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CHAPTER 1. Introduction and project overview 

 

1.1 Background 

Nutrients are extracted from food through a series of digestion processes in the 

gastrointestinal tract (GIT), making them readily available for absorption, where they 

ultimately can be used as a source of energy and building materials for growth. An adult 

typically consumes about 800 g food and up to 2 L of water daily (Feher, 2017b; Smith 

& Morton, 2010b); most of the energy consumption is derived from carbohydrates 

(Sadler, 2011). Compared to other sources of carbohydrates, starch provides a readily 

accessible form of energy to the body via hydrolysis into glucose prior to absorption in 

the small intestine into the bloodstream (Lentle & Janssen, 2011). These processes 

occur slowly in the gut, causing a gradual release of glucose to the bloodstream that 

changes the level of blood glucose after meal (Jenkins et al., 1981), known as 

postprandial glycemic response. The postprandial glycemic response has been shown to 

influence health outcomes, such as type 2 diabetes, obesity, and cardiovascular disease 

(Blaak et al., 2012). Consequently, the impact of consumption of starch-based foods on 

glycemic response has been studied extensively, but mostly on the microstructure of the 

starch and their hydrolysis in the small intestine, where the ingested food has already 

lost most of its macrostructural integrity. Since starch-based foods are commonly 

consumed in solid or semi-solid form, it is important to understand their breakdown 

processes during digestion and how this breakdown may impact starch hydrolysis and 

absorption.  

      The digestion processes of solid and semi-solid foods begin with mastication in the 

mouth and ends when digestible and absorbable nutrients have been removed from the 

food, leaving waste products to be excreted in the form of feces (Feher, 2017c). To 
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provide suitable conditions for these processes, each organ in the GIT has its own 

working pH, transit time, and function (Figure 1.1). During transit in each organ, 

ingested starch-based foods undergo structural changes through physical and 

biochemical breakdown processes that mainly occur in the mouth, stomach, and small 

intestine. The mouth and stomach play a major role in the mechanical, and to some 

extent, biochemical breakdown of starch, whereas the small intestine serves as the major 

site for starch digestion and nutrient absorption (Dahlqvist & Borgstrom, 1961; Hoebler, 

Devaux, Karinthi, Belleville, & Barry, 2000; Martens, Flécher, et al., 2019; Meyer, 

1980).  

 

 

Figure 1.1 Human digestive organs, their typical working conditions (vary depending on the consistency 
of the food and amount of food consumed), and their contributions in solid starch-based foods breakdown 
(the working conditions are adapted from Bornhorst and Singh (2014), Fallingborg (1999), Flynn (2012), 
Huckabee et al. (2018), and Versantvoort, van de Kamp, and Rompelberg (2004)). 

 

      Sufficient breakdown of the physical structure of the food is needed to ensure the 

efficiency of absorption of nutrients from solid or semi-solid food in the small intestine 
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(Hoebler et al., 1998; Mourot et al., 1988; Read et al., 1986). As such, the 

macrostructural breakdown of the food matrix will be a determinant in the rate of 

hydrolysis of macronutrients and their absorption in the small intestine (Bornhorst, 

Ferrua, & Singh, 2015; Read et al., 1986; Tamura, Okazaki, Kumagai, & Ogawa, 2017). 

In the context of starch digestion, this implies that the extent of structural breakdown of 

solid or semi-solid starch-based foods that takes place during mastication and gastric 

digestion is crucial for the subsequent glucose absorption process. Mastication and 

gastric digestion are important to consider when studying starch digestion, especially 

when in vitro approaches are used to simulate in vivo physiological processes. While 

more studies on the effect of mastication on glycemic response have been conducted in 

the recent years (Choy et al., 2021; Ranawana, Henry, & Pratt, 2010; Ranawana, Leow, 

& Henry, 2014; Sun, Ranawana, Tan, Quek, & Henry, 2015; Tamura et al., 2017; Zhu, 

Hsu, & Hollis, 2014), gastric digestion is still less studied. There is a gap in 

understanding the relationship between food structure, the breakdown of starch-based 

foods during gastric digestion, how both food structure and its breakdown impacts 

gastric emptying processes and small intestinal digestion, and ultimately glycemic 

response. Understanding the relationships between these aspects is crucial as part of a 

food structure-based strategy for glycemic response management. 

 

1.2 Research objectives 

This PhD project has an overall goal to understand the contribution of gastric digestion 

to the glycemic response of starch-based foods with varying macro- and 

microstructures. Specific research objectives are as follows: 



Chapter 1 | Page 4 

1. To investigate the effect of food composition and structure on the regulation of 

gastric secretion and food physicochemical breakdown process in an in vivo 

stomach system. 

2. To identify how food breakdown processes during gastric digestion affect small 

intestinal digestion and glycemic response in vivo. 

3. To establish a link between food structure, gastric digestion, and glycemic 

response based on in vivo findings. 

4. To investigate the contribution of the proximal and distal phases of gastric 

digestion on food breakdown behavior and its consequences on the properties of 

emptied particles in a static in vitro gastric digestion system. 

 

1.3 Organization of the thesis 

The research objectives in Section 1.2 were completed through two in vivo studies and a 

static in vitro digestion study. An extensive literature review on starch digestion, gastric 

digestion, and glycemic response (Chapter 2) provides the scientific basis of the 

execution of the experiments. This report contains four experimental chapters (Chapter 

4 to 7), which were derived from the two in vivo studies (growing pig model) and a 

static in vitro gastric digestion study. Several rice- and wheat-based food products were 

used throughout the experimental chapters, and the rationale of the selection of these 

products is given in Chapter 3. Chapter 3 also contains the rationale of each of the 

experimental chapter, as well as research objectives and hypotheses related to them. 

Findings from the experimental chapters are summarized and discussed together in 

Chapter 8, which also contains general conclusions, in vitro-in vivo correlation, and 

recommendations for future work. 
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is still a topic of discussion (Wang, Blazek, Gilbert, & Copeland, 2012; Wang, Li, 

Copeland, Niu, & Wang, 2015). Within these growth rings, blocklet elements with size 

ranging from 20 to 500 nm are observed. The blocklets contain crystalline and 

amorphous lamellae that regularly repeat every 9 to 10 nm (Blazek & Gilbert, 2011; 

Wang, Li, et al., 2015). With the advancement of characterization techniques, 

understanding has increased about the biosynthesis and molecular and microstructural 

aspects of starch, which have been described in detail elsewhere (Ai & Jane, 2018; 

Alcázar-Alay & Meireles, 2015; Bertoft, 2017; Biliaderis, 2009; Blazek & Gilbert, 

2011; Dhital, Warren, Butterworth, Ellis, & Gidley, 2017; Dona, Pages, Gilbert, & 

Kuchel, 2010; Pfister & Zeeman, 2016; Seung, 2020; Wang & Copeland, 2013). These 

topics are outside the scope of the discussion of this review and readers are referred to 

those reviews for more details on starch chemistry and microstructure. 

2.2.2 Structural aspects of starch-based foods relevant in digestion processes 

The chemical and microstructural aspects of starch, which have been studied and 

discussed by many, are part of the multiple length scales of food structure (Figure 2.1). 

Starch is commonly present in food products in different forms: (1) isolated starch from 

its botanical source (e.g., corn starch), which is used in food due to its physical 

functionality (e.g., as a thickener, gelling agent, and stabilizer); (2) starch raw material 

(e.g. wheat flour from milled wheat grains), which becomes the main ingredients of 

starch-rich foods such as bakery products, snacks, and pasta; and (3) starch in plants, 

where starch is consumed with limited processing or in the original form of its botanical 

source (e.g., potato, rice grain) (Ai & Jane, 2018; Dhital, Brennan, & Gidley, 2019; 

Magallanes-Cruz et al., 2017). From a food structure perspective, when starch granules 

are present as the building block of starch-based foods (i.e., a complex food matrix), 

they may behave differently than as isolated starch granules (Aguilera, 2019). The 
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digestibility. During the digestion processes, the physical barriers to starch digestion 

may be eliminated or decreased to certain extent by physical breakdown that occurs 

mostly in the mouth and stomach. However, there is a lack of knowledge on the 

physical breakdown of starch-based foods in the digestive system and its effect on 

starch digestibility. 

 
Table 2.1 Examples of food matrix containing starch granules, showing different continuous and 
discontinuous phases in the food matrix structure.  

Food Continuous phase Discontinuous phase Reference 
Cereal seed (e.g., rice, 
wheat, barley, sorghum 
kernels) 

Matrix of storage proteins Starch granules or 
swollen starch granules 
(when cooked) 
 

(Guerrieri & 
Cavaletto, 2018) 

Wheat bread Elastic network of cross-
linked gluten molecules and 
leached starch polymers 
 

Gelatinized, swollen, 
deformed starch granules 

(Gray & Bemiller, 
2003) 

Biscuit Sugar and fat emulsion Partially swollen starch 
granules 
 

Cake Sugar and lipid emulsion Gelatinized and molten 
starch granules 
 

Extruded breakfast 
cereals 

Amorphous starch with 
minor ingredients (e.g., 
protein) 
 

Air bubbles (Robin & Palzer, 
2015) 

Extruded pasta or 
noodle 

Protein network formed 
during kneading 

Partially swollen starch 
granules 
 

Mashed potato Dilute aqueous amylose 
solution 

Concentrated dispersion 
of swollen and disrupted 
intracellular starch 
granules in water 
 

(Alvarez & Canet, 
1999) 

Starch-thickened white 
sauce 

Milk and solubilized 
amylose/amylopectin matrix 
 

Swollen starch granules (Arocas, Sanz, 
Hernández-
Carrión, Hernando, 
& Fiszman, 2010) Heated starch solution 

(e.g., starch-thickened 
sauce in stir-fry meals)  

Solubilized 
amylose/amylopectin matrix 

Swollen starch granules 
(which disappears at 
prolonged heating)  
 

Cooked legumes 
(whole or coarsely 
ground) 
 

Protein matrix protected by 
thick cell wall 

Partially swollen starch 
granules 
 

(Birt et al., 2013) 

Starchy fruits (e.g. 
banana) 
 

Parenchyma cell containing 
fiber components (cellulose, 
hemicellulose) protected by 
cell wall 

Starch granules (Rongkaumpan et 
al., 2019) 
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2.3 Digestive organs that contribute to structural breakdown and glycemic 

response of solid starch-based foods 

The breakdown of solid foods occurs in the mouth, stomach, and small intestine through 

combined physical (i.e., size reduction) and biochemical processes (i.e., hydrolysis by 

digestive enzymes) that break down the structure of the foods at multiple length scales 

(macro- to nanoscale) (Bornhorst, Gouseti, Wickham, & Bakalis, 2016). Each of these 

digestive organs contributes differently to the breakdown process, depending on their 

physiology and/or anatomy, and the structure of food ingested. These organs have been 

extensively reviewed from physiological and general food digestion perspective 

(Bornhorst & Singh, 2012; Chen, 2009; Chen & Rosenthal, 2015; Kong & Singh, 2008; 

Mackie, 2019). As such, only the main aspects of the organs and their implications to 

the physical breakdown of solid starch-based foods are summarized here. The 

information in this section provides the basis for the discussion of more detailed 

examples of the physical breakdown processes in Section 2.5. 

2.3.1 Mouth 

The mouth consists of the oral cavity, hard palate, teeth, tongue, and saliva. The oral 

cavity is the void space where food is manipulated and processed prior to swallowing. 

The teeth are the main agent for mastication (or chewing), which consist of different 

geometries allowing them to cut (the incisors), cut and tear (the canines or cuspids), or 

chew and shear (the molars) solid foods. The tongue consists of striated muscles located 

on the floor of the mouth (Chen, 2009). Saliva is produced by three major pairs of 

salivary exocrine glands located around the jaw and oral floor, accumulating to a total 

of 1 to 1.5 L daily through unstimulated (resting condition, 0.05 to 0.5 mL/min) or 

stimulated (during eating, 1 to 3 mL/min) saliva production. Saliva is produced by the 

parotid, submandibular and sublingual glands, resulting in a mixture comprising 99% 
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activity. This counter-intuitive finding was thought to be caused by various possible 

mechanisms, including: competitive inhibition between maltose and glucose in glucose 

transport across the small intestinal membranes during absorption process; indirect 

reduction in the rate of glucose transport from the intestinal lumen to the portal 

bloodstream; early signaling (by maltose and/or glucose produced by amylase) to the 

body to prepare for incoming starch and ensuing glucose; and the peripheral release of 

hormones or incretins by lingual taste cells into the blood stream in response to 

carbohydrates, which stimulates insulin release from the pancreas (Barling, Shyam, 

Selvathevan, & Misra, 2016; Mandel & Breslin, 2012)  

      During the physical and biochemical breakdown processes, the tongue helps to form 

the bolus through its folding action and food particle manipulation (Hiiemae & Palmer, 

1999). Heat transfer between saliva, walls of oral cavity, and the food bolus 

warms/cools the food to physiological temperature and allows food to be tasted during 

bolus formation (Gray-Stuart, 2016). Through crushing, mixing, particle size reduction, 

and heat transfer operations in the mouth, ingested solid food is transformed to a bolus 

that is safe to swallow (Coster & Schwarz, 1987; Gray-Stuart, Jones, & Bronlund, 2017; 

Pereira, 2012). A food bolus is considered to be safe to swallow when it meets certain 

threshold levels in the bolus volume, adhesion, consistency, and deformability (Gray-

Stuart et al., 2017). Although the threshold levels in these bolus properties may vary 

between individuals (Gray-Stuart et al., 2017), a general trend is that increasing product 

hardness leads to longer duration needed to form a food bolus that is safe to swallow 

from each bite or mouthful of food (Hiiemae & Palmer, 1999). However, the duration of 

mastication is short compared to other digestion processes; for hard foods, the range 

was found to be between 8 to 30 s, but can last up to 90 s for subjects with impaired 

mastication performance (Gavião et al., 2004; Hiiemae & Palmer, 1999; Huckabee et 
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al., 2018). The tongue helps the process of swallowing by squeezing the food bolus 

against the hard palate to push it towards the esophagus (Gray-Stuart, 2016). The 

swallowing process occurs quickly (within 4 to 8 s) to deliver the food bolus to the 

stomach (Cordova-Fraga et al., 2008). 

2.3.2 Stomach 

The stomach, or gastric compartment, is a J-shaped organ that is located between 

esophagus and the duodenum. The walls of the stomach consist of circular, longitudinal, 

and inner oblique smooth muscle layers (Feher, 2017c). In accomplishing its function in 

the digestion process, the stomach is equipped with gastric secretory and motility 

functions that exhibit different patterns in fasted and fed states. According to the 

motility and secretory patterns, the stomach can be distinguished further to two 

functional regions, namely proximal and distal regions (Figure 2.2). Anatomically, the 

proximal stomach consists of the cardia, fundus, and body with the wall muscle layers 

thickness of 2 to 3 mm. Meanwhile, the distal stomach comprises the antrum and 

pylorus, which has thicker longitudinal and circular muscle layers (5 to 7 mm), with 

greater thickness in the pylorus (Feher, 2017c; Smith & Morton, 2010a).  

      Gastric secretions, or gastric juice, are a mixture of mainly water, along with 

hydrochloric acid (HCl), digestive enzymes, and mucus that are produced by different 

secretory glands in the different stomach regions (Feher, 2017c; Soybel, 2005). The 

stomach fundus and body are known as the acid-secreting regions; they contain the 

oxyntic glands that produce gastric acid as the main secretion, along with the chief cells 

that produce pepsinogen and lipase. The secretory glands in the cardia and pylorus 

secrete primarily alkaline mucus that lubricates ingested food to enable them to move 

and be churned by the contractions of the stomach, as well as protecting the stomach 

wall from digestion by HCl (Feher, 2017c; Smith & Morton, 2010a). Each component 
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2017; Gargouri, Moreau, & Verger, 1989; Minekus et al., 2014; Smith & Morton, 

2010a), as well as the remaining activity of salivary amylase (pH 3 to 7) (Freitas, Le 

Feunteun, Panouille, & Souchon, 2018) that is incorporated in the food bolus (Mackie, 

2019) during mastication or from the involuntary swallowing of saliva during and after 

meal consumption. The remaining salivary amylase activity is important in the digestion 

of starch-based foods, as it can prolong the contact time between starch granules in food 

bolus with the amylolytic enzyme (see Section 2.6.2 for further discussion on this 

topic). Depending on the location of the starch granules in the food matrix, the 

biochemical digestion by pepsin and lipase may improve the access of starch to 

hydrolysis in the subsequent small intestinal digestion by weakening the solid matrix 

where the starch granules are trapped. However, biochemical digestion alone is not 

sufficient to break down the structure of solid foods. Mechanical action by gastric 

motility is needed to reduce the particle size of the solid foods as well as to increase the 

diffusion of digestive enzymes into the food particles. 

      Gastric motility is the result of contractions of the gastric smooth muscle layers. In 

the fasted state, the motility pattern follows four-phase movement with different 

contraction strength and duration, which is known as the migrating motor complex 

(MMC). Each MMC cycle consists of three phases of contractions with increasing 

frequency and strength (up to 80 mmHg) to clear undigested particles from the stomach 

and a transitional phase to the next cycle. After eating, the MMC shifts from fasted-state 

to fed-state contractile pattern that is composed of contractions of variable intensity (15 

to 20 mmHg) and duration (Feher, 2017c; Hasler, 2009; Hellström, Grybäck, & 

Jacobsson, 2006; Kong & Singh, 2008). The fed-state motility pattern (Figure 2.2) 

facilitates the dispersion, mechanical disruption, mixing, and emptying of food particles 

during gastric digestion (Hasler, 2009). The fed-state motility of the proximal stomach 
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et al., 1988; Urbain et al., 1989). During the lag phase, the rate of gastric secretions also 

increases significantly due to the presence of food in the stomach (Smith & Morton, 

2010a). The rate of gastric secretions can increase from 1 mL/min under fasted 

conditions to 10 to 50 mL/min immediately after the ingestion of food (Versantvoort et 

al., 2004). Ingested food is mechanically and chemically broken down to form a 

multiphase slurry called chyme. As chyme starts to be produced, emptying of solid 

particles takes place in more rapid linear phase, while the disintegration and mixing of 

the remaining stomach content continues (Siegel et al., 1988). It is currently accepted 

that gastric emptying in this linear phase takes place in such a way to achieve an overall 

emptying rate that varies from 1 to 4 kcal/min during the course of digestion, based on 

gastric emptying studies in healthy individuals (Brener, Hendrix, & McHugh, 1983; 

Calbet & MacLean, 1997; Collins, Horowitz, Maddox, Myers, & Chatterton, 1996; 

Hunt, Smith, & Jiang, 1985).  

 The wide range of gastric emptying rate was reported to be affected by the caloric 

density, chemical composition, volume, and the proportion of solid component in the 

meal (Calbet & MacLean, 1997; Hunt et al., 1985). The presence of glucose or other 

nutrients in different sections of the small intestine (due to gastric emptying) is also 

known to trigger the secretion of gut hormones, such as the glucose-dependent 

insulinotropic polypeptide (GIP; also known as gastric inhibitory polypeptide) and 

glucagon-like peptide 1 (GLP-1), which leads to delayed gastric emptying as gastric 

digestion proceeds over time (Brener et al., 1983; Marathe et al., 2015; Mihai et al., 

2018). However, as these studies used liquid meals or were focused on the liquid 

component of the meal, there may be more complexities involved in the gastric 

emptying of solid food, due to varying rates of solid breakdown and the rate of material 

delivery to the small intestine due to the gastric sieving effect.  







Chapter 2 | Page 25 

jejunum by membrane-associated transporters in the brush border and basolateral 

membranes of the mature enterocytes (Chen, Tuo, & Dong, 2016; Smith & Morton, 

2010d). The regulation of the mechanism involves complex roles of ion channels and 

transporters (Chen et al., 2016), of which details are outside the scope of this project. 

Briefly, monosaccharides are transported across the intestinal brush-border membrane 

mediated by a membrane protein, then diffused to the blood capillaries by glucose 

transporter. In normal condition, this absorption will cause blood glucose to rise to its 

maximum level within 30 to 60 min after ingestion of the meal, then returns to baseline 

after 1.5 to 2 h (Smith & Morton, 2010d). Increase in blood glucose stimulates pancreas 

to secrete insulin into the blood. The insulin promotes glucose uptake into muscle and 

adipose tissue, lowering glucose level in the blood (Smith & Morton, 2010d). The ileum 

absorbs vitamin B12 and bile salts, leaving residual materials to be propelled to the large 

intestine for fermentation (Avvari, 2019; Smith & Morton, 2010c).  

 There are two motility patterns in the small intestine, namely peristalsis and 

segmentation. Peristalsis is a wave of circular muscle contraction and relaxation which 

propagates towards the colon. It has the role of propelling the chyme to transport it 

slowly from the duodenum to reach the ileum (Feher, 2017a; Smith & Morton, 2010c). 

In contrast, segmentation occurs due to coordinated constriction or relaxation of the 

outer longitudinal muscle and inner circular muscle that occurs in local regions in the 

small intestine. Segmentation occurs more frequently in the duodenum than in other 

small intestinal regions (Reinke, Rosenbaum, & Bennett, 1967; Rosenbaum, Reinke, & 

Bennett, 1967). Segmentation is responsible for mixing the secretions with the chyme 

received from the stomach, homogenizing the intestinal content, aiding in pH regulation 

in the duodenum, and facilitating contact between food particles and the intestinal 

mucosa for absorption (Avvari, 2019; Smith & Morton, 2010c). 
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      The small intestine has been the focus of many starch-based foods digestion studies 

due to its direct contribution to the conversion of starch to glucose and longer retention 

time (180 to 400 min for standard solid meal or test food) compared to the mouth and 

the stomach (Mikolajczyk, Watson, Surma, & Rubin, 2015; Versantvoort et al., 2004). 

Physical breakdown of foods in the small intestine has not been widely studied, possibly 

due to the complexity of the process, where material delivery from the stomach, 

secretion of digestive fluid components, biochemical digestion, nutrient absorption, and 

chyme transport towards the large intestine occur simultaneously. However, considering 

the lower contraction intensity in the small intestine compared to that of the gastric 

antrum, as reflected by the difference in their wall thickness (<3 mm in the small 

intestine (Fernandes et al., 2014) vs. ~5 mm in the antrum (Pickhardt & Asher, 2003)), 

it is likely that the contribution of small intestinal motility on the physical breakdown of 

solid food particles is very limited. These factors suggest that the breakdown processes 

of solid foods that occur in the mouth and stomach are the main contributors to the 

subsequent digestion and absorption processes in the small intestine. 

 

2.4 Monitoring physical breakdown of solid foods during gastric digestion 

Based on the gastric sieving effect explained in Section 2.3.2, the rate and extent of food 

breakdown in the stomach, which is also affected by the breakdown during mastication, 

will determine the size and the delivery rate of particles that enter the small intestine. 

This will impact the available surface area of the starch particles to the enzymes in the 

small intestine, and hence the rate of release of amylolytic products (Mackie et al., 

2017; Pletsch, 2018). With the importance of physical breakdown of food structure on 

starch digestibility in the small intestine, experimentally monitoring the breakdown 

processes is necessary to understand the mechanisms and further apply the 
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experimental design, inter-individual physiological variations, difficulties in data 

interpretation, high cost, ethical constraints, and the lack of standard reference methods 

to compare the results between studies (Alegria, Garcia-Llatas, & Cilla, 2015).  

 In vitro gastric digestion models have been introduced to overcome the experimental 

limitations of in vivo models, and allow for more replications to be easily conducted for 

each tested food product (Bornhorst et al., 2016). This type of approach allows the study 

of digestion of single substrates or simple meals under specific conditions (Alegria et 

al., 2015). In vitro digestion models can be static, dynamic, or semi-dynamic. Static 

digestion models commonly consist of mixtures of samples and simulated gastric fluid 

that are incubated at physiological temperature; they rely only on simulated gastric fluid 

diffusion and leaching of solid particles, resulting in an inability to mimic particle 

disintegration of food with compact structure (Kong & Singh, 2010).  

 As static digestion models cannot sufficiently mimic the physical breakdown of 

food, dynamic gastric digestion models have been developed to simulate the mechanical 

disintegration of solid food and allow for the dynamics of gastric mixing. Dynamic 

gastric models typically consist of a synthetic gastric compartment with moving 

components that simulate mechanical disintegration of food (Thuenemann, 2015). There 

are many types of in vitro dynamic gastric digestion models to simulate the human 

stomach, such as: the dynamic gastric model (Vardakou et al., 2011), the Human 

Gastric Simulator (Ferrua & Singh, 2015; Kong & Singh, 2010), and TIM advanced 

gastric compartment (Bellmann, Lelieveld, Gorissen, Minekus, & Havenaar, 2016). 

However, these models are customized and are complicated to develop. Therefore, to 

bridge the limitation of static model while considering the dynamics of pH in the 

stomach, a semi-dynamic digestion model has been introduced. This model is similar to 

static digestion model, but equipped with an overhead stirrer to cause mechanical 
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breakdown, gradual acidification of the system to mimic the dynamics of gastric pH, 

and sample withdrawal to simulate gastric emptying (Mulet-Cabero et al., 2020).  

      A detailed description of in vivo and in vitro methods is outside the scope of this 

review, and has been previously reviewed in detail (Bornhorst & Singh, 2014; Dupont 

et al., 2019; Muttakin, Moxon, & Gouseti, 2019; Shani-Levi et al., 2017). In selecting 

the appropriate method to monitor food breakdown during gastric digestion, it is 

important to consider the strengths and limitations of each method. The selection of the 

method and process parameters depends on the specific purpose to be achieved through 

the experiments. Therefore, in vitro and in vivo approaches need to complement each 

other to gain a better understanding of mechanisms of gastric digestion.  

2.4.2 Methods to quantify physical breakdown of solid foods during gastric 

digestion 

The process of physical breakdown and deconstruction of food structure during gastric 

digestion can be attributed to diffusion of gastric secretions into food particles, 

biochemical breakdown, mechanical breakdown, and gastric mixing (Bornhorst et al., 

2015; Somaratne, Ferrua, et al., 2020). Selection of the appropriate quantitative 

methods, what to measure, and which length scale of structure to characterize are 

necessary to understand the mechanisms of breakdown during digestion as impacted by 

food structure. A number of parameters can be measured to quantify and reflect gastric 

digestion phenomena at various structural levels in an in vivo or in vitro system (Table 

2.2). Characterization of physical breakdown process during gastric digestion may be 

more relevant if it is conducted at the meso- to macroscale, because samples can be 

analyzed without further particle size reduction or sample preparation, minimizing the 

interference of non-digestion related breakdown on the results. However, 

microstructural observation (Figure 2.3) and nanoscale measurement (e.g., extent of 
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starch hydrolysis) are often needed to complement the meso- and macrostructural 

observation. 

      In previous studies, parameters listed in Table 2.2 have been quantified at varying 

times during the digestion period to understand the kinetics of the gastric digestion 

process, rather than at the end of the gastric digestion period in the whole digestion 

process. Most of these parameters are suitable to be measured in vivo through animal 

models for accurate physiological characterization that is representative of gastric 

digestion and dynamic in vitro models for more specific breakdown observations. In 

addition, parameters relating to mechanical breakdown such as rheology and particle 

size may not be suitable to be studied in an in vitro static or semi-dynamic model, where 

the effect of grinding by gastric antrum is absent (Bornhorst & Singh, 2014), or not 

accurately represented. Although not all the parameters in Table 2.2 have been 

quantified specifically for starch-based foods, they can be used as a reference and are 

worth considering for future studies aiming to examine the physical breakdown of solid 

starch-based foods during gastric digestion.  

      The overall breakdown effect of gastric digestion on the physical changes of food 

can be observed through monitoring of rheological and textural changes in the gastric 

contents (Bornhorst, Ferrua, et al., 2013). Additionally, these parameters can also be 

used to isolate the effect of biochemical breakdown on the softening of the food matrix, 

such as in the work of Drechsler and Bornhorst (2018). However, characterizing the 

rheological characteristics of gastric digesta of solid meals can be a challenging task, 

because fundamental rheological tests on materials that contain large particles and 

separate rapidly are difficult to do accurately (Joyner, 2018). Meanwhile, food boluses 

commonly consist of particles with multi-modal distribution (Foschia, Peressini, 

Sensidoni, Brennan, & Brennan, 2014; Hoebler et al., 2000; Pallares Pallares, 
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Loosveldt, Karimi, Hendrickx, & Grauwet, 2019), making them inhomogeneous when 

they enter the stomach. To isolate the effects of mechanical breakdown, information on 

the mechanical breakdown behavior of food particles in the stomach and the mechanism 

of particles disintegration can be acquired through measuring particle size distribution 

of the digesta (Drechsler & Ferrua, 2016). Particle mechanical breakdown behavior in 

the stomach will influence the available surface area and the propensity for food 

particles to be hydrolyzed. 

      In addition to physical properties of the digesta, the overall breakdown behavior 

during gastric digestion may be monitored through tracking the uptake of digestive 

fluids (i.e., gastric secretions and saliva) into the food and gastric mixing. Diffusion of 

gastric secretions into food particles over time reflects the rate of mass transport 

between gastric secretion and the food matrix (Somaratne, Ferrua, et al., 2020), 

reflecting the moisture uptake behavior of the food particles. Moisture uptake behavior 

is particularly important for starch-based foods with compact or rigid cellular structures, 

as it enhances the breakdown of the food particles through swelling that weakens the 

bonds within the food matrix (Mennah-Govela & Bornhorst, 2016a; Somaratne, Ferrua, 

et al., 2020). When quantified in an in vitro system, moisture uptake behavior has been 

shown to influence the rate and mode of disintegration of the food particles during 

gastric digestion (Kong & Singh, 2009b). Gastric mixing affects intragastric pH 

distribution and residence time of the food particles in the stomach, and its 

quantification provides information on the local biochemical environment for food 

digestion (Bornhorst, 2017). For starch-based foods, gastric mixing determines whether 

the chemical degradation within certain location in the stomach is due to remaining 

salivary amylase activity or acid hydrolysis. Finally, to monitor the extent of starch 

digestion, starch hydrolysis of the digesta can be quantified (Freitas et al., 2018). The 
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susceptibility of the food particles in the digesta to hydrolysis can be estimated by 

standardizing the extent of hydrolysis with particle surface area (Hayes et al., 2020).  

 

2.5 Physical changes in the structure of starch-based foods during oral and 

gastric digestion 

2.5.1 Mastication (oral processing) 

The degree of physical breakdown and starch hydrolysis in starch-based foods during 

mastication is dependent on the chewing time, which reflects the contact time between 

salivary amylase and starch granules within the food particles in the oral cavity 

(Bornhorst & Singh, 2012). Although interindividual variations in chewing behavior of 

the same type of food have been reported in previous mastication studies, the chewing 

time has been consistently reported to be affected by the initial hardness and moisture 

content of the food (Iida, Katsumata, & Fujishita, 2011; Maeda et al., 2020; 

Moongngarm, Bronlund, Grigg, & Sriwai, 2012; Motoi, Morgenstern, Hedderley, 

Wilson, & Balita, 2013; Ranawana, Monro, Mishra, & Henry, 2010; van Eck et al., 

2019). The duration of chewing can be modified by the presence of added lubricating 

agents, such as in the case of toast consumed with butter (Gavião et al., 2004), cake pre-

moistened with water (Motoi et al., 2013), crackers topped with mayonnaise (van Eck et 

al., 2019), or by drinking immediately after the food enters the mouth. Based on 

previous studies on mastication of starch-based foods with varying bite size and 

moisture content, the contact time between salivary amylase and food particles for every 

bite of food can range from <5 s to 90 s until the food bolus is swallowed (Flynn, 2012; 

Huckabee et al., 2018).   
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Figure 2.3 Cooked rice grain as an example of the structure of starch-based foods at multiple length scales before and after in vitro or in vivo gastric digestion. Images shown 
are not necessarily from the same study and they are shown as representatives at each length scale. Amylose and amylopectin structures (a) were adapted from Wang, Li, et al. 
(2015). Growth ring and blocklet structures (b-d) were adapted from Dang and Copeland (2003). Scanning electron microscopy (SEM) image of isolated rice starch granules 
(e) was adapted from Li, Kong, et al. (2016). SEM images of the surface of undigested (f) and 30-min in vitro rice digesta (k) were adapted from Tamura, Singh, Kaur, and 
Ogawa (2016b). Confocal laser scanning microscopy (CLSM) image of undigested rice (g) was adapted from (Nawaz, Gaiani, Fukai, & Bhandari, 2016). SEM images of 
undigested (h-i) and 180-min rice in vitro digesta (l-m) were adapted from Wu, Deng, et al. (2017). Swine 120-min digesta image (n) was adapted from Bornhorst, Chang, 
Rutherfurd, Moughan, and Singh (2013). 
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Table 2.2 Experimental approaches to monitor physical changes during gastric digestion of solid or semi-solid foods, not limited to starch-based foods. For the definition of 
length scale of structural breakdown characterized, see Figure 2.1 and Figure 2.3. 

Phenomena Parameter 
monitored Method used 

Type of study Length scale of 
structural 

breakdown 
characterized 

Examples of work In vitro-
static/semi-

dynamic 

In vitro- 
dynamic 

In vivo - 
animal 

In vivo - 
human 

Gastric secretion 
incorporation 

Moisture content 
Gravimetric (oven 
drying) until 
constant mass 

v v v  Micro 

(Bornhorst, Ströbinger, Rutherfurd, 
Singh, & Moughan, 2013; Kong, 
Oztop, Singh, & McCarthy, 2011; 
Kong & Singh, 2009a)  

Bolus acidity 
(expressed as 
titratable acidity) 

Titration v    Micro 
(Mennah-Govela, Bornhorst, & Singh, 
2015) 

Gastric acid addition Titration of gastric 
content    v Macro (Fordtran & Walsh, 1973) 

Volume of gastric 
secretions addition 

Echo-planar 
imaging    v Macro (Marciani, Gowland, Spiller, et al., 

2001) 

Gastric pH kinetics 
Measurement with 
wireless pH 
capsule 

  v v Macro 
(Mikolajczyk et al., 2015; Reynaud et 
al., 2020) 

Gastric mixing 

Mixing index (based 
on marker 
distribution in the 
stomach) 

Indigestible 
marker analysis   v  Macro 

(Bornhorst, Rutherfurd, et al., 2014) 

pH values at different 
locations in the 
stomach 

pH mapping   v  Macro 
(Bornhorst, Rutherfurd, et al., 2014; 
Nau et al., 2019) 

Meal dilution factor Echo-planar 
imaging    v Macro (Marciani, Gowland, Spiller, et al., 

2001) 

Mechanical breakdown 
only/ combined effect of 
chemical and mechanical 
breakdown 

Particle size 
distribution 

Image analysis v v v  Macro 
(Bornhorst, Kostlan, & Singh, 2013; 
Swackhamer, Zhang, Taha, & 
Bornhorst, 2019) 

Laser diffraction v v v 
v Meso (Bornhorst, Ferrua, et al., 2013; Guo 

et al., 2015; Hoebler et al., 2002; 
Tamura et al., 2016a; Wang,  

(continued) 
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Phenomena Parameter 
monitored Method used 

Type of study Length scale of 
structural 

breakdown 
characterized 

Examples of work In vitro-
static/semi-

dynamic 

In vitro- 
dynamic 

In vivo - 
animal 

In vivo - 
human 

Ichikawa, et al., 2015) 

Sieving  v v  Macro, meso (Bornhorst, Roman, Dreschler, & 
Singh, 2014; Kozu et al., 2015) 

Particle half-
residence time 

Echo-planar 
imaging    v Macro (Marciani, Gowland, Fillery-Travis, et 

al., 2001) 
Number of intact 
particles Sieving  v   Macro, meso (Wang, Kozu, Uemura, Kobayashi, & 

Ichikawa, 2021) 
Biochemical breakdown 
only/ combined 
biochemical and 
mechanical breakdown 

Starch hydrolysis 
Reducing sugar 
assay 
 

v v v  Nano 

(Freitas et al., 2018; Hayes et al., 
2020; Wu, Deng, et al., 2017) 

Biochemical breakdown 
only/ combined effect of 
biochemical and 
mechanical breakdown 

Textural attributes 
(hardness, 
compression work) 

Texture analysis v v v  Macro 

(Bornhorst, Ferrua, et al., 2013; 
Drechsler & Bornhorst, 2018; Kong et 
al., 2011) 
 

Combined effect of 
biochemical and 
mechanical breakdown 

Rheological 
properties 
(storage/loss moduli, 
viscosity, shear 
stress) 

Rheometer  v v  Macro 

(Bornhorst, Ferrua, et al., 2013; 
Martens, Noorloos, et al., 2019; Nau 
et al., 2019; Villemejane, Wahl, 
Aymard, Denis, & Michon, 2015; Wu, 
Deng, et al., 2017) 

Absolute viscosity at 
certain shear rate Viscometer   v  Macro (Guerin et al., 2001; Patarin, Blésès, 

Magnin, Guérin, & Malbert, 2015) 
 

Table 2.2 (continued) 
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      Following the effect of mastication on gastric emptying, the next question is how 

mastication affects glucose release and absorption in the small intestine, which has been 

studied widely in vitro (Foschia et al., 2014; Gao et al., 2019; Gao et al., 2021; Tamura 

et al., 2017), but not extensively studied in vivo. Previous human studies have shown 

that higher extent of particle size reduction by mastication decreases the gastric 

emptying rate and increases the glycemic response of starch-rich foods (Ranawana, 

Clegg, Shafat, & Henry, 2011; Read et al., 1986; Zhu et al., 2014) although this 

relationship was later found to be food-dependent. For instance, a higher degree of 

mechanical disintegration during mastication was found to increase the glycemic 

response of white rice, but a similar observation was not found in spaghetti (Ranawana, 

Henry, et al., 2010). Although the authors stated some possible reasons that led to the 

different trends, a possible link to gastric emptying rate of the food products was not 

considered. These findings indicate that the relationships between food structure, bolus 

properties (particularly their particle size and release of starch granules from the food 

matrix), gastric emptying rate, and small intestinal digestion are not fully understood, 

thus future studies are required in this area. 

2.5.2 Gastric digestion 

Studies on gastric digestion of starch-based foods have demonstrated that food 

breakdown behavior plays a key role in the gastric emptying rate and should be 

understood in detail for foods of varying structures. The food breakdown behavior can 

be affected by what occurs during gastric digestion, including: remaining salivary 

amylase activity, mechanical breakdown by gastric contractions, and hydrolysis by 

gastric acid and enzymes. In vitro studies have shown that different physical breakdown 

behavior of foods may be related to their gastric emptying rate. For example, Drechsler 

and Bornhorst (2018) identified that pretzel, couscous, white rice, brown rice, quinoa, 
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and pasta had different softening rates (fast, intermediate, and slow softening 

categories) during a static in vitro gastric digestion experiment. In other studies using 

dynamic gastric digestion models, Wang, Ichikawa, et al. (2015) and Kong et al. (2011) 

reported that brown rice underwent slower diffusion of gastric juice into the rice kernel, 

which resulted in less acid hydrolysis, textural changes, solid leaching, and granule 

swelling than white rice.  

 Although most gastric digestion studies examining breakdown of solid starch-based 

foods were conducted using in vitro systems, in vivo studies using animal models have 

also suggested that the physical changes during gastric digestion influence the gastric 

emptying rate of solid particles in the stomach. In a study using growing pigs, Guerin et 

al. (2001) found that diets that resulted in gastric content of higher viscosity (after being 

diluted with gastric secretions) had slower gastric emptying rate; this higher viscosity 

did not necessarily depend on the fiber content or initial viscosity of the diets. However, 

also using a growing pig model, Martens, Noorloos, et al. (2019) found that the 

rheological properties of the gastric digesta (represented by shear stress measured at 1 

Hz,  close to the natural frequency of the forces applied by the GIT wall) could only 

partially explain the variations in the gastric emptying rates of cereal-based diets from 

different starch sources (barley, maize, and high-amylose maize) with different forms 

(extruded cereal, ground cereal, isolated starch). Further, it was reported that the 

variations in gastric emptying rate had better correlation with the moisture uptake of the 

diets during gastric digestion. While a clear connection between food breakdown 

behavior and gastric emptying rate is yet to be established, these studies suggest the 

potential of food breakdown rate in the stomach as a reflection of the gastric emptying 

rate. 
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 With the use of various in vitro and in vivo approaches to investigate gastric 

digestion, it is necessary to assess if they can produce similar output parameters. Wang, 

Ichikawa, et al. (2015) reported slower dry matter emptying of brown rice compared to 

white rice in the in vitro dynamic model, which agrees with trends in the gastric 

emptying of brown- and white rice in humans (Pletsch & Hamaker, 2018). However, 

the dry matter emptying rate of brown and white rice in growing pig model was 

reported to be not significantly different (Bornhorst, Ferrua, et al., 2013). In another 

study, Hayes et al. (2020) reported that millet couscous disintegrated faster and thus 

underwent faster dry matter emptying than wheat couscous in a dynamic gastric 

digestion model.  The observed trend in the emptying rate of the tested products was in 

contrast with gastric emptying trend from a human study with similar food products 

(Cisse et al., 2018). These findings imply that the current in vitro gastric digestion 

methods might have not been designed to fully mimic what happens during the actual 

digestion (i.e., in vivo system), due to the absence of physiological-related aspects that 

can affect the process. Furthermore, this inconsistent agreement between in vitro and in 

vivo models suggests the need for additional studies or considerations to correlate in 

vitro and in vivo results (for additional information, see Section 2.7). 

  One of the physiological aspects of the stomach that have not been fully considered 

in in vitro gastric digestion model is the role of functional regions of the stomach in the 

physical breakdown of solid starch-based foods. A study using a growing pig model by 

Bornhorst, Ferrua, et al. (2013), in which the pigs were fed with cooked brown- and 

white rice as intact grains, found distinct breakdown behavior of the study diets in the 

proximal and distal stomach.  It was reported that the extent of physical breakdown of 

brown- and white rice was greater in the distal stomach, as reflected by lower resistance 

to flow, greater texture softening of intact food particles, and higher particle size of 
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gastric content from the distal stomach than from the proximal stomach. In a separate 

study from the same group, it was reported that the mixing of gastric content (tracked 

with intragastric indigestible marker and intragastric pH distributions) was lower in the 

proximal stomach. The extent of mixing correlated well with the rheological properties 

of the gastric content in the different stomach regions, where lower resistance to flow 

enhanced gastric mixing. This latter study also reported that the pH in the proximal 

region was maintained at above pH 3 until 120 min of digestion, which may have 

further implications on physical changes in the stomach due to biochemical breakdown 

(Bornhorst, Rutherfurd, et al., 2014). 

      While the physical breakdown of solid food in the stomach is known to be the result 

of mechanical and biochemical breakdown, the biochemical breakdown of starch-based 

foods in the stomach is less well-understood. The contribution of the stomach to starch 

digestion is generally considered minimal due to the low pH (Brownlee et al., 2018) and 

the proteolytic activity of pepsin in gastric secretions; both of which can lead to the loss 

of salivary amylase activity (Mackie, 2019). However, various in vivo and in vitro 

studies have suggested that a considerable amount of starch may be hydrolyzed by 

remaining salivary amylase activity during gastric digestion, which can be attributed to 

the slow mixing of gastric secretions with the ingested food bolus (Bergeim, 1926; 

Freitas & Le Feunteun, 2019; Freitas et al., 2018; Gao et al., 2021; Woolnough, Bird, 

Monro, & Brennan, 2010; Wu, Deng, et al., 2017). 

      Although acidic gastric secretions are added continuously to ingested food during 

gastric digestion, the mixing between gastric secretions and the food bolus in the 

stomach occurs gradually rather than instantaneously (Spiller & Marciani, 2019). This 

gradual mixing results in heterogeneous intragastric pH profile between the proximal 

and distal regions of the stomach when complete mixing has not been achieved, as 
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demonstrated in studies in growing pigs (Bornhorst, Rutherfurd, et al., 2014; Nau et al., 

2019) and humans (Simonian et al., 2005). Nevertheless, the consequence of the distinct 

mixing profile in different stomach regions on the biochemical breakdown of starch in 

the food bolus has not been fully examined and requires future investigation.  

      The mechanism of gastric mixing causes a slow dilution of food boluses from the 

periphery towards their interior (Spiller & Marciani, 2019), which means the 

cohesiveness of food bolus from mastication may determine the rate of its dilution by 

gastric secretions. As a result, the food bolus softening process due to biochemical 

breakdown by salivary amylase can still continue during gastric digestion, as long as the 

pH within the bolus is maintained within the activity range of salivary amylase 

(Brownlee et al., 2018). This process may be impacted by the buffering capacity of food 

or food bolus, as it may influence the rate of gastric secretions during digestion, which 

can subsequently affect the rate of food bolus dilution in the stomach and intragastric 

pH for enzymatic hydrolysis (Mennah-Govela & Bornhorst, 2021). Additionally, the 

presence of salivary amylase in the food bolus was found to enhance the diffusion rate 

of acid into cooked rice boluses in vitro (Mennah-Govela et al., 2015). Previous studies 

have shown that salivary amylase remained active for up to 15 to 30 min during in vitro 

gastric digestion. Despite the short duration, this remaining amylolytic activity was 

found to hydrolyze 15 to 80% starch in baguette, bread, chickpea, mashed/boiled potato, 

pasta, and cooked wheat grain (Bergeim, 1926; Freitas & Le Feunteun, 2019; Freitas et 

al., 2018; Gao et al., 2021; Woolnough et al., 2010).  

      Another in vitro study reported that the inactivation of salivary amylase at pH 3 was 

slowed down in the presence of polysaccharides and oligosaccharides, which are the 

product of starch amylolysis (Rosenblum, Irwin, & Alpers, 1988). Since these studies 

were not conducted in a food matrix rich in dietary fiber (i.e., starch consumed in its 
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      The impact of diffusion of gastric acid on starch digestion, although not clearly 

understood, may be related to the degradation of the matrix entrapping starch granules 

followed by acid hydrolysis of the released starch granules from the matrix. In vitro 

studies where cooked sweet potatoes (fried, steamed, or boiled) were incubated with 

simulated saliva for 30 s, followed by incubation in excess simulated gastric fluid for up 

to 240 min, reported cell wall rupture and starch degradation under light microscopy 

after 240 min of digestion (Mennah-Govela & Bornhorst, 2016a, 2016b). Another in 

vitro digestion study using Granny Smith apples, which represent a rigid cellular matrix 

containing starch granules, reported that the softening and structural changes of the 

rigid matrix after soaking in simulated gastric fluid may be attributed to solubilization 

of pectin (a large component of apple tissue) due to acidic gastric conditions (Olenskyj, 

Donis-González, & Bornhorst, 2020). Although the starch degree of hydrolysis was not 

measured in these studies, the microstructural changes caused by the diffusion of 

simulated gastric fluid might have an impact on the susceptibility of starch granules to 

acid hydrolysis and subsequent small intestinal digestion. However, the impact of 

gastric acid on starch hydrolysis remains an area for future investigation in controlled in 

vitro conditions to support these hypotheses.  

      These possible combinations of remaining salivary amylase activity, enhanced acid 

hydrolysis efficiency, and reduced rate of salivary amylase inactivation may work to 

enhance the softening process of the food bolus in the stomach. Subsequently, 

mechanical breakdown processes and gastric mixing in the distal stomach may be 

accelerated, with potential alterations in gastric emptying. However, the mechanism of 

accelerated food breakdown due to continuing amylolysis in the stomach requires future 

investigation. Due to the changes that occur in starch-based foods in the mouth and 

stomach, the extent of physical breakdown during mastication and gastric digestion will 
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classification systems have been widely used for nutritional purpose, they do not 

necessarily reflect the intrinsic property of the starch because the actual rate of starch 

digestion is affected by enzyme:substrate ratio, solution conditions, degree of intactness 

of the food matrix used for the test, and interindividual variations (Dhital et al., 2017).  

Using in vitro and in vivo approaches, together with these starch digestibility 

classifications, researchers have identified food structure-related factors that affect the 

digestibility of starch-based foods. These factors include: native starch characteristics 

(amylose and amylopectin content, granular starch structure, starch granule size, degree 

of crystallinity); processing methods and conditions (determines degree of starch 

gelatinization, intactness of the gross matrix and whole grain structure, entrapment of 

starch granules in the food matrix, and interaction between starch and non-starch 

components in the food matrix), storage method and conditions (determines 

retrogradation of the molecular structure), and external factors such as the presence of 

added fibers, acid, or amylase inhibitor in the food matrix process, which have been 

previously reviewed (Arvidsson-Lenner et al., 2004; Dhital et al., 2017; Magallanes-

Cruz et al., 2017; Parada & Aguilera, 2011; Pellegrini et al., 2020; Singh et al., 2010). 

The combination of these factors creates food matrices with different complexities at 

the microstructural level and different accessibility for enzymatic digestion, affecting 

the glycemic response of the food. In addition to food-related factors, the glycemic 

response of starch-based foods may also be influenced by the physical breakdown 

during mastication and gastric digestion, as previously discussed (Section 2.5), as well 

as gastric emptying rate of the foods.  
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2.6.1 The importance of food structure on gastric emptying rate and glycemic 

response 

Gastric emptying rate has been reported to account for 35% of the variations in intra-

individual glycemic response profile in healthy subjects and those with early type 2 

diabetes (Horowitz, Edelbroek, Wishart, & Straathof, 1993; Jones et al., 1996). This 

variation in gastric emptying rate and glycemic response cannot be separated from the 

initial structure of the food (Arvidsson-Lenner et al., 2004). There have been previous 

examinations of the gastric emptying rate and glycemic response of starch-based foods 

as affected by food structure (Table 2.4). In general, gastric emptying rate and glycemic 

response have been shown to have a proportional relationship (i.e., foods with slow 

gastric emptying rate have lower glycemic response) and vice versa (Bornhorst & 

Singh, 2012). As an alternative to gastric emptying rate, the term gastric emptying half-

time is also often used. Since the gastric emptying half- time increases when the gastric 

emptying rate decreases, the gastric emptying half-time has been inversely correlated 

with glycemic response.  

      The relationships between gastric emptying rate and glycemic response of starch-

based foods can be related to their structural differences at multiple length scales. 

However, many studies on gastric emptying and glycemic response relationships were 

conducted using foods that do not require size reduction in the stomach (due to their 

small particle size). For example, it was found that mixed meals containing of mashed 

white kidney bean or mashed potato flakes (i.e., similar physical forms) had the same 

gastric emptying rate, but the potato meal exhibited higher glycemic response than the 

bean meal (Torsdottir et al., 1989). The glycemic response of the potato meal was found 

to have a negative correlation with its gastric emptying rate, but no correlation was 

found for the bean meal. The microstructural nature of legume starch, which has higher 
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structural integrity of cells that entrap the starch granules, was hypothesized to be the 

reason for slower hydrolysis and subsequent glycemic response in the kidney bean meal 

(Torsdottir et al., 1989). Similarly, Cisse et al. (2018) reported that traditional Malian 

foods (in the form of sorghum- and millet-based thick porridge or couscous) exhibited 

slower gastric emptying rate when compared to other common carbohydrate sources 

with larger particle size, such as rice, potatoes, and pasta. They speculated that the slow 

gastric emptying rate could possibly lead to lower glycemic response. It was also 

hypothesized that the slower gastric emptying rate was influenced by the intrinsic slow 

hydrolysis rate of millet and sorghum starches, indicating the microstructure of these 

botanical sources of starch had a greater effect on gastric emptying rate and glycemic 

response than the macrostructural differences. These studies suggest that when gastric 

emptying rate and glycemic response are not affected by macrostructural differences, 

then assessment at microscale (e.g., network between starch and other food 

components, morphological characteristics) or nanoscale (e.g., crystallinity of the starch 

granule) level should be considered to explain potential differences between different 

food matrices. While it may be true that microstructural differences lead to different 

starch digestibility, many starch-based foods require further particle size reduction (i.e., 

macrostructural breakdown) prior to gastric emptying. Therefore, macrostructural 

differences should also be looked at in examining the digestion of starch-based foods. 

      Food particle size and viscosity are macrostructural aspects that have been reported 

to cause differences in the gastric emptying rate and glycemic response of solid and 

semi-solid starch-based foods. Previous gastric emptying studies using semi-solid test 

meals of varying viscosity reported a temporary delay or small effect of meal viscosity 

on gastric emptying (Marciani et al., 2000; Marciani, Gowland, Spiller, et al., 2001; 

Zhu, Hsu, & Hollis, 2013), as gastric secretions could rapidly dilute the meals due to 
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their semi-solid consistency. Contradictory to these studies, Wolever et al. (2019) 

reported a delay in the gastric emptying half-time of breakfast cereals (semi-solid) with 

higher viscosity, which were consumed with bread (solid), and the delay was consistent 

until 90 min after consumption of the meals. The study also reported that higher 

viscosity of the semi-solid phase of the test meals led to lower glycemic response of the 

meals. However, no significant correlation between the gastric emptying half-time and 

glycemic response was found because the gastric emptying quantification method used 

in the study (13C breath test) only reflected the emptying of the semi-solid portion of the 

meals.  

 

Table 2.4 Previous investigations on the relationship between food structure, gastric emptying rate 
(GER), and glycemic response (GR) of starch-based foods. 

Test foods 
GE 

measurement 
method 

Finding Reference 

Cooked pasta, mashed 
potatoes, cooked rice, 
French bread 

Scintigraphy Maximum variation in the GR of the 
test foods (bread > mashed potato > 
rice > spaghetti) was negatively 
correlated with GE half-time of the 
foods (spaghetti > rice > mashed potato 
> bread). 
The different GE emptying half-time 
and GR of the test meals was 
hypothesized to be caused by the 
difference in the initial particle size of 
the test foods.  
 

(Mourot et al., 
1988) 

Potato flakes, bean flakes in 
mixed meal (with fried 
beef) 

Scintigraphy Although in flaked form, beans still 
maintain their slow-release properties 
(GR potato flakes > bean flakes).  
GER cannot explain the differences 
between potato and bean flakes because 
both meals were emptied virtually at 
the same rate. 
 

(Torsdottir et 
al., 1989) 

Steamed rice, congee, high 
and low-concentration 
glucose solution 

Scintigraphy Steamed rice caused higher incremental 
GR than congee. 

(Chang, 
Passaro, Shain, 
& Chen, 1991) 

Wholemeal pasta served 
with sides of high fiber 
content (high fiber meal), 
white pasta served with 
sides of low fiber content 
(low fiber meal) 
 

Real-time 
ultrasonography 

Removal of fiber from the meal caused 
significant increase in GER and higher 
postprandial peak GR. Fiber presents 
naturally in food delayed the return of 
hunger. 

(Benini et al., 
1995) 

 (continued) 
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      The contradictory trends reported in these studies highlight the potential importance 

of intragastric dilution of meals and its potential link with gastric emptying and 

glycemic response, and represent a topic of future investigation. Previous studies have 

reported variations in intragastric dilution of a meal with gastric secretions between 

high and low viscosity meals (Marciani, Gowland, Spiller, et al., 2001), but these 

reports did not link the rate and extent of intragastric dilution to gastric emptying or 

glycemic response of meals. Future studies are recommended to investigate the 

relationships between meal properties, intragastric dilution and subsequent viscosity 

changes, gastric emptying, and glycemic response.  

      Previous studies using growing pig models (Section 2.5.2) suggested that compared 

to the meal initial viscosity, the rheological properties of gastric content (i.e., meal 

mixed with gastric secretions) as a result of gastric digestion are more critical to gastric 

emptying than the initial meal viscosity. In a study where growing pigs were fed with 

hydrated powdered diets of different rheological properties, Wu et al. (2016) suggested 

that the pig stomach can maintain a rheological homeostasis of the gastric digesta, 

regardless of the viscosity of the diet, through the regulation of various factors including 

gastric secretory response. However, the design of this study was intended to maintain a 

constant digesta flow, and made it difficult to observe the effect of gastric sieving and 

emptying on the digesta rheological properties.  

      In another study on a single meal, it has been reported that the rheological properties 

of gastric content may be affected by meal initial properties, amount of gastric 

secretions, extent of intragastric dilution, and gastric sieving (Wolever et al., 2019). A 

gastric emptying study using MRI by Marciani et al. (2012) revealed that a meal 

consumed in puréed form had slower gastric emptying rate than the same meal 

consumed as solids eaten with a liquid (water). While the solid/liquid meal underwent 
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size of food is more significant to glycemic response than the presence of fiber in the 

food when the other physical properties are similar. It was also hypothesized that the 

breakdown that occurred in the stomach might have occurred in such a way that resulted 

in equal gastric emptying rate for all test foods used in the study. Although the 

breakdown mechanisms of the test foods in the study by Pletsch (2018) were not 

investigated, the finding signifies that the size of particles emptied from the stomach, 

which may be affected by physical breakdown during gastric digestion, is crucial to the 

subsequent starch hydrolysis in the small intestine.  

      From these discussions, it is hypothesized that food structure, gastric emptying rate, 

and glycemic response can be linked in various ways:  

(1) when ingested food enters the stomach as a non-cohesive mixture and needs further 

macrostructural breakdown in the stomach, the gastric emptying rate and glycemic 

response may be governed by the rate of food breakdown in the stomach and 

gastric sieving;  

(2) when ingested food enters the stomach as a cohesive mixture (as a result of 

mastication or because of its initial homogeneous physical state), the effect of 

gastric sieving may be minimal and the rheological properties of the digesta may be 

a limiting factor for gastric emptying rate and glycemic response; and  

(3) when the initial particle size of the food is small enough to be emptied from the 

stomach without further mechanical breakdown, the glycemic response may be 

affected by the starch hydrolysis rate during intestinal digestion (which can be 

limited by the size and/or microstructure of the solid particle) and their impact on 

physiological responses that regulate gastric emptying rate.  

Food structuring strategy from the microstructural aspects to modulate glycemic 

response have recently been reviewed (Korompokis, Verbeke, & Delcour, 2021). Future 
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work is needed to better characterize and explore the relationships between food 

structure from the macrostructural aspects, gastric emptying rate, and glycemic 

response, as previous studies have shown different trends for different products and 

experimental designs. 

2.6.2 Gastric breakdown behavior, gastric emptying rate and glycemic response 

Studies shown in Table 2.4 have not directly linked the glycemic response and gastric 

emptying rate or half-time of starch-based foods with their breakdown behavior during 

gastric digestion, although some of the studies implied the potential contribution of 

physical breakdown during gastric digestion to gastric emptying. Meanwhile, some 

gastric digestion studies suggest that gastric breakdown behavior (the physical changes 

of food during gastric digestion) may play a critical role in understanding the link 

between food structure, gastric emptying, and glycemic response. For example, 

Drechsler and Bornhorst (2018) showed that the different softening rates of pretzel, 

couscous, white rice, brown rice, quinoa, and orzo pasta in a static in vitro gastric 

digestion model were proportional to previously published glycemic indices for similar 

foods, except for orzo pasta.  

      Several studies using brown and white rice also suggest the link between gastric 

breakdown mechanisms and gastric emptying. In both in vitro dynamic gastric digestion 

system (Kong et al., 2011; Wu, Deng, et al., 2017) and in vivo growing pig model 

(Bornhorst, Rutherfurd, et al., 2014), it was demonstrated that brown rice broke down 

differently from white rice during gastric digestion. Furthermore, the study using 

growing pig model also showed that the breakdown mechanism of brown rice occurred 

in such a way that the bran layer was retained in the distal stomach, resulting in a slower 

gastric emptying of protein in brown rice (Bornhorst, Chang, et al., 2013). However, the 

emptying rates of dry matter and starch were similar for brown- and white rice, which 
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can be linked to the similar glycemic responses between brown- and white rice of the 

same varieties (Atkinson, Foster-Powell, & Brand-Miller, 2008). On the other hand, in a 

human study using different varieties of brown- and white rice, Pletsch and Hamaker 

(2018) found that even with similar amount of SDS and RDS (i.e., minimal 

microstructural differences), brown rice had slower gastric emptying rate than white 

rice. It was hypothesized that the slower gastric emptying rate was due to the different 

physical breakdown between brown- and white rice, which can partially explain lower 

glycemic response in brown rice of certain varieties.  

 Despite results from previous studies that show a potential relationship between 

gastric breakdown behavior and glycemic response of starch-based foods, there have 

been some conflicting findings between in vitro gastric breakdown behavior and in vivo 

glycemic response. For example, Nordlund, Katina, Mykkanen, and Poutanen (2016) 

compared the extent of disintegration of various types of bread (made of rye or wheat) 

in a static in vitro gastric digestion setup with in vivo glycemic response in healthy 

subjects. Rye sourdough bread (with a dense structure) was chewed less by human 

participants and thereby disintegrated to a much lower extent during in vitro gastric 

digestion than refined wheat bread (with a very porous structure). However, the in vivo 

glycemic responses of both products were found to be similar, regardless of the 

differences in their in vitro breakdown behavior and initial food structure. The slower 

disintegration property of rye bread was hypothesized to induce lower insulin response 

as it disintegrated in the stomach, which lead to lower blood glucose clearance rate.  

 In another study, Hayes et al. (2020) found that millet couscous broke down and 

emptied faster than wheat couscous, but underwent slower hydrolysis in a dynamic in 

vitro gastric digestion model. On the other hand, a human study using similar foods 

showed that millet couscous had very slow gastric emptying half-time (Cisse et al., 
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2018). The slow gastric emptying of the millet couscous was hypothesized to induce 

lower glycemic response due to its slow digestion rate and the presence of the ileal 

brake, which was only partially captured in the in vitro study by Hayes et al. (2020). 

Based on these conflicting results between in vitro breakdown behavior and in vivo 

gastric emptying and glycemic response, there are many factors that need to be 

considered in understanding the effect of food structure on its behavior during 

digestion. One of them may be related to gastric sieving, which leads to selective 

emptying of food particles and may interact with hormonal feedback by the small 

intestine (see Section 2.3.2). This gastric sieving effect may not be perfectly simulated 

in in vitro models. However, with the right experimental approach to capture the 

breakdown behavior of particles in the gastric phase, correlation between in vitro and in 

vivo data may be drawn. 

 

2.7 In vitro-in vivo correlation (IVIVC) in starch digest ion 

2.7.1 Common in vitro methods for starch digestion and their correlation to in 

vivo glycemic response 

The GI and GL have been used as a guide to food selection, especially for people with 

diabetes. Foods with low GI and GL may be beneficial for blood glucose and lipid 

management (Venn & Green, 2007). Various food products (>750 types) have been 

tested for their GI and GL in human subjects, resulting in international tables of GI and 

GL for healthy and diabetics adults in the literature (Foster-Powell, Holt, & Brand-

Miller, 2002), indicating that the prediction of GI and GL is an important component in 

starch digestion studies. However, it is not practical to always conduct human studies to 

provide GI and GL of new food products due to time- and resource-related constraints. 

Consequently, in vitro methods have become a preferred approach to predict the GI and 
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GL of starch-based foods (Brand-Miller & Holt, 2004). There have been numerous in 

vitro digestion methods introduced to predict in vivo GI and GL such as the widely used 

in vitro Englyst assay to determine nutritionally important fractions in starch (Englyst et 

al., 1992) and the hydrolysis index method (Goñi, Garcia-Alonso, & Saura-Calixto, 

1997). Other available methods (described in detail in a review by Woolnough, Monro, 

Brennan, and Bird (2008)), and several more recent methods have also been used 

(Argyri, Athanasatou, Bouga, & Kapsokefalou, 2016; Bellmann, Minekus, Sanders, 

Bosgra, & Havenaar, 2018; Monro, Mishra, Blandford, Anderson, & Genet, 2009).  

      Previous studies on the comparison between in vitro and in vivo glycemic responses 

of various food products (Table 2.5) reported a high in vitro-in vivo correlation based on 

a generalized comparison between data from many food types. While there are data 

points from certain food types that deviate from the correlation, their deviations from 

the correlation were counterbalanced by the data points that that exhibit similar in vitro-

in vivo correlation. Without accounting for certain food types that deviate from the in 

vitro-in vivo correlation, this generalization may cause misprediction of the in vivo 

glycemic response of certain food products (Ferrer-Mairal et al., 2012; Venn et al., 

2006). The deviation of certain food products from generalized correlations may 

suggest that some foods have different breakdown mechanism due to their structure that 

occur in vivo and are not mimicked during in vitro studies. The contribution of food 

breakdown in the in vitro system on the predicted glycemic response has not been 

examined in detail in the previous studies and is an area for future research. 
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Food Digestion method Finding Reference 
Kempen et al. (2010)) 
 

frozen samples complied better with 
in vivo GI. Predicted GI using fresh 
samples was lower than in vivo GI. 

Witthöft, 
2020) 

 

2.7.2 Development of IVIVCs in starch digestion studies for future food structure 

development 

With the increasing use of in vitro models to predict in vivo nutrient bioavailability and 

absorption, it is necessary to validate the reliability of the in vitro models through in 

vivo studies (Bornhorst & Singh, 2014), which can be done through establishing an in 

vitro-in vivo correlation (IVIVC). The term IVIVC was first introduced in the 

pharmaceutical field, but researchers in food area are now looking towards the same 

direction as a tool for food product development (Bornhorst et al., 2015). In the 

guidance for developing an IVIVC for an extended release oral dosage, United States 

Food and Drug Administration (FDA) defined that the goal of an IVIVC is to accurately 

and precisely predict the expected bioavailability characteristics for a product from 

dissolution profile characteristics (FDA, 1997). The main objective of IVIVC 

development and evaluation for pharmaceutical products is to establish in vitro 

dissolution tests as a surrogate for human bioequivalence studies. An IVIVC will allow 

for reduction of the number of human studies performed during the initial approval 

process of a new formulation of an oral dosage as well as during certain scale-up and 

post-approval charges (FDA, 1997). The levels of correlation range from a point-to-

point relationship between in vitro dissolution rate and in vivo plasma drug 

concentration to limited or no meaningful correlation between in vivo and in vitro data. 

The highest correlation (point-to-point IVIVC) means that in vitro dissolution 

experiments are sufficient to reflect the drug absorption in vivo, despite intra- and inter-

individual variations that may affect drug bioavailability, thus reducing the need for 

 Table 2.5 (continued) 
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intestinal glucose utilization had a greater contribution to the estimation of in vivo 

glycemic response (van Kempen et al., 2010). Similarly, classification of starch-based 

foods based on their softening rate during in vitro gastric digestion (Drechsler & 

Bornhorst, 2018) was inversely proportional to the reported glycemic indices of the 

foods, except for orzo pasta that slightly deviated from the trend. These studies suggest 

the need to incorporate the aspect of food breakdown behavior in the stomach and/or 

gastric emptying rate to the prediction of in vivo glycemic response rather than food 

structure alone, to take into account the rate of release of material to the small intestine.  

      To provide justification in establishing an IVIVC, Bornhorst et al. (2015) proposed 

a food breakdown classification system (FBCS) to classify solid foods according to 

their initial hardness and rate of softening under physiological gastric conditions, which 

is expected to allow for prediction of in vivo gastric breakdown behavior. The concept 

was developed based on previous in vitro gastric digestion studies that examined 

changes in food texture along with food particle disintegration, which are affected by 

several factors, such as initial moisture content and structure (Bornhorst et al., 2015). 

According to this framework, whether an IVIVC will be possible for certain food 

products is predicted by the FBCS class. The FBCS class is determined based on the 

food initial hardness and rate of softening, and can also help predict the rate-limiting 

mechanism of breakdown during gastric digestion (Table 2.6). Similar to IVIVCs in the 

pharmaceutical industry, it is worth noting that not all food structures will have a direct 

IVIVC. The FBCS is a concept that still needs further refinement and validation with 

more in vivo data (Bornhorst et al., 2015). However, the FBCS has been shown to be 

comparable with in vivo data of rheological properties and gastric emptying rate of 

white and brown rice (Bornhorst, Chang, et al., 2013) or almonds in growing pigs 

(Bornhorst, Roman, et al., 2014). This framework may potentially be applied in 
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developing an IVIVC for starch digestion, with an extended application to glycemic 

response prediction of starch-based food products.  

 
Table 2.6 The food breakdown classification system (FBCS) framework (Bornhorst et al., 2015). 

Class Initial 
hardness 

Rate of 
softening Rate limiting mechanism 

In vitro-in vivo 
correlation 
expectation 

Examples of 
food product 

I High Fast Dissolution rate and/or 
gastric emptying 
 

Yes Pretzel, candy 

II  Medium Fast Cellular 
disruption/breakdown 

Yes, if cellular 
disruption achieved 
in vitro 
 

Apple, cooked 
white rice 

III  Low Fast Dissolution & cellular 
disruption 

Yes, if cellular 
disruption achieved 
in vitro 
 

Soft fruits, 
cooked 
vegetables 

IV High Slow Macro-structural breakdown 
& acid absorption 
 

No Seeds/nuts 

V Medium Slow Macro-structural breakdown 
& dissolution 

Yes, if dissolution 
rate is greater than 
macro-structural 
breakdown 
 

Cooked pasta, 
brown rice 

VI  Low Slow Macro-structural breakdown No Cooked meat 
  

2.8 Considerations in developing IVIVC of starch-based foods with gastric 

digestion 

While quantification of food breakdown during gastric digestion may provide a better 

IVIVC for starch-based foods tested in an in vitro digestion system, the digestion 

process parameters need to be mimicked properly to draw valid conclusions relating to 

the breakdown behavior of the food. With the function of the stomach as the major site 

of physical breakdown of food and the gastric digestion mechanism of the stomach, 

factors related to the physiology of the organs that can impact the gastric breakdown 

mechanism should be considered. Meal size, particle size after mastication, mixed-meal 

effects, and the state of the stomach prior to meal consumption are some of the factors 

to be considered in assessing the effect of gastric digestion on glycemic response. This 

section provides representative examples of previous studies demonstrating the 
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2.8.2 Effect of mastication 

It has been previously shown that the particle size of food entering the stomach affected 

its gastric emptying rate and glycemic response (Table 2.4), which implies that the 

output of mastication is as important as the gastric digestion process of starch-based 

foods. Previous human studies have suggested that more chewing cycles caused higher 

gastric emptying rate, and the change in gastric emptying rate may impact the glycemic 

response of the food (Pera et al., 2002; Ranawana et al., 2011; Ranawana et al., 2014; 

Ranawana, Monro, et al., 2010). For example, Pera et al. (2002) found that foods that 

were chewed with 25 masticatory cycles had longer lag phase and half-emptying time 

than those chewed with 50 masticatory cycles. Although glycemic response was not 

measured in this study, extensive particle size reduction due to chewing has been 

reported to cause an increase in glycemic response (Read et al., 1986). It is worth 

noting, however, that chewing behavior toward different food structures, which plays an 

important role in the number of chewing cycles, does not always guarantee an 

implication on glycemic response. For example, Ranawana, Henry, et al. (2010) 

reported that cooked spaghetti had lower glycemic response than cooked rice, although 

the number of chews per mouthful was higher for spaghetti. 

      In a study conducted to find the best simulated mastication method for spaghetti that 

can produce similar in vitro starch hydrolysis profile with bolus from human 

mastication, Foschia et al. (2014) reported that cutting the spaghetti strand with a knife 

and squeezing it with a pestle had the highest resemblance to spaghetti chewed by a 

human participant. In contrast, homogenization of the spaghetti pieces led to an 

overestimation of the in vitro starch hydrolysis and predicted glycemic response. 

Similar observation on the effect of degree of particle size reduction on starch 

hydrolysis during gastrointestinal digestion was also reported in in vitro studies using 
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2.8.3 Mixed meal effect 

During most meals, starch-based foods are consumed with other types of food as a 

mixed meal, causing the food system to not always be dominated by starch. Glycemic 

response of food is also affected by the presence of other components that can affect the 

gastric emptying rate of the meal or stimulate insulin secretion, consequently modifying 

the glycemic response. For highly digestible starch (e.g., potato or products of highly 

disrupted structure after mastication), modification of glycemic response can be 

achieved through consumption of the starch-based food with protein and/or fat that 

empty later than carbohydrate. For example, the consumption of protein prior to 

carbohydrate was reported to stimulate the secretion of insulin and incretin hormones, 

which slowed down the gastric emptying rate, and resulted in a significantly reduced 

glycemic response (Ma et al., 2009). Water consumption during a meal has also been 

reported to increase glycemic response, which was hypothesized to be the result of 

dilution of gastric content that induced higher gastric emptying rate (Torsdottir & 

Andersson, 1989).  

      Additionally, consumption of a carbohydrate-based meal with certain concentrations 

of bioactive compounds that can stimulate insulin activity was reported to reduce 

glycemic response without significantly affecting the gastric emptying rate. For 

instance, Hlebowicz, Darwiche, Bjorgell, and Almer (2007) reported that the presence 

of 2% (w/w) cinnamon in rice pudding led to reduction in glycemic response without 

significant reduction of gastric emptying rate. Overall, these studies suggest that 

interactions between starch and other components in the meal may affect in vivo gastric 

emptying and glycemic response through a mechanism that does not directly affect the 

physical breakdown of the food in the stomach. This potentially cannot be observed in 

vitro due to the lack of physiological and hormonal regulation in most in vitro models. 



Chapter 2 | Page 70 

Care should be taken in the interpretation of in vitro data for which hormonal regulation 

processes may play a large role in the physiological outcome. Additional studies are 

needed to include more relevant regulation of gastric emptying and glucose release in in 

vitro models, and in comparing the impact of non-starch-based components on the 

gastric breakdown, emptying, and glycemic response of a meal high in carbohydrate.  

2.8.4 State of the stomach prior to meal consumption 

In the current standard procedure for in vivo GI measurement, it is suggested that food 

is consumed in the morning after at least 10-h overnight fast (International Standards 

Organization, 2010). However, the consumption of starch-based foods is not always 

preceded by overnight fast in most conditions, considering that starch is a major 

component of the daily diet. Previous studies have reported second-meal effects in GI 

measurement, i.e., the extension of metabolic effects of the previous meal to the 

glycemic response of subsequent meal (Wolever, Jenkins, Ocana, Rao, & Collier, 

1988). The second-meal effect has been shown to be impacted by prior meal 

macronutrient composition (Meng, Matthan, Ausman, & Lichtenstein, 2017), the GI/GL 

of previous meal, and the time between the previous and subsequent meals (Haldar et 

al., 2020; Jenkins et al., 1982; Wolever et al., 1988).  

 From a gastric digestion perspective, the condition of the stomach (i.e., fasted vs. 

fed condition) when a food bolus is ingested may affect the pH for biochemical 

digestion. An early study on gastric function reported pH 2 in the distal stomach region 

after an overnight fast, which increased after consumption of a solid test meal, followed 

by a dynamic decrease in intragastric pH, which was affected by the meal buffering 

capacity (Malagelada, Longstreth, Summerskill, & Go, 1976). Another study showed 

that the intragastric pH might be different across different times of the meal (Simonian 

et al., 2005). Initial intragastric pH was reported to be different before breakfast (after 
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reasons, understanding the breakdown behavior of starch-based foods in the stomach is 

essential to understand and predict glucose bioavailability in the small intestine. To 

achieve this understanding, there is a need to establish links between the structure of 

starch-based foods, their gastric breakdown behavior, and their glycemic response. 

However, at present, there are limited studies that investigate the gastric breakdown of 

solid starch-based foods. More specifically, starch-based foods with high moisture, 

which did not require much breakdown during mastication, and the role of gastric 

digestion to break their structure would be critical. 

      Gastric breakdown of solid and semi-solid meals has been studied using in vivo and 

in vitro methods by monitoring the changes in parameters such as textural and 

rheological properties. These studies suggested the relationship between food structure 

and physical changes in stomach content (i.e., gastric breakdown behavior), which 

resulted in different gastric emptying rates. This relationship is important, as in vivo 

glycemic response has been shown to be food-structure specific. However, there are 

limited studies that focus on linking food structure (especially the macrostructural 

aspects), gastric digestion, and glycemic response of solid starch-based foods. In 

addition, the widely used in vitro starch digestion methods to predict in vivo glycemic 

response tend to use samples with destroyed physical structure, which can conceal the 

food-structure specific property of the glycemic response. As such, there is an 

opportunity to improve the current glycemic response prediction methods by 

incorporating the gastric breakdown behavior aspect, which can account for the physical 

structure effect on the glycemic response. Further, knowledge of food breakdown 

behavior during gastric digestion in vitro and in vivo can be extended to develop an in 

vitro-in vivo correlation (IVIVC) for starch digestion that can be used as a tool for 

designing food structures with controlled glycemic impact. Coupled with this IVIVC 
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development, future studies in specifying the context of the meal, effect of mastication, 

mixed meal effect, and state of the stomach prior to meal consumption to determine the 

suitable gastric digestion parameters in the in vitro methods need to be undertaken. This 

approach can be useful to provide in vitro glycemic response prediction methods with 

better accuracy and relevance to in vivo conditions. 
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Figure 3.1 Summary of the experimental approach used in this thesis report and how they relate to the research objectives. 
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represent the starch sources, as these are two globally-important starch sources in 

human diet (FAO, 2020). Amylose content screening was performed on various wheat 

and rice-based commercial products prior to selecting the suppliers of the products to 

minimize the impact of variable amount of amylose content on gastric emptying rate 

and glycemic response that may interfere with the results. To match the amylose 

contents of the wheat-based diets, rice-based products with the highest amylose content 

available were selected. The amylose content of the uncooked rice-based diets selected 

fell into the USDA classification of high amylose rice (USDA-ARS, 2014), resulting in 

the selection of high amylose white rice as the other starch source. 

      Three physical structures (grain, agglomerated/couscous, noodle) for each starch 

source were selected in this project. These physical structures were associated with their 

processing method (Figure 3.2). Rice grain represented a structure of intact native grain, 

semolina represented a structure of finely milled grain, couscous and rice couscous 

represented a structure resulting from the agglomeration of finely milled grain 

(Barkouti, Delalonde, Rondet, & Ruiz, 2014), and pasta and rice noodle represented a 

gel structure that initiated from the paste of finely milled grain (Ahmed, Qazi, Li, & 

Ullah, 2016; Li, Zhu, Guo, Brijs, & Zhou, 2014). Semolina was purchased from Sherratt 

Ingredients, Auckland, NZ. Semolina was selected instead of intact durum wheat grain 

due to unavailability of suppliers because durum wheat is not commonly consumed in 

the form of intact grain. Wheat couscous, wheat pasta (fettuccine), rice grain, rice 

noodle, and rice flour were purchased from Davis Trading, Palmerston North, NZ. Rice 

grain was selected instead of rice flour as it can be consumed as intact grain, as well as 

to represent the native grain structure for comparison with other food systems. The 

manufacturers of these commercially available food systems are listed in Table 3.1. As 

a suitable commercial source was not available, rice couscous was produced at 
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needed. The frozen diets were thawed overnight and reheated on the subsequent day 

with commercially available microwave to 40 to 50 °C prior to feeding to pigs. 

3.1.2.3 Reference diet for in vivo glycemic response study 

For the reference diet in glycemic response measurement study (Section 3.2.2), standard 

white bread was purchased from a local supermarket (Palmerston North, NZ). The crust 

of the bread was removed and the crumb was cut to 20 mm × 20 mm (acclimatization 

period meal) or 15 mm × 15 mm pieces (blood sampling day meal; see Figure 3.3 for 

the appearance of the cut bread) prior to feeding to enable the pigs to eat the bread 

easily.  

 

 
Figure 3.3 Example of the appearance of 15 mm × 15 mm bread used as the reference diet for the blood 
sampling day meal in the glycemic response measurement study. 

 

3.2 Experimental approach 1: in vivo studies using growing pig model 

All protocols included in the in vivo studies (glycemic response measurement and gut 

content collection) were approved by the Animal Ethics Committee, Massey University, 

New Zealand (Protocol 18/128). The protocols took place at Massey University Animal 

Research Unit, Palmerston North, New Zealand. The studies were conducted in 

collaboration with the Riddet Institute Nutrition Team and two visiting interns from the 

University of California, Davis, USA. 
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re-acclimatized to randomly assigned study diets for the gut content collection study 

(Figure 3.5A).  

 

 
Figure 3.4 Setup of in vivo glycemic response measurement followed by gut content collection studies 
(A). Setup of in vivo gut content collection study (B). GM: commercial grower mix; D1/2/3/4: diet 
1/2/3/4 for adaptation in the glycemic response study, given as microwave-reheated diets; TD1/2/3/4: diet 
1/2/3/4 for blood sampling day, 250-g starch (dry basis) equivalent, given as freshly cooked diets; D: diet 
for gut content collection study, given as microwave-reheated diets; FM: final meal, 250-g starch (dry 
basis) equivalent in the gut content collection study; Sup: supplemental ingredients added to the daily 
meal. 
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Figure 3.5 Diagram of the glycemic response and gut content collection studies. Stages in the red-dashed 
box correspond to the glycemic response study, stages in the blue-dashed box correspond to the gut 
content collection study (A). Timing of sampling for either the gut content collection or glycemic 
response study (B). 

 

      On day 5, an in-dwelling catheter was inserted into the ear of each of the 19 pigs.  

Each pig was anesthetized with a mix of Zoletil 100 (zolazepam and tiletamine, both 50 

mg/mL; Virbac NZ) reconstituted with 2.5 mL Ketamine and 2.5 mL Xylazine, both 
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was not considered due to potential dilution in the catheter with heparinized saline. 

Subsequently, the blood sample (2 mL) was collected, and immediately transferred to a 

2-mL BD Vacutainer® fluoride tube containing NaF and Na2EDTA; all samples were 

stored on ice until centrifugation. After sampling at T0 to T16, the catheter was flushed 

with 4 mL sterile heparinized saline to prevent blood clotting. Each blood sample was 

centrifuged for 10 min at 1,200× g (Tabletop Centrifuge DSC-200A-2, Digisystem 

Laboratory Inc., Taipei, Taiwan). The plasma was separated and stored on ice until free 

glucose analysis, which was carried out within 3 hours of sampling. 

 

 
Figure 3.6 Photograph of the long-term catheter used in the glycemic response study (A). The appearance 
of ear catheter that extends to the jugular vein of each pig (B). The application of tape on both ears of the 
pigs provided balanced weight on the catheterized and non-catheterized ears (C). 
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 After the first blood sampling period, pigs began to receive their next assigned diets 

(D2/D3/D4) during the afternoon meal and were given one day to adjust to the new 

assigned diet before the next blood sampling day. Diets selected as D2/D3/D4 and the 

sequences of D2/D3/D4 were randomly determined using a random number generator in 

Microsoft Excel, with the initial plan that each pig would receive the reference diet 

(white bread) and three study diets. Over the study period for D2 to D4, however, five 

pigs were excluded from the glycemic response study due to blocked catheters and their 

catheters were removed. Two of these pigs had blocked catheters before receiving the 

reference diet. These pigs were re-acclimatized to study diets for the gut content 

collection study (Figure 3.5A). Due to blocked catheters, the randomization of the diets 

in the last batch of study was modified in such a way to obtain at least five replicates for 

each study diet. At the end of glycemic response study (day 14), catheters were removed 

from all remaining pigs. The pigs proceeded to the gut content collection study with 

their D4 diet being their assigned study diet for the gut collection study. 

3.2.3 Gut content collection from growing pigs 

3.2.3.1 Animal housing and treatment 

A total of 146 male pigs (21.7 ± 1.8 kg body weight) were involved in experimental 

approach 2; 32 of them were involved in the glycemic response measurement study 

(both the catheterized and non-catheterized). The remaining 114 (21.3 ± 1.6 kg body 

weight) were directly used in the gut content collection study (Figure 3.5A). The 114 

pigs were distributed in four batches of 24 or 30 pigs each and housed individually in 

metabolism crates that allowed them to see and smell each other. These batch sizes were 

determined based on the availability of pig housing and sampling feasibility within each 

batch. The crates were located in a temperature-controlled room (21 ± 2 °C) with 12-h 

light/12-h dark cycle. Each pig was assigned randomly to one of 24 treatment groups 
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(six study diets × four digestion time points), so that there were at least six pigs per 

treatment. 

      All pigs were fed commercial grower mix on day zero, then were transitioned 

gradually to their assigned diets on day one and two (Figure 3.4B). The transition to 

study diets, daily meal amount, and supplements added to the daily meals were the same 

as described in Section 3.2.2.1. The pigs were fed 100% study diets from day three until 

sampling day (day five to seven). Pigs were given 20 to 30 min to eat their meals to 

prepare them for the final day of the study. From day zero until sampling day, the pigs 

had access to water ad libitum until two hours before the final meal. On the two last 

meals (penultimate and final meals), the pigs were fed their study diets without 

supplemental ingredients. The penultimate meal (70% of the final meal amount; freshly 

cooked as described in Section 3.1.2.1) was given at least 18 h before the final meal to 

minimize the amount of food left in the gastrointestinal tract.  

 On the sampling day, all freshly prepared study diets (Section 3.1.2.1) were mixed 

with titanium dioxide (0.5% of the dry matter of the Study diet) as an indigestible 

marker prior to feeding. For cooked pasta, 15 g soybean oil was added to improve 

palatability. Pigs were given 30 min to consume their meals, and any uneaten food was 

removed and weighed. After their final meal (30, 60, 120, or 240 min from feeding 

time), the pigs were anesthetized through intramuscular injection in the neck with a 

mixture of Zoletil 100 (zolazepam and tiletamine, both 50 mg/mL; Virbac, NZ) 

reconstituted with 2.5 mL Ketamine and 2.5 mL Xylazine, both 100 mg/mL (Phoenix 

Pharm, NZ). The final solution contained 50 mg/mL of each drug and was administered 

at a dose rate of 0.03 to 0.04 mL/kg body weight via intramuscular injection in the neck.  
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3.2.3.2 Sampling day procedure 

a. Venous blood sampling 

While anesthetized, blood sample (~2 mL) was collected from the jugular vein, vena 

cava, portal vein, hepatic vein, and left ventricle vein of each pig. Each blood sample 

was collected into a 2-mL BD Vacutainer® fluoride tubes containing NaF and 

Na2EDTA. Blood samples were stored on ice until centrifugation for plasma separation 

as described in Section 3.2.2.2, then the plasma was immediately frozen on dry ice. 

Plasma samples were stored at -20 °C until analysis, which was done within 2 weeks of 

sample collection. Pigs were euthanized 20 min after anesthesia and blood sample 

collection by an intracardial injection of a lethal dose of pentobarbitone (0.3 mL 

Pentobarb 300/kg body weight) by a registered veterinarian. 

b. Gastrointestinal digesta collection 

After euthanasia, clamps were placed at each end of the stomach and small intestine, 

and the entire gastrointestinal tract was removed. The stomach was removed, clamped at 

the esophageal and duodenal ends. The small intestine was removed and divided with 

clamps into different sections: duodenum (~25 cm from the pyloric sphincter), terminal 

ileum (~10 cm from the ileal-cecal junction), and proximal jejunum, distal jejunum, and 

ileum (three equally long sections of the remaining small intestine portion). The 

stomach and each small intestinal section were cleaned under running water and patted 

dry with absorbent paper prior to sample collection. 

 The stomach was laid down horizontally on a sampling tray. It was dissected 

laterally with a single cut from middle of the proximal region towards the middle of the 

distal stomach region, then the cut outer muscles were clamped and moved to the side. 

Example pictures of pasta, rice grain, and rice noodle digesta in the stomach are 

presented in Figure 3.7. After measuring intragastric pH at several locations (details on 
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the method are given in Chapter 5), gastric contents were carefully removed from the 

proximal and distal stomach regions to separate containers and weighed. The content of 

each container was carefully mixed to achieve uniform pH, then the mixture pH was 

measured. From each stomach region, a subsample (10 to 15 g) was taken and 

immediately frozen in dry ice for enzyme activity analysis. After pH measurement, 

samples from each region were brought to pH 8 to 10 with <1 mL 50%-w/w NaOH 

solution to inactivate digestive enzymes and gently mixed to reach uniform pH 

distribution. Subsamples of pH-adjusted digesta from each region were taken distributed 

to containers and stored on ice for physical property analysis that was completed no 

longer than 9 h after sampling (fresh sample). The remaining digesta was frozen for 

chemical and microstructural analysis (frozen or freeze-dried sample).  

 Small intestinal digesta from each small intestinal segment was carefully removed by 

gradual flushing with 50 to 300 mL distilled water. Subsamples (~10 to 15 mL) of the 

diluted small intestinal content were taken and kept on ice until analysis for same-day 

particle size measurement. A subsample (~2 mL) was taken for reducing sugar and 

glucose analysis. This subsample and the rest of the diluted small intestinal content 

were immediately frozen at -20 °C for future analysis (followed by freeze drying or 

directly analyzed as frozen samples). Details on samples collected from the stomach and 

small intestine, along with analyses conducted on them are summarized in Figure 3.8. 
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Figure 3.7 Photographs of gastric digesta of pigs fed with pasta (top row), rice grain (middle row), or rice 
noodle (bottom row) after 30 (A), 60 (B), 120 (C), or 240 (D) min digestion time. The black dash lines 
indicate approximate separation between the proximal and distal region, with the proximal region is the 
region above the lines, and the distal region is the region below the lines. The photographs of the other 
three diets (couscous, rice couscous, and semolina) in the stomach are not presented due to difficulties in 
handling their digesta that had liquid-like consistency and prevent clear images of digesta to be taken 
prior to sampling. For the appearance of the digesta after sampling, readers are referred to APPENDIX B. 
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CHAPTER 4. Tracking physical breakdown of rice- and wheat-based 

foods with varying structures during gastric digestion and its influence 

on gastric emptying in a growing pig model 

 

4.1 Abstract 

There is currently a limited understanding of the effect of food structure on physical 

breakdown and gastric emptying of solid starch-based foods during gastric digestion. 

Moisture uptake, pH, particle size, rheological, and textural properties of six solid 

starch-based diets from different sources (Durum wheat and high amylose white rice) 

and of different macrostructures (porridge, native grain, agglomerate/couscous, and 

noodle) were monitored during 240 min of gastric digestion in a growing pig model. 

Changes in the physical properties of the gastric digesta were attributed to the influence 

of gastric secretions and gastric emptying, which were both dependent on the buffering 

capacity and initial macrostructure of the diets. Differences between the proximal and 

distal stomach regions were found in the intragastric pH and texture of the gastric 

digesta. For example, rice couscous, which had the smallest particle size and highest 

buffering capacity among the rice-based diets, had the shortest gastric emptying half-

time and no significant differences between proximal and distal stomach digesta 

physical properties. Additionally, a relationship between gastric breakdown rate, 

expressed as gastric softening half-time from texture analysis, and gastric emptying 

half-time of dry matter was also observed. These findings provide new insights into the 

breakdown processes of starch-based solid foods in the stomach, which can be 

beneficial for the development of food structures with controlled rates of breakdown 

and gastric emptying during digestion. 

 

Keywords: carbohydrate, food structure, gastric digestion, gastric emptying, physical 

breakdown, starch digestion 
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4.2 Introduction  

As consumers become more conscious of the impact of diet on health, the relationship 

between food and the body has become the subject of considerable interest (Norton, 

Wallis, Spyropoulos, Lillford, & Norton, 2014; Sensoy, 2014). Among nutrients needed 

by the human body, carbohydrates are the most crucial after water due to their large 

proportion (45 to 55%) of daily calorie intake (Blaak et al., 2012). This required 

proportion is mainly fulfilled by consuming starch-based foods, which during digestion 

processes are converted to glucose. Glucose absorption from the small intestine to the 

blood leads to changes in blood glucose level or glycemia (Sadler, 2011). However, 

uncontrolled changes in blood glucose are not desired, as they lead to chronic metabolic 

diseases such as type 2 diabetes mellitus and cardiovascular disease (Blaak et al., 2012). 

These health-related issues have motivated the investigations of the digestion processes 

of starch-based foods and the resulting glycemic impact. While the relationship between 

the structure of starch-based foods (as affected by starch source, processing method, and 

composition) and their glycemic response has been studied widely, blood glucose 

control mechanisms by the digestive system are still not fully understood (Brownlee et 

al., 2018; Parada & Aguilera, 2011; Singh et al., 2010) 

      Based on what is understood about the influence of the digestive system on blood 

glucose, gastric emptying is thought to be one of the key factors that regulate glycemic 

response by affecting the transport rate of foods to the small intestine from the stomach 

(Ballance et al., 2013). To ensure efficient absorption of nutrients from solid or semi-

solid food in the small intestine, sufficient breakdown of their physical structure is 

needed prior to gastric emptying (Kong & Singh, 2008; Mourot et al., 1988). This 

breakdown begins in the mouth through chewing and limited starch hydrolysis by 

salivary amylase, but the main physical breakdown process occurs during gastric 



Chapter 4 | Page 101 

digestion through combined biochemical (i.e., remaining salivary amylase activity, acid 

hydrolysis) and mechanical breakdown processes (i.e., gastric peristaltic contractions) 

(Kong & Singh, 2008; Parada & Aguilera, 2011; Somaratne, Ferrua, et al., 2020). As a 

result of these breakdown processes, ingested foods undergo changes in their physical 

properties during gastric digestion. The pattern of the changes, or the gastric breakdown 

behavior, may differ between foods of varying structures. Previous in vitro (Drechsler 

& Bornhorst, 2018; Hayes et al., 2020) and in vivo (growing pig model) (Bornhorst, 

Chang, et al., 2013) gastric digestion studies showed that starch-based foods of different 

structures exhibited different patterns in their textural changes, gastric secretions 

addition, and degree of starch hydrolysis per unit area of digested particles, leading to 

different gastric emptying rates (Bornhorst, Chang, et al., 2013; Hayes et al., 2020). 

While these studies suggest a relationship between food structure, gastric breakdown 

behavior, and gastric emptying rate, there is limited evidence to confirm this 

relationship. Further, variations in gastric breakdown behavior and gastric emptying rate 

of different food structures may affect the delivery rate and extent of structural 

breakdown (biochemical and physical) of the materials emptied, which may modify the 

conversion rate of starch to glucose in the small intestine, and ultimately impact the 

glycemic response of the food (Bornhorst et al., 2015; Brener et al., 1983; Read et al., 

1986; Tamura et al., 2017).  

      In understanding gastric digestion of starch, the physiology of the stomach should 

be considered. As solid food enters the stomach, a mid-gastric transverse band divides 

the stomach into two physiological regions without physical boundaries, namely the 

proximal and distal regions (Hellström et al., 2006). In the context of food breakdown, 

the proximal stomach acts as a reservoir that retains large solid food particles until they 

are slowly moved to the distal stomach. The distal stomach is the active site for grinding 
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and trituration of solid food, as well as gastric emptying (Hasler, 2009). Nevertheless, 

the roles of these physiological regions in starch digestion are still not properly 

understood. Limited available information in the literature suggests that the food 

physical and biochemical breakdown processes in different stomach regions are affected 

by the type and composition of the food. Specifically, it was reported that the physical 

properties of the gastric digesta of pigs fed with rice were different in the proximal and 

distal stomach (Bornhorst, Ströbinger, et al., 2013). In contrast, raw or roasted almonds 

and egg white gels fed to growing pigs did not behave differently in these two stomach 

regions (Bornhorst, Roman, et al., 2013; Nau et al., 2019). This highlights that the 

potential role of functional regions of the stomach in starch digestion merits further 

investigation. 

      Considering that there is still limited understanding of the role of the stomach and 

its functional regions in starch digestion, the aim of this study was to understand the 

physical breakdown processes of starch-based foods in the stomach as affected by food 

structure, and how the breakdown processes affect the gastric emptying rate in vivo. The 

scope of this chapter was on physical breakdown during gastric digestion, while 

biochemical aspects of digestion and their impact on glycemic response will be 

presented in Chapter 5 and 6. The growing pig model was selected due to the similar 

anatomy and physiology of their digestive system to that of humans (Ziegler et al., 

2016). The starch sources used were rice and wheat, as these two starch sources make 

up the majority of carbohydrates consumed globally (Kearney, 2010) and represent 

contrasting starch granule compositions. Four different food structures (porridge, native 

grain, agglomerate, and noodle) were selected to represent different macrostructures and 

levels of starch granule arrangements in food matrix. In this study, the gastric 

breakdown was monitored through quantification of moisture uptake from gastric 
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secretions, intragastric pH, particle size, and rheological and textural properties. These 

changes were monitored to understand their impact on gastric emptying process. 

 

4.3 Materials and methods 

4.3.1 Study diet preparation 

Study diet preparation is described in Chapter 3, Section 3.1.2. 

4.3.2 Animal housing and treatment 

Animal housing and treatment is described in Chapter 3, Section 3.2.3.1. 

4.3.3 Digesta collection procedure 

Digesta collection procedure is described in Chapter 3, Section 3.2.3.2. 

4.3.4 Diet characterization 

Prior to analysis, cooked diets were freeze-dried and diet samples (uncooked and 

freeze-dried, cooked) were ground (d <1 mm). Total starch and amylose content were 

measured for both uncooked and cooked diets using the Megazyme Total Starch Kit and 

the Megazyme Amylose/Amylopectin Kit (Megazyme, Wicklow, Ireland), respectively. 

Gross energy, protein, ash, fat, and dietary fiber content were measured for cooked diets 

only. Total dietary fiber (TDF) content was determined using Megazyme Total Dietary 

Fiber Assay Kit (Megazyme, Wicklow, Ireland). Gross energy was measured using an 

adiabatic bomb calorimeter (Kienzle, Schrag, Butterwick, & Opitz, 2002). Crude 

protein, ash content, and fat content of the diets were measured according to AOAC 

official methods 968.06, 923.3, and 922.06, respectively (AOAC International, 2012). 

The analyses were done at least in duplicate. 

      Buffering capacity, pH, volume of cooked diet, and water holding capacity (WHC) 

were measured on at least two batches of freshly cooked diets in duplicate. The pH of 
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      Flow properties of the digesta were measured using a shear rate sweep, with shear 

rates increasing logarithmically from 0.001 to 10 s-1. A hundred shear stress 

measurements (measured in Pa) were acquired over 4 min. Analysis was performed 

using data from 0.001 to approximately 1 s-1 (77 data points per test), as samples would 

frequently flow out from the bottom of the plate at higher shear rates, similar to 

previous study (Bornhorst, Ferrua, et al., 2013).  

      Viscoelastic properties of digesta samples were measured using oscillatory testing. 

An amplitude sweep was performed from strain values of 0.01 to 0.1 % at a frequency 

of 1 Hz to determine the linear viscoelastic region. Based on the results of the amplitude 

sweep, most samples were tested at 0.05% strain, with a small number of samples tested 

at 0.03% strain. A frequency sweep was performed from 0.1 to 10 Hz.  

4.3.5.4 Particle size 

The cooked diets and gastric digesta were analyzed using a previously reported image 

analysis procedure with minor modifications (Gebauer, Novotny, Bornhorst, & Baer, 

2016; Swackhamer et al., 2019). At least two sub-samples (0.5 to 1 g per sub-sample) 

were taken from each cooked diet or gastric digesta sample, spread over two to four 

140-mm petri dishes, and dispersed in 15 mL of water per dish. Approximately 100 µL 

of 0.5% iodine solution was added to each petri dish to enhance contrast. After 

manually separating the particles, each dish was placed on an LED lightbox (AGPtek 

HL0163, Brooklyn, NY, USA) under a digital camera (Canon PowerShot G9 X Mark 

II, Tokyo, Japan) pointed vertically downwards. A photomacrographic scale (ABFO 

No. 2) was placed on the light box within the image frame and an image was recorded. 

Image analysis was conducted in MATLAB R2018b (The MathWorks Inc., Natick, 

MA, USA) according to Swackhamer et al. (2019) with the following modifications: (i) 

RGB input images were processed to remove the red and green channels, as the blue 
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      Initial hardness values of the diets ranged from 5.51 ± 0.85 N (semolina) to 31.12 ± 

1.99 N (rice grain). Pasta and rice noodle had significantly larger particle area (x50 and 

x90) than the other diets (p < 0.05). In general, diets with a smaller median particle area 

(x50) had larger number of particles per gram dry matter. For instance, the number of 

particles per gram dry matter (160403 ± 26265) was the highest in semolina, which had 

the lowest x50 (0.35 ± 0.02 mm2), whereas pasta with the highest x50 (504.15 ± 148.86 

mm2) had the lowest particles per gram dry matter (1833 ± 1512). The WHC of the 

cooked diets was significantly different (p < 0.05) between the diets and decreased as 

the x50 of the diet increased for wheat-based diets. As a result, the WHC of the diets 

ranged from 5.50 ± 0.11 g H2O/g DM (semolina) to 3.64 ± 0.09 g H2O/g DM (pasta). 

Unlike wheat-based diets, the WHC of rice-based diets did not increase with decreasing 

x50. The SR of the cooked diets, which reflects the amount of water held by the diet 

relative to its maximum capacity for holding water in the diet matrix, was the highest in 

semolina (0.87 ± 0.01) and the lowest in rice couscous (0.36 ± 0.01). 

4.4.2 Changes in saturation ratio (SR) and moisture addition rate 

To compare the water absorption behavior of the diets, the SR of the digesta (Table 4.3) 

was calculated. An SR >1 indicates that more water than what can be held by the food 

was present in the stomach (Martens, Noorloos, et al., 2019) or that the particles were 

possibly more swollen due to changes in the matrix during digestion. The SR of the 

diets was significantly influenced by diet, digestion time, and stomach region (p < 

0.0001), the interaction between diet × stomach region (p < 0.0001), and the batch of 

pigs (p < 0.01; Table 4.2). Similar to the trend in moisture content, a significant increase 

in SR (averaged across stomach regions) from 30 to 240 min was observed in couscous, 

rice couscous, and semolina (p < 0.01; Table 4.3). For example, semolina SR 

significantly increased from 1.02 ± 0.02 after 30 min gastric digestion to 1.64 ± 0.15 
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were significantly influenced by time (p < 0.05), and x50 and x90 were significantly 

influenced by stomach region (p < 0.003). b was significantly influenced by the diet × 

time interaction (p < 0.0001). x50, x90, and b were significantly influenced by the diet × 

stomach region interaction (p < 0.004). Particles per gram dry matter was significantly 

influenced by the diet × stomach region × time interaction (p < 0.05; Table 4.2). 

      When compared between stomach regions across all time points, both the x50 and 

x90 values in rice grain were significantly larger in the distal stomach digesta as 

compared to the proximal stomach digesta, with average x50 values across all time 

points of 1.23 ± 0.10 and 2.50 ± 0.32 mm2 for proximal and distal stomach, respectively 

(p < 0.0014). Other diets and percentiles did not show significant differences across 

stomach regions. Significant differences in particle size parameters over time were 

observed only in the rice noodle distal stomach for x10, b, and particles per gram dry 

matter; and in the couscous distal stomach for b. 

      Figure 4.4 exemplifies the overall changes in particle area of the diets and their 

proportion in the digesta during the 240-min digestion. With this visualization, the 

changes in the particle area distribution in rice grain, pasta, and rice noodle during the 

first 30 min of digestion can be seen. However, as the digestion progressed from 30 to 

240 min, the particle area distribution did not show visual differences, mirroring results 

seen in the x10, x50, and x90 data. Large particles (>200 mm2 for noodle diets and rice 

grain, or between 10 to 100 mm2
 for agglomerate diets and semolina), which in the first 

60 or 120 min of digestion became less or even disappeared from the distribution, re-

appeared in the distribution at 240 min for all diets, although only as a small percentage 

in the gastric digesta. 



Chapter 4 | Page 120 

 
Figure 4.2 Examples of binary images of gastric digesta used for extraction of particle size parameters for the wheat-based diets before digestion and after 30 and 240 
min gastric digestion. The scale bar represents 1 cm and is the same for all images.    
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Figure 4.3 Examples of binary images of gastric digesta used for extraction of particle size parameters for the rice-based diets before digestion and after 30 and 240 
min gastric digestion. The scale bar represents 1 cm and is the same for all images. 
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 Semolina Couscous Pasta Rice grain Rice couscous Rice noodle 

Time 
(min) Proximal Distal Proximal Distal Proximal Distal Proximal Distal Proximal Distal Proximal Distal 

Broadness of distribution, b (dimensionless)*  

30 1.38 ± 0.05a 1.32 ± 0.09a 0.80 ± 0.05bcd 0.86 ± 0.04bc,y 0.60 ± 0.05cd 0.60 ± 0.07cd 0.75 ± 0.02bcd 0.64 ± 0.02bcd 0.86 ± 0.04bc 0.90 ± 0.06b 0.54 ± 0.02d 0.53 ± 0.03d,y 

60 1.39 ± 0.03a 1.42 ± 0.07a 0.91 ± 0.06bc 0.99 ± 0.07b,y 0.56 ± 0.01de 0.57 ± 0.06de 0.79 ± 0.02bcde 0.71 ± 0.04cde 0.91 ± 0.04bc 0.86 ± 0.05bcd 0.55 ± 0.04e 0.60 ± 0.02de,zy 

120 1.24 ± 0.06a 1.25 ± 0.08a 0.89 ± 0.05bc 1.08 ± 0.09ab,y 0.56 ± 0.03d 0.52 ± 0.02d 0.76 ± 0.03cd 0.59 ± 0.03cd 0.90 ± 0.07bc 0.83 ± 0.06bcd 0.58 ± 0.08d 0.69 ± 0.1cd,zy 

240 1.26 ± 0.10a 1.29 ± 0.05a 1.24 ± 0.14a 1.45 ± 0.08a,z 0.58 ± 0.05b 0.59 ± 0.07b 0.72 ± 0.05b 0.65 ± 0.03b 0.85 ± 0.05b 0.83 ± 0.05b 0.59 ± 0.04b 0.84 ± 0.06b,z 

Particles per gram dry matter (1/g DM) 
30 89263 ± 

16259ab 
109462 ± 
33404a 

38948 ± 
7093abc 

34025 ± 
3061abcd 

16220 ± 
1736cde 

17409 ± 
3113cde 

28529 ± 
3622abcd 

17074 ± 
2030cde 

30829 ± 
5811abcd 

21774 ± 
2423bcd 

5823 ± 709e 11420 ± 
2381de,zy 

60 106757 ± 
32240a 

77072 ± 6578a 37618 ± 
11186abc 

30625 ± 
2971abc 

16459 ± 
1934bcd 

34721 ± 
12289abc 

27447 ± 
2150abc 

29870 ± 
7596abc 

49788 ± 
12371ab 

38452 ± 
12487abc 

8107 ± 2132d 16239 ± 
7417cd,z 

120 81665 ± 
19093ab 

94260 ± 
29417a 

38073 ± 
13179abc 

28033 ± 
5436abc 

23220 ± 
2911cd 

25876 ± 6203cd 31072 ± 
2723abc 

30447 ± 
4585abc 

20713 ± 
5188cd 

22641 ± 2963bc 7674 ± 1651d 15201 ± 
4807cd,z 

240 65956 ± 
18403a 

51971 ± 
14927a 

39604 ± 
13117a 

21064 ± 
1978ab 

21314 ± 
6595ab 

30022 ± 
13599ab 

34999 ± 8323a 28019 ± 
8482ab 

41073 ± 
13686ab 

33210 ± 6649ab 10252 ± 
1831bc 

4450 ± 950c,y 

* A higher value of b corresponds to a narrower distribution. 
  

Table 4.5 (continued) 
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Figure 4.4 Bar charts showing the initial (before digestion) particle area distribution and the particle area 
distribution in proximal and distal stomach digesta during 240 min gastric digestion of (A) rice grain, (B) 
semolina, (C) rice couscous, (D) couscous, (E) rice noodle, and (F) pasta. 

 

4.4.5 Changes in rheological properties 

4.4.5.1 Shear measurements 

The Herschel-Bulkley model (Eqn. 4.7) fit well to the measured shear sweep data 

(Table 4.6), with an overall average R2 = 0.90 across all samples (see Figure 4.5 for 

example plots). Since the digesta was non-Newtonian, shear stress values at a shear rate 

of 0.2 s-1 (hereafter referred to as shear stress at 0.2 s-1) were determined as an 

indication of the shear stress at a shear rate that may occur in gastric environment 

(0.0093 to 0.45 s-1 in the proximal and distal stomach, respectively) (Ferrua, Xue, & 

Singh, 2014). Shear stress at 0.2 s-1, yield stress, K, and n were significantly influenced 

by the main effects of diet and time (p < 0.005). Shear stress at 0.2 s-1 and K were 
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4.5 Discussion 

4.5.1 Different food structures exhibited different gastric emptying profiles 

In the present study, six diets were used to represent common starch-based foods of 

different macrostructures (as observed by physical properties) and starch sources (as 

observed by chemical properties and composition). Based on the physical properties of 

the cooked diets, particularly their x50, particles per gram dry matter, and moisture 

content, the six study diets can be classified into four different structures from the 

smallest to the largest size: porridge (semolina), agglomerate (couscous and rice 

couscous; average x50 = 3.56 ± 1.92 mm2), grain (rice grain), and noodle (pasta and rice 

noodle; average x50 = 404.10 ± 161.99 mm2). Major differences between the starch 

source of the diets were highlighted by higher protein content, buffering capacity, and 

TDF in wheat-based diets compared to rice-based diets.  

      The trends observed in buffering capacity of the diets in this study can be attributed 

to the protein content and particle size of the diets, where higher protein content or 

smaller particle area leads to higher buffering capacity, in agreement with previous 

studies (Mennah-Govela et al., 2020; Mennah-Govela et al., 2019). As a result, the 

buffering capacity of the wheat-based diets increased with decreasing x50 and increasing 

number of particles per gram dry matter. Similarly, in the rice-based diets, although 

their protein content was not significantly different between each other, diets with 

smaller particle size (e.g., rice couscous) had higher buffering capacity compared to 

those diets with larger particle size (e.g., rice noodle). Protein content and particle size 

have been reported to significantly affect food buffering capacity (Mennah-Govela et 

al., 2020; Mennah-Govela et al., 2019). Since the different physicochemical properties 

and structures of the diets in the current study were highlighted by different protein 

content and particle size, buffering capacity was selected as a parameter to capture the 
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overall structural differences in the study diets. The buffering capacity of the diets was 

hypothesized to cause distinctions in gastric emptying profiles due to variations in 

breakdown behavior in the gastric environment (Figure 4.9), as suggested by the 

correlation between buffering capacity and gastric secretion rate during digestion 

(Fordtran & Walsh, 1973). This hypothesis also aligns with a recent review paper 

highlighting the importance of buffering capacity in the context of digestion (Mennah-

Govela & Bornhorst, 2021). 

      Both the gastric emptying of whole stomach content and dry matter (DM) were 

quantified in the current study. Measurement of gastric emptying of solid meals in 

humans is commonly conducted using a test meal consisting of wet solid and liquid 

components, which together with gastric secretions added during digestion, constitute 

the whole stomach content (Donohoe et al., 2009; Goetze et al., 2009). For comparison 

with previous human studies, the emptying of whole stomach content was compared, as 

emptying of meal dry matter cannot be easily quantified in a human study. The range of 

t1/2,whole GE (Table 4.9) of the diets in the current study ranged from 173 min (semolina) 

to 536 min (pasta). The t1/2,whole GE of the diets obtained in this study, except for pasta, 

are within the range of the values reported from studies with human subjects for similar 

food types (30 to 324 min) (Cisse et al., 2018; Mourot et al., 1988; Pletsch, 2018). 

Although the specific values varied between studies, the trend in gastric emptying was 

the same as these human studies, with semolina (porridge structure) having the most 

rapid gastric emptying, followed by rice grain, and pasta having the slowest gastric 

emptying. The similar order of magnitude obtained in the present study suggests similar 

gastric physiological response between pigs and humans. However, it is difficult to 

compare specific values obtained in the present study with the previous human studies 

because of the difference in the mastication behavior between human and pigs, larger 
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studies, the t1/2,DM GE values found in the present study were either lower (semolina) or 

higher (pasta). This might have been due to the small particle size and high moisture 

content in semolina, or the larger particle size and more compact structure in pasta, 

which highlights the potential role of food structure in determining gastric emptying 

rate of solid starch-based foods, similar to previous studies (Bornhorst, Chang, et al., 

2013; Cisse et al., 2018; Mackie et al., 2017; Mourot et al., 1988; Pletsch & Hamaker, 

2018).  

      Based on the differences in initial particle size (macrostructure) and protein content 

(composition) in the cooked diets, it was hypothesized in this study that the gastric 

emptying half-times would follow the trend of: wheat noodle > rice noodle > rice grain 

> wheat couscous > rice couscous > wheat porridge. This expected trend was observed 

in the wheat-based diets, where the t1/2,DM GE and t1/2,whole GE of pasta > couscous > 

semolina, aligning with the order of initial particle size (represented as x50). In contrast, 

for rice-based diets, the t1/2,whole GE of rice-based diets was the longest rice noodle, 

followed by rice grain and rice couscous, but the t1/2,DM GE was the longest in rice grain, 

followed by rice noodle and rice couscous, although the initial particle size of rice 

noodle was larger than rice grain (Figure 4.8E). To identify the cause of this 

discrepancy, the relationship between  t1/2,DM GE and factors that have been reported to 

influence gastric emptying process were investigated, including: volume/weight and 

caloric content of the meal (Maegdenbergh, Urbain, Siegel, Mortelmans, & Roo, 1990; 

Velchik, Reynolds, & Alavi, 1989), type and amount of the solid (Siegel et al., 1988), 

food buffering capacity (Simonian et al., 2005); consistency and composition of the 

meal (Wolever et al., 2019); and the presence of bioactive compounds (Montoya et al., 

2014) or dietary fiber (Benini et al., 1995) in the meal.  
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      Limited relationships were observed between t1/2,DM GE and portion size, caloric 

content of the meal, diet initial protein content, or total dietary fiber of the diet (Figure 

4.10).  Therefore, it was proposed that the difference in t1/2,DM GE of the diets in this 

study, particularly the rice-based diets, might have been linked to their breakdown rates, 

as a link between solid food disintegration kinetics and gastric emptying was previously 

reported in an in vitro study of food disintegration using a model stomach system (Kong 

& Singh, 2009b). It was hypothesized that the longer t1/2,DM GE in rice grain compared to 

rice noodle was a result of slower breakdown of rice grain compared to rice noodle. 

Rice grain also had lower initial moisture content, which might have influenced the 

breakdown. Diets with slower breakdown and gastric emptying rate, such as pasta and 

rice grain, are likely to have lower glycemic response due to a slower rate of material 

delivery to the small intestine for further hydrolysis and glucose absorption. 

 

 
Figure 4.9 Schematic diagram showing the possible relationships between food properties, gastric 
digestion, and gastric emptying investigated in this study. The heads of the arrows indicate relationships 
between food and digesta properties and gastric phenomena. Note that the actual relationships are 
complex and more specific links may be present, but these complex mechanisms are not fully delineated 
in the illustration for the sake of simplicity. 
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Figure 4.10 Relationships between dry matter emptying half- time with (A) total caloric content, (B) 
portion size, (C) total protein content, (D) total starch content, (E) total amylose content, and (F) total 
dietary fiber content of the diets. 

 

4.5.2 Gastric secretory response was impacted by food buffering capacity 

Gastric digestion of solid foods consists of several key phenomena: (1) mixing of 

gastric secretions with ingested food, (2) biochemical breakdown by either gastric acid 

and/or digestive enzymes, and (3) mechanical disintegration of food particles by gastric 

motility. These phenomena are known to impact digesta properties, while their 
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agrees with findings in human studies. Gardner, Sloan, Miner, and Robinson (2003) 

reported that meal-stimulated gastric acid secretion in humans has a direct correlation 

with integrated gastric acidity in the first 3.5 h after a meal, which may be influenced by 

the buffering capacity of gastric content. A study on gastric acid secretion rate after 

consumption of sirloin steak in normal and duodenal ulcer subjects showed that 

secretion of acid increased rapidly from basal rate to reach a peak within 1 to 1.5 h, then 

diminished gradually until the fourth hour of digestion, but not to the initial rate of 

secretion (Fordtran & Walsh, 1973). Similarly, Hoad et al. (2015) reported rapid gastric 

secretion after consumption of nutrient liquid meal, observed with MRI. Gastric 

secretions continued as gastric emptying took place, such that half of the volume of the 

gastric contents consisted of secretions after 75 min. 

      Gastric secretory response to food has been shown to be influenced by gastric 

distention due to meal portion (Richardson, Walsh, Hicks, & Fordtran, 1976), meal 

viscosity (Marciani, Gowland, Spiller, et al., 2001), food acidity (Walsh, Richardson, & 

Fordtran, 1975), and buffering capacity of the food (Fordtran & Walsh, 1973). It should 

be noted that buffering capacity is not an independent food property, but represents the 

combined effects of physicochemical and structural differences between food matrices. 

As such, it may be a suitable parameter to provide links between food structure and 

composition to digestion processes. It was hypothesized that the different buffering 

capacity of the diets resulted in differences in the pH and overall buffering capacity of 

gastric content, leading to variations in gastric secretions, resulting in different rates of 

moisture addition during gastric digestion.  

      The rate of moisture addition at each time point for all diets besides semolina, 

increased with increasing buffering capacity (Figure 4.1B), especially at earlier 

digestion times (30 and 60 min). While semolina had the highest buffering capacity 
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among the six diets, it had the lowest moisture addition rate at 30 min of gastric 

digestion (6.48 ± 1.44 g/min, compared to the 9.58 g/min averaged across the other five 

diets). This may be attributed to its high initial moisture content and semisolid nature, 

which may have caused it to behave like a viscous liquid rather than a solid meal that 

requires mechanical breakdown in the stomach (Malagelada, Go, & Summerskill, 

1979). The inconsistent trend in moisture addition rate in semolina might have also been 

due to the larger volume of semolina consumed compared to the other diets that affected 

gastric emptying rate, which might interfere with gastric secretory response (Jolliffe, 

2009). However, these factors were outside the scope of this study.  

      Pasta, which had similar buffering capacity to rice couscous, had a lower moisture 

addition rate after 30 min of digestion (7.17 ± 0.94 g/min) compared to rice couscous 

(8.92 ± 0.62 g/min). This discrepancy might have been caused by mastication of the 

diets, which generated smaller particles size than those used for buffering capacity 

analysis, although the particle size after mastication was not measured in the current 

study. It has been demonstrated in model food that buffering capacity has an inverse 

relationship with particle size (Mennah-Govela et al., 2019). As shown in Figure 4.4, 

smaller particles were more prevalent in the digesta after 30 min digestion, compared to 

the initial particle area distribution of the diets, although the significance of this 

difference on the buffering capacity was not assessed. Additionally, the presence of 

bicarbonate in saliva (Helm et al., 1982) that was added to the diets and starch 

hydrolysis by salivary amylase during mastication might also have caused chemical 

changes in the diets, leading to changes in buffering capacity when the diets entered the 

stomach. The potential contribution of mastication to the buffering capacity of ingested 

meals and the subsequent gastric secretory response during gastric digestion merits 

future investigation.  
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      Despite the deviation in semolina, results from the current study (Figure 4.1B) 

indicate that the buffering capacity, which takes into account both composition and 

structural factors, may be utilized in future studies to link food composition and 

structure to gastric secretions at early stages of the gastric digestion process. 

Additionally, mechanisms of how food buffering capacity may govern gastric secretory 

response are worth exploring.  

4.5.3 Stomach regions affect physical changes of digesta during gastric digestion  

Physiological differences between the proximal and distal regions of the stomach may 

also influence the gastric digestion process, further impacting digesta properties. 

Previous research has suggested that the proximal stomach acts as a reservoir for 

ingested food, while the majority of mechanical breakdown takes place in the distal 

stomach (Hasler, 2009). Furthermore, pH differences across the regions have been 

observed (Bornhorst, Roman, et al., 2013; Bornhorst, Ströbinger, et al., 2013; Nau et al., 

2019). Distinctions between the proximal and distal stomach regions were identified in 

the physical properties of the digesta in the current study. 

      The distal stomach digesta had significantly higher (p < 0.05) dry basis moisture 

content (3.67 vs. 4.02 g H2O/g DM on average in the proximal and distal stomach, 

respectively) and SR (0.86 vs. 0.94 on average in the proximal and distal stomach, 

respectively) for the six diets across all digestion times, which agrees with previous 

studies using growing pigs (Bornhorst, Chang, et al., 2013; Bornhorst, Rutherfurd, et 

al., 2014; Bornhorst, Ströbinger, et al., 2013). Although most gastric secretions are 

produced in the proximal stomach (Lærke & Hedemann, 2012), the higher moisture 

uptake of the diets in the distal stomach may be attributed to: (1) limited mixing in the 

proximal stomach that limited the diffusion of gastric secretions to food particles 

(Bornhorst, 2017; Mennah-Govela et al., 2015); or (2) emptying of liquid (from the diet 
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and gastric secretions) from the proximal stomach to the distal stomach (Kelly, 1980), 

which caused liquid to accumulate in the distal stomach prior to emptying. This 

variation in moisture uptake across the two stomach regions was food-structure-

specific, as the SR of proximal and distal stomach digesta were not significantly 

different for rice couscous and semolina. These diets had smaller initial particle area 

than the other four diets, and it is likely that they could be more easily mixed with 

gastric secretions in both stomach regions.  

      Mixing of gastric secretions with the diets in the stomach also influenced the 

intragastric pH of the digesta, as supported by the negative correlation between digesta 

pH and moisture content. As a result, both rice couscous and semolina, that likely 

mixed faster with gastric secretions, did not exhibit significantly higher pH in the distal 

stomach compared to the proximal stomach at any digestion time. Meanwhile, higher 

pH in the proximal stomach was observed until 120 min of digestion in couscous, rice 

grain, and rice noodle, and for the entire 240 min in pasta, which matches with the 

higher SR in the distal stomach across digestion times and suggests slower gastric 

mixing. While the interregional difference in SR and pH in pasta, rice grain, and rice 

noodle could be explained by their larger initial particle size, this difference was not 

expected in couscous. The significantly higher buffering capacity of couscous compared 

to rice grain and noodle diets may have caused the slow intragastric pH change in 

couscous, which underlines the influence of food buffering capacity not only to gastric 

secretory function, but also to the gastric mixing process. This finding agrees with a 

previous study using growing pigs, where the mixing efficiency of gastric secretions 

with ingested meals was attributed to the rate of diffusion of secretion into the diets, 

total amount of gastric secretions present, and the buffering capacity of the diets 

(Bornhorst, Rutherfurd, et al., 2014). 
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gastric secretion addition during digestion. For example, a longer t1/2,softening of rice grain 

(79.9 min) compared to rice noodle (16.6 min) correlated to a lower t1/2,DM GE of rice 

noodle (213 min) compared to rice grain (223 min), despite the significantly smaller x50 

of rice grain compared to rice noodle. In general, the relationship (R2 = 0.7614) 

suggests that gastric emptying of solid starch-based foods in the present study is 

controlled by their breakdown rate, which agrees with food breakdown classification 

system (FBCS) (Bornhorst et al., 2015). In the FBCS, it was hypothesized that the rate 

of food softening during gastric digestion determines the gastric emptying rate of food 

products. However, pasta does not follow as clear of a trend, as the t1/2,DM GE should be 

lower if it followed the trend of t1/2,softening. This might indicate that the gastric emptying 

of pasta is possibly limited by other factors in addition to its breakdown rate, including 

physiological response-related factors that were outside the scope of this study. 

      Regardless of the slight deviation in the trend, this finding still demonstrates the 

relationship between food structure and food breakdown rate during gastric digestion 

with its gastric emptying rate, which may have further implication on the glycemic 

response of the food. For those diets with increased breakdown and emptying rate, such 

as semolina and rice couscous, this will affect the rate of delivery and state of particles 

when they arrive in the small intestine. As a result, there may be more rapid conversion 

to glucose and subsequent absorption, which may result in a more rapid glycemic 

response in semolina and couscous. On the other hand, diets with slower breakdown 

and emptying rate, such as rice grain and pasta might have enhanced gastric starch 

hydrolysis due remaining salivary amylase or pepsin activity, but the rate of delivery of 

particles to the small intestine would not be as high as semolina and couscous. As 

previous studies using human subjects have suggested an inverse relationship between 

gastric emptying half-time and glycemic response of starch-rich meals (Cisse et al., 
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2018; Mourot et al., 1988; Torsdottir et al., 1989), it is hypothesized that for the diets 

with slower breakdown and emptying rate, there will be less material available for small 

intestinal digestion and glucose absorption, resulting in a lower glycemic response. 

These relationships are investigated in Chapter 6 

      In linking the food breakdown rate with gastric emptying, gastric secretory response 

should not be neglected (Figure 4.9). For example, rice couscous had the lowest 

t1/2,softening, despite its agglomerated structure, compared with semolina porridge. This 

could be due to the higher initial moisture addition to rice couscous than to semolina 

(Figure 4.1A and B). The added gastric secretions might have rapidly dissolved some of 

the ingested rice couscous. This proposed mechanism is supported by the lower stress of 

rice couscous compared to semolina in the first 30 min of digestion (13.74 Pa for rice 

couscous vs. 18.11 Pa for semolina, averaged across stomach regions). This observation 

also suggests that changes of physical properties during gastric digestion have a greater 

contribution to gastric emptying rate than the initial diet physical properties, as has been 

shown in previous studies (Guerin et al., 2001; Martens, Noorloos, et al., 2019). 

4.5.5 Methodological considerations in monitoring physical breakdown during 

gastric digestion in vivo 

The present study brings insights into methodological considerations to characterize the 

breakdown of solid foods during gastric digestion. To measure particle size distribution 

as a result of mechanical breakdown, image analysis was utilized. Image analysis 

measures 2D projections of particles and generally does not characterize their 3D shape. 

It is possible that changes in particle size that impacted particle height, such as swelling 

due to absorption of gastric secretions, were not visualized by image analysis. Gastric 

digestion of solid food consists of physical breakdown (i.e., biochemical and 

mechanical) and gastric emptying processes that occur simultaneously. It may be 
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CHAPTER 5. Influence of food macrostructure on the kinetics of 

acidification in the pig stomach: implications for starch hydrolysis and 

starch emptying rate 

 

5.1 Abstract 

The role of the stomach as a biochemical environment for digestion of starch in food 

matrices was investigated using a growing pig model. Study diets from wheat and rice 

with different food structures were assessed. Diets with larger and smaller initial 

particle size were found to undergo different acidification kinetics during gastric 

digestion, affecting starch hydrolysis process in the stomach. Larger-sized diets 

exhibited clear distinctions between the proximal and distal regions of the stomach, 

with higher pH maintained in the proximal stomach digesta up to 240 min digestion, 

resulting in extended remaining salivary amylase activity and accumulation of maltose 

in the stomach. This study indicates the importance of food macrostructure in providing 

a suitable biochemical environment for starch hydrolysis in the stomach, which may 

affect physical breakdown of the food, gastric emptying of starch, and may influence 

the small intestinal digestion and glycemic response of the food. 

 

Keywords: food structure; gastric digestion; salivary amylase activity; starch 

hydrolysis 
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5.2 Introduction  

During gastrointestinal digestion, starch in food is converted to oligosaccharides by 

salivary amylase and pancreatic amylase, producing maltose, maltotriose, and dextrins 

as the end products. These oligosaccharides are hydrolyzed further by the brush border 

enzymes in the small intestine to produce glucose, which is absorbed into the 

bloodstream (Holmes, 1971). Hydrolysis of starch has been associated mainly with the 

action of pancreatic amylase during small intestinal digestion. In contrast, the 

contribution of salivary amylase during mastication on starch hydrolysis is less well-

understood, as mastication only lasts for <5 to 90 s. As highlighted in the literature 

review (Chapter 2), gastric digestion occurs between mastication and intestinal 

digestion (typically from 0 to 4 h) and has not been commonly considered as a location 

for starch hydrolysis due to the low pH of gastric secretions. However, recent in vitro 

studies using a gastric digestion system with dynamic pH profile reported hydrolysis of 

30 to 80% starch in food matrices during gastric digestion (Freitas & Le Feunteun, 

2018, 2019; Martens et al., 2020), suggesting that salivary amylase can remain active 

during gastric digestion. Extended salivary amylase activity during gastric digestion 

may impact the subsequent small intestinal digestion, further affecting glucose 

production and absorption. A recent study reported that lowering the pH of starch-rich 

foods by consuming an acidic beverage could lower glycemic response in humans, 

which could be attributed by an early inhibition of salivary amylase during gastric 

digestion (Freitas et al., 2021).  

      Although the contribution of salivary amylase activity in the stomach to the 

digestion of starch has been suggested in previous studies, the underlying mechanisms 

and contributing factors have not been fully elucidated. Slow mixing between acidic 

gastric secretions with ingested food bolus (i.e., gastric mixing) has been suggested as a 
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possible mechanism describing how the stomach could be a suitable location for 

remaining salivary amylase activity as long as the pH within the bolus is maintained at 

pH >3 (Bornhorst, 2017; Brownlee et al., 2018). Gastric mixing process was reported to 

be affected by the buffering capacity and viscosity of the meal (Bornhorst, Rutherfurd, 

et al., 2014; Freitas & Le Feunteun, 2019; Freitas et al., 2018), indicating the potential 

contribution of food structure to remaining salivary amylase action in a starch-based 

meal. Nevertheless, there has not been a clear link established between food structure, 

remaining salivary amylase activity in the stomach, and resulting starch hydrolysis. 

Understanding this link in an in vivo system is essential to demonstrate the impact of 

food structure and food breakdown during gastric digestion on starch digestibility.  

      The present study determined in vivo biochemical changes during gastric digestion 

in starch from various rice and wheat-based foods, which are dominant global cereal 

grain sources (Shewry, 2008). Small intestinal digestion-related aspects of the study 

will be presented in Chapter 6. It was demonstrated in Chapter 4 that physical 

breakdown during gastric digestion of rice- and wheat-based diets of varying 

macrostructures impacted the dry matter gastric emptying. Different breakdown rates in 

the proximal and distal stomach regions for different diets were considered to be 

affected by initial macrostructures of the diets, leading to different extent of mixing 

between gastric secretions with the ingested diets. However, it is important to 

understand how these different physical breakdown rates and gastric mixing processes 

are related to biochemical modification of the digesta. Therefore, apparent salivary 

amylase activity, reducing sugar and free amino group concentrations (as the measures 

of starch and protein hydrolysis, respectively), and the particle size of the suspended 

solid fraction in gastric digesta were quantified. Gastric mixing was qualitatively 

observed through intragastric pH measurement. It was hypothesized that slower gastric 
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mixing would lead to a longer period of high pH in the proximal stomach and allowed 

salivary amylase to continue hydrolyzing starch until the proximal stomach content was 

acidified by gastric secretions. This may contribute to the structural breakdown during 

gastric digestion and gastric emptying mechanisms of solid particles. 

 

5.3 Materials and methods 

5.3.1 Study diets preparation and characterization 

Study diets preparation and characterization were described in Chapter 3 (Section 

3.1.2.1) and Chapter 4 (Section 4.3.4). 

5.3.2 Animal housing and treatment 

Animal housing and treatment were described in Chapter 3 (Section 3.2.3.1). 

5.3.3 Gastric digesta collection procedure 

Procedure of stomach removal and dissection for gastric digesta collection was 

described in Chapter 3 (Section 3.2.3.2). Intragastric pH was immediately measured at 

10 locations around the stomach (Figure 5.1A) with a pH meter (PL-700 PV Bench Top 

Meter, GonDo, Taiwan), following Bornhorst, Rutherfurd, et al. (2014). At each 

location, pH was measured under the gastric tissue at approximately the center height of 

the digesta. Afterwards, gastric digesta from proximal and distal regions were taken out 

separately, weighed and mixed carefully to achieve uniform pH (as described in Section 

3.2.3.2). From each stomach region, a 10- to 15-g subsample was taken and 

immediately frozen in dry ice for remaining salivary amylase activity analysis. After 

this sampling, the rest of the gastric digesta from each region was adjusted to pH 8 to 10 

by careful mixing with <1 mL 50%-w/w NaOH solution to inactivate digestive 

enzymes. The pH-adjusted digesta was distributed to containers for same-day analysis 

of fresh sample, and the remaining was frozen or frozen then freeze-dried for chemical 
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ice bath, the mixture was homogenized at 8,000 rpm (Scilogex D160 Homogenizer, 

Scilogex, USA) for 0.5 to 1 min to form a slurry. The resulting slurry was aliquoted 

(0.25 mL) to five microtubes, then diluted with 0.25 mL of the same buffer solution 

used for homogenization. The dilution was done to lower the starch concentration in the 

sample to enable the observation of amylase activity.  

      Diluted sample aliquot was immediately incubated for 1, 2, 3, or 5 min in a water 

bath (37 °C) after 2 min equilibration. One aliquot was immediately removed after 

equilibration to represent the initial maltose concentration (t = 0 min). After incubation, 

each sample was immediately placed on ice for 10 min, then centrifuged at 6,800 × g 

for 10 min. The supernatant (0.1 mL) was diluted to 0.4 mL with water and mixed with 

0.4 mL DNS reagent. Maltose content in the sample was determined as described in 

Section 5.3.6.1. When present, apparent salivary amylase activity in the sample was 

calculated from the slope of the linear portion of maltose vs. incubation time curve for 

each sample (example curves are given in Error! Reference source not found.). The 

apparent activity was expressed as the amount of maltose released per minute per gram 

digesta dry matter ((mg maltose//min)/g DM) during 3 min incubation, as data points 

from 0 to 3 min exhibited a linear trend for most samples, in agreement with the 

original method (Bernfeld, 1955). 

5.3.6.3 Total starch content 

Starch content of freeze-dried digesta samples (ground and sieved with a 1-mm sieve 

prior to analysis) was measured using Megazyme Total Starch Kit (Megazyme, 

Wicklow, Ireland), following the procedure for samples not containing free glucose or 

maltodextrins. Gastric emptying of starch (i.e., starch content in digesta × dry matter of 

digesta from Chapter 4) was determined using a modified power-exponential model for 

gastric emptying (Siegel et al., 1988): 




































































































































































































































































































































































































































































	ABSTRACT
	ACKNOWLEDGEMENTS

