtained from papers I (hay) and II (hay, and MIX: hay + fibrous 

feedstuffs (alfalfa pellets, grass pellets, oat hulls, soya hull pellets and sugar beet pulp 

pellets)). 

 

One major advantage that the MBT has over the TFC is its potential to yield information 

on rate and extent of feed degradation in different segments of the GIT. Despite this 

advantage, it is rarely used for feed evaluation in horses (Hyslop et al., 1998; McLean et 

al., 1999b; Moore-Colyer et al., 2002), and validation against the TFC is needed. 

Therefore, one aim of this thesis was to validate the use of degradation kinetics by Ørskov 

and McDonald (1979) (papers I and II) and to evaluate degradation of several fibrous 

feedstuffs (paper II) as it is commonly used and fitted the raw data. It was concluded that 

Dt at a biologically relevant MRT can successfully be used to predict the ATTD of DM for 

hay (papers I and II). Further, it was concluded that the ED was insufficient to predict the 

ATTD and the disappearance of DM (papers I and II). For papers I and II, the ED fitted the 

ATTD of DM when the outflow rates were 0.017 and 0.020% corresponding to a MRT for 

60 and 50 h, respectively. This does not reflect the in-vivo MRT (Clauss et al., 2014; Jensen 

et al., 2014; Hummel et al., 2017). This might be a result of a limiting time range (paper I: 

0 and 16-113 h, and paper II: 0 and 10-100 h, after administration) leaving out the DM 

degradation at the early timepoints (0 to 10-16 h). Similarly, Moore-Colyer et al. (2002) 

reported collection times for total tract mobile bags varying from 16-158 h after 

administration. As stressed by Hyslop (2006) a broad range of TT for the mobile bags are 

needed when calculating degradation kinetics. This is supported by findings in papers I 

and II. In paper III, the DM disappearance from the mobiles bags was not subjected to 

degradation kinetics by Ørskov and McDonald (1979). A preliminary study by McLean et 

al. (1999a) suggested that the MBT could predict the pre-caecal DM degradation in 

horses. The lack of data from early degradation can result in deceptive results as reported 

by Moore-Colyer et al. (2002) where the potential degradable fraction a+b was estimated 
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to 100% pre-caecally for oat hull:naked oats and soya hulls despite their high NDF content 

(~579 g/kg DM) and incomplete degradation (97%) in the total tract. 

 

A novel finding from this thesis is presented in paper II, where the degradation kinetics 

obtained from total tract mobile bags are equal to the ATTD of DM. Therefore, it was 

concluded that the MBT could potentially be used in intact horses for ATTD assessment 

of individual feedstuffs in a mixed diet. Similarly, was concluded in a preliminary study 

and presented in an abstract by Hyslop et al. (1998) where the MBT was successfully used 

in intact horses to determine fibre degradation. Macheboeuf et al. (1996) likewise stated 

in their abstract that the DM disappearance in the total tract were consistent with the in-

vivo digestibility of diverse feedstuffs, however, data was not presented in the abstract. 

By use of the MBT in intact horses the ATTD and energy value of individual feedstuffs can 

be quantified (5.8 Practical considerations). 

  



 

57 
 

5.8 Practical considerations 

This thesis provides important knowledge on the possibility of replacing forage with 

alternative fibrous feedstuffs (paper II) and the effect that processing grains has on 

metabolic and digestive responses when feeding 1 g starch/kg BW/meal (paper III). 

Overall, this thesis (papers I, II and III) provides important new insights on nutrient 

digestibility of different feedstuffs using the MBT, knowledge that can be used to improve 

feedstuff evaluation in the future. The French energy evaluation system is based on OM 

digestibility obtained by the indigestible markers or TFC in-vivo methods, to predict the 

digestible energy (DE) and lastly the net energy (NE) of various feedstuffs (Martin-Rosset, 

2015). Furthermore, data from ruminant studies are extrapolated to horses when in-vivo 

data from horses are absent. This thesis focused on digestibility of DM, NDF, and starch 

measured by the MBT, as limited residue was available for analysis of other nutrients 

(papers II and III). Dry matter digestibility is reported to be 1.6 ± 1.5 lower than OM 

digestibility (Drogoul et al., 2000; Palmgren Karlsson et al., 2000; Bergero et al., 2002; 

Ragnarsson and Lindberg 2008, 2010; Goachet et al., 2009; Jensen et al., 2010; De Marco 

et al., 2012; Schaafstra et al., 2018; Vasco et al., 2021; paper I) (9 Appendix), which is 

consistent with the ATTD of DM and OM in paper I. Moreover, as concluded in papers I 

and II, the MBT can predict the ATTD of DM (papers I and II) and OM (paper I), thus the 

MBT is a valuable method for screening feedstuffs for digestibility of OM and to estimate 

energy value. This is a novel finding, and the results from this thesis demonstrate that the 

MBT in combination with intact horses has the potential to improve feedstuff evaluation. 

This can be of great interest for the feed industry measuring energy value of individual 

feedstuffs or products containing various feedstuffs. 

 

In Table 16 the Dt obtained from mobile bag data (papers I and II) were used to calculate 

digestible OM for horses (dOMhorse) (9 Appendix). This provide the basis for converting GE 

with use of dOMhorse to DE, metabolizable energy (ME), NE at maintenance (NEm) and feed 

units (FU) for the individual feedstuffs used in papers I and II according to the equations 

described by Centraal Veevoeder Bureau (CVB, 2021). As discussed previously (papers I 

and II) DM degradation increased with time, hence as expected greater dOMhorse for all 

feedstuffs were estimated for a MRT of 30 h compared to 20 h (Table 16). Thus, increasing 

time for Dt affects a feedstuff’s FU (Table 16) and hence the daily feed supply (kg DM). As 

an example, providing a horse with an energy requirement of 6 FU/day with the hay from 

paper I, it can result in two outcomes dependent on the MRT of the hay:  

6 FU

0.61 FU/kg DM
= 9.8 kg DM       or              

6 FU

0.68 FU/kg DM
= 8.8 kg DM 

 

Consequently, to fulfil the energy requirement the daily feed supply differed with 1 kg 

DM. As discussed earlier (5.6 Digesta passage rate) the MRT depends on DM intake (g/kg 
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BW). Ragnarsson and Lindberg (2010) found approximately 3% lower ATTD of DM when 

horses were fed a high DM intake (18 g DM/kg BW/day) than low (10.7 g DM/kg BW/day). 

Therefore, the MRT of a given feedstuff is pertinence and should ideally be included in a 

feed evaluation system providing a comprehensive approach to predict the energy value. 

This allows a given feedstuff to have different energy values dependent on the MRT and 

chemical composition.  

 

Table 16. Estimated digestible (DE), metabolizable (ME), net energy at maintenance (NEm, 

MJ/kg dry matter), and feed units (FU) in the feedstuffs used in papers I and II obtained 

from digestible organic matter (dOMhorse, %) estimated from degradation to time (Dt) 20 

and 30 hours.  

Feed1 Dt Time GE2 dOMhorse
3 DE ME NEm FU4 

Paper I 

Hay 50.4 20 19.1 52.0 9.2 7.7 5.7 0.61 

Hay 56.4 30 19.1 58.0 10.3 8.6 6.4 0.68 

Paper II 

Hay 62.4 20 19.1 64.0 11.4 9.5 6.9 0.74 

Hay 67.7 30 19.1 69.3 12.3 10.3 7.5 0.80 

AP 62.9 20 18.6 64.5 11.2 9.4 6.7 0.71 

AP 66.2 30 18.6 67.8 11.8 9.9 7.1 0.75 

GP 59.9 20 18.0 61.5 10.3 8.8 6.2 0.66 

GP 63.8 30 18.0 65.4 11.0 9.4 6.6 0.70 

OH 51.3 20 19.2 52.9 9.4 8.1 6.2 0.65 

OH 53.0 30 19.2 54.6 9.7 8.4 6.4 0.68 

SBP 76.6 20 18.3 78.2 13.4 11.7 8.3 0.88 

SBP 86.0 30 18.3 87.6 15.0 13.1 9.3 0.99 

SHP 65.2 20 17.7 66.8 11.0 9.1 6.4 0.69 

SHP 74.3 30 17.7 75.9 12.5 10.3 7.3 0.78 
1 AP, alfalfa pellets; GP, grass pellets; OH, oat hulls; SHP, soya hull pellets, and SBP, sugar beet pulp pellets. 
2 GE, gross energy (MJ/kg DM). 
3 dOMhorse, digestible organic matter for horses: degradation to time t (Dt) + 1.3 %.  
4 FU, feed units: net energy (NE) feed (MJ/kg DM)/NE barley (9.424 MJ/kg DM).  

 
In this thesis, the MBT was used to measure pre-caecal starch digestion (paper III) and 

the technique could potentially also be used to measure dOMhorse for determining the 

energy value of grains and concentrates. Starch fermented to SCFA in the hindgut yields 

less energy than if enzymatically digested to glucose in the foregut (Harmon and McLeod, 

2001), thus affecting the energy values of the grain. Site of digestion is not incorporated 

into the evaluation of grains in present feed evaluation systems. The most important 
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factors affecting site of digestion are starch intake (g/kg BW/meal) (Julliand et al., 2006; 

Harries et al., 2013), and processing (Meyer et al., 1995; Julliand et al., 2006; Philippeau 

et al. 2014). The MBT, if used pre-caecally, can quantify the amount of starch digested in 

the foregut (fermented in stomach plus enzymatical digested in small intestine) and 

fermented in the hindgut by difference calculation (paper III) and thus screen various 

feedstuffs at different starch intake (g/kg BW/meal) and processing methods. This data 

should then be included in the feed evaluation system. Therefore, this thesis is one out of 

several studies required to approach a more accurate energy evaluation system for all 

types of feedstuffs. 
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6 Conclusion 
 

It is concluded that the MBT can predict the ATTD of DM and fibre from hay and other 

fibrous feedstuffs when a proper bag FSA is used. Further, the time interval for mobile 

bags should resemble a biologically relevant MRT to predict digestibility correctly. This 

also applies when modelling digestibility kinetics using the MBT with Dt, resembling the 

DM degradation compared to the ED that underestimates the DM degradation with 

biologically relevant MRT. Altogether, the MBT allows for a more detailed feedstuff 

evaluation in both intact and modified horses than the total collection method.  

 

Processed grains can increase pre-caecal starch digestibility and thereby affect the site of 

digestion more significantly than unprocessed grains. Micronizing resulted in the greatest 

pre-caecal starch digestion, and thereby less starch by-passed to the hindgut when 

compared to toasted barley and maize. Metabolic responses of plasma glucose and 

insulin after feeding reflected pre-caecal starch digestion. Despite this, differences in the 

plasma glucose and insulin responses between processing methods and feedstuff were 

inconsistent. In the caecum, the total SCFA concentration increased with a corresponding 

decrease in pH after feeding. However, processing did not affect the total SCFA 

concentration and the caecal pH. Therefore, the metabolic and digestive responses 

measured in this thesis cannot be used as sole parameters for evaluating pre-caecal starch 

digestibility. On the other hand, when combined with the MBT, these techniques provide 

a comprehensive description of starch digestion in horses.  

 

Overall, this thesis provided important information on feedstuff evaluation that is of great 

importance for feed companies, advisors, and maintaining gastrointestinal health of 

horses. 
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7 Knowledge gaps for future study 
 

This thesis revealed that the MBT is a promising method for estimating DM and fibre 

digestibility in horses. However, the technique needs to be improved both in terms of the 

FSA for grains and optimal pore size for fibre- and starch-rich feedstuffs. This can be 

investigated by use of different FSA and pore sizes for mobile bags, with validation against 

indigestible markers for determination of pre-caecal starch digestion and the TFC for fibre 

fermentation. 

 

The ED underestimated the DM degradation when biologically relevant MRT were used. 

Therefore, a future study of interest would be to investigate initial feedstuff degradation 

using the in-sacco method. Furthermore, this would require validation against the total 

collection method with different DM intakes and forage types affecting the MRT and 

ATTD. 

 

One major question that this thesis raises is why there are differences between different 

processing treatments and grains for pre-caecal starch digestibility. One reason may be 

that grain starch varies in the amylose:amylopectin ratio affecting the DG and enzymatic 

digestion. An in-vitro study simulating the foregut digestion including different grains and 

their ratio of amylose:amylopectin and the possible correlation with different processing 

methods, may answer this question. However, this requires further development of 

reliable in-vitro models resembling the pre-caecal (and hindgut) digestion of horses.   

 

Moisture content, temperature, and duration are highlighted as important variables for 

the optimal processing of grains. Changing any of these variables can result in a product 

that is more or less digestible. However, no study has, to my knowledge, investigated all 

these variables or the possible interactions on different grains and the effect on pre-

caecal starch digestion in horses. These variables need to be investigated further to 

determine the optimal conditions for micronizing, toasting and other processing methods 

used for equine feedstuffs. Such investigations will contribute to our understanding of 

how to optimize enzymatic starch digestion in the small intestine and thereby avoid the 

starch by-passing to the hindgut. Moreover, while this thesis focuses mainly on 

carbohydrates, protein can also be affected by processing, and its effect on digestibility 

in horses are scarce. Therefore, a focus on protein in future studies would be of significant 

interest and use. 
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Total collection of faeces is considered the golden standard for estimating apparent total tract digestibility
(ATTD) in horses. However, the evaluation of individual feedstuffs is limited and determination of nutrient di-
gestibility in different segments of the gastrointestinal tract (GIT) is excluded. The rationale for performing this
study was that the mobile bag technique (MBT) can provide information on individual feedstuffs' degradation,
and the use of fistulated animals does provide additionally information regarding degradation in individual
segments of the GIT. Recommendations for using the MBT in ruminants are well established, but limited me-
thodical studies have been published with horses. The objective of this study was to evaluate the MBT by com-
paring the ATTD with the nutrient disappearance and degradation kinetics of hay in horses. It was
hypothesised that DM degradation as estimated by the MBT is equal to the ATTD of the DM. Furthermore,
we hypothesised that bag size has no effect on nutrient disappearance but increasing the feed to surface
area (FSA) decreases the DM disappearance. Five caecum cannulated horses were fed a hay-only diet (6.7
kg DM/day) with 14 days of adaptation followed by four consecutive days of total faeces collection. Three
bag sizes (height × length × side, cm; 1.2 × 10 × 2, 3 × 4 × 2, 1 × 6 × 2) and three FSAs (10.4, 20.8 and
41.7 mg/cm2) were administrated at each meal (3 meals/day) on days 1 and 2 of the collection. Faeces
were checked for bags every 6th h, the collection time was noted and the DM disappearance together with
the transit time (TT) for each bag type was estimated. Dry matter disappearance from the individual bags
was fitted to degradation profiles, and the effective degradability (ED) and degradation (Dt) were determined.
The results of the study showed that the ATTD of DM, organic matter (OM), NDF and ADF can be predicted
based on their disappearance from the mobile bags, but that ash and CP are overestimated in comparison to
the ATTD. The TT for the bags was 29.2 h, and when using a mean retention time of 30 h to predict ED and
Dt, it was clear that ED was underestimated, whereas Dt reflected the ATTD of DM. In conclusion, the MBT
can be used to estimate the degradability of DM, OM and fibre as these nutrients resemble the ATTD. The
bag size did not affect the DM disappearance, but the FSA should be kept below 20 mg/cm2 as higher levels
might limit the degradation kinetics.
© 2020 Published by Elsevier Inc. on behalf of The Animal Consortium. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Implications

Appropriate feedstuff evaluation is important for accurate ration for-
mulation for horses. Total tract digestibility provides valuable informa-
tion on the nutrient and energy digestibility of the total diet but
provides limited information about individual feedstuffs. This study
contributes to themethodical development of themobile bag technique
and makes some recommendations for its use in future equine studies
in intact and cannulated horses when studying degradation of individ-
ual feedstuffs.

Introduction

Feedstuff evaluation is important for optimising nutrient supply and
for accuracy in ration formulation for horses (Hyslop, 2006). To opti-
mise this, the apparent total tract digestibility (ATTD) can be measured
using differentmethods, such as the total collection of faeces or themo-
bile bag technique (MBT). The ATTD provides information about the di-
gestibility of a diet or individual feedstuffs, but it gives no information as
to where in the gastrointestinal tract (GIT) or at what rate the different
feedstuffs are degraded. However, a combination of theMBTwith effec-
tive degradability (ED) calculations (Ørskov and McDonald, 1979) can
provide essential knowledge on feed degradation kinetics in different
segments of the equine GIT (Hyslop, 2006). This has been studied
widely in ruminants (Hvelplund et al., 1992; Volden and Harstad,
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1995) and has been used to determine the degradation kinetics of four
botanically diverse fibrous feeds in the small intestine and total tract
of ponies (Moore-Colyer et al., 2002).

In the Nordic feed evaluation system for ruminants (Åkerlind et al.,
2011) in-sacco bags are recommended with a pore size of 38 μm and a
feed to surface area (FSA) of 10 mg/cm2 for feedstuffs when studying
digestion in the rumen (Åkerlind et al., 2011). However, recommen-
dations for the technique are unclear when applied in horses because
the MBT has been adjusted in relation to knowledge obtained from
pigs and ruminants (Hyslop, 2006; Åkerlind et al., 2011). In equine
studies, Macheboeuf et al. (1996) are often interpreted as a recom-
mendation for the MBT (bag diameter 1 cm, length 6 cm and porosity
48 μm). A study with ponies showed that the dimensions of the mo-
bile bag affect transit time (TT) and DM disappearance from the
bags (Hyslop and Cuddeford, 1996). Methodical studies investigating
the possible effects of bag size and FSA on nutrient disappearance in
horses are scarce, and further studies are needed to standardise the
method. The objective of this study was, therefore, to evaluate the
MBT in horses by use of nutrient disappearance and degradation
kinetics for hay in comparison to the ATTD. We hypothesise that the
degradable DM as estimated by the MBT is equal to the ATTD of
DM. Furthermore, we hypothesise that bag size has no effect on the
estimated DM disappearance, but that increasing the FSA will decrease
DM disappearance.

Material and methods

Experimental design

All housing, management and experimental procedures followed
the laws and regulations for experimental animals in Norway (i.e. Reg-
ulations on the use of animals in experiments of July 2015). The entire
experiment lasted for 18 days with 14 days of diet adaptation followed
by four consecutive days of data collection (Fig. 1).

Animals

Five healthy caecum cannulated Norwegian cold-blooded trotter
geldings (age 14–26 years) with an average BW (±SD) of 547 ± 27
kg were used in the experiment. All horses were followed routinely
with veterinarian check-ups including vaccinations, dental examina-
tions and teeth floating. The horses were housed in individual stalls
(3 × 3 m) containing rubber mats and wood shavings as bedding.
During the diet adaptation period, the horses were allowed access to a
gravel paddock for 7–8 h per day, divided into two visits, and during
data collection once a day for 1 h.

Diet

The horses were fed three times a day (0600, 1400 and 2000 h)with
a hay-only diet. The total DM intake of hay was 6.7 kg/day, divided into
three equal meals. The hay meals were fed from hay cribs attached to

the front of the individual stalls 62 cm above the floor. A commercial vi-
tamin and mineral supplement with the composition: Ca, 100 (g/kg);
Mg, 32 (g/kg); Cu, 840 (mg/kg); Zn, 2830 (mg/kg); Fe, 2460 (mg/kg);
Mn, 1530 (mg/kg); I, 18 (mg/kg); Co, 6 (mg/kg); Vitamin A, 107000
(I.U./kg); Vitamin D, 11 300 (I.U./kg); Vitamin E, 9600 (mg/kg) (Cham-
pion Multitiskud, Felleskjøpet Forutvikling, Trondheim, Norway, 80 g/
day) and sodium chloride (25 g/day) was added to the crib when feed-
ing the morning meal. The chemical composition of the hay was DM:
898 g/kg, ash: 56.7 g/kg DM, NDF: 574 g/kg DM, ADF: 333 g/kg DM,
CP: 136 g/kg DM, water-soluble carbohydrates (WSC): 114 g/kg DM
and gross energy (GE) 19.1 MJ/kg DM. Horses were fed to fulfil their
maintenance energy and nutrient requirements according to Nordic
standards. Water was available in the individual stalls through auto-
matic troughs at all times but was only available in the gravel paddock
during diet adaptation.

Total collection of faeces

Four consecutive days of total faecal collection from each horse was
obtained by use of collection harnesses (Stablemaid, Melbourne,
Australia). Collection harnesses were emptied every 6th h (0600,
1200, 1800 and 0000 h) and immediately before the horses were
allowed access to the gravel paddock (1000 h). Procedures for mobile
bags found in the faeces are described below. The faeces collected
daily were stored in plastic bins, with lids, at 3 °C. They were weighed
and mixed thoroughly by hand and with an electric concrete mixer
(Atika, electric concrete mixer, Germany). Daily faecal output wasmea-
sured, DMdetermined and a daily subsample of 10% of the collected fae-
ces (fresh weight) was stored at −20 °C for further analysis. After the
experiment, the daily subsamples were pooled and used to create a sin-
gle representative sample for each horse. For further analysis, the daily
pooled subsampleswere thawed and thenmixed into two new samples
(approximately 500 g/sample).

Mobile bag technique

Themobile bags weremade from precisionwoven openmesh fabric
with 36 μm porosity (Sefar Nitex, 03–36/28; Sefar AG, Heiden,
Switzerland). The bags were prepared by cutting a suitable size piece
of mesh (large enough to heat-seal the edges) and folding it in themid-
dle (Fig. 2). The mesh was heat-sealed along one side and one end; it
was then turned inside-out to avoid sharp edges andmarkedwith a per-
manent marker for identification. Three bag sizes were prepared with
different proportions (height × length × side) and three or four FSA
(Table 1). The weight of the empty bags and of the bags filled with
hay (milled to pass a 1.5 mm screen) was recorded (Table 1), and the
bags were closed by heat-sealing the end. One bag of each combination
of size and FSA was soaked in cold tap water and placed in the caecum
through the cannula before each feeding on collection days 1 and 2
(Fig. 1), resulting in seven bags per horse per administration and 42
bags per horse in total.

Fig. 1. The experimental set-up illustrating feeding times (0600, 1400 and 2000 h), faecal collection times (every 6 h) and times mobile bags were administered (at every meal on days
1 and 2).
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Faeces were inspected for bags at every collection during the 4 days
of faecal collection (bags foundbefore the horseswere allowed access to
the gravel paddock were included in the 1200 h collection). Each bag’s
collection time was noted; it was hand-rinsed in cold tap water and
stored at −20 °C. At the end of the experiment, all bags were thawed
at room temperature, placed in awashing bag (28 × 37 cm) andwashed
in cold water for 35 min, without spinning (Woolprogram, Avantixx 7
Varioperfect; Bosch, Gerlingen-SchillerhÖhe, Germany) and then dried
for 48 h at 45 °C. Bags were left at room temperature (approximately
25 °C) for equilibration for 24 h before weighing. Control bags (4 bags/
combination) were not administered to the horses but were soaked in
tapwater for 1 h beforewashing and drying as described above to deter-
mine the disappearance of nutrients from the bags. The DM of each in-
dividual bag was determined by the weight after drying. To obtain
sufficient residue for chemical analysis, all mobile bags collected were
pooled for each bag combination (except bag type E) for a specific col-
lection time interval (15–30, 31–50 and 51–115 h).

Chemical analysis

All analyses were performed in duplicate except for the mobile bag
residue. A sample of the hay fed and of the bulk residues from the col-
lected bags, according to the collection time interval, was analysed for
DM by drying to a constant weight (24 h at 105 °C ± 2 °C). Samples
were then incinerated at 550 °C for 16 h for ash determination. Neutral
detergent fibre, ADF and ADL were measured by the filter bag tech-
nique described by ANKOM (2017a and 2017b). Water-soluble carbo-
hydrates were determined as described by Randby et al. (2010).
Nitrogen was measured according to the Kjeldahl method (Kjeltec™
8400 analyzer; Foss, Hillerød, Denmark) and CP was calculated as N ×
6.25. Gross energy was determined using the bomb calorimeter
method (6400 Automatic Isoperibol Calorimeter; Parr Instrument Com-
pany, Moline, IL, USA).

Calculations

The apparent total tract digestibility of nutrients
The ATTD of individual nutrients and energy was calculated as:

ATTD ¼ Intake gð Þ−faecal excretion gð Þ
intake gð Þ � 100% ð1Þ

Transit time of the mobile bags
The characteristics of the mobile bags’ transit through the hindgut

were assessed by calculating the TT as described by Faichney (1975):

TT ¼ ∑Bi � ti ð2Þ

where Bi is the number of bags collected at time ti as a proportion of
the total number of bags collected, and ti is the time elapsed between
administration of the bags and the midpoint of the ith collection
interval.

Dry matter degradation curves
The DM disappearance curves from the seven combinations of mo-

bile bag size and FSA were subjected to the Ørskov and McDonald
(1979) model (Eq. (3)) for evaluating the degradation profile of hay:

Dt ¼ aþ b 1−e−ct� � ð3Þ

where Dt is the degradation after time t of administration, b is the po-
tential degradation (insoluble part of feed) of the componentwhichwill
in time be degraded, c is the rate constant for degradation of b per h, a is
the intercept (soluble part of feed) of the degradation curvewhen t=0
and e is the exponential. The potentially degradable fraction of the feed
can then be expressed as a + b.

Effective degradability
The ED was calculated for all the bag types using Eq. (4) at chosen

outflow rates (k): 0.05, 0.033, 0.025 and 0.017% per h to obtain DM dis-
appearance from the mobile bags to assumed digesta mean retention
time (MRT) in the hindgut at 20, 30, 40 and 60 h:

ED ¼ aþ bc
cþ k

ð4Þ

where a, b and c are as described above, and k is the chosen outflow rate.

Statistical analysis

All statistical analyses were performed in Rstudio (version 1.1.456;
Rstudio Inc., Boston, MA, USA). Linear regression was done on nutrient
disappearance with a model comprising nutrient disappearance as re-
sponse, and time, bag size and FSA as predictors.

The degradation at t= 0 (a), the potential degradation (b), the rate
constant (c), the potentially degradable fraction (a + b), the TT for the
mobile bags, the ED values and the Dt for bag types were subjected to
linear regression using bag size and FSA as predictors.

Bag type E was excluded from all statistical analyses as only one FSA
of 41.7 mg/cm2 was included in the study. No interactions were found
between the predictors and they were therefore excluded. Significant
differences of least-square means were analysed by Tukey’s honest sig-
nificant difference test. All results are presented as least-square means
± SD. Effects are considered significantly different if P < 0.05.

Fig. 2. Illustration of mobile bag construction with example of bag size 1 × 6 × 2 cm (height × length × side).

Table 1
Seven different combinations of mobile bag size (height × length × side, cm), feed to
surface area (FSA, mg/cm2) and number of bags per horse.

Bag type Surface area (cm) FSA (mg/cm2) Number of bags per horse

A 1.2 × 10 × 2 10.4 n = 6
B 1.2×10 × 2 20.8 n = 6
C 6 × 1 × 2 10.4 n = 6
D 6 × 1 × 2 20.8 n = 6
E 6 × 1 × 2 41.7 n = 6
F 3 × 4 × 2 10.4 n = 6
G 3 × 4 × 2 20.8 n = 6
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Results

In-vivo nutrient digestibility

From the total collection of faeces, the ATTD of nutrients and energy
was calculated (Fig. 3). The ATTD of the following nutrients and energy
was DM: 55.9 ± 0.8%, OM: 56.7 ± 0.9%, ash: 42.8 ± 2.6%, CP: 52.8 ±
4.1%, NDF: 53.8 ± 1.8%, ADF: 44.8± 2.2% and GE: 53.5 ± 0.8%.

Recovery of mobile bags

A total of 30 bags of each type was placed in the caecum of the five
horses, but some bags were either not found or discarded (e.g. bags
were excluded if a hole was detected after recovery). The total number

of recovered bags was 29 for type A, 30 for type B, 28 for type C, 26 for
type D, 24 for type E, 28 for type F and 28 for type G. The heat-sealing
of bag type E tended to open more often than the other bag types.

Washing loss and nutrient disappearance from the mobile bags

The small amount of residue derived from the mobile bags limited
the possibilities for performing all chemical analyses on all control
bags and bag types for each time interval.

Bag type E had the lowest numerical DM loss of 11.5% compared to
the other bag types that varied from 21.7 to 24.2% (Fig. 3). Loss of ash
varied from70.7 to 80.4% andOMfrom19.1 to 21.5% for all bag types ex-
cept bag type E. The loss of CPwas determined only for bag type B, and it

Fig. 3. In-vivo apparent total tract digestibility of nutrients and in-situnutrient disappearance fromdifferentmobile bag types and time intervals (0=control bags; 1=15–30 h;2=31–50
h; 3 = 51–115 h).
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was 29.0%. Neutral detergent fibre was determined for bag types A and
B with losses of 4.4 and 6.8%, respectively.

In-situ nutrient disappearance for the seven bag types at the three
time intervals is shown in Fig. 3. A time effect (P < 0.05) was found for
the disappearance from the mobile bags of DM, OM, ash, CP, NDF and
ADF with the disappearance increasing with time. There was no effect
of bag size or FSA on DM, ash or ADF disappearance from the bags. Fur-
thermore, no effect of bag size was found for CP, but disappearance was
lower (P < 0.05) from bags with an FSA of 20.8 mg/cm2 compared to
those with an FSA of 10.4 mg/cm2 (Fig. 3d). Disappearance of NDF
from the mobile bags was affected by both FSA (P < 0.05) and bag size
(P < 0.05) with a higher disappearance from bags with an FSA of 20.8
mg/cm2 compared to 10.4 mg/cm2 and from bags of size 1.2 × 10 × 2
cm compared to those of 1 × 6 × 2 cm (Fig. 3f). Visual inspection of the
results in Fig. 3 indicates that the ATTD of DM, OM, NDF and ADF can be
predicted based on disappearance from mobile bags, whereas ash and
CPdisappearance from the bags are overestimated compared to theATTD.

Dry matter degradation curves

FittedDMdegradation curves fromØrskov andMcDonald (1979) for
the seven different bags types are shown in Fig. 4. Themobile bagswere
found in faeces from 16 to 113 h after they were administrated in the
caecum, and the fitted DM degradation is in correspondence with the
raw data for each bag type (Fig. 4). There were no effects of FSA and
bag size on parameters a and c, but the potential degradable b increased
with increasing FSA (P<0.001), and bag size 3×4×2 resulted in higher
degradation than the other sizes (P = 0.02) (Table 2). The potentially
degradable fraction a + b of the hay was higher (P = 0.02) with an
FSA of 20.8 mg/cm2 than with an FSA of 10.4 mg/cm2 (Table 2). The
TT of the mobile bags varied from 26.1 to 32.3 h (Table 2), and bag
size and FSA had no effect on the TT of themobile bags. In general, to re-
flect the average TT of 29.2 h for the mobile bags, an ED and Dt of 30 h
predicts the DM degradation to be 49.0 and 56.4%, respectively
(Table 2). Hence, the Dt of 30 h reflects the ATTD of DM (55.9%),
whereas for the ED an MRT of 60 h is needed.

Discussion

In-vivo apparent total tract digestibility and in-situ disappearance

Studies using total collection of faeces are considered the golden
standard for measuring the ATTD of a diet or of individual feedstuffs,
whereas few studies have used theMBT as an alternative or in combina-
tion with the total collection of faeces in cannulated or even intact
horses. Therefore, the main objective of the present study was to evalu-
ate the use of MBT in horses using nutrient disappearance and by
modelling degradation kinetics for hay in comparison to the ATTD.
However, several factors should be considered when comparing the
two methods. In this study, mobile bags were administrated in the cae-
cum, thereby omitting enzymatic degradation of the feedstuff and in-
stead aiming at microbial degradation. It was assumed that the
fraction of hay that would potentially be digested enzymatically by
the host enzymes also was fermented, and hence, the estimates from
the MBT would reflect the ATTD. However, this needs to be validated
further in a future study. The soluble part of the feedstuff that disap-
pears from the mobile bag is expected to be easily digested in the
small intestine. In the present study, the soluble part of the feedstuff
was estimated to be approximately 23.1% for bags with an FSA of
10.4–20.8 mg/cm2. This is in correspondence with Moore-Colyer et al.
(2002), where the washing loss from bags containing hay cubes was
found to be 24%. Furthermore, the DM disappearance from bags con-
taining hay cubes captured in the caecum after passing the stomach
and small intestine in cannulated ponies was 32% (Moore-Colyer et al.,
2002). This difference between washing loss and nutrient disappear-
ance when captured in the caecum indicates pre-caecal nutrient

digestibility of, for example, protein which was found to be 52% for
the hay cubes (Moore-Colyer et al., 2002). In this study, pre-caecal di-
gestion was omitted by administering bags directly into the caecum,
but it is assumed that the nutrient fractions that would have been
digestedpre-caecalwere fermented in thehindgut; hence, it is expected
that the nutrient disappearances presented here reflect the ATTD.

The disappearance ofDM,OM,NDF andADFwas in linewith theATTD
for these nutrient fractions. Ash disappearance from the mobile bags was
approximately twice as high as the ATTD of ash, and nitrogen disappear-
ance and therefore CP from the bagswashigher relative to theATTDof CP,
despite that the enzymatic degradation in the stomach and the small in-
testine was omitted. The in-situ disappearance may be a better reflection
of true CP digestibility as the ATTD of CP is affected by N from microbes,
ammonia and endogenous losses (Hvelplund et al., 2003). Moreover,
feed residue in the mobile bags might be contaminated by microbial N
(Varvikko and Lindberg, 1985), but this is considered to be low as the
washing procedure decreases this contamination (Hvelplund et al., 2003).

Washing of the mobile bags

Thewashingprocedure for the collected bags is done to rinse offmu-
cous, endogenous enzymes and microbial biomass from the feed resi-
due (Van Straalen et al., 1993), but there will also be a loss of particles
including nutrients (Moore-Colyer et al., 2002). In the present study,
the average DM loss from control bags with an FSA of either 10.4 or
20.8 mg/cm2 was twice as high as the loss from bags having an FSA of
41.7 mg/cm2, indicating that soluble particles are withheld in bags
with an FSA of 41.7 mg/cm2. The washing loss consists mainly of ash
and CP (probably also WSC, but this was not analysed), whereas the
fibre fractions NDF and ADF are mainly withheld in the bags. This is in
accordance with the findings of Moore-Colyer et al. (2002), where the
DM loss from control bags containing hay cubes was 24%. The washing
procedure has been highlighted by several authors as it has not been
standardised and can affect the loss from the control bags and the rins-
ing of the residue in themobile bags (Dhanoa et al., 1999;Moore-Colyer
et al., 2002).

Nutrient disappearance from the mobile bags

In the present study, the inclusion of different bag sizes of varying
FSA was investigated as no clear recommendations for the use of MBT
have yet been established for equine studies. An earlier abstract by
Macheboeuf et al. (1996) is often annotated for its recommendations
for the dimensions: diameter 1 cm, length 6 cm and porosity of 48 μm.
However, these dimensions limit the use of feed material as a high
FSA affects the disappearance of nutrients from the bags negatively, as
shown with bag type E in the present study. Hyslop and Cuddeford
(1996) found that increasing the surface area of the mobile bag
prolonged the TT and additionally increased the disappearance of DM
and NDF from the bags. However, the amount of feed used in the
study by Hyslop and Cuddeford (1996) is unclear, and the results may
be affected by the FSA. In contrast, in the present study, no effect of
the bag dimensions on TT was found, but DM disappearance was
lower with the FSA of 41.7 mg/cm2 than with those of 10.4 or 20.8
mg/cm2. Udén and Van Soest (1984) found a corresponding decrease
in “cell wall” disappearance in ruminants and ponies when FSA was in-
creased markedly (6.5 vs 50 mg/cm2).

In practice, in the present study, the bagswith an FSA of 41.7mg/cm2

tended to open as a result of the volume of hay in the bag. This may not
be the case when grains are used and thereby concentrates may allow a
higher FSA compared to roughage without affecting the DM disappear-
ance. For example, studies have used an FSA varying from 21.5 to 83.3
mg/cm2 with concentrate feeds such as barley, maize and oats
(Rosenfeld and Austbø, 2009; Philippeau et al., 2014). Furthermore, no
effect of bag size or FSA wasmeasured for ash, CP and ADF, but nutrient
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Fig. 4. Ørskov andMcDonald (1979) degradation curves of DM from hay, based on mobile bags with different feed to surface area (FSA) and sizes. (a) bag size 1.2 × 10 × 2 with FSA 10.4
mg/cm2; (b) bag size 1.2 × 10 × 2 with FSA 20.8 mg/cm2; (c) bag size 1 × 6 × 2 with FSA 10.4 mg/cm2; (d) bag size 1 × 6 × 2 with FSA 20.8 mg/cm2; (e) bag size 1 × 6 × 2 with FSA 41.7
mg/cm2; (f) bag size 3 × 4 × 2 with FSA 10.4 mg/cm2; (g) bag size 3 × 4 × 2 with FSA 20.8 mg/cm2; (h) DM degradation for all bag types.
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disappearance increased with time interval, in correspondence with
other studies (Moore-Colyer et al., 2002; Hymøller et al., 2012).

Studies have shown that feed disappearance is affected positively by
pore size both in ponies, when pore size was increased from 5 to 37 μm
(Udén and Van Soest, 1984), and in ruminants, when it was increased
from 20 to 40 μm (Varvikko and Lindberg, 1985). However, the pore
size of thematerial should allowmicrobes to enter the bag and fermen-
tation end-products to pass out of the bag. The pore size of the bags
might depend on the nutrient of interest and its digestion as smaller
pore sizes might limit microbial access to the bags. According to the
Nordic feed evaluation system for ruminants, the recommendation is
that bagswith a pore size of 11–15 μmshould be used for evaluating di-
gestion in the small intestine and with a pore size of 38 μmwhen eval-
uating fibre degradation in the rumen of cows (Åkerlind et al., 2011). A
pore size of 36 μm was used in the present study as the microbial deg-
radation of a fibrous feedstuff was the focus of interest. The effect of dif-
ferent pore sizes has received little attention in equine studies.

Dry matter degradation curves

An advantage of the MBT is the possibility of obtaining knowledge
about individual feedstuffs compared to the total collection of faeces.
Furthermore, both rate and extent of feed degradation can be estimated
from the models of Ørskov and McDonald (1979), which allow ED
values to be calculated taking the passage rate of digesta through the
GIT into account. In the present study, the DM degradation curves and
the ED were estimated on data from the control bags and from mobile
bags recovered between 16 and 113 h after administration in the cae-
cum. The fitted DM degradation curves correspond well with the raw
data from themobile bags. However, the insoluble but potential degrad-
ablepartbwasoverestimated forbagtypeE,andthepotentialdegradabil-
ity a + b of the DM in the hay was estimated to be 102%. This can be
explained by a lack of data from time 0–16 h and from the time interval
3 for bag type E and furthermore, by an underestimated particle loss
from the control bags. Despite this, all other bag types correspond well
with the model parameters with the potential DM degradability a + b
ranging from 62.2 to 70.4% in comparison to the DM ATTD of 55.9%.

The insoluble but potential degradable part b was affected by both
the FSA and the bag size, with increasing DM degradation for mobile
bags with an FSA of 20.8 mg/cm2 and for a bag size of 3 × 4 × 2 cm, in-
dicating the possibility of overestimating the DM degradation. The po-
tentially degradable DM, a + b, was affected by the FSA as it was
higher for bags with an FSA of 20 mg/cm2 than of 10.4 mg/cm2. The

higher the digestibility of a feed, the less material is available for analy-
sis; hence, a balance is neededwhere the FSA is as high as possiblewith-
out affecting the degradability of the feed.

The recommendations in the Nordic feed evaluation system for ru-
minants are to use an FSA of 5–15 mg/cm2 when evaluating digestion
in the small intestine and of 10mg/cm2 when evaluating fibre degrada-
tion in the rumen (Åkerlind et al., 2011). In this study, an FSA slightly
above these recommendations was used to increase the amount of res-
idue available for analysis, and based on our results, care should be
taken when using an FSA of more than 20 mg/cm2 as the bags with an
FSA close to 40 mg/cm2 clearly affected the degradability negatively.
This was not surprising as earlier studies have found a similar effect
when the FSA was increased (Cherian et al., 1989; Vanzant et al., 1998).

The ED corresponds to the ATTDwhen the outflow rate is 0.017% per
h, corresponding to an MRT of 60 h. However, this MRT does not repre-
sent the in-vivoMRT for hay. The MRT depends on the DM intake as in-
creasing intake decreases MRT (Clauss et al., 2014; Miyaji et al., 2014)
and the MRT has been estimated to be approximately 24–30 h for the
liquid phase and 21–48 h for the solid phase in horses fed hay (Clauss
et al., 2014; Jensen et al., 2014; Hummel et al., 2017). The degradation
parameter estimates may be less precise as theMBT results in a narrow
range of TTs, and therefore observations cover only a narrow time
range, resulting in an underestimation of ED when biologically relevant
MRT is used in the calculations. The same interpretations can be drawn
from the results presented by Moore-Colyer et al. (2002). ED is there-
fore not an appropriatemeasure of feed degradationwhen usingmobile
bags; however, using Dt seems to be more appropriate as the estimates
of degradation at biologically relevant MRT are more in line with
the ATTD.

The in-sacco techniquewith the fixed placement of bags in a specific
compartment of the GIT, for example, the caecum, followed by the re-
covery of the bags at specific time points could be an alternative to the
MBT and would provide information on feed degradation kinetics in
the early stages of degradation. This is standard procedure in the Nordic
feed evaluation system for ruminants (Åkerlind et al., 2011), but only a
few studies have tried to adapt this technique for use with horses
(Drogoul et al., 2000; Hyslop, 2006). However, it may be an alternative
to the total collection of faeces and the MBT.

Conclusion

In conclusion, this study showed that the MBT can be used to esti-
mate degradability of DM, OM and fibre from hay, which resemble the

Table 2
Dry matter degradation parameters and transit time (TT) in h for the different mobile bag types (A–G) with different sizes (height × length × side, cm) and feed to surface areas (FSA,
mg/cm2). Effective degradation (ED) and degradation (Dt) in percent are presented for mean retention times of 20, 30, 40 and 60 h for hay.

Bag A B C D E F G ±SD P-values

Size 1.2×10×2 1.2×10×2 1×6×2 1×6×2 1×6×2 3×4×2 3×4×2 Size FSA

FSA 10.4 20.8 10.4 20.8 41.7 10.4 20.8

a 23.7 23.6 24.6 22.5 11.5 24.9 24.3 4.42 ≥0.05 ≥0.05
b 38.5 44.1 39.0 44.6 90.6 40.0 46.1 17.2 0.02 <0.001
c 0.067 0.046 0.051 0.042 0.014 0.061 0.038 0.016 ≥0.05 ≥0.05
a+b 62.2 67.6 63.6 67.2 102.0 64.9 70.4 12.9 ≥0.05 0.02
TT 27.8 32.2 32.3 30.8 28.9 26.1 27.1 2.31 ≥0.05 ≥0.05
ED
20h 45.8 44.8 44.5 42.9 32.0 47.0 44.3 4.65 ≥0.05 ≥0.05
30h 49.5 49.2 48.3 47.5 39.2 50.9 48.9 3.59 ≥0.05 ≥0.05
40h 51.8 52.2 50.9 50.6 45.0 53.4 52.2 2.54 ≥0.05 ≥0.05
60h 54.6 56.0 54.1 54.5 53.9 56.4 56.4 1.01 ≥0.05 ≥0.05

Dt

20h 52.3 50.3 49.8 48.0 34.5 53.2 48.9 5.81 ≥0.05 ≥0.05
30h 57.1 56.7 55.4 54.6 43.8 58.6 55.8 4.58 ≥0.05 ≥0.05
40h 59.6 60.8 58.7 58.9 51.7 61.5 60.4 3.04 ≥0.05 ≥0.05
60h 61.5 64.9 61.9 63.7 64.5 63.9 65.7 1.44 ≥0.05 0.04
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ATTD of these nutrient fractions in horses. The bag sizes used in the
present study did not have any major effects on the results, including
DM disappearance, but it is suggested that the FSA should be kept
below 20 mg/cm2 as higher levels might limit particle loss from control
bags and degradation kinetics. Degradation (Dt), but not ED, might be
useful for estimating the ATTD with biologically relevant MRT. The
MBT has the potential to be a useful technique for evaluatingmore com-
plex diets, including more feedstuffs, and the modelling of degradation
kineticsmay give a better understanding of nutrient digestion in horses.
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A B S T R A C T   

To evaluate the effect of substituting hay with alternative fibrous feedstuffs, the total collection of 
faeces was used to measure the apparent total tract digestibility (ATTD). Nutrient disappearance 
and digestion kinetics were examined with the mobile bag technique (MBT) and marker passage 
measurements. Four caecally-cannulated horses (body weight (BW) 558 ± 32 kg) were used in a 
cross-over design experiment with two periods of 14 days adaptation and four days of faecal 
collection. Horses were fed three times a day with either a hay-only (HAY) diet or a mixture of 
hay:supplement (MIX) (15.1 and 8.4:6.7 g dry matter (DM)/kg BW/day, respectively). The hay 
used in both treatments (HAY and MIX) was mainly of Timothy and first cut. The MIX supplement 
diet consisted of oat hulls, alfalfa-, sugar beet pulp- (SBP), grass- and soya hull pellets, each given 
in 0.44 g DM/kg BW/meal. On day 15 in each period, 20 bags of either hay or SBP and 6–12 bags 
(1×2x12 cm; 37 µm pore size; 0.5 g feed) of each feedstuff and ytterbium (Yb, 3 g) were placed in 
the stomach or caecum, respectively. Bags were harvested from the caecum every hour and faeces 
were checked for bags every fourth hour, collection time was noted and data from the bags were 
used to estimate pre-caecal, hindgut and total tract nutrient disappearance. Further, faecal sub-
samples of 300 g were collected, weighed and stored for Yb analysis and further estimation of feed 
mean retention time. Rate and extent of feed degradation were estimated from the MBT assuming 
exponential degradation. The ATTD of DM was similar between the two diets (P > 0.05), but the 
HAY diet had higher ATTD of crude protein (CP) (P = 0.001), neutral detergent fibre assayed with 
heat-stable amylase and expressed inclusive of residual ash (aNDF) (P = 0.006), acid detergent 
fibre (ADF) (P = 0.017), hemicellulose (P = 0.001) and celluloseNDF (P < 0.001). The hindgut 
mean retention time (MRT) for Yb was longer for the MIX than the HAY diet (P < 0.001). No 
differences for DM, aNDF or ADF digestibility were measured when comparing the ATTD with 
nutrient disappearance from bags found in the time interval 20–30 h, indicating the ATTD of 
these nutrients can be predicted by the MBT. The estimated degradation (Dt), but not effective 

Abbreviations: ADF, acid detergent fibre expressed inclusive of residual ash; ADL, acid detergent lignin; aNDF, neutral detergent fibre assayed 
with heat-stable amylase and expressed inclusive of residual ash; ANOVA, analysis of variance; AP, alfalfa pellets; ATTD, apparent total tract di-
gestibility; BW, body weight; CP, crude protein; dD, diet digestibility; DE, digestible energy; DF, dietary fibre; dH, hay digestibility; DM, dry matter; 
dS, digestibility coefficient of supplement; Dt, degradation after time; ED, effective degradability; GE, gross energy; GP, grass pellets; H, hindgut; I- 
NSP, insoluble non-starch polysaccharides; LOD, limit of detection; LOQ, limit of quantification; MBT, mobile bag technique; MRT, mean retention 
time; N, nitrogen; NDF, neutral detergent fibre; NSP, non-starch polysaccharides; OH, oat hulls; OM, organic matter; pc, pre-caecal; SBP, sugar beet 
pulp pellets; SCFA, short-chain fatty acid; SD, standard deviation of mean; SHP, soya hull pellets; T, total tract; TT, transit time; T-NSP, total non- 
starch polysaccharides; Yb, ytterbium; WSC, water-soluble carbohydrates. 
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degradation (ED), is preferred when the MBT is used to predict the ATTD. It can be concluded that 
hay can be substituted partly by fibrous feedstuffs and that the MBT can predict the ATTD of DM, 
aNDF and ADF in a mixed ration based on MBT measures on individual feedstuffs.   

1. Introduction 

The horse is capable of fermenting fibre-rich feedstuffs in its specialised hindgut with the absorption of short-chained fatty acids 
(SCFA) as energy substrates (Argenzio et al., 1974; Janis, 1976). Roughage, a fibre-rich feedstuff, provides horses with more than 50% 
of their daily dry matter (DM) intake when pasture is limited (Saastamoinen and Hellämäki, 2012), and a minimum daily DM 
requirement of 15 g DM/kg body weight (BW)/day is suggested (Harris et al., 2017). As the forage matures, the apparent total tract 
digestibility (ATTD) of DM (Müller, 2012) and NDF (neutral detergent fibre) (Ragnarsson and Lindberg, 2008) decreases due to plant 
lignification, hence the energy value of the plant decreases. To increase the daily energy intake, roughage can be substituted with 
starch-rich grain to performance horses (Julliand et al., 2006). However, a high starch intake in horses is linked to an increased risk of 
developing colic (Hudson et al., 2001) and gastric ulcers (Luthersson et al., 2009). As alternatives to starch and low-digestible 
roughage, highly fermentable fibre sources like soybean hulls (Coverdale et al., 2004) and sugar beet pulp (Karlsson et al., 2002) 
are suggested. Other fibre-rich feedstuffs might be useful roughage alternatives, for example in situations of drought where the 
availability of roughage might be limited. Feedstuff evaluation in horses is often based on total faecal collection and thereby ATTD of 
the total ration (Ragnarsson and Lindberg, 2008; Jensen et al., 2014). To determine the digestion of a diet’s individual feedstuffs, the 
mobile bag technique (MBT) has been used to estimate the small intestinal digestibility of starch in studies with horses (Julliand et al., 
2006; Rosenfeld and Austbø, 2009) and furthermore used to estimate the digestibility of fibre-rich feedstuffs (Moore-Colyer et al., 
2002; Thorringer and Jensen, 2021). However, the MBT can be minimal invasive if used with cannulated horses. Yet, using the MBT to 
estimate individual feedstuff digestibility can, if combined with effective degradability calculations (Ørskov and McDonald, 1979), 
provide essential knowledge on feed degradation kinetics within different segments of the horse’s gastrointestinal tract. Information 
on digestibility and degradation kinetics (degradation of DM after time t of mobile bag administration = Dt and effective degradability 
(ED) that is based on digesta outflow rates in the chosen segment of the gastrointestinal tract) are useful parameters when combining 
different dietary ingredients to suit horses doing different activities. Hence, this knowledge is useful for improving feedstuff evaluation 
accuracy and ration formulation for horses. Therefore, the aim of this study is to evaluate the effect of substituting hay with alternative 
fibrous feedstuffs on nutrient digestibility and degradation kinetics. It was hypothesised that: (1) fibrous supplements can partly 
substitute for roughage, and (2) the MBT can be used to predict the digestibility of individual feedstuffs and hence estimate the total 
ration digestibility fed to horses at maintenance. 

2. Materials and methods 

2.1. Experimental design 

All housing, management and experimental procedures followed the laws and regulations for experimental animals in Norway 
(Norwegian Government, 2015). The study was designed as a cross-over experiment with four horses and two periods. Each period 
consisted of 14 days of adaptation followed by four consecutive days of data collection (Fig. 1). 

2.2. Animals 

Four healthy, caecum-cannulated Norwegian cold-blooded trotter geldings (age 16–26 years) with an average body weight (BW 
± standard deviation of mean (SD)) of 558 ± 32 kg were used in the experiment. All horses were followed routinely with veterinary 
check-ups including vaccinations, dental examinations and teeth floating. Horses were housed in individual stalls (3 × 3 m) with 
rubber mats and wood shavings as bedding material. During the adaptation periods, the horses were allowed access to a gravel 

Fig. 1. The experimental setup illustrating feeding times (06.00, 14.00 and 22.00 h), faecal collection times (every 4th h), administration of mobile 
bags in the stomach and the caecum and administration of marker in caecum during the 4 days of data collection in each of the two experi-
mental periods. 
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paddock for 6–8 h, divided into two visits. In the collection periods, one outdoor visit for 1 h was allowed daily. 

2.3. Diets 

All horses were fed three equal meals a day (06.00, 14.00 and 22.00 h) with either a hay-only (HAY)diet (15.1 g DM/kg BW/day) or 
a mixture of hay:supplement (MIX) (8.4:6.7 g DM/kg BW/day). The MIX diet consisted of alfalfa pellets (AP), grass pellets (GP), oat 
hulls (OH), soya hull pellets (SHP) and sugar beet pulp pellets (SBP) each given in 0.44 g DM/kg BW/meal. The hay fed in both diets 
(HAY and MIX) consisted mainly of Timothy from first cut. The experiment was designed as a cross-over experiment with two 
experimental periods, meaning that two horses were fed the HAY diet and two horses the MIX diet in period 1, and then the horses 
changed diets for period 2. Each horse then served as their own control in the experiment. Samples of all feedstuffs were collected daily 
during the 4 days of data collection within the two periods and stored in sealed plastic bags for later analyses. The feedstuffs’ chemical 
composition is presented in Table 1, and the daily nutrient intake for each diet is presented in Table 2. Each meal of the MIX diet was 
soaked in water (3 L) approximately 1 h before feeding. A commercial supplement of vitamins and minerals (Champion Multitilskudd, 
Felleskjøpet Forutvikling, Trondheim, Norway) was fed in both diets (80 g/day). Horses fed the HAY diet received 25 g/day of sodium 
chloride. Water was always available and measured individually by automatic water troughs, and during the adaptation period water 
was also available from buckets in the gravel paddock. 

2.4. Total collection of faeces 

Four consecutive days of total faecal collection from each horse was performed using a collection harness (Stablemaid, Melbourne, 
Australia). Each collection harness was emptied every 4th h, and daily faecal excretion was stored in plastic bins with a lid at 3○C. 
Procedures for the mobile bags found in the faeces are described below. Each horse’s daily faecal excretion was weighed, then mixed 
thoroughly by hand and an electrical concrete mixer (electric concrete mixer, Atika, Germany). Daily faecal output was measured, DM 
determined and a daily subsample of 10% of the collected faeces (fresh weight) was stored at –20○C for further analysis. After the 

Table 1 
Dry matter (g/kg), chemical composition and energy content (MJ/kg DM) of the individual feedstuffs (g/kg DM)a used for the two diets (HAY: hay- 
onlyb and MIX: hayb

+supplementc).  

Nutrientsd Feedstuffsc      

Hay AP GP OH SBP SHP 

DM 896 923 926 883 887 894 
CP 145 123 149 58.7 81.4 112 
CF 22.7 21.1 23.7 20.0 49.0 14.2 
Starch – – – 181 – – 
WSC 74.2 82.9 49.3 39.2 88.1 14.2 
Ash 73.2 81.1 132 32.3 64.0 51.7 
aNDF 615 452 524 648 420 671 
ADF 313 298 324 315 217 468 
ADL 64.8 85.1 74.9 125 55.4 34.2 
Hemicellulose 302 154 200 333 203 203 
CelluloseNDF 248 213 249 190 161 433 
Dietary Fibre       
DF 582 532 546 606 669 770 
Klason lignin 96.6 131 140 121 36.8 31.2 
T-NSP 485 402 406 484 633 739 
I-NSP 454 327 346 456 343 587 
S-NSP 30.7 74.7 60.0 28.3 290 152 
CelluloseDF 246 180 191 206 171 358 
Arabinose 32.0 25.4 27.8 28.4 170 50.4 
Fructose 0.16 0.81 0.78 0.17 1.07 3.01 
Galactose 9.72 15.3 15.6 9.63 44.4 26.8 
Glucose 21.0 12.6 16.9 15.2 7.0 12.0 
Manose 3.16 10.7 9.20 3.04 12.0 62.5 
Rhamnose 2.54 4.14 3.13 0.28 10.9 8.27 
Uronic acid 28.1 76.6 57.9 13.1 207 132 
Xylose 142 76.0 83.4 209 10.2 86.5 
GE 19.1 18.6 18.0 19.2 18.3 17.7  

a Composition of mineral and vitamin supplement: Ca, 100 (g/kg); Mg, 32 (g/kg); Cu, 840 (mg/kg); Zn, 2830 (mg/kg); Fe, 2460 (mg/kg); Mn, 1530 
(mg/kg); I, 18 (mg/kg); Co, 6 (mg/kg); Vitamin A, 10,7000 (I.U./kg); Vitamin D, 11,300 (I.U./kg); Vitamin E, 9600 (mg/kg). 

b Mainly Timothy from first cut. 
c AP, alfalfa pellets; GP, grass pellets; OH, oat hulls, SHP, soya hull pellets; and SBP, sugar beet pulp pellets. 
d DM, dry matter; CP, crude protein; CF, crude fat; WSC, water soluble carbohydrates; aNDF, neutral detergent fibre assayed with heat-stable 

amylase and expressed inclusive of residual ash; NDF, neutral detergent fibre; ADF, acid detergent fibre; ADL, acid detergent lignin; DF, dietary 
fibre; T-NSP, total non-starch polysaccharides; I-NSP, insoluble non-starch polysaccharides; S-NSP, soluble non-starch polysaccharides and GE, gross 
energy. 
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experiment, the daily subsamples were pooled and used to composite a single representative sample for each horse. For further 
analysis, the daily faecal subsamples were thawed and mixed into two new subsamples (~ 500 g/sample). 

2.5. Mobile bag technique 

The MBT was used to estimate the individual feedstuffs’ digestibility based on nutrient disappearance from the bags after 
administration and the subsequent recovery of the bags in the caecum or faeces (Macheboeuf et al., 1996; Hyslop, 2006). Bags 
(1 ×2 × 12 cm) were made from precision-woven open mesh fabric with 36 µm porosity (Sefar Nitex, 03–36/28, Sefar AG, Heiden, 
Switzerland). The bags were prepared as described by Thorringer and Jensen (2021). For bags placed in the stomach, a steel washer 
(1 cm external diameter, weight 0.3 g) was sealed into the end of each bag, allowing capture with a magnet in the caecum (Fig. 2). The 
weight of the marked empty bags and bags filled with individual feedstuffs (500 mg/bag, and a feed to surface area of 20.8 mg/cm2 

according to Thorringer and Jensen, 2021) were recorded. All feedstuffs were milled to pass a 1.5 mm screen. An overview of the 
mobile bags administered is provided in Table 3. All bags were soaked in cold tap water approximately 20 s pre-administration, and 

Table 2 
Daily nutrient intake (g/kg body weight (BW), unless otherwise stated) for the two diets (HAY: hay-onlya, MIX: haya 

+ supplementb).  

Nutrientc HAY MIX ±SD 

DM 15.1  15.1 0.02 
CP 2.20  1.91 0.14 
CF 0.03  0.05 0.01 
Starch –  0.25 – 
WSC 1.01  0.90 0.05 
Ash 1.10  0.61 0.25 
aNDF 9.27  8.76 0.29 
ADF 4.71  4.77 0.03 
ADL 0.95  1.02 0.04 
Hemicellulose 4.56  3.99 0.28 
CelluloseNDF 3.73  3.73 0.002 
Dietary Fibre   
DF 8.76  9.03 0.13 
Klason lignin 1.45  1.41 0.02 
T-NSP 7.31  7.61 0.15 
I-NSP 6.85  6.55 0.15 
S-NSP 0.46  1.07 0.30 
CelluloseDF 3.72  3.54 0.09 
Arabinose 0.48  0.67 0.10 
Fructose 0.002  0.01 0.003 
Galactose 0.15  0.23 0.04 
Glucose 0.32  0.26 0.03 
Manose 0.15  0.23 0.05 
Rhamnose 0.04  0.06 0.01 
Uronic acid 0.42  0.88 0.23 
Xylose 2.14  1.81 0.16 
GE (MJ/kg BW) 0.29  0.28 0.003  

a Mainly Timothy from first cut. 
b AP, alfalfa pellets; GP, grass pellets; OH, oat hulls, SHP, soya hull pellets; and SBP, sugar beet pulp pellets. 
c DM, dry matter; CP, crude protein; CF, crude fat; WSC, water soluble carbohydrates; aNDF, neutral detergent 

fibre assayed with heat-stable amylase and expressed inclusive of residual ash; NDF, neutral detergent fibre; ADF, 
acid detergent fibre; ADL, acid detergent lignin; DF, dietary fibre; T-NSP, total non-starch polysaccharides; I-NSP, 
insoluble non-starch polysaccharides; S-NSP, soluble non-starch polysaccharides and GE, gross energy. 

Fig. 2. Illustration of mobile bag construction with example of bags administered in the stomach.  
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bags were administered to the stomach via a nasogastric tube flushed with approximately 1.5 L of tap water before the morning meal 
on day 1. A bag (48 ×2 cm, L x W) containing a double-sided magnet was placed in the caecum and attached to the cannula to catch the 
mobile bags at arrival in the caecum. Every hour the magnet was harvested for bags, starting 1.5 h after administration, and ending 
8.5 h after administration. The mobile bags administered in the stomach and not harvested in the caecum were collected in faeces 
during the following days. Mobile bags containing each of the six individual feedstuffs were administered into the caecum through the 
cannula during each meal on Day 1 in the collection periods (Table 3) and captured in faeces during the following days. 

Faeces were inspected for bags at every collection during the 4 days of faecal collection. The collection time of each bag was noted 
and, thereafter, hand-rinsed in cold tap water and stored at –20○C. At the end of the experiment all bags (harvested in caecum and 
collected in faeces) were thawed at room temperature, placed in a washing bag (28 ×37 cm), washed in cold water for 35 min without 
spinning (Woolprogram, Avantixx 7 Varioperfect, Bosch, Gerlingen-SchillerhÖhe, Germany) and dried at 45○C for 48 h. Bags were left 
for equilibration at room temperature (approximately 25○C) for 24 h before weighing and calculating DM loss. Control bags (4 bags/ 
feedstuff) were not administered to the horses but soaked for 1 h before washing and drying as described above to determine the 
disappearance of nutrients from the bags. The in-situ disappearance of DM for each individual bag was determined by weight after 
drying. To obtain enough residue for chemical analysis, mobile bags administered in the stomach and recovered in the caecum were 
pooled for each feedstuff, and each of the hourly collection times and bags recovered in faeces were pooled in four time intervals (1: 
10–19 h, 2: 20–29 h, 3: 30–39 h and 4: 40–100 h). Mobile bags administered into the caecum and recovered in faeces were pooled for 
each feedstuff and in four time intervals (1: 10–19 h, 2: 20–29 h, 30–39 h and 4: 40–100 h). 

2.6. Mean retention time 

A marker solution was prepared by mixing 30 g of ytterbium acetate (III) tetrahydrate (Yb, Sigma-Aldrich, Merck KGaA, Darmstadt, 
Germany) with 5 L of demineralised water. Each horse was administered 500 mL of Yb solution (3 g Yb) into the caecum through the 
cannula with a 500 mL syringe connected to an 18 cm long tube after feeding the morning meal. Each time the collection harness was 
emptied for faecal output, a subsample of approximately 300 g was weighed, and the subsample was stored at –20○C for later analyses 
of Yb. 

2.7. Chemical analysis 

All analyses of faeces and feedstuffs used for mobile bags and feeding were performed in duplicates. Faeces samples, feedstuff 
samples and mobile bag residues were ground to 1 mm (mixer mill MM 301, Retsch GmbH, Haan, Germany) before analysis. Samples 
of faeces from each horse, feedstuffs fed and bulked residues from collected bags according to feedstuff, collection time interval and 
place of recovery were analysed for DM by drying to constant weight (24 h at 105 ◦C ± 2 ◦C). Ash was determined by incineration at 
550 ◦C for 16 h. All samples were milled to 0.5 mm before analysing for nitrogen according to the Dumas method (Elementar Ana-
lysensysteme GmbH, Hanau, Germany), and CP was calculated as N × 6.25. Neutral detergent fibre was assayed with a heat-stable 
amylase and expressed including residual ash (aNDF), ADF was expressed including residual ash, and ADL for all samples were 
measured by the filter bag technique described by (ANKOM 2017a, b). Non-starch polysaccharides (NSP) and dietary fibre (DF) in the 
feedstuffs and faeces were analysed as described by Bach Knudsen (1997). In duplicates, three parallel runs of total NSP (T-NSP) and 
insoluble NSP (I-NSP) and their constituent sugars were determined as alditol acetates by gas-liquid chromatography for neutral sugars 
and by a colorimetric method for uronic acids. Soluble NSP (S-NSP) was determined as T-NSP – I-NSP. Klason lignin was measured as 
the sulphuric acid insoluble residue as described by Theander et al. (1994). From the analyses of T-NSP and Klason lignin, dietary fibre 
(DF) was calculated as DF = T-NSP + Klason lignin. All feedstuffs’ fed were analysed for water-soluble carbohydrates (WSC) according 
to Randby et al. (2010). Oat hulls were milled to 0.5 mm (mixer mill MM 301, Retsch GmbH, Haan, Germany) and analysed for starch 

Table 3 
Overview of administrated mobile bags (n) to each horse (stomach and caecum) for the individual feedstuffs when fed two diets at Day 1 of collection 
in each period.  

Placea Dietb Feedstuff Administration time of mobile bags    
0600  1400  2200 

Stomachc HAY Hay 20      
MIX Hay 6       

SBP 14     
Caecum HAY Hay 2  2  2  

MIX Hay 2  2  2   
AP 2  2  2   
GP 2  2  2   
OH 4  4  4   
SBP 4  4  4   
SHP 2  2  2  

a Stomach: morning meal at 0600 h and caecum: each meal at 0600, 1400 and 2200 h. 
b HAY: hay-only (mainly Timothy from first cut) and MIX: hay (mainly timothy first cut) + supplement (AP, alfalfa pellets; GP, grass pellets; OH, oat 

hulls, SHP, soya hull pellets; and SBP, sugar beet pulp pellets.). 
c More bags with SBP than hay was used as SBP was assumed to have a greater nutrient disappearance than hay. 
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according to the methodology described by the Association of Official Analytical Chemists (AOAC, 1990, 996.11 method) and 
thereafter read on a chemistry analyser (RX4041 Daytona+, Randox Laboratories, Crumlin, Great Britain). Gross energy (GE) was 
determined using a bomb calorimeter method (6400 Automatic Isoperibol Calorimeter, Parr Instrument Company, Illinois, USA). 
Crude fat was analysed according to the accelerated solvent extractor method (Dionex ASE 350, Thermo Fisher Scientific, Waltham, 
USA). 

Faeces were analysed for the Yb concentration, and samples of 0.2–0.3 g faeces were weighed into acid-washed teflon tubes 
(Agilent, Santa Clara, USA) and 0.25 mL HBF4 (48%), 5 mL HNO3 (sub-boiled) and 2 mL H2O was added. Thereafter, all samples were 
decomposed in an UltraClave (Milestone Microwave UltraClave III, Milestone S.R.L, Sorisole, Italy) at 260○C for 20 min. To ensure the 
system was running as it should, both reference material and blanks were included in the UltraClave. Thereafter, all samples were 
cooled and diluted with 50 mL H2O, then 5 mL were further diluted with 5 mL H2O to decrease the fluoride concentration before 
analysing the Yb concentration by dichroic spectral combiner (5110 ICP-OES, Agilent, Santa Clara, USA). Limit of detection (LOD) and 
limit of quantification (LOQ) were calculated from 3 and 10 times the SD of the blanks (n = 6), respectively. 

3. Calculations 

3.1. The ATTD of nutrients 

The ATTD of individual nutrients for the two diets was calculated as:  

ATTD = ((Intake (g) – faecal excretion (g)) / (intake (g))                                                                                                                (1) 

Furthermore, the ATTD of the supplements in the MIX diet was calculated from the digestibility coefficients of the HAY according to 
Martin-Rosset et al. (1984):  

dS = (dD – (h × dH)) / s                                                                                                                                                            (2) 

Where dS is the supplement’s digestibility (coefficient), dD is the diet digestibility (coefficient), dH is the digestibility of the hay 
(coefficient), h the fraction of hay in the diet and s the fraction of the supplement in the diet. 

3.2. Transit time of the mobile bags and mean retention time for Yb 

The characteristics of the mobile bags and Yb transit through the hindgut were assessed by calculating the transit time (TT) for the 
mobile bags and mean retention time (MRT) for Yb according to Faichney (1975): .  

TT/MRT =
∑

Bi × ti                                                                                                                                                                 (3) 

Where Bi is the number of bags collected or concentration of Yb at time ti as a proportion of the total number of bags or total con-
centration of Yb collected, and ti is the time elapsed between the administration of bags or Yb and the midpoint of the ith collection 
interval. 

3.3. DM degradation curves 

Individual DM disappearance curves for each feedstuff and mobile bags (stomach and caecum) combined with place of collection 
(caecum or faeces) were made. These curves were subjected to the Ørskov and McDonald (1979) model for evaluating the degradation 
profile of the individual feedstuffs:  

Dt = a + b (1 – e –ct)                                                                                                                                                                 (4) 

Where Dt is the degradation after time t of administration, b is the potential degradation (insoluble but potentially degradable part of 
feed) of the component which will in time be degraded, c is the rate constant for degradation of b per h, a is the intercept (soluble part 
of feed) of the degradation curve when t = 0 and e is the exponential. The potentially degradable fraction of the feed can then be 
expressed as the asymptote a+b. 

3.4. Effective degradability 

The effective degradability (ED) was calculated for all bag Eq. 5 at chosen outflow rates (k): 0.05%, 0.033%, 0.025%, 0.020% and 
0.017% per h to obtain DM disappearance from the mobile bags to assumed digesta MRT in the hindgut of 20, 30, 40, 50 and 60 h:  

ED = a + bc / (c + k)                                                                                                                                                               (5) 

Where a, b and c are described above, and k is the chosen outflow rate. 
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4. Statistical analysis 

All statistical analyses were performed in R studio (Team, 2020). One-way analysis of variance (ANOVA) was performed on water 
intake with a model comprising intake in litres as the response and diet as the predictor. The ATTD was subjected to a mixed model 
with individual nutrient as the response, diet as the predictor and horse as the random effect. Two-way ANOVA was done on in-situ 
nutrient disappearance with a model comprising nutrient disappearance as the response and time or time interval and feedstuff as the 
predictors. An interaction between feed x time was found for precaecal in-situ disappearance and therefore included. No other in-
teractions were found between predictors and were therefore excluded. To compare ATTD with in-situ nutrient disappearance for the 
hindgut, a three-way ANOVA was used. Data were compromised to a model with the individual nutrient disappearance or digestion as 
the response and time, method, and diet as the predictors. No interactions were found and therefore excluded. The effective de-
gradability ED values and the degradation Dt were subjected to two-way ANOVA using time and feedstuff as predictors. No interactions 
between predictors were found significant and therefore excluded. The TT for the mobile bags with individual feedstuffs were sub-
jected to a mixed model, with TT for the individual gastrointestinal segments used as the response, feedstuff as the predictor and horse 
as the random effect. The MRT for Yb was subjected to a mixed model with MRT for the hindgut used as the response, diet as the 
predictor and horse as the random effect. Significant differences of least-square means were analysed by Tukey’s Honest Significant 
Difference test when relevant. All results are presented as least-square means ± SD, and effects are considered significantly different if 
P < 0.05. 

5. Results 

5.1. Chemical composition of the diets 

The chemical composition of the individual feedstuffs is given in Table 1. The DM content varied from 883 to 926 g/kg, with OH 
having the lowest and GP the highest DM content. A larger numerical variation was measured for CP, with OH having the lowest CP 
content at 58.7 g/kg DM and GP having the highest CP content at 149 g/kg DM. Crude fat content was generally low and varied from 
14.2 to 49.0 g/kg DM, with SBP having the highest content, as fat was added in the pelleting process. Starch was determined in OH to 
181 g/kg DM and assumed to be zero in the other feedstuffs. The content of WSC varied from 14.2 to 88.1 g/kg DM, with SHP having 
the lowest and SBP the highest content. Sugar beet pulp pellets had the lowest and SHP the highest content of both aNDF and ADF 
compared to the other feedstuffs (Table 1). Soya hull pellets had the highest content of fibre expressed as aNDF, ADF, cellulose, T-NSP, 
I-NSP and DF compared to the other feedstuffs (Table 1). The S-NSP was markedly higher in SBP and SHP compared to the other 
feedstuffs and highest for SBP. Klason lignin was highest in GP, whereas for ADL the highest content was measured in OH. However, for 
both Klason lignin and ADL, the lowest content was measured in SHP. The constituent sugars of the feedstuffs varied, with different 
dominant sugars in each feedstuff. In AP and GP, xylose and uronic acid were the dominating sugars, whereas xylose was supreme in 
hay and OH. For SBP, arabinose and uronic acid dominated, and only uronic acid dominated in SHP. The GE content varied from 17.7 

Table 4 
Apparent total tract digestibility (ATTD) of the two diets, hay-only (HAY)a and haya

+supplementb (MIX), and the estimated ATTD of the supplement 
(dS).  

Nutrientc  HAY MIX ±SD P-value dS 

DM  0.625  0.612  0.006 0.354 0.596 
CP  0.754  0.713  0.020 < 0.001 0.641 
aNDF  0.593  0.533  0.030 0.006 0.447 
ADF  0.553  0.480  0.036 0.017 0.390 
Hemicellulose  0.634  0.596  0.019 0.001 0.530 
CelluloseNDF  0.613  0.503  0.055 < 0.001 0.364 
GE  0.589  0.583  0.003 0.549 0.575 
Dietary fibre and monomers 
DF  0.471  0.469  0.035 0.913 0.467 

T-NSP 0.603  0.589  0.030 0.478 0.573 
CelluloseDF 0.608  0.548  0.046 0.009 0.511 
Arabinose 0.745  0.804  0.031 < 0.001 0.844 
Fructose 0.067  0.659  0.295 < 0.001 0.751 
Galactose 0.816  0.811  0.020 0.695 0.808 
Glucose 0.760  0.666  0.063 < 0.001 0.468 
Manose 0.643  0.879  0.165 0.715 0.910 
Rhamnose 0.805  0.829  0.020 < 0.001 0.842 
Uronic acid 0.815  0.870  0.031 < 0.001 0.890 
Xylose 0.479  0.397  0.052 0.002 0.239  

a Mainly Timothy from first cut. 
b AP, alfalfa pellets; GP, grass pellets; OH, oat hulls, SHP, soya hull pellets; and SBP, sugar beet pulp pellets. 
c DM, dry matter; CP crude protein; aNDF, neutral detergent fibre assayed with heat-stable amylase and expressed inclusive of residual ash; 

CelluloseNDF, cellulose estimated form aNDF and ADF; ADF, acid detergent fibre; GE, gross energy; DF, dietary fibre; T-NSP, total non-starch poly-
saccharides, and CelluloseDF, cellulose estimated from DF analysis. 
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to 19.2 MJ/kg DM and was highest for OH and lowest for SHP. The DM and GE intake of the two diets was similar (Table 2). Horses 
received 91.4 and 94.4 MJ digestible energy (DE) per day with the MIX and HAY diets, respectively. Substituting hay partly with the 
supplement increased the daily starch intake with 0.25 g/kg BW and decreased CP intake with 0.3 g/kg BW. Neutral detergent fibre 
intake was slightly higher (0.9 g/kg BW) for the HAY diet compared to the MIX diet. However, the daily ADF and celluloseNDF 
remained the same. Dietary fibre, T-NSP, S-NSP and celluloseDF were higher in the MIX diet compared to the HAY diet, whereas I-NSP 
and xylose intake were highest with the HAY diet. Furthermore, the water intake increased (P < 0.001) when horses received the HAY 
diet (38.0 ± 5.3 L) compared to the MIX diet (33.3 ± 4.5 L). 

5.2. The apparent total tract digestibility 

The ATTD of the individual nutrients for the two diets is presented in Table 4. There was no difference in the ATTD of DM between 
the two diets. There was an effect of diet on the ATTD of CP (P < 0.001), aNDF (P = 0.006) and ADF (P = 0.017) including hemi-
cellulose (P = 0.001) and celluloseNDF (P < 0.001), as they were higher in the HAY diet compared to the MIX diet (Table 4). There was 
no effect of diet on the ATTD of DF, T-NSP, mannose and galactose. The ATTD of xylose (P = 0.002), glucose (P < 0.001) and cel-
luloseDF (P = 0.009) was greater for the HAY diet compared to the MIX diet. However, a greater ATTD (P < 0.001) of rhamnose, 
fructose, arabinose and uronic acid was measured in the MIX diet than the HAY diet (Table 4). The estimated dS is also presented in 
Table 4, and it provides an indication of the ATTD of the supplement alone. When differences between the two diets were present, as 
presented above, this was also present in the estimated dS. As for DM, CP, aNDF and ADF, the estimated dS was numerically lower than 
both the HAY and the MIX diet. For the monomers arabinose, manose, rhamnose and uric acid, the dS was numerically greater 
compared to the HAY and MIX diets. 

5.3. Washing loss of nutrients 

Dry matter loss from the washing of the control bags varied from 0.181 for SHP to 0.299 for OH (Table 5). Ash loss was in general 
high and varied from 0.316 for OH to 0.812 for hay. Loss of aNDF and ADF was generally low, with hay having the lowest (negative 
values are small and might be due to measurement error) and SBP having the highest loss. 

5.4. Nutrient disappearance 

Pre-caecal disappearance of DM as well as aNDF for SBP and hay is shown in Fig. 3. An interaction between feed × time (P = 0.006) 
was present for the DM disappearance, with SBP having a greater DM disappearance over time than hay. Neutral detergent fibre 
disappearance was greater for SBP than hay (P < 0.001), and the disappearance increased over time (P = 0.002). 

A comparison of hindgut nutrient disappearance for bags with the six different feedstuffs is shown in Table 6. The DM disap-
pearance differed between feedstuffs (P < 0.001) and increased over time (P = 0.002), with the lowest disappearance for OH and the 
highest disappearance for SBP. Further, OH had the lowest disappearance of aNDF and ADF followed by hay, AP and GP compared to 
SBP and SHP (P < 0.001). 

5.5. Comparison of in-vivo ATTD and in-situ disappearance of nutrients 

The DM, aNDF and ADF digestibility of the HAY and MIX diets were estimated from the nutrient disappearance of the individual 
feedstuffs presented in Table 6. These were further compared with the nutrient ATTD presented in Table 7. There was no effect of diet 
for DM or ADF digestibility estimates, but aNDF digestibility was greater for the HAY diet compared to the MIX diet (P = 0.021). Time 
affected the estimated digestibility of DM (P = 0.005), aNDF (P = 0.011) and ADF (P = 0.039), but there was no difference between 
the estimated digestibility of DM, aNDF and ADF and the ATTD for time interval 1–3, 2–3 and 1–4, respectively. 

Table 5 
Washing lossa of nutrients from different feedstuffsb.  

Nutrientsc Hayd AP GP OH SBP SHP 

DM 0.264  0.267  0.265  0.299  0.195  0.181 
Ash 0.812  0.601  0.519  0.316  0.480  0.517 
aNDF -0.008  0.019  0.011  0.029  0.045  0.086 
ADF -0.023  0.016  0.010  0.009  0.064  0.065  

a Washing loss measured by washing mobile bags for 35 min using a wool program without spinning. 
b AP, alfalfa pellets; GP, grass pellets; OH, oat hulls, SHP, soya hull pellets; and SBP, sugar beet pulp pellets. 
c DM, dry matter; aNDF, neutral detergent fibre assayed with heat-stable amylase and expressed inclusive of residual ash and ADF, acid detergent 

fibre. 
d Mainly Timothy from first cut. 
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5.6. Transit time of mobile bags and MRT for Yb 

The transit times for pre-caecal, hindgut and total tract of mobile bags with the individual feedstuffs are presented in Table 8. The 
average pre-caecal TT for bags with hay and SBP was 2.55 h (Table 8). The hindgut TT for bags with the six feedstuffs varied from 26.3 
to 41.6 h. Bags with SHP had a significantly longer TT compared with bags containing SBP (P = 0.035). The total tract TT for bags with 
hay and SBP varied from 30.3 to 35.3 h with no difference. The MRT for Yb in the hindgut depended on diet (P < 0.001), with 23.6 h 

Fig. 3. Pre-caecal disappearance of dry matter (DM) and neutral detergent fibre assayed with heat-stable amylase and expressed inclusive of re-
sidual ash (aNDF) determined from the mobile bag technique for the two feedstuffs (F): sugar beet pulp pellets (SBP) and hay (mainly Timothy, first 
cut) over time (Ti; 1.5–8.5 h). P-values are given for feedstuff (F), time (Ti) and the interaction feedstuff x time (FxTi). 

Table 6 
Hindgut disappearance of DM, aNDF and ADF for the individual feedstuffs to each time interval (1:10–19 h, 2: 20–29 h, 3: 30–39 h and 4: 40–100 h).    

Feedstuffs1     P-value 

Nutrients2 Time Hay AP GP OH SBP SHP ±SD Feed Time 

DM 1y 0.604bc 0.585bc 0.587c 0.450d 0.684a 0.648b  0.073 < 0.001  0.002  
2y 0.623bc 0.628bc 0.610c 0.463d 0.810a 0.632b  0.101     
3xy 0.653bc 0.622bc 0.560c 0.469d 0.844a 0.708b  0.117     
4x 0.705bc 0.667bc 0.643c 0.486d 0.900a 0.846b  0.136    

aNDF 1y 0.492b 0.352b 0.446b 0.222c 0.595a 0.628a  0.139 < 0.001  0.001  
2y 0.528b 0.407b 0.462b 0.239c 0.732a 0.592a  0.153     
3y 0.560b 0.407b 0.420b 0.248c 0.791a 0.706a  0.187     
4x 0.634b 0.486b 0.532b 0.272c 0.876a 0.878a  0.215    

ADF 1y 0.432b 0.326b 0.406b 0.178c 0.501a 0.575a  0.127 < 0.001  0.001  
2y 0.473b 0.371b 0.426b 0.200c 0.660a 0.519a  0.141     
3y 0.510b 0.379b 0.394b 0.205c 0.745a 0.663a  0.182     
4x 0.596b 0.465b 0.502b 0.227c 0.857a 0.879a  0.227    

1 AP, alfalfa pellets; GP, grass pellets; hay mainly Timothy first cut; OH, oat hulls, SHP, soya hull pellets; and SBP, sugar beet pulp pellets. 
2 DM, dry matter; aNDF, neutral detergent fibre assayed with heat-stable amylase and expressed inclusive of residual ash and ADF, acid detergent 
fibre. 
a, b, c, d Feedstuffs: Values within each feedstuff row per nutrient are different if superscript differs (P < 0.05). 
x, y Time: Values with each time interval column per nutrient (for all feedstuffs) are different if superscript differs (P < 0.05). 

Table 7 
The apparent total tract digestibility (ATTD) of DM, aNDF and ADF for the two diets measured with total faeces collection (in-vivo) and estimated 
with mobile bags in the hindgut (in-situ) to each time interval (1:10–19 h, 2: 20–29 h, 3: 30–39 h, 4: 40–100 h).    

Method        

In-vivo In-situ    P-value 

Nutrient1 Diet2 ATTD 1 2 3 4 ±SD Diet Time 

DM HAY 0.625b 0.604b 0.623b 0.653ab 0.705a  0.035  0.489  0.005  
MIX 0.612b 0.593b 0.628b 0.643ab 0.708a  0.039     

aNDF HAY 0.593b 0.492c 0.528bc 0.560abc 0.634a  0.049  0.021  0.011  
MIX 0.533b 0.456c 0.493bc 0.522abc 0.613a  0.052     

ADF HAY 0.553ab 0.432b 0.473ab 0.510ab 0.596a  0.058  0.075  0.039  
MIX 0.480ab 0.403b 0.442ab 0.483ab 0.588a  0.062     

1 DM, dry matter; aNDF, neutral detergent fibre assayed with heat-stable amylase and expressed inclusive of residual ash and ADF, acid detergent 
fibre. 
2 HAY: hay-only (mainly Timothy, first cut) and MIX: hay + supplements (AP, alfalfa pellets; GP, grass pellets; OH, oat hulls, SHP, soya hull pellets; 
and SBP, sugar beet pulp pellets.). 
a, b, c Values within a row are different if superscript differs (P < 0.05). 
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and 25.7 h for the HAY and MIX diets, respectively. 

5.7. Dry matter degradation curves 

Fitted DM degradation curves from Ørskov and McDonald (1979) for the six different feedstuffs are shown in Fig. 4. The mobile 
bags collected in faeces from 14 to 80 h after administration in the caecum and the fitted DM degradation agrees with the raw data for 
each feedstuff (Fig. 4). For the six feedstuffs, the parameter a (the soluble part of the feed) varied from 0.198 to 0.286, with SBP having 
the lowest and hay the highest values (Table 8), which agrees with the washing loss of DM (Table 5). The potential degradation b (the 
insoluble part of the feed) varied from 0.203 to 0.756, with SBP having the numerically highest and OH the lowest value (Table 8). 
Sugar beet pulp pellets had the numerically highest potential degradable fraction a+b with 0.954, whereas OH had the lowest with 
0.539 (Table 8). An effect of time was found for the ED and Dt with 20 h having the lowest estimate compared to the rest (P < 0.001). 
Type of feed also affected the ED and Dt (P < 0.001), with OH having the lowest values, whereas AP, hay and GP had similar values 
followed by SHP, and SBP had the highest values of all the feedstuffs. In general, to reflect the average TT for the total tract of 30.3 h for 
the mobile bags with hay, an ED and Dt of 30 h predicts the DM degradation to be 0.588 and 0.677, respectively (Table 6). Fitted DM 
degradation curves from Ørskov and McDonald (1979) using the bags placed in the stomach and found in the caecum or in faeces are 
shown in Fig. 5. The a, b and c values for hay were 0.338, 0.382 and 0.050, and for SBP 0.251, 0.718 and 0.067, respectively. The 
degradation curves from bags with hay and SBP placed in the stomach followed the degradation curves from bags placed in the caecum 
(Fig. 5), indicating that the estimates for the six feedstuffs in Table 8 are valid. 

6. Discussion 

6.1. Composition of feedstuffs and diets 

In the present study, the aim was to evaluate the effect of substituting hay partly with other fibrous feedstuffs while still fulfilling 
the daily feed intake recommendations of 15 g DM/kg BW (Harris et al., 2017). Weather conditions might limit forage supply, and the 
background for conducting this study was a severe drought in 2018 resulting in a lack of roughage. Alternative fibrous feedstuffs were 
chosen for their availability and nutrient composition. From the chemical analysis, it was clear that the nutrient and especially the 
carbohydrate composition varied markedly between the different feedstuffs, and their physiochemical properties might affect their 
usefulness in diets for horses with different energy requirements. Horses received between 91.4 and 94.4 MJ digestible energy (DE) per 
day with the two diets, which is above the requirements for horses in maintenance (National Research Council, 2007). In this study, 
both aNDF and DF were analysed. The DF analysis gives a detailed description of the fibre fraction, including the S-NSP content, 
compared to the aNDF analysis, where S-NSP is lost (Bach Knudsen, 2001). This was most pronounced for SBP and SH, where aNDF was 
noticeably lower compared to DF because of a high S-NSP content in these two feedstuffs. Generally, this makes it difficult to compare 

Table 8 
Dry matter degradation parameters1 for the individual feeds2 and transit time (TT) in h for the different segments. Effective degradability (ED) and 
degradation (Dt) for mean retention times of 20, 30, 40, 50 and 60 h for all feeds.          

P-values 
Feed HAY AP GP OH SBP SHP ±SD Feed Time 
a 0.286 0.278 0.273 0.335 0.198 0.248 0.041   
b 0.440 0.403 0.392 0.203 0.756 0.632 0.178   
c 0.073 0.102 0.089 0.104 0.070 0.051 0.019   
a+b 0.726 0.681 0.665 0.539 0.954 0.880 0.139   
TT          
Pre-caecal 2.31    2.79  0.24 0.169  

Hindgut 32.3ab 27.5ab 26.9ab 30.2ab 26.3b 41.6a 5.26 < 0.05  
Total tract 30.3    35.3  2.50 0.204  
ED          

20z 0.547c 0.548c 0.524c 0.473d 0.638a 0.567b 0.049 < 0.001 < 0.001 
30 y 0.588c 0.582c 0.558c 0.489d 0.709a 0.630b 0.067   
40xy 0.614c 0.602c 0.579c 0.499d 0.754a 0.672b 0.079   
50x 0.631c 0.615c 0.593c 0.506d 0.785a 0.702b 0.087   
60x 0.644c 0.624c 0.603c 0.511d 0.808a 0.724b 0.094   

Dt          

20 y 0.624c 0.629c 0.599c 0.513d 0.766a 0.652b 0.075 < 0.001 < 0.001 
30x 0.677c 0.662c 0.638c 0.530d 0.860a 0.743b 0.101   
40x 0.702c 0.674c 0.654c 0.536d 0.907a 0.798b 0.117   
50x 0.715c 0.679c 0.660c 0.538d 0.931a 0.831b 0.126   
60x 0.720c 0.680c 0.663c 0.538d 0.942a 0.850b 0.131   

1 a, soluble part of the feed, b, potential digestible (insoluble part of the feed), c, rate constant for degradation of b per h and a+b is the potential 
degradable fraction, calculated on the mobile bags administrated to the caecum. 
2 AP, alfalfa pellets; GP, grass pellets; hay (mainly Timothy first cut); OH, oat hulls, SHP, soya hull pellets; and SBP, sugar beet pulp pellets.a, b, c, 

d Feedstuffs: values within each feedstuff row per nutrient are different if superscript differs (P < 0.05). 
x, y, z Time: values for each mean retention time column per ED and Dt (for all feedstuffs) are different if superscript differs (P < 0.05). 
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the two analytical methods in a meaningful way, as different fractions are measured. Oat hulls are not only a fibrous feedstuff, as it 
contains a relatively high content of starch (181 g/kg DM), probably as a result of the dehulling process in which the endosperm may 
have been disrupted (Doehlert et al., 2010). The CP content varied between the feedstuffs, and depending on their inclusion level in the 
diet, this could affect the need for protein supplements to fulfil daily protein requirements. However, the nutrient composition of 

Fig. 4. Ørskov and McDonald (1979) degradation curves and raw data of dry matter (DM) for hay (mainly Timothy, first cut), alfalfa pellets (AP), 
grass pellets (GP), oat hulls (OH), sugar beet pulp (SBP) and soya hull pellets (SHP) based on mobile bags administrated into the caecum and 
collected in faeces. 
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feedstuffs and diets cannot stand alone, as their digestibility might vary to a large extent, as discussed below. 

6.2. Apparent total tract digestibility of the two diets 

The DM ATTDs of the two diets were similar, and there was no difference in the ATTD of DF between the two diets. The daily intake 
of fibre (aNDF, ADF, hemicellulose and celluloseNDF) was also similar for the two diets. However, the ATTD of aNDF, ADF, hemi-
cellulose and celluloseNDF was higher in the HAY diet compared to the MIX diet. From this, the dS has decreased the ATTD of these fibre 
fractions in the MIX diet markedly. This can be explained by the lack of the S-NSP fraction in the aNDF analysis, as this fibre fraction 
was higher in the MIX diet compared to the HAY diet, with SBP and SHP especially contributing to this. The ATTD of CP was highest for 
the HAY compared to the MIX diet. A higher intake of CP in the diet is positively correlated with higher pre-caecal (Farley et al., 1995) 
and ATTD of CP (Farley et al., 1995; Oliveira et al., 2015). This can explain the higher ATTD of CP in the HAY diet, as the horses had a 
higher daily intake of CP. As expected, the ATTD of T-NSP was higher than the ATTD of DF for both diets, as T-NSP does not include the 
indigestible fraction of lignin. For the constituent sugars fructose, galactose, mannose and uronic acid, the ATTD was highest in the 
MIX diet, with SBP especially contributing with soluble uronic acid, in correspondence with findings by Jensen et al. (2014). The 
dominating constituent sugar in hay and OH was xylose. However, the daily intake of xylose was highest for the HAY diet, in cor-
respondence with the higher ATTD of xylose in the HAY diet compared to the MIX diet. The considerably low ATTD of xylose for the dS 
indicates a low ATTD of xylose in some of the MIX diet’s fibrous feedstuffs. As OH have a relatively high content of xylose, this might 
have decreased the ATTD of xylose in the MIX diet. Altogether, this confirms the hypothesis that hay can be substituted with other 
fibrous feedstuffs for horses at maintenance, but the differences in nutrient composition and ATTD of the two diets indicate differences 
in the ATTD of the individual feedstuffs, differences which cannot be identified in measuring ration ATTD. 

6.3. Nutrient disappearance from control and mobile bags 

The washing procedure for the bags has been discussed by several authors but has not yet been standardised (Dhanoa et al., 1999; 
Moore-Colyer et al., 2002). The procedure can affect the nutrient loss and rinsing of the residue in the mobile bags (Jarosz et al., 1994). 
In the present study, the DM loss varied from 0.181 to 0.299, which is in correspondence with earlier studies (Moore-Colyer et al., 
2002; Thorringer and Jensen, 2021). The pre-caecal DM disappearance was highest in SBP compared to hay over time. This can partly 
be explained by a higher aNDF loss and, furthermore, a possibly higher loss of WSC and CP (not analysed). This was confirmed by 
Moore-Colyer et al. (2002) for pre-caecal CP disappearance for SBP and hay, with disappearances of 0.77 and 0.52, respectively. 
Moreover, the S-NSP fraction is higher in SBP than hay, and it might be easier for the fibre-utilising microbes in the stomach and small 
intestine to utilize the S-NSP (Bach Knudsen, 2001; de Fombelle et al., 2003). The same may be the case for the hindgut and total tract 
disappearance, as SBP had a higher DM loss than hay at all timepoints. An in-sacco study by Udèn and Van Soest (1984) found a 
positive correlation between incubation time in the caecum and DM disappearance for timothy hay. In theory, the increased incubation 
time or slower TT in the hindgut will allow microbes to penetrate the mesh and thereby have a longer time to degrade the fibre fraction 
of the feed. This is in correspondence with the increased hindgut disappearance of DM, aNDF and ADF with increased incubation or 
slower TT for all feedstuffs, despite large differences in overall nutrient disappearance between individual feedstuffs. 

6.4. In-vivo ATTD and in-situ disappearance 

The MBT has primally been used in horses to investigate the nutrient disappearance of starch-rich cereals (de Fombelle et al., 2004; 
Rosenfeld and Austbø, 2009; Philippeau et al., 2014). However, studies investigating fibrous feedstuffs by the MBT and, further, in 
comparison to the ATTD are scarce. An earlier study by Rodrigues et al. (2012) measured similar DM disappearance and ATTD when 
horses were fed coastcross hay. In the present study it was hypothesised that the MBT can be used to estimate the total ration nutrient 
digestibility as an alternative to the ATTD of the ration. It was measured that time had an effect when comparing the DM, aNDF and 
ADF ATTD and disappearance from the mobile bags, confirming an earlier study showing the same effect of time (Thorringer and 
Jensen, 2021). This time effect is important for future studies aiming to predict the ATTD by use of the MBT. Furthermore, present feed 
evaluation systems do not take this time effect into account. From the present study, the hypothesis is accepted when using time 

Fig. 5. Ørskov and McDonald (1979) degradation curves of dry matter (DM) for hay (mainly Timothy, first cut) and sugar beet pulp pellets (SBP) 
fitted to raw data from mobile bags administered in the stomach and found in caecum (pre-caecal, pc) or found in faeces (total tract, T) and 
administered in caecum and found in faeces (hindgut, H). 
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intervals 2 and 3 to represent the ATTD of DM, aNDF and ADF of the total ration of hay and the other fibrous feedstuffs. 

6.5. Transit time of mobile bags and MRT of Yb 

The passage rate of digesta is affected by several factors (Van Weyenberg et al., 2006). In the present study, the pre-caecal TT was 
2.31 and 2.79 h for hay and SBP, respectively. These are shorter than measured in Moore-Colyer et al. (2002), with 3.27 and 4.22 h for 
hay cubes and unmolassed SBP, but the processing of the hay cubes (Drogoul et al., 2000), differences in chemical composition 
(Moore-Colyer et al., 2003) and the larger feed to surface area of the mobile bags used (Hyslop and Cuddeford, 1996) could have 
prolonged the TT. Further, it is unclear whether the ponies were fed before or after administration of the mobile bags into the stomach. 
In the present study, horses were fed after the administration of the mobile bags into the stomach, which might have affected the 
gastric emptying and pre-caecal TT of the bags (Lorenzo-Figueras et al., 2005). Hence, no difference was measured for the hindgut TT 
between the bags with hay and SBP. Surprisingly, SHP had a longer hindgut TT than all the other feedstuffs. This might be explained by 
the high aNDF content in SHP (Moore-Colyer et al., 2003) and, further, the possibility of a high water-binding capacity as a result of the 
high S-NSP content (Bach Knudsen, 2001; Brøkner et al., 2012). This finding contradicts the belief that I-NSP, which is high in SHP, 
primarily shortens the TT (Bach Knudsen, 2001). However, the water-binding capacity, together with swelling, may outweigh the 
effect of I-NSP. This can also explain the higher hindgut disappearance for both SHP and SBP, as S-NSP with especially pectin increases 
both swelling and water-binding capacity, increasing the surface area for microbes to degrade (Bach Knudsen, 2001). Further, the total 
tract TT of bags agreed with earlier studies (Thorringer and Jensen, 2021). In the present study, Yb was the marker chosen for the 
determination of the diet’s MRT in the hindgut. This was based on earlier studies, and the fact that Yb follows the particle part of 
digesta (Drogoul et al., 2000; Van Weyenberg et al., 2006) as the objective was to evaluate the passage of the fibrous feedstuffs. The 
MRT of the HAY diet agrees with earlier studies using Yb as a marker for the total tract MRT (Moore-Colyer et al., 2003; Jensen et al., 
2014). However, the MRT for the MIX diet was 2 h longer than for the HAY diet. This can be explained by several factors, but most 
likely the higher S-NSP content in the MIX diet prolonged the MRT as a result of increased water-binding capacity and swelling of the 
feedstuffs (Bach Knudsen, 2001; Brøkner et al., 2012). Furthermore, the higher water intake measured with the HAY diet has earlier 
been associated with a shorter MRT (Pagan et al., 1998). Jensen et al. (2014) substituted hay (18.5 g DM/kg BW) partly with molassed 
SBP (14.7 and 2.6 g DM/kg BW hay and SBP, respectively) but did not measure any difference in MRT in the total tract. However, the 
DM intake was higher than in the present study, and furthermore, the horses had a higher DM intake (g DM/kg BW per day) with the 
hay diet compared to the hay substituted with molassed SBP, which may have outweighed the effect of the swelling and water-binding 
capacity of the SBP. Finally, the particle size of the feedstuffs might have affected the MRT, as reported by Drogoul et al. (2000), where 
the MRT was longer on ground-pelleted hay compared to chopped hay. 

6.6. Dry matter degradation curves 

From the MBT data, both the rate and the extent of feed degradation can be estimated by use of the models provided by Ørskov and 
McDonald (1979). An advantage is that the ED values can be estimated by taking the passage rate of digesta into account and thereby 
provide information valid to compare against the ATTD and MRT of the diets. In the present study, the DM degradation curves, and ED 
values were estimated on data from the control bags and from mobile bags recovered in faeces after administration into the caecum for 
all six feedstuffs. The fitted DM degradation curves agreed well with the raw data from the mobile bags. However, the estimated 
potential degradability a+b was higher for hay when comparing with the DM ATTD of the HAY diet, as expected. The parameter a (the 
soluble part of the feed) was in correspondence with the DM loss from the control bags of hay; hence, the insoluble but potentially 
degradable part b is higher than that measured with ATTD. This can be related to more bags found after 40 h, representing a higher DM 
disappearance than the ATTD. The ED fits to the ATTD of the HAY diet when the outflow rate is between 0.025% and 0.020% per h, 
corresponding to an MRT of 40–50 h. This MRT represents the TT of the solid digesta (Clauss et al., 2014; Jensen et al., 2014; Hummel 
et al., 2017). However, the predicted MRT for ED does not represent the MRT for the HAY diet, which was 23.6 h. This has been 
discussed earlier by Thorringer and Jensen (2021), who found that the ED corresponds to the DM ATTD of a hay diet when MRT was 
60 h and argue that the MBT only covers a narrow range of the TT, resulting in an underestimation of ED when biologically relevant 
MRT is used in the calculations. The in-sacco method with fixed incubation times (e.g., in the caecum) could be used to measure the 
early timepoints lacking, as discussed by Thorringer and Jensen (2021). Therefore, the same conclusion can be drawn, as in Thorringer 
and Jensen (2021), that the ED is not an appropriate measure of feed degradation when using mobile bags. However, the DM ATTD of 
the HAY diet agreed well with the Dt of 20 h, which furthermore fits better with the MRT of the HAY diet. Therefore, a more 
appropriate estimate is given when using Dt than ED for calculation of degradability based on the MBT. Besides the DM degradation 
curves fitted to mobile bags administrated in the hindgut and recovered in faeces, DM degradation curves were also fitted to the data 
from the control bags and bags recovered in the faeces after administration into the stomach for hay and SBP. The estimated potential 
degradability a+b agrees with the a+b estimated from the bags placed in the caecum and recovered in faeces. Furthermore, the DM 
curves followed the DM curves from bags placed in the caecum and recovered in faeces. This indicates not only that the degradation 
parameters are valid but also suggests the use of the mobile bags in intact horses for more detailed evaluation of individual feedstuffs. 

7. Conclusion 

From this study, it can be concluded that hay can be substituted with other fibrous feedstuffs to fulfil the daily minimum dry matter 
recommendations. The mobile bag technique can be used to directly predict the total ration digestibility and apparent total tract 
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digestibility of dry matter, neutral detergent fibre and acid detergent fibre when using bags found between 20 and 39 h after 
administration, as the disappearance from the mobile bags otherwise will either be lower or higher than the apparent total tract di-
gestibility. Furthermore, the degradation (Dt) is useful to estimate the apparent total tract digestibility of dry matter with biologically 
relevant mean retention times. In general, the dietary fibre analysis provided a comprehensive description of the fibrous feedstuffs 
used. Combining dietary fibre analysis, physiochemical properties and the apparent total tract digestibility of feedstuffs provides 
important information when planning diets for horses with different energy requirements. Overall, this study demonstrated that the 
mobile bag technique potentially can be used in intact horses for estimating the apparent total tract digestibility of individual feedstuffs 
of a mixed diet, and the method allows for more detailed feedstuff evaluation in horses than total collection measurements. 
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Abstract
The competition for customers increases the search for new grain processing methods for equine feed, but the effect 
on starch digestibility and metabolic responses varies. Therefore, to evaluate the effect of the processing methods, 
toasting and micronizing, on starch digestion and the effect on metabolic responses, the mobile bag technique 
(MBT) and plasma glucose and insulin concentrations in the blood were used to estimate nutrient disappearance 
and metabolic responses pre-cecally. Further, cecal pH, ammonium nitrogen (N), and short-chain fatty acid (SCFA) 
concentrations were used to estimate the metabolic response in the cecum. Four cecally cannulated horses (body 
weight [BW] 565 ± 35 kg) were used in a 4 × 4 Latin square design with four periods of 8 d of diet adaptation and 2 d 
of data collection. Diets were formulated using hay and processed grains: micronized barley (MB), toasted barley (TB), 
micronized maize (MM), and toasted maize (TM) and were balanced to provide 1 g starch/kg BW in the morning meal. 
On day 9 in each period, blood and cecal fluid samples were taken before the morning meal and hourly thereafter for 
8 h. On day 10 in each period, 15 bags of either MB, TB, MM, or TM (1 × 1 × 12 cm; 15 μm pore size; 1 g feed) were placed 
in the stomach, respectively. The dry matter disappearance was highest for the MM at all time points compared with 
the other feedstuffs (P < 0.001). Maize and micronizing had the highest starch disappearance (P = 0.048) compared with 
barley and toasting. No treatment effect was measured for any of the glucose and insulin parameters. No feed effect 
was measured for the insulin parameters. Plasma glucose peaked later (P = 0.045) for maize than for barley, and TB had 
a larger area under the curve for glucose than MB, MM, and TM (P = 0.015). The concentration of total SCFA increased 
after feeding (P < 0.001), with a higher concentration for barley than for maize (P = 0.044). No treatment or feed effects 
were measured for ammonium N or pH, but both were affected by time (P < 0.001). In conclusion, toasting was not as 
efficient as micronizing to improve pre-cecal starch digestibility; therefore, the preferred processing method for both 
barley and maize is micronizing. Further, the amount of starch escaping enzymatical digestion in the small intestine 
was higher than expected.

Key words:  glucose, insulin, mobile bag technique, pH, short chain fatty acid

  

Introduction 
The apparent total tract digestibility of starch in grains is 
found to be nearly 100% in horses (Jensen et al., 2014), whereas 
larger variations (21.5% to 90.1%) are found for pre-cecal 

starch digestion (Meyer et al., 1995). In horses, the pre-cecal 
starch digestion depends on several factors, such as the 
type of grain and its characteristics, meal size, and passage 
rate of digesta (Kienzle, 1994). Further, grain processing 

F&R "All rights reserved. For permissions, please e-mail" (CopyrightLine) "^nAll rights reserved. For 
permissions, please e-mail" (CopyrightLine)

D
ow

nloaded from
 https://academ

ic.oup.com
/jas/article/98/12/skaa353/5956277 by guest on 09 M

arch 2021

mailto:nana.wentzel.thorringer@nmbu.no?subject=


Copyedited by: SU

2 | Journal of Animal Science, 2020, Vol. 98, No. 12

involving heat and moisture is associated with improving 
the availability of starch for enzymatic degradation, 
thereby increasing starch digestion in the small intestine 
(Svihus et al., 2005). Using the mobile bag technique (MBT), 
Philippeau et al. (2014) found that pre-cecal starch digestion 
depended on processing, with the lowest digestion for 
untreated barley and the highest for ground barley, 55.1% and 
97.4%, respectively. Enzymatic starch digestion in the small 
intestine is preferred, as starch fermentation in the hindgut 
is associated with a higher concentration of short-chain 
fatty acids (SCFA) and lactate, decreased pH, and microbial 
disturbance in equines (Willard et  al., 1977; de Fombelle 
et al., 2003). Therefore, compound feeds and grains used for 
horses are often processed, and one of the most common 
processing methods is micronizing (Julliand et  al., 2006). It 
includes thermal heat processing with high temperatures 
(85 to 125 °C) for a short time using near-infrared radiation 
(Farrell et  al., 2015). Processing methods that include 
endosperm disruption and heat above 80 °C in combination 
with moisture will restructure the starch granules, causing 
gelatinization (Svihus et  al., 2005). Gelatinization increases 
amylolytic degradation because part of the crystalline 
structure is lost (Svihus et al., 2005). Holm et al. (1988) found 
that the degree of starch gelatinization and digestion rate 
in rats to be positively correlated, assuming more starch to 
be digested and thereby change the metabolic responses, 
as more glucose will be absorbed in the small intestine. 
Vervuert et al. (2008) found that thermal processing increased 
serum glucose and insulin responses when horses were fed 
extruded barley compared with rolled barley or micronized 
barley (MB), reflecting a higher digestibility of starch in the 
small intestine with extrusion than with the other methods. 
However, from the literature, it is unclear whether the degree 
of gelatinization (DG) from processing is followed by higher 
glucose and insulin responses (Vervuert et  al., 2003, 2007, 
2008). The competition for customers increases the search for 
other processing methods so that feed producers can achieve 
a differential product. Toasting is one of the “new” processing 
methods employed by some equine feed companies. This 
method is often used in products for human consumption, 
such as breakfast cereals, flour, and wine (Fares and Menga, 
2012; Chira and Teissedre, 2013), primarily to enhance the 
taste as a result of the Maillard reaction (Martins et al., 2001), 
and it includes temperatures ranging from 90 to 240 °C (Grala 
et  al., 1994; Mosenthin et  al., 2016). Hence, toasting could 
potentially be as effective as micronizing for improving 
the small intestine’s digestibility of starch. Nonetheless, to 

our knowledge, no study has been conducted on toasting’s 
effect on nutrient digestibility in horses. Therefore, the 
objective of this experiment was to compare the effects of 
micronizing and toasting on starch digestion of barley and 
maize. It is hypothesized that: 1)  toasting is as efficient as 
micronizing for improving the small intestine’s digestibility 
of starch; 2)  starch digestibility in the small intestine is 
highly reflected in the blood glucose and insulin responses 
after feeding, independent of processing method; 3)  the 
amount of starch escaping digestion in the small intestine is 
low; and 4) fluctuations in cecal pH and SCFA concentrations 
and proportions after feeding are small, independent of 
processing method.

Materials and Methods

Experimental design

All housing, management, and experimental procedures 
followed the laws and regulations for experimental animals in 
Norway (i.e., Regulations on the Use of Animals in Experiments, 
July 2015). The experiment was designed as a 4 × 4 Latin square 
experiment with four experimental periods. Each period 
consisted of 8 d of diet adaptation followed by 2 d of data 
collection. Blood and cecal samples for pH and SCFA analyses 
were collected on day 9, and digestibility in the small intestine 
was measured on day 10 in each period.

Animals

Four healthy cecum-cannulated Norwegian cold-blooded 
trotter geldings (age 14 to 26 yr) with an initial body weight 
(BW ± SEM) of 565  ± 35  kg were used in the experiment. 
Horses were followed routinely with veterinarian checkups, 
including vaccinations, dental examinations, and teeth 
floating. All horses were housed in individual stalls (3 × 3 m) 
with rubber mats and wood shavings as bedding material. 
In the adaptation period, horses were allowed access to a 
gravel paddock for 3 to 4 h/d. In the collection periods, one 
outdoor visit for 1 h was allowed daily after sampling had 
ended.

Diets

Treatments were arranged as 2  × 2 factorial, with two 
processing methods: micronizing and toasting. Two feeds 
were used: barley and maize. The chemical composition of 
the feedstuffs is presented in Table  2. Four experimental 
diets were formulated using hay and processed grains 
(same batches): MB, toasted barley (TB), micronized maize 
(MM), and toasted maize (TM) (Table  3). The micronizing 
and toasting processes are described below. All concentrate 
was fed once a day at 0600 hours. Seven days prior to the 
first adaptation period, a mix of the four diets was fed to 
gradually increase starch intake from 0 to 1 g/kg BW per day. 
Thereafter, all diets were balanced to provide 1  g starch/
kg BW, and the amount of hay was adjusted to a total DM 
intake of 3  g/kg BW in the meal at 0600 hours. The horses 
were fed a total of 15.7  ± 0.03  g DM/kg BW per day, which 
was divided into three meals fed at 0600, 1400, and 2000 
hours (Table  3). A  commercial supplement of vitamins and 
minerals (Champion Multitiskud, Felleskjøpet Forutvikling, 
Trondheim, Norway) and sodium chloride (80 and 25  g/d, 
respectively) was included with the morning meal. Water 
was available in the individual stalls’ automatic water 
troughs and from buckets in the gravel paddock.

Abbreviations

ADF acid detergent fiber
AUC area under the curve
BW body weight
Cfat crude fat
CP crude protein
DG degree of gelatinization
DM dry matter
DSC differential scanning calorimetry
MBT mobile bag technique
NIR near-infrared radiation
NDF neutral detergent fiber
SCFA short-chain fatty acid
WSC water-soluble carbohydrates D
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Processing

Micronizing and toasting of barley and maize occurred at 
Felleskjøpet Agri (Skansen, Norway). Approximately 14.5 h prior 
to the micronizing treatment, the raw maize was preconditioned 
with water to raise the moisture content to 15.5%. The barley did 
not receive any preconditioning with water, as it had a moisture 
content of 11.2%. The barley and maize were then micronized for 
approximately 45 s at 90 to 105 °C using an infrared micronizer 
with a heat output of 525 kW (M600/72/HRS, Micronizing 
Company UK Ltd, Suffolk, UK; Table  1). After micronizing, the 
heated barley and maize were run through a roller (0.15  mm, 
TECOM AB, X, Sweden) to produce a flaked product and then 
cooled down (custom-made cooler; Felleskjøpet Agri, Skansen, 
Norway). Prior to the toasting treatment (approximately 15 and 
12.5 h for maize and barley, respectively), the raw grains were 
preconditioned with water to raise the moisture content to 
20.6% and 22.6% (maize and barley, respectively). Thereafter, the 
grains were toasted for 30 min at 150 °C (ECOTOAST 600, agrel 
GmbH agrar Entwicklungs labor, Germany). After toasting, the 
heated barley and maize were run through a roller (0.35 and 
1  mm for barley and maize, respectively; Strukturvalse T80, 
Vestjysk Smede, Denmark) to produce a flaked product and then 
cooled down.

Data collection

Feedstuffs
Samples of all feedstuffs were collected regularly during the 
four data collection periods and stored in sealed plastic bags for 
later analysis.

Mobile bag technique
The MBT was used to estimate the small intestinal starch 
digestibility. Bags (1  × 1  × 12  cm) were made from precision-
woven open mesh fabric with a porosity of 15  μ (Sefar Nitex, 
03-15/10, Sefar AG, Heiden, Switzerland). The bags were prepared 
by cutting a piece of mesh (large enough for the heat sealing) 
and folding it in the middle. The mesh was then heat sealed 
at one end and one side, and then turned inside out to avoid 
sharp edges. A  steel washer (1  cm external diameter, weight 
0.3 g) was sealed into the end of each bag, allowing for capture 
with a magnet in the cecum. Lastly, the bags were marked with 
a permanent marker for identification. The weights of the bags 
when empty and when filled with individual feed (1 g/bag) were 
recorded. All feeds were milled to pass a 1.5-mm screen. The 
bags (15 bags per horse per period) were soaked in cold tap 
water before they were placed in the stomach with a nasogastric 
tube flushed with approximately 1.5 liters of tap water. Bags 
were administered after feeding half of the morning meal and 
before feeding hay. The rest of the morning meal and the hay 
were fed afterward. A string (40 cm long) with a double-sided 
magnet (approximately 2 cm in diameter) was introduced into 
the cecum through the cannula to retrieve the bags upon arrival. 
The bags were removed from the magnet at hourly intervals for 

8 h after feeding. Bags not harvested in the cecum were collected 
in the feces throughout the following days. The capture time 
of each bag was noted as soon as the bags were collected and, 
thereafter, hand-rinsed in cold tap water and stored at −20 ○C. 
At the end of the experiment, all bags were thawed at room 
temperature, washed in cold water for 35  min (Woolprogram, 
Avantixx 7 Varioperfect, Bosch, Gerlingen-SchillerhÖhe, 
Germany), and then dried at 45 ○C for 48 h. The bags were left 
at room temperature (approximately 25 ○C) for equilibration for 
24 h prior to weighing. Control bags (4 bags per feedstuff) were 
soaked for 1  h before washing and drying as described above 
to determine their nutrient loss. To obtain enough residue for 
chemical analyses, the collected bags of each feedstuff were 
pooled to a specific collection time (0 to 3, 4 to 6, and 7 to 9 h), 
regardless of which horse they came from. All bags found in the 
feces were pooled for each feedstuff.

Blood samples
Blood samples were collected by jugular vein puncture into 
10-mL heparinized tubes (BD Vacutainer, Becton, Dickinson and 
Company, USA) before the morning meal (time: 0)  and hourly 
thereafter (time: 1 to 8 h). The blood samples were centrifuged 
(Heraeus labofuge 300, Thermo Fisher Scientific, Waltham, USA) 
immediately after sampling at 3000 × g for 10 min, and plasma 
was harvested and stored at −20 °C for later analysis of insulin 
and glucose concentrations.

SCFA, ammonium nitrogen, and pH
Cecal fluid was collected before the morning meal (time: 
0) and thereafter hourly (time: 1 to 8 h). A collection tube and 
a pH electrode (Sentix 41, WTW, Weilheim, Germany) attached 
to a data logger (ProfiLine 340i, WTW, Weilheim, Germany) 
were placed in the cecum according to Jensen et  al. (2016) 
approximately 30 min before the first collection (time: 0). Cecal 
fluid was sampled (~100 mL) with a 400-mL syringe connected to 
the tube placed in the cecum. The pH was measured immediately 
as cecal fluid samples were taken and in situ in the cecum every 
minute throughout the 8 h time frame with the pH electrode. 
From this, two subsamples of each 9.5 mL cecal fluid were mixed 
with 0.5 mL of formic acid and stored at 3 °C for later analysis of 
SCFA and ammonium nitrogen (N) concentrations.

Chemical analyses

Feed samples from each period were analyzed in duplicate for 
DM, starch, and crude protein (CP) (Table 2). Samples were milled 
to pass a 1-mm screen (Cutting mill SM 200, Retsch GmbH, Haan, 
Germany). For starch, feed samples were milled to pass a 0.5-mm 
screen before analysis. Dry matter (DM) content was measured 
by drying to a constant weight (24 h at 105 ± 2 °C), and samples 
were incinerated at 550 °C for 16 h for ash determination. Starch 
was measured according to the Association of Official Analytical 
Chemists (AOAC, method 996.11.) by using heat-stable α-amylase, 
and water-soluble carbohydrates (WSC) were determined by the 

Table 1. Processing conditions for barley and maize 

 

Toasting Micronizing

Temp.1 Duration, min Heat source Roller, mm Temp. Duration, s Heat source Roller, mm

Barley 150 30 Steam 0.35 90 to 105 45 NIR 0.15
Maize 150 30 Steam 1 90 to 105 45 NIR 0.15

1 Temp, temperature in °C.
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method described in the study of Randby et al. (2010). Nitrogen 
was determined according to the Dumas method (Elementar 
Analysensysteme GmbH, Hanau, Germany), and CP was 
calculated as N × 6.25. Crude fat was analyzed according to the 
accelerated solvent extractor method (Dionex ASE 350, Thermo 
Fisher Scientific, Waltham, USA). Neutral detergent fiber (NDF) 
and acid detergent fiber (ADF) were analyzed using the filter bag 
technique described by ANKOM (2017a, 2017b). Residues from 
the mobile bags were analyzed for starch and N as described 
above. Plasma glucose was analyzed by the hexokinase method 
according to Tietz et al. (1995), and insulin was analyzed using 
the ELISA test (Mercodia AB, Uppsala, Sweden). Cecal fluid was 
analyzed for the concentration of SCFA (times: 0, 1, 3, 5, and 
7 h) and ammonium N (times: 0 and 3 h). The concentrations 
of SCFA were determined by gas chromatography (Trace 1300 
GC, Thermo Fisher Scientific, Waltham, USA), and ammonium N 
was measured according to AOAC International (2002) method 
2001.11, besides the first digestion step. The DG was evaluated 
using the differential scanning calorimetry (DSC) method. 
The DSC method relies on the enthalpy measurement of non-
processed and processed samples, and the difference between 
the two represents the extent of gelatinization with a greater 

difference indicating greater gelatinization. A DM feed sample 
weighing approximately 30  mg (ground through a 0.5-mm 
screen) was weighed in a stainless-steel pan, and deionized 
water (1:2, feed/water, wt/wt, total weight 90  mg) was added. 
Thermal scans were conducted using a differential scanning 
calorimeter (DSC 823, Mettler Toledo, Stockholm, Sweden). The 
measurement was performed by heating the pan in the DSC 
from 10 to 120 °C at a heating rate of 10 °C/min. The onset, peak, 
and conclusion gelatinization temperatures and the enthalpy of 
gelatinization (∆H) were then determined. The DG is calculated 
as DG (%) = [(∆H0 ∆H1) /∆H0] × 100, in which ΔH0 is the 
gelatinization enthalpy of starch (J/g starch) in a non-processed 
sample and ΔH1 is the gelatinization enthalpy of starch in a 
processed sample (J/g starch). A 100% DG equates to completely 
processed starch, whereas 0% equates to unprocessed starch, 
and negative values indicate lower DG in the processed sample 
than the non-processed sample. All measurements were 
performed in duplicate.

Statistical analyses

All statistical analyses were performed in Rstudio (version 1.1.456, 
Rstudio Inc., Boston, USA). Analysis of variance was done on the 

Table 3. Feed intake (kg) and daily nutrient intake (g/kg BW) for the four diets1 (mean ± SEM)

MM, n = 4 MB, n = 4 TM, n = 4 TB, n = 4

Morning, 0600 hours     
 Hay 1.10 ± 0.03 0.91 ± 0.03 1.13 ± 0.04 0.95 ± 0.03
 Supplement 0.88 ± 0.03 1.05 ± 0.03 0.90 ± 0.03 1.10 ± 0.03
Lunch, 1400 hours     
 Hay 3.95 ± 0.12 3.95 ± 0.12 3.95 ± 0.12 3.95 ± 0.12
Evening, 2000 hours     
 Hay 3.95 ± 0.12 3.95 ± 0.12 3.95 ± 0.12 3.95 ± 0.12
Daily nutrient intake1  
 DM 15.6 ± 0.02 15.6 ± 0.02 15.7 ± 0.03 15.7 ± 0.03
 Ash 1.13 ± 0.01 1.12 ± 0.01 1.14 ± 0.01 1.13 ± 0.01
 CP 2.21 ± 0.08 2.25 ± 0.08 2.22 ± 0.08 2.27 ± 0.08
 Cfat 0.32 ± 0.02 0.29 ± 0.02 0.31 ± 0.02 0.29 ± 0.02
 Starch 1.39 ± 0.02 1.39 ± 0.02 1.37 ± 0.02 1.34 ± 0.02
 WSC 1.25 ± 0.03 1.25 ± 0.03 1.27 ± 0.03 1.26 ± 0.03
 NDF 8.91 ± 0.09 8.97 ± 0.09 8.97 ± 0.09 9.01 ± 0.09
 ADF 4.92 ± 0.08 4.89 ± 0.08 4.94 ± 0.08 4.91 ± 0.08

1MM, micronized maize; TM, toasted maize; MB, micronized barley; TB, toasted barley.

Table 2. DM (g/kg), chemical composition (g/kg DM), and DG (%) of hay, micronized maize (MM) or toasted maize (TM), and micronized barley 
(MB) or toasted barley (TB) (mean ± SEM) 

Nutrient Hay MM TM MB TB

P-value1

F T

DM 898 ± 1.46 874 ± 2.47a 840 ± 4.27b 881 ± 1.27A 830 ± 3.03B 0.338 <0.001
Ash 78.2 ± 0.85 14.2 ± 0.31 13.8 ± 0.65 19.8 ± 0.12 20.4 ± 0.30 <0.001 0.862
CP 147 ± 5.59 86.3 ± 2.42a 84.2 ± 1.77b 120 ± 2.10B 126 ± 0.71A <0.001 0.302
CFat 18.6 ± 1.59 43.4 ± 3.25a 36.0 ± 1.10b 14.3 ± 0.70 15.6 ± 0.57 <0.001 0.058
Starch 28.9 ± 0.80 721 ± 7.89 719 ± 9.69 601 ± 5.00 577 ± 7.88 <0.001 0.145
WSC 84.9 ± 2.18 27.7 ± 0.88b 35.4 ± 1.55a 32.6 ± 0.50 38.5 ± 0.60 0.557 0.003
NDF 616 ± 6.62 95.8 ± 4.61b 119 ± 1.30a 224 ± 2.46 227 ± 7.32 <0.001 0.051
ADF 341 ± 4.92 46.7 ± 0.89 47.8 ± 1.10 78.6 ± 0.56 77.1 ± 1.94 <0.001 0.859
DG  56.8 ± 1.49 39.1 ± 3.10 −12.7 ± 12.0 −34.3 ± 1.53 <0.001 0.021

1The effect of feedstuff (F) and treatment (T). 

a,b or A,BValues within a row for each feedstuff are different if superscript differs (P < 0.05).

D
ow

nloaded from
 https://academ

ic.oup.com
/jas/article/98/12/skaa353/5956277 by guest on 09 M

arch 2021



Copyedited by: SU

Thorringer et al. | 5

chemical composition of the feedstuffs with a model comprising 
nutrient as response and feed and treatment as predictors. The DM, 
starch, and CP disappearance were subjected to ANOVA, with the 
nutrient disappearance as response and feed, and treatment and 
time (DM) or time interval (starch and CP) and their interactions 
as predictors. Mean concentrations, peak concentration, time to 
peak, and number of peaks were calculated for plasma glucose 
and insulin. Calculations of area under the curve (AUC) above 
baseline (without considering area beneath) were performed for 
glucose and insulin in GraphPad Prism (version 8.0.1, GraphPad 
Software, San Diego, USA), and ANOVAs were performed in a model 
compromising either mean concentration, peak concentration, 
time to peak, or number of peaks and AUC as response, with feed, 
treatment, and their interactions (if present) as predictors. Analyses 
of SCFA, ammonium N concentrations, and pH were performed 
using mixed models for repeated measurements. The model 
comprised the fixed effect of feed (barley or maize), treatment 
(micronizing or toasting), time (after feeding), interaction (feed × 
treatment), and the random effect of horse. Significant differences 
of least-square means were analyzed by Tukey’s Honest Significant 
Difference test (Rstudio, version 1.1.456, Rstudio Inc., Boston, USA). 
All results are presented as least-square means with SEM as a 
measure of variance. Effects are considered significantly different 
if P < 0.05 and a tendency if P < 0.10.

Results
All horses remained healthy and in good condition throughout 
the experiment. Residues from the previous evening meal were 
collected for two horses on the day of sampling (one horse in 
period 3:1.6 kg DM and two horses in period 3:0.7 and 1 kg DM, 
respectively). The residue was offered to the horses and eaten 
after sampling had ended.

Chemical composition of the feedstuffs

The chemical composition of the feedstuffs is presented in 
Table 2. Hay has the highest numerical DM content compared 
with maize and barley. An effect of treatment (P < 0.001) was 
measured for DM, with micronizing having the highest content 
for both maize and barley. Barley had the highest content of 
CP (P < 0.001) compared with maize. Toasting had the highest 
(P = 0.003) WSC content for both barley and maize. The starch 
content was highest in maize compared with barley (P < 0.001), 
whereas hay had the lowest numerical content. Crude fat was 
highest in maize compared with barley (P < 0.001). NDF and ADF 
were highest in barley compared with maize (P < 0.001). The DG 
was highest for MM compared with the other diets (Table  2). 
However, DG for processed barley was negative, indicating 
that processed barley had a lower DG than whole barley. The 
negative DG for barley was interpreted as zero DG for barley. The 
DM intake for each meal and daily nutrient intake is shown in 
Table  3. The size of the grain meal within each diet varied to 
ensure similar starch intake.

Nutrient disappearance

The DM loss from the control bags was 7.3 ± 1.4%, 9.9 ± 1.9%, 
6.5 ± 1.6%, and 9.6 ± 1.0% for MM, TM, MB, and TB, respectively. 
The effects of feed, treatment, time, and their interactions 
on DM, starch, and CP pre-cecal disappearance are shown in 
Figure 1. There was an effect of the interaction, feed × treatment 
× time (P < 0.001), and the DM disappearance from the mobile 
bags increased over time; it was at all times highest for the 
MM compared with the other feedstuffs. Starch disappearance 

increased with later time intervals, and an interaction between 
feed × treatment (P = 0.048) was measured with maize and 
micronizing having the highest disappearances compared with 
barley and toasting. Disappearance of CP increased over time (P 
= 0.041), regardless of feed or treatment.

Metabolic response in plasma

The effects of feed, treatment, and their interaction on plasma 
glucose and insulin measurements are presented in Table  4. 
Treatment did not affect any of the measured variables for plasma 
glucose and insulin. Feed had no effect on the measured variables 
for plasma insulin. There was no effect of feed on peak and the 
number of peaks for plasma glucose. However, plasma glucose 
peaked later (P = 0.045) for maize than for barley. Regarding AUC, 
an interaction between feed and treatment was found for glucose 
(P = 0.015), with a larger AUC for TB than for MB and MM or TM.

Digestive response in the cecum

The effects of feed, treatment, time, and their interactions 
on SCFA concentrations and molar proportions are shown in 
Figure 2. The concentration of total SCFA increased after feeding 
(P < 0.001), with a higher concentration for barley than for maize 
(P = 0.044; Figure 2a). Generally, the molar proportion of acetate 
was the greatest, followed by propionate and then butyrate 
for all diets at all time points. However, the molar proportion 
of acetate (P = 0.004) first increased and then decreased with 
time (Figure 2b), whereas the opposite was found for propionate  
(P = 0.006; Figure  2c). Firstly, the proportion of butyrate  
(P = 0.086) tended to increase and thereafter decrease with 
time (Figure  2d), whereas iso-butyrate (P < 0.001; Figure  2e) 
and iso-valerate (P < 0.001; Figure 2g) decreased after feeding. 
Further, butyrate tended to be higher (P = 0.058) for micronizing 
than for toasting (Figure 2d). An interaction between feed and 
time (P < 0.001) was present for valerate, as the proportion 
after feeding increased for barley; however, maize remained 
the same (Figure 2f). The (C2 + C4)/C3 ratio (P = 0.055) tended 
to first increase and then decrease after feeding, reflecting 
the changes in molar proportions of acetate, propionate, and 
butyrate over time (Figure 2h). No effects of feed, treatment, or 
their interaction were found on ammonium N.  But the mean 
concentrations of ammonium N decreased over time (P < 0.001), 
with MM from 57.5 to 23.2 mg/L, MB from 65.7 to 22.3 mg/L, TM 
from 65.9 to 17.2 mg/L, and TB from 65.8 to 19.5 mg/L. The pH 
decreased after feeding, reaching a minimum pH after 195, 173, 
180, and 150 min for MM, MB, TM, and TB, respectively (Figure 3). 
The pH then fluctuated before increasing again. Feed, treatment, 
and their interaction had no effect on cecal pH.

Discussion
Starch digestion has been previously investigated in horses 
using different direct and indirect methodologies. Small 
intestinal cannulated horses (Meyer et  al., 1995), slaughter 
experiments (de Fombelle et al., 2003), and the MBT (Philippeau 
et  al., 2014) have been used as more direct methods for 
quantifying starch digestion in different segments of the 
gastrointestinal tract of horses. Blood glucose and insulin 
responses (Healy et al., 1995; Vervuert et al., 2004, 2007; Jensen 
et  al., 2016) and changes in fermentation parameters in the 
cecum (McLean et  al., 2000) of horses have been used as a 
proxy to evaluate the degree of starch digestion in the small 
intestine and cecum, respectively. However, the results have 
been inconclusive. To the authors’ knowledge, this is the first 
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study to include both metabolic responses in blood and the 
digestive responses in cecum in combination with results 
from the MBT. The results presented here show the complexity 
of evaluating starch digestion in horses by only including one 
of the above-mentioned methodologies.

Pre-cecal disappearances of starch and protein

It is assumed that nutrients lost from mobile bags harvested in the 
cecum are digested in the small intestine. In the present study, the 
pre-cecal disappearance of starch and protein varied from 55% to 
81% and 82% to 95%, respectively. This is in accordance with previous 
studies using the MBT (Hymøller et al., 2012; Philippeau et al., 2014). 
Protein digestion was relatively high and not affected by processing, 
while high starch digestibility was expected due to the maize and 
barley being processed. However, some variation was measured in 
the starch disappearance. In the present study, the average starch 

intake was 565 g/d, and according to MBT, starch measurements of 
approximately 107, 164, 122, and 254 g/d escaped digestion in the 
small intestine for MM, MB, TM, and TB diets, respectively. Since the 
apparent total tract digestibility of starch in grains is found to be 
nearly 100% (Jensen et al., 2014), it is expected that the undigested 
starch was fermented mainly in the hindgut. Some starch might be 
fermented by gastric microbiota present in the saccus cecus in the 
nonglandular region of the stomach (Coenen et  al., 2006; Varloud 
et  al., 2007). However, to what extend starch is fermented in the 
stomach still needs to be quantified. The site of starch digestion 
in the gastrointestinal tract of the horse (pre-cecal or hindgut) is 
expected to influence the metabolic responses, as discussed below.

Metabolic response in plasma

In the present study, it was hypothesized that starch digestion 
in the small intestine was reflected in the blood glucose and 

Figure 1. DM, starch, and CP pre-cecal disappearance for each of the four diets (MM, MB, TM, and TB) for each hour or time interval (1 = 0 to 3 h, 2 = 4 to 6 h, and 3 = 7 

to 9 h), respectively. Differences are given for feed (F), treatment (T), and time/time interval (Ti) and interactions. 
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insulin responses after feeding, independent of the processing 
method. This was the case, as both plasma glucose and insulin 
increased after feeding. This was also measured in earlier studies 
(Vervuert et al., 2003, 2004, 2009). In the present study, MM had a 
higher pre-cecal DM and starch disappearance from mobile bags 
compared with the other diets, but no differences were found 
between feeds or treatments for either plasma glucose or insulin. 
Similar findings for whole vs. thermally processed barley on 
starch disappearance and glucose and insulin responses were 
measured by Philippeau et al. (2014). This contradicts the theory 
that increased starch digestibility should increase the glucose 
concentration in the blood and further increase the insulin 
response (Palumbo et al., 2013). Yet, it is unclear to what degree 
the disappeared starch from MM was enzymatically digested or 
possibly degraded by microbes, as they are present along the 
entire gastrointestinal tract including the stomach (de Fombelle 
et al., 2003).

The AUC is often used as a parameter to describe both the 
overall plasma glucose and insulin responses after feeding. 
However, contradicting results are found for grain processing 
on AUC. Vervuert et al. (2003) and Vervuert et al. (2004) did not 
measure any effect of processing oats or maize (untreated vs. 
thermal processing) on glucose or insulin AUC, respectively. 
Yet, Vervuert et al. (2008) measured a larger glucose AUC for 
extruded compared with rolled barley and MB, along with a 
larger insulin AUC for extruded and MB compared with rolled 
barley. In the present study, an interaction between feed × 
treatment was found for AUC, with TB having a higher AUC 
for glucose compared with MB, MM, and TM. TB peaked twice 
during the sampling time, whereas MB, MM, and TM only 
peaked once. The time for peaks to occur and the number of 
peaks could indicate the differences in gastric contractions 
and thereby gastric emptying. Lorenzo-Figueras et  al. (2005) 
describe gastric emptying as a combination of relaxation 
of the proximal portion of the stomach, suppression of 
antral motility, and stimulation of the pyloric contractions, 
all working together at once. The composition of the meal 
combined with volume, physical structure, energy density, and 
osmolarity can affect the rate of gastric emptying (Meyer et al., 
1986). Slower gastric emptying is measured with a starch-
rich meal (1.25 g starch/kg BW) compared with a meal low in 
starch (0.66 g starch/kg BW; Métayer et al., 2004). However, in 
the present study, all meals were similar in starch content. 
Yet, plasma glucose peaked later for maize than for barley. 
In general, meals containing maize were smaller in volume 
compared with those containing barley, as the starch content 

was higher in maize than barley; thereby, less was required 
to obtain 1 g starch/kg BW per meal. This contradicts smaller 
meals resulting in faster gastric emptying compared with 
larger meals (Métayer et  al., 2004). On the other hand, the 
difference in meal size is small in the present study, and the 
effect on gastric emptying may have been limited. Another 
approach could be physical structure, osmolarity, or even 
the ratio between amylose and amylopectin in the grains. 
In general, maize has a higher swelling- and water-binding 
capacity than barley (Brøkner et  al., 2012). This suggests 
a higher ratio of amylopectin to amylose, as it is easier to 
solubilize (Cowieson et  al., 2019). Furthermore, Hymøller 
et  al. (2012) measured a longer average pre-cecal passage 
time of mobile bags containing soaked maize compared with 
soaked barley (7.99 and 6.82  h, respectively), supporting the 
theory of why plasma glucose peaked later for maize than for 
barley. Maize and barley contain approximately similar ratios 
between amylose and amylopectin (approximately 25% and 
75%, respectively; Svihus et  al., 2005; Cowieson et  al., 2019), 
but it cannot be excluded that maize had a higher amylopectin 
ratio, as it was not measured in the present study.

Digestive response in the cecum

In general, plasma glucose and insulin concentrations are 
parameters of pre-cecal digestion, whereas the cecal SCFA 
concentration together with pH gives an indication of 
fermentation in the hindgut of the horse. Further, the time to 
reach maximum SCFA concentration and minimum pH in cecum 
can indicate the passage rate of the feed from the stomach 
to the cecum and the fermentability of the escaped starch. In 
the present study, SCFA concentrations increased relatively 
fast after feeding (approximately 1 to 2  h), and maximum 
SCFA concentrations were measured approximately 3  h after 
feeding. Jensen et al. (2016) measured both an increase in SCFA 
concentration and a corresponding pH drop approximately 
3  h after feeding horses a pelleted barley meal (2  g starch/
kg BW). In the present study, barley had a higher total SCFA 
concentration compared with maize, with TB having the highest 
SCFA concentration, and, furthermore, a lower pre-cecal starch 
disappearance up to 6 h after administration, reflecting starch 
being fermented in the cecum. The proportions of acetate and 
propionate also indicate the fermentation of starch. McLean 
et al. (2000) measured higher lactate and total SCFA with both 
higher acetate and propionate concentrations and lower cecal 
pH 4 to 8 h after feeding rolled barley compared with micronized 
and extruded barley, indicating that less starch reached the 

Table 4. Mean ± SEM peak (ng/L), time to peak (h), and AUC (ng × h/L) for glucose (G) and insulin (I) with different diets

Feed treatment1 MB TB MM TM

P-value2

F T F × T

Peak G 5.88 ± 0.13 5.85 ± 0.18 5.85 ± 0.19 5.78 ± 0.23 0.794 0.794 0.794
 I 386 ± 56.8 354 ± 26.5 460 ± 64.7 394 ± 65.0 0.325 0.397 0.765
No. of peaks G 1.75 ± 0.48 1.25 ± 0.25 1.25 ± 0.25 1.50 ± 0.29 0.712 0.712 0.279

I 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00    
Peak time G 1.00 ± 0.00b 1.25 ± 0.25b 1.50 ± 0.29a 2.00 ± 0.41a 0.045 0.205 0.663

I 1.25 ± 0.25 1.25 ± 0.25 1.00 ± 0.00 1.25 ± 0.25 0.574 0.574 0.574
AUC G 2.32 ± 0.28ab 3.48 ± 0.44a 2.89 ± 0.57ab 1.75 ± 0.25b 0.177 0.983 0.015

I 1,373 ± 156 1,433 ± 74.9 1,444 ± 119 1,220 ± 112 0.562 0.502 0.256

1MM, micronized maize; TM, toasted maize; MB, micronized barley; TB, toasted barley.
2The effect of feedstuff (F), treatment (T), and their interaction (F × T).
a, bValues within a row are different if superscript differs (P < 0.05).
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cecum when using these processing techniques compared with 
rolling. Similar results are measured for propionate, lactate, and 
pH by increasing rolled barley in the ration, thereby increasing 

daily starch intake (Julliand et  al., 2001). Starch intake was 
approximately 2  g/kg BW per meal in the studies by Julliand 
et al. (2001), McLean et al. (2000), and Jensen et al. (2016), and the 

Figure 2. Concentration of SCFA (mmol/L) and molar proportions (%) measured hourly (mean ± SEM) in the cecal fluid after feeding MM, TM, MB, and TB. Differences 

are given for feed (F), treatment (T), and time (Ti) and interactions.
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minimum pH varied from 6.26 to 6.40, which is lower than the 
minimum pH in the present study. When feeding either starch 
at approximately 2 g/kg BW per meal or hay-only diets, cecal pH 
varied from 6.26 to 6.40 and 6.50 to 6.74, respectively (McLean 
et al., 2000; Julliand et al., 2001; Jensen et al., 2016). In this study, 
the decrease in cecal pH was in between the above studies. 
Altogether, this indicates that processed starch meals fed at 
a level of 1 g/kg BW can to some extent escape the enzymatic 
digestion in the small intestine, thereby interfering with the 
microbiota and concentrations and ratios of SCFA and pH.

In this study, it is possible that the processing methods 
that included thermal heat increased the pre-cecal starch 
digestibility as a result of an increased DG. When comparing 
the DG in the present study, no gelatinization occurred for 
either of the two barley diets. Whereas, for maize, micronizing 
had a larger impact on DG compared with toasting. Vervuert 
et  al. (2004) also measured an increased DG when maize was 
micronized compared with untreated maize. In general, maize 
has a higher gelatinization enthalpy, meaning that lower 
temperatures and moisture content are required to gelatinize 
maize starch compared with barley starch (Tan et  al., 2008). 
However, both Vervuert et al. (2007) and Philippeau et al. (2014) 
measured the effect of processing barley on DG. From these 
two studies, ground barley had a DG varying from 15% to 18%, 
indicating a possibility of a lower DG for TB and MB in the present 
study. Yet, Rosenfeld and Austbø (2009) did not measure an 
effect of micronizing grains on pre-cecal starch disappearance 
as in the present study. An in vitro study demonstrated lower 
starch digestibility of peas when toasted compared with being 
extruded and expanded (Masoero et  al., 2005). This is also 
confirmed in pigs, where a lower ileal starch digestibility of 
toasted peas compared with dried was measured (Canibe and 
Knudsen, 1997). However, it can be difficult to compare results 
across studies, as the processing conditions (moisture content, 
duration, temperature, and pressure) vary.

Methodical and practical recommendations

In summary, the results presented here show the complexity 
of evaluating starch digestion in horses. Future studies should 
include detailed information regarding processing (duration, 
temperature, moisture content, pressure, and machinery), diet 
characteristics (composition and DG), and feeding management 
(g/kg BW per meal, number of meals, and feeding order of 
hay and concentrate), as well as information regarding the 
techniques used to study starch digestion. This would provide a 
better basis for comparing and interpreting results.

From a practical point, the results presented in this study 
indicate that processing affected the DG in maize more than 
in barley. Furthermore, compared with toasting, the preferred 
processing technique for improving the starch digestion 
based on the disappearance of starch from the mobile bags is 
micronizing. The metabolic responses in plasma and digestive 
responses in the cecum revealed more of a change over time 
than an effect of processing and type of grain on the measured 
variables. However, the SCFA concentration was highest in the 
TB compared with the MB, TM, and MM, supporting the lower 
digestibility of starch in the small intestine from the TB. The 
effect of the changes measured in the cecum in this study on the 
hindgut health can be questioned. Whereas, the energy value of 
starch is lower when fermented to SCFA than with enzymatical 
digestion in the small intestine with the absorption of glucose. 
The results from this study revealed that when feeding only 1 g 
processed starch/kg BW per meal, starch escapes the enzymatic 
digestion in the small intestine, and there is still a lack in our 
knowledge regarding the diet effects on gastric emptying 
and passage rate through the small intestine for improving 
enzymatical starch digestion.

Conclusions
In the present study, it was hypothesized that toasting was 
as efficient as micronizing to improve starch digestibility. 
However, this was not the case when evaluating the small 
intestinal digestibility of starch. Therefore, to increase the pre-
cecal starch digestibility, the preferred processing method is 
micronizing for both barley and maize when measured by the 
MBT. Further, starch digestibility for both barley and maize 
was highly reflected in the metabolic responses of plasma 
glucose and insulin after feeding, but no effect of processing 
method was measured. Fluctuations in both cecal pH and SCFA 
concentrations after feeding were significant, and the starch 
escaping the enzymatical digestion in the small intestine was 
higher than expected.
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10 Appendix  
 

Calculation example for energy in hay for paper I, bag type A1: 

Degradation to time t (Dt, t = 20 h) = 52.3% for bag type A.  

1Surface area = 1.2×10×2, feed to surface area = 10.4 mg/cm2.  

Energy calculations are given in Table 16 (4.8 Practical considerations) as a mean 

of the six different bag types (A, B, C, D, F, and G). 

Digestible organic matter for horses (dOMhorse): 

Dt + mean (dOM – dDM)1 → 52.3% + 1.6 = 53.9% 

1Calculation specified in Table A1. 

Digestible energy (DE, MJ/kg DM):  

(0.034 - 1.1 + 0.9477 × dOMhorse) / 100 × gross energy (GE, MJ/kg DM) →  

(0.034 - 1.1 + 0.9477 × 53.9%) / 100 × 19.1 MJ/kg DM = 9.55 MJ/kg DM 

Metabolizable energy (MJ/kg DM):  

DE (MJ/kg DM) × (93.96 – 0.02356 × crude fibre (CF, g/kg DM) – 0.0217 × crude 

protein (CP, g/kg DM)) / 100 →  

9.55 × (93.96 – 0.02356 × 298 – 0.0217 × 136) / 100 = 8.02 MJ/kg DM 

Net energy at maintenance (NEm, MJ/kg DM):  

(Km
3

 × (ME (MJ/kg DM) × 1000 – 31.33 × crude fat (Cfat, g/kg DM)) + 0.8 × 31.3 × 

Cfat (g/kg DM)) / 1000 →  

(0.74 × (8.02 × 1000 – 31.33 × 22.7) + 0.8 × 31.3 × 22.7) / 1000 = 5.96 MJ/kg DM  

365.21 – 0.0178 × Cfat (g/kg DM) + 0.0181 × CP (g/kg DM) + 0.0452 × (starch 

(g/kg DM) + water soluble carbohydrates (WSC, g/kg DM)) / 100 →  

65.21 – 0.0178 × 22.7 + 0.0181 × 136 + 0.0452 × (28.9 + 114) / 100 = 0.74  

Feed Units (FU): 

NEm / 9.414 = 0.63 FU 

Calculation example for hay in paper II: 

Degradation to time t (Dt, 20 h) = 62.4% 
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Digestible organic matter for horses (dOMhorse): 

Dt + mean (dOM – dDM)1 → 62.4% + 1.6 = 64% 

1Calculation specified in Table A1. 

Digestible energy (DE, MJ/kg DM):  

(0.034 - 1.1 + 0.9477 × dOMhorse) / 100 × GE (MJ/kg DM) →  

(0.034 - 1.1 + 0.9477 × 64%) / 100 × 19.1 MJ/kg DM = 11.38 MJ/kg DM 

Metabolizable energy (MJ/kg DM):  

DE (MJ/kg DM) × (93.96 – 0.02356 × crude fibre (CF, g/kg DM) – 0.0217 × crude 

protein (CP, g/kg DM)) / 100 →  

11.38 × (93.96 – 0.02356 × 298 – 0.0217 × 145) / 100 = 9.5 MJ/kg DM 

Net energy at maintenance (NEm, MJ/kg DM):  

(Km
3

 × (ME (MJ/kg DM) × 1000 – 31.33 × crude fat (Cfat, g/kg DM)) + 0.8 × 31.3 × 

Cfat (g/kg DM)) / 1000 →  

(0.72 × (9.5 × 1000 – 31.33 × 22.7) + 0.8 × 31.3 × 22.7) / 1000 = 6.9 MJ/kg DM  

365.21 – 0.0178 × Cfat (g/kg DM) + 0.0181 × CP (g/kg DM) + 0.0452 × (starch 

(g/kg DM) + water soluble carbohydrates (WSC, g/kg DM)) / 100 →  

65.21 – 0.0178 × 22.7 + 0.0181 × 145 + 0.0452 × (28.9 + 74.2) / 100 = 0.72  

Feed Units (FU): 

NEm (MJ/kg DM) / 9.414 (NE for barley)  

6.9 / 9.414 = 0.74 FU 
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Table A1. Apparent total tract digestibility of dry matter (DM) and organic matter (OM) 

and the difference between them in percentage (%).   

Reference DM  OM Difference 

Drogoul et al. (2000) 51.5 52.1 0.6 

 53.8 55.2 1.4 

Palmgren Karlsson et al. (2000) 48 49 1 

55 56 1 

58 59 1 

58 60 2 

Bergero et al. (2002) 54.7 55 0.3 

 48.9 49.7 0.8 

Ragnarsson and Lindberg (2008) 71.6 74.7 3.1 

62.6 64.7 2.1 

51.3 52.7 1.4 

45.7 48.5 2.8 

Ragnarsson and Lindberg (2010) 61 62.9 1.9 

57.7 58.6 0.9 

Goachet et al. (2009) 53.2 55 1.8 

Jensen et al. (2010) 69.3 70.4 1.1 

58.2 59.2 1 

De Marco et al. (2012) 42.1 46.1 4 

50.1 55.9 5.8 

40.4 45.8 5.4 

Schaafstra et al. (2018) 66.3 66.5 0.2 

 64.2 64.4 0.2 

Vasco et al. (2021) 69.2 70 0.8 

60.7 62 1.3 

46.2 46.2 0 

Paper I 55.9 56.7 0.8 

 MEAN±SD 1.6 ± 1.5 
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