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Thesis Abstract 

Gastric emptying is a major determinant of postprandial glycaemia and varies substantially 

between individuals. There is a bi-directional relationship between gastric emptying and 

postprandial glycaemic excursions i.e. relatively more rapid gastric emptying increases 

postprandial glucose, but acute hyperglycaemia also slows gastric emptying. Glucose 

homeostasis is also mediated by the ‘incretin’ hormones glucagon-like peptide-1 (GLP-1) and 

glucose-dependent insulinotropic polypeptide (GIP). The release of the incretin hormones is 

stimulated by the arrival of nutrients in the small intestines and GLP-1, in particular, has a 

substantial effect to slow gastric emptying.  

This thesis provides novel insights into the relationships between gastric emptying, incretin 

hormones and glucose homeostasis. In a study of 43 individuals with type 2 diabetes (T2D), 

gastric emptying was evaluated using the ‘gold standard’ technique of scintigraphy following a 

75 g oral glucose tolerance test. I showed that in T2D, gastric emptying correlates with the 

plasma glucose levels at 30, 60 and 120 minutes but not 180 minutes. In a second study of 35 

individuals with an intensive care unit admission complicated by stress hyperglycaemia, 3 

months after discharge, gastric emptying was evaluated using the stable isotope breath test (a 

method of measurement of comparable sensitivity to scintigraphy) and found to correlate to 

plasma glucose at 30 and 60 minutes, but not 120 minutes. Furthermore, this cohort was found 

to have a high 1-hour plasma glucose which has been associated with an increased risk of 

progression to T2D and earlier mortality. This finding highlights the need for close follow-up 

of survivors of critical illness who had stress hyperglycaemia for the development of T2D. 

In a study of 36 adults above 65 years of age without a history of diabetes, a biphasic pattern of 

the glucose response curve in an oral glucose tolerance test was found to correlate with GLP-1, 

but not GIP or gastric emptying (the latter measured by stable isotope breath test). This has 

provided insights into how the glucose response curve can be a marker of dysglycaemia. 

Liquids with greater nutrient density are known to be emptied more slowly. Therefore, in a 
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study of 8 healthy adults, I evaluated the effect of different types of beer (low carbohydrate, 

low alcohol and full strength) on gastric emptying and found that there was no substantial effect.  

Bariatric surgery is known to be associated with markedly accelerated gastric emptying, 

particularly of liquids and a substantially greater GLP-1 response. To investigate if distension 

contributes to the GLP-1 response, I studied 8 healthy adults using the ‘gold standard’ barostat 

technique and I found that gastric distension was not associated with an increase in plasma 

GLP-1. In a metanalysis of 12 studies that have evaluated the GLP-1 response in post-bariatric 

surgery (Roux-en-Y gastric bypass) hypoglycaemia, I found that this response is greater in 

individuals that have experienced reactive hypoglycaemia, supporting GLP-1 antagonism as a 

rational therapeutic approach for this condition. 

These studies have advanced our knowledge in gastric emptying and incretin physiology with 

the high potential to change current clinical practice and inform future studies.  
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Format of the Thesis 

This thesis consists of 9 chapters adapted from one review and six original manuscripts 

(chapters 2 – 8). The review and the original manuscripts have all been published in peer-

reviewed journals and are presented in its original publication format. The first chapter is a 

general introduction to introduce the themes of the thesis and the last chapter summarizes the 

findings from all studies.  
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Chapter 1. General introduction. 

This thesis focusses on the relationships between gastric emptying, incretin hormone secretion 

and glycaemia following oral nutrients. This introductory chapter provides relevant background 

information in relation to our current knowledge of gastric emptying and an overview of the 

themes explored in this thesis. 

1.1 Physiology of gastric emptying and small intestinal motility 

Normal gastric emptying is mediated by a complex interplay between the extrinsic and enteric 

nervous systems, as well as neurohormonal pathways (Phillips et al., 2015). The interstitial cells 

of Cajal (ICCs), also known as the pacemaker cells of the gut, are located within the myenteric 

plexus and generate contractions within the antrum and pylorus, with differing patterns 

depending on whether the individual is in an inter-digestive (fasting) or postprandial state. Inter-

digestive gastric and small intestinal motility, also called the “migrating motor complex” 

(MMC), is cyclical with a quiescent phase lasting ~40 minutes (phase I), intermittent 

contractions of ~50 minutes duration (phase II), and regular contractions at a rate of three per  

minute in the stomach and 10 – 12 per minute in the small intestine, lasting 5 – 10 minutes 

(phase III) (Marathe et al., 2011). Once food enters the stomach, the MMC is replaced by a 

postprandial motor pattern - the tone of the proximal stomach decreases to accommodate a 

greater volume of food without a significant increase in intragastric pressure and in the distal 

stomach, contractions pulverize digestible solid contents against a closed pylorus until they are 

reduced to a size of 1 – 2 mm (Marathe et al., 2011). Nutrients are retained in the stomach for 

a variable duration depending on both the composition and macronutrient content of a meal. 

For digestible solids, there is an initial lag phase of 20 – 40 minutes before emptying 

commences while solids are ground into small particles followed by an emptying phase at an 

approximately linear rate. For low nutrient liquids, there is minimal or no lag phase and gastric 

emptying occurs in an exponential, volume-dependent pattern. However, this becomes 

increasingly linear as the nutrient density increases, so that high nutrient liquids empty at a 
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comparable rate to solids with the exception of the lag phase (Phillips et al., 2015). Larger, non-

digestible solids are emptied from the stomach after digestible solids and liquids, during phase 

III of the inter-digestive period (Phillips et al., 2015). Postprandially, the cyclical MMCs of the 

small intestines are also replaced by irregular contractions of variable amplitudes to deliver 

nutrients toward the caecum (Camilleri and Vassallo, 1991). 

1.2 Regulation of gastric emptying 

There is substantial inter-individual variation in the overall rate of gastric emptying of nutrients 

that varies from 1 – 4 kcal/min (Horowitz et al., 1989a, Horowitz et al., 1991) with much less 

intra-individual variation in health (Nair et al., 2009). Aging appears to have a modest effect to 

slow gastric emptying (Pham et al., 2020) and gastric emptying in women appears to be slower 

than that in men (Datz et al., 1987) – in premenopausal women, possibly related to hormonal 

changes of the menstrual cycle. The rate of gastric emptying is also influenced by ethnicity with 

Han Chinese, Mexican Americans and American Indians, groups predisposed to type 2 diabetes 

(T2D) having more rapid gastric emptying than individuals of European descent (Phillips, 2006, 

Wang et al., 2020).  There is a bi-directional relationship between gastric emptying and the 

postprandial rise in blood glucose. Relatively more rapid gastric emptying results in greater 

postprandial glycaemic excursions, accounting for up to 35% of the variance in peak glucose 

in individuals with and without diabetes (Horowitz et al., 1993, Jones et al., 1996). As well as 

being a determinant, gastric emptying is also influenced by acute changes in glycaemia (Jalleh 

et al., 2019). Acute hyperglycaemia (blood glucose concentration 16 – 20 mmol/L) slows both 

solid and liquid gastric emptying compared with euglycaemia (blood glucose concentration 5 – 

8 mmol/L) (Fraser et al., 1990, Samsom et al., 1997) associated with antral hypomotility and 

abnormalities of gastric myoelectrical activity (Jebbink et al., 1994). However, modest, gradual 

elevations that occur on a day-to-day basis in individuals with type 1 diabetes (T1D) may have 

a lesser, or no influence on gastric emptying (Aigner et al., 2021). In contrast, acute insulin-

induced hypoglycaemia (blood glucose concentration 2 – 2.6 mmol/L) is associated with a 
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substantial acceleration of gastric emptying in individuals with and without diabetes, with more 

marked hypoglycaemia having a greater effect (Russo et al., 2005, Murthy et al., 2021).  

Optimal measurement of gastric emptying is essential for both clinical and research purposes 

and these methods are discussed further in Appendix 1 (Jalleh et al., 2023a). The relationship 

between gastric emptying and glycaemia is of particular importance in the management of 

diabetes (where gastric emptying is frequently abnormal) and this is discussed in further detail 

in Chapter 2. 

1.3 Incretin hormones 

The two ‘incretin hormones’, glucagon-like peptide-1 (GLP-1) and glucose-dependent 

insulinotropic polypeptide (GIP) are gut hormones that augment postprandial insulin secretion 

in a glucose-dependent manner. Thus, when glucose is administered orally, there is a much 

greater insulin secretory response compared with an isoglycaemic intravenous infusion, the so-

called “incretin effect” (Nauck et al., 1986). The incretin effect accounts for up to 65% of the 

overall insulin secretory response to oral glucose (Nauck et al., 1986). In health, the incretin 

effect is predominantly mediated by GIP, however, in T2D, the capacity of GIP to stimulate 

insulin is markedly substantially reduced (Nauck and Meier, 2016). In contrast, GLP-1 retains 

substantial insulinotropic activity in T2D, although it is reduced when compared to healthy 

individuals (Kjems et al., 2003). 

1.3.1 Glucagon-like peptide-1 physiology 

GLP-1 is secreted by the enteroendocrine L cells found throughout the small and large intestine, 

but in greatest density within the distal small bowel (Baggio and Drucker, 2007). GLP-1 

secretion is stimulated by the presence of nutrients (carbohydrate, protein or lipid) in the small 

intestines (Steinert et al., 2017). The consumption of glucose or other carbohydrates results in 

peak GLP-1 levels after 15 – 30 minutes, followed by a gradual decline to baseline after 3 – 4 

hours, but there is a slower, more sustained rise in GLP-1 following oral intake of protein or fat 

(Steinert et al., 2017). In experimental models, the magnitude of the GLP-1 response is 
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dependent on the rate of delivery of nutrients. When glucose is infused intraduodenally at rates 

of 1 – 2 kcal/min, there is minimal stimulation of GLP-1, however, there is a substantial 

response at infusion rates of 3 – 4 kcal/min in individuals with and without T2D (Marathe et 

al., 2014, Pilichiewicz et al., 2007). The GLP-1 response is greater when nutrients are present 

at the distal, rather than proximal, small intestine. This concept is supported by studies showing 

(i) increased GLP-1 response to intrajejunal compared with intraduodenal glucose (Wu et al., 

2015) and (ii) slowing small intestinal transit with hyoscine decreases the GLP-1 response to 

glucose (Chaikomin et al., 2007). GLP-1 has multiple effects on glucose homeostasis, including 

increasing insulin synthesis, increasing sensitivity of glucose-resistant β cells of the pancreas, 

stimulating β cell proliferation and inhibiting β cell apoptosis (Campbell and Drucker, 2013). 

While gastric emptying is a major determinant of the early (30 – 60 min) postprandial rise in 

glucose, in the “late phase” (90 – 180 min), increasing GLP-1 attenuates postprandial glucose 

rise (Xie et al., 2023) in T2D. 

GLP-1 is an ‘enterogastrone’ as well as an incretin (Horowitz and Nauck, 2006). Acute 

intravenous infusion of GLP-1 slows gastric emptying substantially in individuals with and 

without type 2 diabetes (Nauck et al., 1997, Meier et al., 2003, Little et al., 2006). The GLP-1R 

antagonist, exendin(9-39) accelerates gastric emptying in health indicating that endogenous 

GLP-1 also slows gastric emptying (Deane et al., 2010b). The effect of GLP-1 to slow gastric 

emptying is mediated via vagal pathways to reduce antral and duodenal motility, as well as 

increased pyloric tone (Steinert et al., 2017, Schirra et al., 2002). The effect of GLP-1 together 

with peptide YY (another gut hormone co-secreted by L cells) to slow gastric emptying is 

referred to as the “ileal brake”, a feedback mechanism relevant to reduce food intake and 

increase satiety (Camilleri, 2019). 

Both ‘short’- and ‘long-acting’ GLP-1 receptor agonists (RAs), used in the management of T2D 

and obesity, slow gastric emptying which is described in further detail in Chapter 2. 
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In addition to the effects of GLP-1 on the gut, GLP-1 receptors are expressed throughout the 

brain, including regions associated with appetite control, such as the hypothalamus and the area 

postrema, a region associated with aversive effects such as nausea (Farr et al., 2016). The use 

of functional MRI has shown diminished responses in appetite- and reward-related brain 

regions after intravenous administration of the GLP-1RA exenatide in individuals with obesity 

and T2D that correlates with reduced food intake (van Bloemendaal et al., 2014). I have shown 

(Jalleh et al., 2020) that acute administration of GLP-1RA lixisenatide reduces energy intake in 

the absence of nausea and this reduction is not related to the magnitude of slowing of gastric 

emptying or changes in intragastric meal distribution. This suggests that the effect of GLP-1RA 

in appetite reduction is predominantly centrally mediated. 

1.3.2 Glucose dependent insulinotropic polypeptide 

GIP is secreted from the enteroendocrine K cells located primarily in the duodenum and 

proximal jejunum (Campbell and Drucker, 2013). As with GLP-1, it is stimulated by nutrients 

entering the small intestine. GIP increases insulin secretion in a glucose dependent manner, 

increases insulin sensitivity, stimulates β cell proliferation and inhibits β cell apoptosis, 

however, unlike GLP-1, it stimulates, rather than suppresses, glucagon secretion (Campbell and 

Drucker, 2013).  In experimental models, GIP secretion increases, concordant with the rate of 

intraduodenal glucose infusion i.e. more rapid infusion of glucose, leads to a greater GIP 

response (Pilichiewicz et al., 2007) even at slower rates of 1 – 2 kcal/min.  

In contrast to GLP-1, GIP has no effect on gastric emptying (Meier et al., 2004). 

In rodent models, GIP receptors have been identified in brain regions involved in the regulation 

of appetite and satiety (Fukuda, 2021) suggesting a role in modulating energy intake, similar to 

GLP-1. However, paradoxically, recent studies using both GIP receptor agonism and 

antagonism appear to be associated with reductions in body weight (Campbell, 2021). 
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1.4 Insulin  

Insulin is secreted from the β cells in the pancreatic islets in response to hyperglycaemia. 

Glucose enters the β cells through the Glucose Transporter 2 (GLUT2) channel on the cell 

membrane. Following entry, it is phosphorylated into glucose-6-phosphate and then 

metabolized further to ultimately generate adenosine triphosphate (ATP). ATP-sensitive 

potassium channels close in response to this, resulting in depolarization of the cell membrane, 

influx of calcium ions and the release of insulin (Ojha et al., 2019). Insulin lowers blood glucose 

levels by increasing glucose uptake in peripheral tissues, suppressing gluconeogenesis and 

promoting the synthesis of glycogen, proteins and lipids (Ojha et al., 2019). The pancreatic β 

cells have both GLP-1 and GIP receptors that are coupled to G-proteins. Upon stimulation, there 

is the intracellular production of cyclic adenosine monophosphate (AMP), which in, turn 

stimulates protein kinase A to augment insulin secretion (Ding et al., 1997). However, the 

incretin hormones do not initiate an insulin secretory response in the absence of hyperglycaemia 

as membrane depolarization from hyperglycaemia is required for insulin release (Gromada et 

al., 1998). Accordingly, both incretin hormones and their agonists are associated with minimal 

or no risk of hypoglycaemia – major deleterious outcome of insulin treatment for diabetes. 

While insulin may influence gastric emptying through modifying blood glucose levels, 

hyperinsulinaemia per se does not appear to have an effect on gastric emptying (Kong et al., 

1999). 

1.5 Glucagon 

Glucagon is secreted from the α cells of the pancreatic islets, but the underlying mechanism 

remains contentious. It has been suggested that activation of voltage-gated sodium channels 

and voltage dependent calcium channels in response to low glucose drives glucagon exocytosis, 

however, paracrine factors released by neighboring β and δ cells may also be important (Ojha 

et al., 2019). Glucagon potentiates glycogenolysis, gluconeogenesis and fatty acid breakdown 

to increase blood glucose levels, accordingly, it is an important counter-regulatory hormone in 
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hypoglycaemia. In addition to regulating glucose metabolism, glucagon also increases the 

resting metabolic rate in healthy adults (Nair, 1987). 

1.6 Thesis aims 

1.6.1 Theme 1 – relationships between gastric emptying, incretin hormones and the rise in 

glucose following nutrients in type 2 diabetes and stress-induced hyperglycaemia 

Chapter 2 (Jalleh et al., 2022a) of the thesis is a literature review of what is known regarding 

normal and disordered gastric emptying in type 2 diabetes, with a particular emphasis on the 

bidirectional relationship between gastric emptying and glycaemia, as well as the effects of 

diabetes therapies on gastric emptying. While it is known that gastric emptying influences the 

initial glycaemic response to an oral glucose tolerance test (OGTT), the impact of gastric 

emptying on insulin secretion and at glucose levels 120 min (the latter used diagnostically) 

following the OGTT was not clear. This research question was evaluated in Chapter 3 (Jalleh 

et al., 2022b).  

It has been reported that a 1 hour plasma glucose following a 75 g oral glucose greater than 8.6 

mmol/L is a robust predictor of progression to type 2 diabetes, performing better than either the 

2 hour plasma glucose or HbA1c (Bergman et al., 2016). In Chapter 3, I showed that gastric 

emptying correlates with the rise in glucose following an oral glucose tolerance test in 

individuals with T2D. In Chapter 4 (Jalleh et al., 2022c), I explore this relationship in 

individuals who have had stress hyperglycaemia following critical illness with a particular focus 

on the relationship between the 1 hour plasma glucose and gastric emptying. 

1.6.2 Theme 2 – relationships between gastric emptying, incretin hormones and the rise in 

glucose following nutrient intake in health 

Chapter 5 (Jalleh et al., 2023b) evaluates the relationship of gastric emptying in older adults 

without diabetes with incretin hormones and the pattern of the glucose response curve following 

a 75 g oral glucose tolerance test. The pattern of the glucose response curve can be classified 
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into three major categories: (i) an incessantly rising pattern, (ii) a monophasic pattern and (iii) 

a biphasic pattern. The incessantly rising pattern is associated with the greatest risk of 

disordered glucose metabolism, the monophasic curve is also associated with impaired glucose 

tolerance and reduced insulin sensitivity/secretion, albeit to a lesser extent than the former and 

the biphasic curve, in contrast, is associated with better glucose tolerance and beta cell function 

(Arslanian et al., 2019). Given the relationship between gastric emptying and glycaemia as 

described in Chapter 3, in Chapter 5, I explored this relationship with the pattern of the glucose 

response following an OGTT. 

As nutrient density is known to affect the rate of gastric emptying, in Chapter 6 (Stevens et al., 

2022), I evaluated the effects of different strengths of beer (low carbohydrate, low alcohol and 

full strength beer) on gastric emptying and glycaemia in individuals without diabetes. 

1.6.3 Theme 3 – understanding the effects of bariatric surgery on incretin hormones and 

postprandial glucose 

Bariatric surgery, especially the Roux-en-Y gastric bypass (RYGB), is associated with markedly 

accelerated gastric (pouch) emptying and a substantially increased GLP-1 response (Nguyen et 

al., 2014). In rodent models, gastric distension is associated with a greater GLP-1 response 

(Natochin et al., 2018, Ohbayashi et al., 2021). Following RYGB, the gastric volume is 

substantially reduced and, accordingly, consumption of even small amounts of food results in 

gastric pouch distension. In Chapter 7 (Jalleh et al., 2023c), I evaluated whether gastric 

distension is associated with increased GLP-1 and GIP responses in healthy adults, a potential 

mechanism to explain the marked rise in GLP-1 seen following RYGB (Holst et al., 2018). The 

beneficial effect of RYGB on glucose metabolism is substantial and many individuals undergo 

remission of type 2 diabetes following the procedure (Chang et al., 2014). However, following 

RYGB, post-prandial hypoglycaemia (post bariatric surgery hypoglycaemia) occurs in ~25% 

of individuals (Capristo et al., 2018, Brix et al., 2019). To evaluate whether individuals who 

experience post-prandial hypoglycaemia following RYGB surgery have a greater GLP-1 
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response compared with individuals who have had RYGB surgery, but do not experience post-

prandial hypoglycaemia, in Chapter 8 (Jalleh et al., 2023d), I conducted a PROSPERO 

registered systematic review. 
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2.1 Abstract 

 

Gastric emptying is a major determinant of postprandial glycaemia, accounting for ~35% of 

variance in peak glucose in both health and type 2 diabetes.  Gastric emptying is frequently 

disordered in diabetes (both abnormally delayed and accelerated). Delayed gastric emptying, 

i.e. diabetic gastroparesis, may be linked to upper gastrointestinal symptoms for which current 

treatment remains suboptimal; pharmacological acceleration of delayed emptying is only 

weakly associated with symptom improvement. Accordingly, the relationship between 

symptoms and delayed gastric emptying is not simply ‘cause-and-effect’. In insulin-treated 

patients, disordered gastric emptying, even when not associated with gastrointestinal 

symptoms, can cause a mismatch between the onset of insulin action and the availability of 

absorbed carbohydrate, leading to suboptimal glycaemic control. In patients with type 2 

diabetes, interventions that slow gastric emptying, e.g. glucagon-like peptide-1 receptor 

agonists, reduce postprandial glycaemia. This review focusses on recent insights into the impact 

of gastric emptying on postprandial glycaemia, effects of diabetes therapy on gastric emptying 

and management of disordered gastric emptying in diabetes. In view of the broad relevance of 

gastric emptying to diabetes management, it is important that future clinical trials evaluating 

novel therapies which may affect gastric emptying quantify the latter with an appropriate 

technique, such as scintigraphy or a stable isotope breath test. 
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“There is nothing like looking, if you want to find something. You certainly usually find 

something, if you look, but it is not always quite the something you were after.” ―J.R.R. 

Tolkien, The Hobbit 

 

2.2 Introduction 

Gastric emptying (GE) is now appreciated to be central to the pathophysiology and rational 

management of diabetes (type 1, 2 and pancreatogenic). This relatively recent recognition 

represents a paradigm shift where the outcomes of methodologically sound research in humans, 

with and without diabetes, have in many cases refuted long-established dogma. Gastroparesis 

is defined by abnormally delayed GE in the absence of mechanical obstruction. Once thought 

to be relatively rare – a belief influenced by the outcome of epidemiological studies that defined 

gastroparesis based on upper gastrointestinal symptoms without measuring GE, it is now 

recognised that GE is abnormally slow in 30 – 50% of individuals with long-standing, 

complicated, type 1 and type 2 diabetes (T1D and T2D) (Horowitz et al., 1991, Horowitz et al., 

1989a, Rayner et al., 2021). It is also appreciated that gastroparesis has clinical implications 

beyond that of symptoms, including malnutrition, glycaemic instability, and impaired 

absorption of orally administered drugs. By contrast, in uncomplicated T2D, GE is often 

accelerated (Watson et al., 2019, Xie et al., 2021a). Acute changes in blood glucose affect GE 

– which is slowed during hyperglycaemia and accelerated during hypoglycaemia (Phillips et 

al., 2015). A more recent recognition is that GE, even when normal, is a major, and hitherto 

generally underappreciated, determinant of the magnitude of the postprandial rise in blood 

glucose which, in many individuals with diabetes, predominates over fasting glycaemia in 

determining average glycaemic control as assessed by HbA1c, and, accordingly, represents a 

specific therapeutic target (Marathe et al., 2015, Phillips et al., 2015). In the broadest sense, the 

action of glucose-lowering therapy, particularly insulin, should ideally be coordinated closely 

with the rate of delivery of dietary carbohydrate, and subsequent absorption from the small 

intestine.  

https://www.bookbub.com/authors/j-r-r-tolkien?no_overlay=true
https://www.bookbub.com/authors/j-r-r-tolkien?no_overlay=true
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This review focusses on these advances in knowledge, including their implications for more 

personalised and effective management of diabetes.  

 

2.3 Pathophysiology of diabetic gastroparesis  

In both health and diabetes, GE of solid and liquid nutrients exhibits a wide inter-individual, 

but much lesser intra-individual, variation (Horowitz et al., 1989a, Horowitz et al., 1991, 

Watson et al., 2019).  

 

Figure 2.1 Gastric emptying of solid (100 g minced beef, percent retention at 100 min) and 

liquid (150 ml 10% dextrose, half-emptying time [T50]) nutrients in 86 participants with long-

standing diabetes (66 with type 1 diabetes, 20 with type 2 diabetes) and 20 healthy participants. 

Horizontal lines represent median values. The range of gastric emptying rates in the healthy 

participants is represented by the shaded area. Adapted from Jones et al (Jones et al., 1995) © 

SNMMI. 

 

While predominantly a pulsatile, rather than continuous, phenomenon, GE of most nutrients 

approximates an overall linear pattern (in the case of solids following an initial lag phase of 20 

– 30 min), ranging between 1 – 4 kcal/min in healthy individuals (Collins et al., 1983, Phillips 
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et al., 2015, Jones et al., 1995). Accordingly, in many individuals, whether healthy or with 

diabetes, a 75 g oral glucose load (~300 kcal), as in an oral glucose tolerance test (OGTT) will 

not have emptied completely from the stomach at 120 min (as this would require an emptying 

rate ≥ 2.5 kcal/min) (Marathe et al., 2015).  

 

Figure 2.2 Gastric emptying of a mashed potato meal in people with type 2 diabetes (n=111), 

and in young (n=15) and older (n=18) control participants without diabetes, as assessed by 13C-

octanoic acid breath test and expressed as kcal/min. **p<0.01 for young vs older participants 

without diabetes, ##p<0.01 for people with type 2 diabetes vs older control participants without 

diabetes. Unpaired t test used to determine statistical difference. Adapted from Watson et al 

(Watson et al., 2019) by permission of Oxford University Press on behalf of the Endocrine 

Society. © The Endocrine Society. 
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In some ethnic populations (Han Chinese, Mexican Americans and American Indians) 

predisposed to T2D, GE appears to be more rapid than in Caucasians (Wang et al., 2020, 

Phillips, 2006).  

Within the enteric nervous system, the interstitial cells of Cajal (ICC) act as pacemakers and, 

accordingly, play a major role in control of gastrointestinal motor function (Grover et al., 2011). 

It is not widely appreciated, however, that in healthy individuals, GE of nutrients is regulated 

primarily by inhibitory neuro-hormonal feedback arising from their interaction with the small 

intestine, rather than ‘intragastric’ mechanisms, and that both the length and region of small 

intestine exposed to nutrients modulate this feedback (Marathe et al., 2014, Zhang et al., 2019). 

Recent studies by the Gastroparesis Clinical Research Consortium (GCRC) in the US, where 

full thickness gastric biopsies have been obtained in individuals with refractory gastroparesis, 

have yielded important insights relating to the pathophysiology of diabetic gastroparesis 

(Grover et al., 2011). The latter is now recognised to be both complex and heterogeneous 

(Phillips et al., 2015). While there are abnormalities in vagal innervation, contrary to 

expectation, the relationship of delayed GE with autonomic dysfunction, as assessed by 

cardiovascular reflex tests, is weak (Horowitz et al., 1989a, Horowitz et al., 1991). Loss or 

damage to the ICCs appears to be a dominant abnormality (Phillips et al., 2015, Grover et al., 

2011), where altered immune function with a shift from M2 to M1 macrophage expression and 

impaired regulation of haem-oxygenase-1 leading to increased oxidative stress, may be 

responsible (Grover et al., 2011, Phillips et al., 2015). Other common abnormalities include 

reductions in intrinsic nerves and inhibitory neurons expressing nitric oxide synthase (NOS) 

(Phillips et al., 2015, Goyal, 2021).  Not surprisingly, gastroduodenal motor and sensory 

dysfunctions in gastroparesis are also highly variable; frequent abnormalities include impaired 

relaxation of the proximal stomach, reduced antral contractility and abnormalities of the gastric 

electrical rhythm (Phillips et al., 2015). 
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2.4 Evaluation of gastric emptying 

In the evaluation of gastric emptying, drugs that affect GE should be withheld where possible 

and to exclude mechanical obstruction, upper gastrointestinal endoscopy must be performed 

routinely (Schol et al., 2021, Phillips et al., 2015). Scintigraphy remains the ‘gold-standard’ 

technique for quantifying GE and allows measurement of both solid and liquid emptying, 

potentially concurrently, although frequently only solid emptying is assessed. Current 

guidelines recommend a test meal of eggs, toast, jam and water with only the solid component 

(eggs) radiolabelled (Schol et al., 2021, Abell et al., 2008). It should, however, be appreciated 

that the relationship of solid and liquid emptying is relatively weak (Horowitz et al., 1991). 

Recommendations to standardise the methodology for scintigraphy include ensuring blood 

glucose concentrations are <15 mmol/L during measurement (Abell et al., 2008). Limitations 

of scintigraphy include the need for expensive, specialised equipment and exposure to radiation. 

A more recently developed, and acceptable, alternative to scintigraphy is the stable isotope 

breath test, which is now well-validated, simple to perform and avoids exposure to ionising 

radiation (Trahair et al., 2022). Moreover, isotope breath test data can be adjusted, using the so-

called ‘Wagner-Nelson’ method, to yield values comparable to scintigraphy (Trahair et al., 

2022). The paracetamol absorption test (i.e., evaluation of the plasma kinetics of an oral 

paracetamol dose) is, unfortunately, still used widely to measure GE, particularly by the 

pharmaceutical industry. However, this technique has substantial limitations including 

uncertainty as to which component of a meal the paracetamol is emptying with, and the inability 

to measure GE of solids (Horowitz et al., 2020, Bartholome et al., 2015). Accordingly, in our 

opinion, this method should not be used in isolation for either clinical or research purposes, 

particularly given the availability of the isotope breath test. Similar considerations apply to the 

widespread assessment of gastrointestinal symptoms using participant self-report, which is 

known to be unreliable, rather than validated questionnaires which are now mandated by 

regulatory authorities in studies of drug therapy for functional gastrointestinal diseases (Du et 
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al., 2018). Evaluation of GE using the wireless motility capsule is a newer technique; however, 

the indigestible capsule tends to be emptied later than nutrient liquids and solids, and it may be 

insensitive for detecting abnormally rapid GE (Phillips et al., 2015, Rayner et al., 2021). Other 

newer techniques for measuring GE, including magnetic resonance imaging and three-

dimensional ultrasound, remain primarily in the research domain (Phillips et al., 2015, Rayner 

et al., 2021).  

 

2.5 Impact of gastric emptying on glycaemia  

GE is a major determinant of postprandial glycaemia in both health and diabetes, accounting 

for ~35% of the variance in peak glucose, and both the timing and significance of this 

relationship are impacted by glucose tolerance status (Phillips et al., 2015). In healthy 

individuals, relatively more rapid GE is associated with a greater glycaemic response in a 75 g 

oral glucose tolerance test (OGTT) at 30 min, but not 60 min, and the relationship is inverse at 

120 min, presumably reflecting effective glucose counter-regulation (Marathe et al., 2015, 

Horowitz et al., 1993). In contrast, in individuals with impaired glucose tolerance (IGT), 

relatively more rapid GE is associated with a greater glycaemic response at 30 min and 60 min, 

but not 120 min, and in T2D there is a further ‘shift to the right’ so that the glycaemic response 

is related directly to GE both at 60 min and 120 min (Marathe et al., 2015, Jalleh et al., 2022b). 

These observations have implications for use of the OGTT to diagnose T2D, IGT (i.e. 120 min 

plasma glucose), gestational diabetes and an understanding of the determinants of the blood 

glucose at 60 min which may be the strongest predictor of future T2D (Bergman et al., 2018). 

Given the relationship of glycaemia with GE, the use of continuous blood glucose monitoring 

has the potential to predict disordered GE. It should also be appreciated that, in contrast to 

longstanding complicated T1D and T2D where GE is frequently delayed (Horowitz et al., 1991, 

Horowitz et al., 1989a, Rayner et al., 2021), T2D of short duration, and uncomplicated T1D in 

adolescents, are associated with abnormally rapid GE (Xie et al., 2021a, Perano et al., 2015). 
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In T1D, it has been suggested that this acceleration reflects the reduction in human islet amyloid 

pancreatic peptide secretion (Vinik et al., 2008).  Older individuals with T2D tend to have 

slower GE compared with the young, consistent with the modest slowing of GE observed with 

healthy ageing (Watson et al., 2019). Rapid GE may also be associated with upper 

gastrointestinal symptoms, which cannot be discriminated from those associated with 

gastroparesis (Kuwelker et al., 2020). 

In many cases, the magnitude of the delay in GE in individuals with diabetes and gastroparesis 

is modest (Horowitz et al., 1989a, Horowitz et al., 1991). The rate of GE also tends to remain 

relatively stable for up to 25 years (Chang et al., 2012). Acute changes in blood glucose affect 

GE – hyperglycaemia induced by intravenous glucose slows emptying, although there is recent 

evidence that this may not apply to spontaneous elevations in blood glucose (Aigner et al., 

2021). In contrast to hyperglycaemia, acute insulin-induced hypoglycaemia (blood glucose ~2.0 

– 2.6 mmol/L) robustly accelerates GE in T1D, even in individuals with cardiovascular 

autonomic neuropathy and gastroparesis (Marathe et al., 2019) (Figure 3). This is likely to 

represent an important counter-regulatory mechanism and warrants further study (Marathe et 

al., 2019). 

In individuals with T1D or T2D, who are managed with insulin, ‘carbohydrate counting’ is used 

widely to determine insulin type and dosage; however, this approach fails to account for the 

substantial variation between individuals in the rate of delivery of carbohydrate to the small 

intestine. Accordingly, the choice and dosage of rapid-acting insulin should be considered 

carefully in individuals with disordered GE to optimise compatibility with the altered rate of 

absorption of carbohydrate – for example, if an ultra-rapid acting insulin tends to cause 

postprandial hypoglycaemia, an insulin with a slower onset of action may avoid this. In this 

context, GE should have major implications (which remain to be evaluated) for algorithms 

relating to the optimal use in T1D of insulin pumps linked to real time subcutaneous glucose 

monitoring systems. 



   

21 

 

Because GE regulates the entry of nutrients into the small intestine, it modulates the secretion 

of the two incretin hormones, glucose dependent insulinotropic polypeptide (GIP) and 

glucagon-like peptide-1 (GLP-1) (Nauck et al., 2021). The insulinotropic effect of GIP, the 

dominant incretin in healthy individuals, is markedly attenuated in T2D, whereas that of GLP-

1 is relatively preserved (Nauck et al., 2021). Experimental models have demonstrated a 

prompt, and load-related, stimulation of GIP in response to direct intraduodenal infusion of 

glucose (Phillips et al., 2015). In contrast, there is minimal stimulation of GLP-1 when glucose 

is infused intraduodenally at rates of 1 – 2 kcal/min, but a substantial response at 3 – 4 kcal/min 

in both health and T2D (Marathe et al., 2014, Pilichiewicz et al., 2007). It has recently been 

shown that there is a direct relationship between the rate of GE of oral glucose and the 

stimulation of plasma GLP-1 in response to intraduodenal glucose (Xie et al., 2021b), indicating 

that the rate of GE in a given individual is modulated by the GLP-1 response to small intestinal 

nutrients. Studies using a specific antagonist of GLP-1, exendin 9-39, have demonstrated that 

endogenous GLP-1 slows GE in healthy individuals (Deane et al., 2010b).  

There is little information about the impact of GE on glycaemia in the large number of 

individuals with pancreatogenic diabetes. In the most studied form, cystic fibrosis-related 

diabetes (CFRD), small intestinal inhibitory feedback from the products of fat digestion is 

attenuated as a result of pancreatic exocrine insufficiency, GE is often abnormally rapid and the 

secretion of both GLP-1 and GIP attenuated, favouring an increase in the postprandial 

glycaemic excursion (Perano et al., 2014). Management of exocrine pancreatic insufficiency 

and associated malabsorption with enzyme supplementation slows GE and augments the 

incretin response, to reduce postprandial glucose (Perano et al., 2014). In patients who have 

undergone partial pancreatectomy, particularly proximal resection, there is often a transient 

post-operative delay in gastric emptying which may result in a reduction in the glycaemic 

response to an OGTT (Menge et al., 2009). 



   

22 

 

 

Figure 2.3 Schema of the interdependent relationships of gastric emptying, incretin hormones 

and blood glucose. Gastric emptying is both a determinant of, and determined by, blood glucose. 

© Diabetologia. 

 

2.6 Effect of diabetes therapies on gastric emptying 

A number of drugs used in the management of diabetes slow GE, which contributes to their 

capacity to reduce postprandial glycaemia. 

 

2.6.1 GLP-1 receptor agonists 

GLP-1 receptor agonists (RAs) are used widely in the management of T2D, and increasingly in 

obesity, and can be classified as either ‘short-’ or ‘long-acting’ based on their plasma half-lives. 
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The short-acting GLP-1RAs, exenatide BD (Linnebjerg et al., 2008) and lixisenatide (Jones et 

al., 2019, Rayner et al., 2020, Meier et al., 2015, Lorenz et al., 2013), have a robust, albeit 

variable, effect to slow GE. The magnitude of this deceleration is dependent on the baseline 

rate of GE (i.e. individuals with gastroparesis may potentially not exhibit further slowing, 

although this remains to be determined) and predictive of the magnitude of postprandial glucose 

lowering (Linnebjerg et al., 2008). The implication is that improvement in glycaemic control 

by short-acting GLP-1RAs, as assessed by HbA1c in T2D, may be dependent on the baseline 

rate of GE, particularly in individuals in whom fasting glycaemia is relatively well controlled. 

The effects of long-acting GLP-1RAs (i.e. exenatide QW, liraglutide, dulaglutide, semaglutide 

[subcutaneous and oral] and tirzepatide [a dual GIP/GLP-1RA]) on GE have, for the main part, 

been evaluated with the suboptimal paracetamol test (Horowitz et al., 2020, Dahl et al., 2021, 

Hjerpsted et al., 2018, Urva et al., 2020, Drucker et al., 2008, Barrington et al., 2011), rather 

than a more accurate technique (Jones et al., 2020). It has also been suggested that long-acting 

GLP-1RAs do not have an effect to slow GE with longer-term use because of ‘tachyphylaxis’ 

induced by sustained exposure of GLP-1 receptors. However, in humans, the slowing of GE by 

intravenous GLP-1 is diminished over 24h, but the effect is still significant (Umapathysivam et 

al., 2014). While the slowing of GE appears to be less with long-acting GLP-1RAs compared 

to short-acting GLP-1RAs, substantial and durable slowing of GE clearly persists with both 

liraglutide (Halawi et al., 2017) and exenatide QW (Jones et al., 2020), two long-acting GLP-

1RAs for which GE has been quantified using a methodologically sound technique. In the latter 

case, the reduction in postprandial glucose has been shown to be related to the extent of this 

delay (Jones et al., 2020). Accordingly, it appears that both short- and long-acting GLP-1RAs 

slow GE.  
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Table 2.1 Effects of GLP-1RAs on gastric emptying in humans (Drucker et al., 2008, 

Linnebjerg et al., 2008, Jones et al., 2020, Lorenz et al., 2013, Rayner et al., 2020, Barrington 

et al., 2011, Jones et al., 2019, Halawi et al., 2017, Meier et al., 2015, Hjerpsted et al., 2018, 

Dahl et al., 2021, Urva et al., 2020). © Diabetologia. 

 

Moreover, the European Medicines Agency considers that ‘delayed GE’ is an adverse effect of 

liraglutide . What remains to be clarified are the magnitude, duration and dose-relationship of 
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these effects – issues that can only be resolved if GE is measured in clinical trials using an 

appropriate method. Of note, studies that have shown that slowing of GE reduces postprandial 

blood glucose have generally not discriminated effects on GE from those on small intestinal 

motility/transit. The potential for GLP-1RAs to inhibit small intestinal transit may represent a 

substantial contribution to postprandial glucose lowering (Thazhath et al., 2016). 

The insights from such studies are intuitively likely to facilitate much more personalised use of 

GLP-1RAs and have a number of other implications, including the timing of cessation of long-

acting GLP-1RAs prior to endoscopy or surgery, where there are recent anecdotal reports of 

retained gastric contents despite ‘appropriate’ periods of fasting (Kalas et al., 2021). The effect 

of GLP-1RAs on GE may also be of relevance to their potential use in T1D. In addition to 

suppressing glucagon, the slowing of GE may attenuate the counter-regulatory acceleration of 

GE by hypoglycaemia (Horowitz et al., 2006), which could increase the risk of hypoglycaemic, 

as observed in a trial with liraglutide (Mathieu et al., 2016). Because GE was not measured 

concurrently in this trial, this potential mechanism cannot be confirmed. While it has been 

suggested that the frequent gastrointestinal adverse effects (which may compromise longer-

term usage) and appetite suppression induced by GLP-1RAs are related to slowing of GE, this 

may not be the case (Jalleh et al., 2020). Another potential example of ‘targeted’ use of GLP-

1RAs is CFRD, where abnormally rapid GE can be slowed using the short-acting GLP-1RA, 

exenatide BD, to reduce the postprandial glycaemic excursion (Geyer et al., 2019).  

A substantial (>20mmHg) fall in blood pressure after meals (‘postprandial hypotension’) occurs 

in up to 40% of individuals with longstanding, complicated diabetes (more common than 

orthostatic hypotension), and is associated with more rapid GE (Jones et al., 2019). The slowing 

of GE by GLP-1RAs may attenuate the postprandial fall in blood pressure and could prove 

useful in the management of postprandial hypotension, which currently lacks an effective 

treatment (Jones et al., 2019). 
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2.6.2 DPP-4 inhibitors 

In contrast to GLP-1RAs, DPP-4 inhibitors have minimal, if any, effect on GE in T2D, although 

their postprandial glucose-lowering may be greater in individuals in whom GE is relatively 

faster (Stevens et al., 2020). The absence of an effect on GE is likely to reflect the much lesser 

stimulation of GLP-1 receptors than with GLP-1RAs; moreover, DPP-4 inhibition prevents the 

conversion of inactive PYY1-36 to the active 3-36 form which slows GE (Witte et al., 2009). 

  

2.6.3 Other antidiabetic medications 

Metformin, when delivered intraduodenally, slows GE modestly in T2D in the absence of 

nausea (Borg et al., 2020). The mechanism(s) may reflect greater stimulation of GLP-1 from 

the distal gut resulting from a reduction in proximal intestinal glucose absorption, inhibition of 

bile acid resorption, and/or alterations in the gut microbiota (Borg et al., 2020). Pramlintide, an 

amylin analogue, slows GE substantially, which contributes to its marked effect to lower 

postprandial glucose (Phillips et al., 2015). Acarbose, an alpha-glucosidase inhibitor which 

delays carbohydrate absorption, may increase exposure of the L-cells in the distal gut to 

nutrients to enhance GLP-1 secretion. In some experimental paradigms, acarbose has been 

shown to slow GE, although this was not evident with a mixed meal in T2D (Hucking et al., 

2005). While the effect of sodium-glucose co-transporter-2 (SGLT-2) inhibitors on GE has not 

been evaluated to our knowledge, there is no reason to anticipate a significant effect. Lastly, 

while insulin may influence GE through modulating blood glucose levels, hyperinsulinaemia 

per se does not appear to affect GE (Kong et al., 1999). 

2.6.4 Effects of weight loss procedures for obesity on gastric/pouch emptying 

GE of nutrient liquids is markedly accelerated following Roux-en-Y gastric bypass (Nguyen et 

al., 2014) and sleeve gastrectomy (Sista et al., 2017) leading to a supraphysiologic GLP-1 

response that attenuates the rise in blood glucose and, in some cases, subsequent hypoglycaemia 

(Patti and Goldfine, 2010). GE of solids following gastric bypass may be delayed or accelerated 



   

27 

 

– emptying is influenced by concurrently ingested liquids (Horowitz et al., 1982) and may relate 

to weight loss (Deden et al., 2017). 

Fluid-filled (but not air-filled) intragastric balloons slow GE of solids substantially (Vargas et 

al., 2020) probably because air-filled balloons float to the fundus of the stomach, whereas fluid-

filled balloons reside in the antrum and impair grinding and emptying of solids. 

 

2.7 Management of gastroparesis associated with upper gastrointestinal symptoms  

 

Figure 2.4 Recommended management of suspected diabetic gastroparesis. Green, standard 

clinical practice/approaches supported by controlled trials; light pink, approaches supported by 

limited evidence; dark pink, approaches that may have a role but remain to be evaluated 

adequately. © Diabetologia. 

 

Although it represents a substantial health burden, treatments for symptomatic gastroparesis 

remain limited and suboptimal. Progress has been compromised by two longstanding 

assumptions which have proved to be incorrect: (i) that delay in GE is the cause of symptoms, 

rather than being a marker of underlying dysfunction of gastroduodenal control mechanisms 
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and (ii) that making the stomach pump more effectively would inevitably lead to symptom 

improvement. A further limitation is that much of the current evidence is derived from poorly 

designed trials. For these reasons, while the heterogeneous nature of the motor/sensory 

dysfunctions in diabetic gastroparesis has implications for the development of more effective 

therapy, treatment should be targeted primarily at the relief of specific, bothersome symptoms. 

 

2.7.1 Non-pharmacological management 

Dietary recommendations e.g. consumption of frequent, small meals and avoidance of high fat 

foods, while intuitively logical, remain to be evaluated adequately (Limketkai et al., 2020). 

Numerous drugs slow GE, but ceasing them may not prove feasible. Optimising glycaemic 

control is often recommended – in addition to slowing GE, acute hyperglycaemia may be 

associated with increased upper gastrointestinal ‘sensitivity’ (Phillips et al., 2015) – but this is 

often challenging and the rationale for the approach is hitherto only supported by uncontrolled 

studies. The effect of improvement in chronic glycaemic control (HbA1c) remains uncertain 

with an absence of controlled studies, although a prospective study reported normalisation of 

delayed GE, measured with scintigraphy, following improved glycaemic control (Laway et al., 

2013). A small trial in individuals with T1D and gastroparesis found that hybrid closed loop 

insulin pump therapy improved mean percentage time that blood glucose was in range (3.9 – 

10 mmol/L) from 26% to 58.4%, however neither gastrointestinal symptoms nor GE were 

evaluated (Daly et al., 2021). Nutritional support (e.g. feeding into the small intestine) may be 

necessary when there are severe, refractory symptoms associated with dehydration or 

malnutrition, but again, the evidence base for this approach is limited (Limketkai et al., 2020). 
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2.7.2 Pharmacological management 

Pharmacological treatment has focussed on prokinetic medications, but, as discussed, it is now 

appreciated that the relationship of symptomatic improvement to acceleration of GE is, at best, 

modest (Tack et al., 2021). 

 

2.7.3 Dopamine receptor antagonists 

Metoclopramide, a dopamine-2 (D2) receptor antagonist, is the only pharmacologic treatment 

currently approved by the US Food and Drug Administration (FDA) for diabetic gastroparesis, 

but it has not been approved for this indication by the European Medicines Agency (EMA). 

Oral metoclopramide has been used for decades, but recently, a nasal formulation, which may 

be absorbed more reliably, has been shown to accelerate GE, and provide symptomatic relief in 

females (but not males) with diabetic gastroparesis (Gajendran et al., 2021). Based on anecdotal 

reports, subcutaneous metoclopramide may be effective in treating vomiting episodes. Other 

D2 receptor antagonists, including domperidone, may improve symptoms to a comparable 

extent to metoclopramide (Tendulkar et al., 2022). Tardive dyskinesia (more common with 

metoclopramide than domperidone) and QTc prolongation with the potential for arrhythmia are 

important concerns, although the risk of tardive dyskinesia may be as low as 0.1% per 1,000 

patient years with metoclopramide (Al-Saffar et al., 2019). Nonetheless, metoclopramide 

carries a black box warning that chronic use (>12 weeks) may result in irreversible tardive 

dyskinesia (Schol et al., 2021). A newer dopamine D2/D3 receptor antagonist, trazpiroben 

(TAK-906), developed to have reduced cardiovascular and neurologic adverse effects, failed to 

show symptom improvement (Kuo et al., 2021b). 

 

2.7.4 5-HT4 receptor agonists 

Prucalopride, a selective 5-hydroxytryptamine (5-HT)4 receptor agonist, was effective in 

improving symptoms in a cohort with predominantly idiopathic gastroparesis, but despite 
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accelerating GE in a diabetes-specific group, did not improve symptoms (Camilleri and Atieh, 

2021). Velusetrag, a selective 5-HT4 receptor agonist, accelerates GE in diabetic gastroparesis, 

but effects on symptoms were not evaluated (Kuo et al., 2021a). For other 5-HT4 agonists, 

including clebopride, cinitapride and mosapride, there is relatively weak evidence to support 

efficacy (Camilleri and Atieh, 2021) and cisapride, which appeared to be effective at relieving 

symptoms, was withdrawn from the market in 2000 due to concerns about cardiovascular safety 

(Camilleri and Atieh, 2021). 

 

2.7.5 Motilin receptor agonists 

The macrolide antibiotics, erythromycin and azithromycin, are also motilin-receptor agonists 

and, at least in the short term, accelerate GE, although their effect on symptoms is uncertain 

(Camilleri and Atieh, 2021). There are also concerns regarding potential drug-interactions, and 

a reduction in long-term efficacy due to tachyphylaxis (Camilleri and Atieh, 2021). Mitemcinal, 

a newer motilin receptor agonist, was reported to improve symptoms in diabetic gastroparesis 

only in the subgroup of patients with BMI < 25 kg/m2 and HbA1c < 86 mmol/mol (10%), for 

uncertain reasons (McCallum et al., 2007). 

 

2.7.6 Other therapies for gastroparesis 

Medications used to treat chronic abdominal pain, such as pregabalin and gabapentin, have not 

been formally evaluated in diabetic gastroparesis. The tricyclic antidepressant, nortriptyline, 

failed to improve symptoms in idiopathic gastroparesis (Parkman et al., 2013). Numerous 

classes of medication used to treat nausea, including 5HT-3 antagonists, phenothiazines, 

cannabinoids and H1 receptor antagonists, such as diphenhydramine, have not been evaluated 

adequately in the context of diabetic gastroparesis, but may have a place in its management 

(Rayner et al., 2021). 
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2.7.7 Novel pharmacological targets 

The neurokinin-1 receptor antagonist, tradipitant, was reported to improve nausea in 

gastroparesis, but the study was underpowered to show a benefit in the subgroup with diabetes 

(Carlin et al., 2021). Sepiapterin, an essential cofactor of NOS, has been reported to improve 

gastric accommodation, but not symptoms, in women with diabetic gastroparesis (Abell et al., 

2021). Relamorelin, a ghrelin agonist, led to both symptomatic improvement and acceleration 

of GE in three studies, but the subsequent phase 3 trial was terminated prematurely, apparently 

for commercial reasons (Hong et al., 2020). 

 

2.7.8 Endoscopic, surgical, and other therapies 

A number of invasive therapies have been used in individuals with refractory diabetic 

gastroparesis, but none can currently be considered to have an established place in management. 

The choice of therapy is, accordingly, empirical. 

Gastric per-oral endoscopic pyloromyotomy (G-POEM) involves tunnelling through the 

submucosa to cut the pyloric sphincter. In a recent sham-controlled, randomised clinical trial of 

patients with refractory gastroparesis (41% had diabetes), G-POEM achieved symptomatic 

improvement in 71% of participants compared with 22% following the sham procedure 

(Martinek et al., 2022). GE, measured by scintigraphy, was accelerated after G-POEM but there 

was no relationship of symptom improvement with GE. In another recent larger but 

uncontrolled, prospective study in gastroparesis (Vosoughi et al., 2022) at 12 months, symptoms 

improved in 56% of participants who underwent G-POEM and GE, measured by scintigraphy, 

normalised in 47% with a moderate correlation between symptom improvement and GE 

acceleration (Vosoughi et al., 2022). These observations suggest that G-POEM may have a 

place in the management of individuals with refractory symptomatic gastroparesis. 

The delivery of low energy, high frequency pulses to the antrum (gastric electrical stimulation) 

is effective in the treatment of vomiting in individuals with and without diabetes, regardless of 
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whether they had gastroparesis, as shown in a randomised, crossover study (Ducrotte et al., 

2020). GE was not accelerated, nor was there an improvement in overall quality of life 

(Ducrotte et al., 2020).  

Open-label studies initially suggested a benefit of intrapyloric injection of botulinum toxin; 

however, subsequent sham-controlled trials in gastroparesis of various aetiologies failed to 

demonstrate improvement in either symptoms or GE (Friedenberg et al., 2008). Likewise, a 

systematic review of 32 studies failed to support acupuncture for management of symptomatic 

gastroparesis (Kim et al., 2018).  

There is anecdotal evidence that pancreatic transplantation may be effective in managing 

diabetic gastroparesis (Gaber et al., 1991); the effect of islet cell transplantation has not been 

reported. Roux-en-Y gastric bypass surgery (Papasavas et al., 2014), sleeve gastrectomy 

(Alicuben et al., 2021) and gastrojejunostomy (McCarty and Rustagi, 2015) have also been 

reported to improve symptoms in refractory gastroparesis, but in view of the small number of 

cases  and the absence of controlled trials, further evaluation is required. 

 

2.8 Conclusions 

The seminal importance of GE in diabetes is now established and recent insights have impacted 

on clinical practice. Clarification of a number of important, unresolved concepts will be 

dependent on the outcomes of future targeted research. The relative lack of progress in the 

management of gastroparesis associated with gastrointestinal symptoms reflects, in part, the 

pursuit of overly simplistic concepts and the fundamental importance of defining 

pathophysiology for the rational development of novel and effective therapy. The latter must be 

evaluated in well-designed clinical trials, which is itself challenging. In relation to postprandial 

glycaemic control, the clinical relevance of GE would be defined much more clearly if its 

measurement (e.g., by breath test) was incorporated widely in clinical trials where postprandial 

glycaemic excursions represent a major endpoint. Mechanisms should not be ignored when they 
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can be assessed both safely and simply. The words of Tolkien are relevant to our quest to 

understand diabetic gastroparesis – the latter will inevitably prove elusive unless we look 

carefully and with an open mind. 
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3.1 Abstract 

Context: The relationships of gastric emptying (GE) with the glycemic response at 120min, 

GLP-1 and insulin secretion following a glucose load in type 2 diabetes (T2D) are uncertain. 

Objective: We have evaluated the relationship of plasma glucose, GLP-1 and insulin secretion 

with GE of a 75 g oral glucose load in T2D.   

Design: Single-center, cross-sectional, post hoc analysis. 

Setting: Institutional research center. 

Participants:  43 individuals with T2D age 65.61.1 years, HbA1c 7.21.0%, median duration 

of diabetes 5 years, managed by diet and/or metformin.   

Intervention: Participants consumed the glucose drink radiolabelled with 99mTc-sulphur colloid 

following an overnight fast. GE (scintigraphy), plasma glucose, GLP-1, insulin and C-peptide 

were measured between t=0-180min. 

Main outcome measures: The relationships of the plasma glucose at 120 min, plasma GLP-1 

and insulin secretion (calculated by Δinsulin0-30/Δglucose0-30 and ΔC-peptide0-30/Δglucose0-30 ) 

with the rate of GE (scintigraphy) were evaluated. 

Results: There were positive relationships of plasma glucose at 30min (r=0.56,P<0.001), 60min 

(r=0.57,P<0.001) and 120min (r=0.51,P<0.001) but not at 180min (r=0.13,P=0.38), with GE. 

The 120min plasma glucose and GE correlated weakly in multiple regression models adjusting 

for age, GLP-1 and insulin secretion (P=0.04 and P=0.06). There was no relationship of plasma 

GLP-1 with GE.  Multiple linear regression analysis indicated that there was no significant 

effect of GE on insulin secretion. 

Conclusion: In T2D, while insulin secretion is the dominant determinant of the 120min plasma 

glucose, GE also correlates. Given the relevance to interpreting the results of an oral glucose 
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tolerance test, this relationship should be evaluated further. There appears to be no direct effect 

of GE on either GLP-1 or insulin secretion. 
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3.2 Background  

Gastric emptying (GE) of solid and liquid nutrients exhibits a wide inter-individual variation in 

health approximating a linear rate (in the case of solids, following an initial lag phase) ranging 

between ~1-4 kcal/min (Jones et al., 2001). This variation is even greater in type 2 diabetes 

(T2D) because of the high prevalence of both accelerated (usually individuals with well 

controlled diabetes) (Watson et al., 2019) and delayed (usually individuals with poorly 

controlled, complicated, diabetes) GE (Bharucha et al., 2015). GE is now appreciated as a major 

determinant of postprandial glycemia in health, as well as in T2D, accounting for up to 35% of 

the variance in the initial rise in glucose (Marathe et al., 2013). That certain ethnic groups with 

a greater propensity for type 2 diabetes have relatively more rapid GE supports the concept that 

GE may be a determinant of the risk of diabetes (Phillips, 2006).   

An understanding of the relationship of glycemia with GE is of potential relevance to the use 

of the 120 min blood glucose in an oral glucose tolerance test (OGTT) to diagnose impaired 

glucose tolerance and T2D (Petersmann et al., 2019). The OGTT, despite longstanding concerns 

about its reproducibility, remains the ‘gold-standard’ diagnostic technique, for this purpose, 

including for the diagnosis of gestational diabetes (Bogdanet et al., 2020). Diabetes is classified 

by OGTT when fasting plasma glucose is ≥7.0 mmol/L or 120 min plasma glucose is ≥11.1 

mmol/L (Petersmann et al., 2019). We have reported that there is an inverse relationship 

between the 120 min glucose and GE in health and postulated that this reflects a robust, earlier 

insulin response and intact insulin sensitivity (Marathe et al., 2015, Horowitz et al., 1993). This 

relationship appears to ‘shift to the right’ along the spectrum from health to impaired glucose 

tolerance to T2D, so that the inverse relationship between 120 min glucose and GE is not 

evident in individuals with impaired glucose tolerance (Marathe et al., 2015, Trahair et al., 

2014). In T2D, we reported that the relationship of glycaemia with GE tended to be direct, 

rather than inverse, but this was not statistically significant, possibly reflecting the modest 

number (n=16) of participants studied (Marathe et al., 2015). Given the relevance of this 
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relationship, particularly to the use of the OGTT, the impact of gastric emptying on the 120 min 

glucose in T2D requires clarification. More recently, it has been suggested that the 60 min blood 

glucose in an OGTT may be a better predictor of dysglycemia compared to the 120 min glucose 

(Bergman, 2021); interestingly, this value is known to be related directly to the rate of gastric 

emptying in individuals with impaired glucose tolerance and T2D, but not in health (Marathe 

et al., 2015).  

The impact of gastric emptying on insulin secretion in T2D is uncertain (Marathe et al., 2017). 

The latter is known to be influenced by the release of the ‘incretin’ hormones, glucagon like 

peptide-1 (GLP-1) and glucose dependent insulinotropic polypeptide (GIP), following exposure 

of the small intestine to nutrients (Campbell and Drucker, 2013). In T2D, GLP-1 is of particular 

relevance given the marked impairment in the insulinotropic capacity of GIP (Nauck et al., 

1993). In our studies which have evaluated the effects of direct intraduodenal infusion of 

glucose at rates spanning the normal range for GE in health and T2D, GIP secretion was shown 

to increase in proportion to the rate of nutrient delivery, whereas stimulation of GLP-1 was only 

evident at a higher threshold (3-4 kcal/min) (Ma et al., 2012, Pilichiewicz et al., 2007). 

Information relating to the impact of the rate of GE of glucose on plasma GLP-1 is inconsistent 

(Wishart et al., 1998); this may reflect the fact that endogenous GLP-1 itself slows GE (Deane 

et al., 2010b). It has been suggested that in T2D, a sustained increase in beta cell workload from 

exposure to persistent hyperglycemia may lead to reduced beta cell mass and function (Saisho, 

2014). Accordingly, in T2D, relatively faster GE resulting in higher and more sustained 

postprandial glycemic fluxes, may have the potential to increase beta cell workload and, lead 

to beta cell exhaustion, with a consequent reduction in insulin secretory capacity.  

Direct measurement of insulin secretion is usually impractical given the requirement for 

catheterisation of the hepatic portal vein (Song et al., 2000) and indirect methods use 

mathematical models to analyse the glucose, C-peptide and insulin data (Van Cauter et al., 

1992). The ratio of the change in plasma insulin (“insulinogenic index”) or C-peptide 
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concentration to the change in plasma glucose at 30 minutes during an OGTT are frequently 

used surrogate markers of insulin secretion (Hannon et al., 2018). In a previous study in health, 

we reported an inverse relationship of the insulinogenic index with GE i.e. when gastric 

emptying was relatively faster, the insulinogenic index was less (Marathe et al., 2017).  

The primary aims of this study were to address two unresolved issues: the relationships of 

gastric emptying of a 75 g oral glucose load with (i) blood glucose at 120 minutes and (ii) 

insulin secretion, in T2D. 

3.3 Methods 

Data were derived from two reported studies (Jones et al., 2019, Rayner et al., 2020). 

Participants 

43 Caucasians (14 female, 29 male) with T2D age 65.6  1.1 years, HbA1c 7.2  1.0%, BMI 

31.6 ± 0.7 kg/m2 median duration of known diabetes 5 years, managed by diet and/or metformin 

only (38 of 43 were taking metformin) were recruited. All participants had type 2 diabetes, 

diagnosed by either oral glucose tolerance test and/or measurement of HbA1c (Petersmann et 

al., 2019). Metformin was withheld for 48 hours prior to each study. None had a history of 

gastrointestinal disease, previous gastrointestinal surgery, epilepsy, significant alcohol intake 

(>20 g alcohol/day) significant cardiac, respiratory, hepatic and/or renal disease. 

Study protocol 

Participants fasted overnight (14 hours for solids, 12 hours for liquids). On arrival, an 

intravenous cannula was inserted into an antecubital vein for blood sampling. While seated in 

front of a gamma camera, participants consumed a 75 g glucose drink (280.5 kcal) dissolved in 

water (total volume 300 ml) radiolabelled with 20 MBq 99mTc-phytate colloid (Radpharm 

Scientific, Belconnen, ACT) within 5 minutes. Completion of consumption of the drink was 

designated as t=0. Radioisotopic data were acquired for 180 minutes and corrected for γ-ray 



   

42 

 

attenuation, subject movement and radionuclide decay (Collins et al., 1983). GE data were 

acquired in 1-min frames for the first 60 minutes followed by 3 minute frames until t=180 

minutes. GE was calculated as the amount of energy emptied (kcal/min) between 0 and 120 

minutes. Plasma glucose (measured using hexokinase technique (Wu et al., 2016b)), total 

plasma GLP-1(RRID:AB_2757816, GLPIT-36HK, Millipore, Billerica, MA), C-peptide 

(RRID:AB_2750847, ELISA, 10-1136-01, Mercodia, Uppsala, Sweden), and plasma insulin 

(RRID:AB_2877672, ELISA, Diagnostics 10-1113, Mercodia, Uppsala, Sweden) were 

measured at 30, 60, 120 and 180 min. Insulin secretion was calculated as Δinsulin0-30/Δglucose0-

30 and ΔC-peptide0-30/Δglucose0-30 (Hannon et al., 2018). The software used for the statistical 

analysis was SPSS (IBM) v27 and all analyses were supervised by a professional biostatistician. 

Statistical analysis 

Total areas under the curve (AUCs) between t= 0 – 180 min were calculated for GLP-1 and 

glucose using the trapezoidal rule. Participants were subdivided into two groups: those with 

120 min plasma glucose ≥11.1 mmol/L and those with a lesser glycemic response and 

differences in mean gastric emptying rate were compared using Student’s t test. 

Multiple linear regression models were used to evaluate the primary outcomes, i.e. the 

relationship of (i) the 120 min plasma glucose and (ii) insulin secretion, with GE. In the former, 

age, GLP-1 AUC and insulin secretion were the independent variables, and in the latter, age, 

glucose AUC and GLP-1 AUC. Direct effects of GE on the 120 min glucose and insulin 

secretion were estimated by the standardized partial regression coefficient for GE (β). 

Scatterplots of all independent variables and covariates against GE indicated that linearity was 

appropriate for all relationships. Because the residuals from the insulin secretion model showed 

evidence of non-constant variance, values were log transformed for analysis (natural log, ln). 

Linear regression models were used to evaluate the relationships between glycemic responses 

(at t= 30, 60 and 180 min) and gastric emptying.  
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Each study was independently evaluated for these associations and homogeneity between 

studies was observed. A P value <0.05 was considered significant in all analyses. Data are 

presented as mean ± SEM. The software used for the statistical analysis was SPSS (IBM) v27 

and all analyses were supervised by a professional biostatistician. 

3.4 Results 

All participants tolerated the study well and in all cases, GE (1.85 ± 0.04 kcal/min) 

approximated a linear pattern from 0 – 120 min. 

 

Figure 3.1 Gastric emptying (expressed as percentage of glucose load emptied) over time in 

type 2 diabetes (n = 43). Data are mean ± SE of the mean. 

 

Fasting glucose was 7.4 ± 0.2 mmol/L and blood glucose at 120 min 15.7 ± 0.6 mmol/L. Plasma 

glucose correlated positively and linearly with gastric emptying at 30 min (r= 0.56, P<0.001), 

60 min (r= 0.57, P<0.001) and 120 min (r= 0.51, P<0.001), but not 180 min (r= 0.13, P=0.38).  
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Figure 3.2 Relationship of plasma glucose at (A) 30, (B) 60, (C) 120, and (D) 180 minutes after 

a 75-g oral glucose load and gastric emptying (kcal/min) in type 2 diabetes (n = 43). 

 

In the multiple regression analysis, where age, GLP-1 AUC and insulin secretion (insulin0-30/ 

Δglucose0-30 and C-peptide0-30/ Δglucose0-30) were used as covariates, the 120 min plasma 

glucose correlated positively with GE (β=0.28, P=0.04) when  C-peptide0-30/ Δglucose0-30 was 

used as the measure of insulin secretion, but not significantly with insulin0-30/ Δglucose0-30  

(β=0.27, P=0.06). 
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Table 3.1 Multiple regression analysis using the 120-minute blood glucose level as the 

dependent variable. 

 

Fasting glucose was ≥7.0 mmol/L in 25/43 (58.1%) and at 120 min, plasma glucose was ≥11.1 

mmol/L in 35/43 (81.4%). For the subgroup with the 120 min plasma glucose ≥11.1 mmol/L 

(n=35), GE tended to be faster compared to the subgroup with a 120 min plasma glucose <11.1 

mmol/L 1.90 ± 0.05 vs 1.65 ± 0.10 kcal/min (P=0.06). 

Baseline fasting GLP-1 was 20.6 ± 1.3 pmol/L, rose to 34.3 ± 2.1 pmol/L at 30 min and, then 

gradually decreased to 31.3 ± 2.0 pmol/L at 60 min, 22.9 ± 1.3 pmol/L at 120 min and 16.3 ± 

1.0 pmol/L at 180 min. There was no significant relationship between GLP-1 and gastric 

emptying at 30 (r= -0.21, P=NS), 60 (r= -0.09, P=NS), 120 (r= -0.13, P=NS) or 180 min (r= -

0.27, P=NS).  

Relationship of insulin secretion with gastric emptying 

The ANOVA test for the model was statistically significant, indicating that there was a 

relationship between the combinations of GE, age and GLP-1 AUC with insulin secretion 

(P<0.001). The addition of the three covariates significantly improved the model fit, compared 
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to GE alone (P<0.001). In the final model, the direct effects for GE, age, glucose AUC and 

GLP-1 AUC were all negative. The effect for glucose AUC was significant (β=-0.59, P<0.001), 

while the direct effect of GE on insulin secretion was not (β=-0.13, P=0.39).  

 

Table 3.2 Multiple regression analysis using Δinsulin0-30/Δglucose0-30 as the dependent 

variable. 

ΔC-peptide0-30/Δglucose0-30 

The ANOVA test for the overall model was significant (P<0.001) and the addition of the three 

covariates improved the model fit compared to GE alone (P<0.001). In the final model, the 

direct effects for GE, age, glucose AUC and GLP-1 AUC were all negative. The effect for 

glucose AUC was significant (β=-0.53, P=0.001) while the direct effect of GE on insulin 

secretion was not (β=-0.07, P=0.63).  

 

Table 3.3 Multiple regression analysis using ΔC-peptide0-30/Δglucose0-30 as the dependent 

variable. 
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3.5 Discussion 

We have shown that in type 2 diabetes, there is a positive relationship between glycemia at 30, 

60 and, in particular, at 120 minutes following a 75 g oral glucose load, but no significant 

relationship at any time of the plasma GLP-1 or insulin secretory responses with GE. The 

correlation between glycemia at 120 min with GE is weaker in multiple regression analysis 

when age, GLP-1 and insulin secretion are covariates. 

Consistent with previous reports (Marathe et al., 2015, Watson et al., 2019), the plasma glucose 

concentration following a 75 g oral glucose load was related directly to gastric emptying at 30 

and 60 min in T2D. In the study by Marathe et al (Marathe et al., 2015), there was also a trend 

for a relationship between glycemia and GE at 120 min, but this did not achieve statistical 

significance likely due to the modest sample size. In health it has been well established that the 

relationship of the blood glucose response to a 75 g oral glucose load and GE is direct at 30 

min, not significant at 60 min and inverse, rather than direct, at 120 min (Marathe et al., 2015, 

Horowitz et al., 1993), presumably reflecting effective glucose counter-regulation, particularly 

because (although it does not appear to be widely appreciated) in the majority of individuals, 

GE is not completed at that time (i.e. an emptying rate ≥2.5 kcal/min would be required, which 

is not usually the case (Phillips et al., 2015)). In contrast, at 180 min, GE of a 75 g oral glucose 

load would be complete in the majority of individuals, which may account for the absence of a 

relationship with glycemia at that time. 

GE is currently not considered in the diagnosis of T2D using the OGTT, including in gestational 

diabetes where it remains the main diagnostic method (Bogdanet et al., 2020). Our study 

indicates that this may represent a limitation i.e. the blood glucose at 120 min appears to be 

dependent on the rate of emptying, which is highly variable between individuals. Moreover, in 

those in whom the 120 min blood glucose was not diagnostic of diabetes (18.6%) there was a 

trend for GE to be slower (P=0.06). This issue, accordingly, warrants further evaluation. It is, 

however, clear that the timing and direction of the relationship of the glycemic response to oral 
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glucose with GE is dependent on glucose tolerance, demonstrating a ‘shift to the right’ of the 

direct relationship with progressive impairment in glucose tolerance (Marathe et al., 2015, 

Trahair et al., 2014). The impact of GE on glycemia after a 75 g glucose load is also much more 

sustained in T2D than in health i.e. there were positive relationships between 30 – 120 min, 

whereas in health, the relationships were either non-significant or negative after 30 min. While 

this is intuitively, likely to also be the case after carbohydrate-containing meals, further studies 

are indicated to investigate this. The importance of glucose tolerance is reflected in outcomes 

of the multiple regression analysis where insulin secretion correlates, not surprisingly, more 

strongly with the 120 min plasma glucose then GE, indicating that it is the dominant 

determinant of the 120 min plasma glucose, a concept that is widely appreciated. However, our 

observations also support a lesser appreciated, albeit weaker, relationship of GE with glycemia 

at 120 min. This relationship implies that concomitant use of medications that affect gastric 

emptying, such as opioids, anticholinergics and GLP-1 receptor agonists may affect the OGTT 

result.   

The absence of a relationship between plasma GLP-1 and GE following oral glucose was clear-

cut, consistent with our previous study that found no relationship between GLP-1 and GE 

following a semi-solid meal (Xie et al., 2021b). Intuitively, relatively faster GE may be 

anticipated to result in more rapid delivery of nutrients to the distal small intestine to stimulate 

secretion of GLP-1 (Marathe et al., 2013). Moreover, as discussed, our previous studies using 

direct infusion indicates that the GLP-1 secretion in health (Pilichiewicz et al., 2007) and type 

2 diabetes (Ma et al., 2012) is dependent on the rate of intraduodenal glucose delivery. There 

are several potential explanations for the differences observed. Firstly, in none of the current 

participants was GE faster than 3 kcal/min and in our intraduodenal glucose studies, a sustained 

rise in plasma GLP-1 was only evident when glucose was delivered at > 3 kcal/min (Ma et al., 

2012). Secondly, more rapid GE may not translate to more rapid delivery of glucose to the 

distal, as opposed to the proximal, small intestine, possibly as a result of the, so-called ‘ileal 
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brake’ (Van Citters and Lin, 2006) where increased glucose delivery to the distal small intestine 

slows GE, probably by stimulating GLP-1 and PYY (Holst, 2007). Thirdly, studies using the 

specific GLP-1 antagonist, exendin 9-39, have established that endogenous GLP-1 is a 

physiological modulator of GE of glucose in health (Deane et al., 2010b, Plummer et al., 2014b) 

– by infusing glucose directly into the small intestine, this mechanism is ‘bypassed’. 

Our multiple regression analysis indicated that there was no direct relationship between insulin 

secretion and GE in T2D after adjusting for glucose and GLP-1. We had hypothesized that 

individuals with relatively faster GE may have a relative reduction in their insulin secretory 

response if the greater post-prandial glycemic excursions leading to beta cell ‘stress’, but this 

was not supported by our findings. A potential explanation is that our cohort comprised 

individuals with relatively well-controlled T2D and, therefore, insulin secretory function was 

relatively preserved. 

Strengths of our study include the use of scintigraphy, the ‘gold-standard’ technique to measure 

GE and a participant population with similar baseline characteristics. Limitations are that the 

study population was entirely Caucasian, managed with lifestyle modification and/or metformin 

monotherapy and had uncomplicated T2D with reasonable chronic glycemic control as assessed 

by glycated hemoglobin. Of necessity, we employed surrogate, rather than direct, markers to 

estimate the insulin secretory response and - accordingly, our observations in this area should 

be viewed circumspectly. While our study failed to show an independent relationship between 

insulin secretion and GE, the design was cross-sectional and a prospective study to clarify this 

issue would be of interest. 

 

3.6 Conclusion 

We conclude that in T2D, while insulin secretion is a dominant determinant of the glycemic 

response, relatively faster GE is also associated with an increased glycemic response at 30, 60 
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and, in particular, at 120 minutes following a 75 g oral glucose load, while GLP-1 and insulin 

secretion do not appear to correlate with GE. These findings should prompt more detailed 

evaluation of the impact of GE on the diagnostic accuracy of the OGTT. A prospective study to 

clarify the relevance of gastric emptying to the risk of T2D would be of interest. 
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4.1 Abstract 

Objective: A 1-hour plasma glucose ≥8.6 mmol/L in a 75 g oral glucose tolerance test has been 

strongly associated with increased morbidity and mortality in outpatients without diabetes. Our 

primary aim was to evaluate the 1-hour plasma glucose in a 75 g glucose tolerance test in 

survivors of critical illness with stress hyperglycaemia at 3 months post-ICU discharge with the 

secondary aims to evaluate the 2-hour plasma glucose, HbA1c and gastric emptying. 

Design: Post hoc analysis of a cohort study. 

Setting: Single centre, tertiary-referral, mixed medical-surgical ICU. 

Participants: Consecutively admitted patients who developed stress hyperglycaemia and 

survived to hospital discharge were eligible. 

Interventions: Participants returned at three months post-ICU discharge and underwent a 75 g 

oral glucose tolerance test. 

Main outcome measures: 1-hour and 2-hour post load plasma glucose, HbA1c and assessment 

of gastric emptying via an isotope breath test.  

Results: Thirty-five patients (12 females, mean age 58.5 years [SD 10.5], HbA1c 37.4 

mmol/mol [SD 7.0]) attended the follow up. In 32/35 patients (91%) the 1-hour post load 

plasma glucose was ≥8.6 mmol/L. There was an inverse correlation between the plasma glucose 

at 1-hour (r2=0.21, P=0.006), but no correlation between the 2-hour glucose (r2=0.006, P=0.63) 

and gastric emptying T50. 

Conclusion: Glucose intolerance, when defined as 1-hour glucose ≥8.6 mmol/L following a 75 

g oral glucose load, persists at 3 months in the majority of survivors of stress hyperglycaemia 

and is dependent on the rate of gastric emptying. Longitudinal studies to characterize 

mechanisms underlying dysglycaemia and progression to diabetes in individuals with stress 

hyperglycaemia are indicated. 
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4.2 Introduction 

Stress hyperglycaemia describes impaired glucose tolerance in individuals without diabetes that 

resolves following resolution of their acute illness (Dungan et al., 2009). Glucose tolerance is 

traditionally evaluated by a 75 g oral glucose tolerance test (OGTT) - a 2-hour plasma glucose 

≥7.8 mmol/L is defined as impaired glucose tolerance, and a 2-hour plasma glucose ≥11.1 

mmol/L as diabetes . More recently, a 1-hour plasma glucose ≥8.6 mmol/L following a 75 g 

OGTT has been shown to be a robust predictor of incident type 2 diabetes in outpatients and 

outperforms the 2-hour plasma glucose and HbA1c (Bergman, 2021, Bergman et al., 2018, 

Peddinti et al., 2019).  Furthermore, a 1-hour plasma glucose ≥8.6 mmol/L is strongly associated 

with increased diabetes-related morbidity and mortality in outpatients (Bergman, 2021, 

Bergman et al., 2018). 

Gastric emptying is a major determinant of the glycaemic response to an OGTT in health, 

impaired glucose tolerance and type 2 diabetes (Marathe et al., 2015). However, the timing and 

direction of these relationships are influenced by glucose tolerance status (Marathe et al., 2015). 

In health, the relationship of plasma glucose with gastric emptying is direct at 30 min, not 

significant at 60 min and inverse at 120 min whereas in individuals with impaired glucose 

tolerance and type 2 diabetes, there is a direct relationship at 60 min (Marathe et al., 2015). The 

relationship of the 1-hour plasma glucose with gastric emptying has not been evaluated in 

survivors of critical illness with stress hyperglycaemia. We hypothesised that individuals the 1-

hour plasma glucose post glucose load would be greater in individuals with relatively faster 

gastric emptying. 

The primary aim of this study was to assess the 1-hour plasma glucose in survivors of critical 

illness who had stress hyperglycaemia detected during their ICU admission at three months 

following ICU discharge. Secondary aims were to measure the 2-hour plasma glucose, HbA1c 

and relationships of the 1 and 2-hour plasma glucose with gastric emptying. 
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4.3 Methods 

This is a post hoc analysis of a prospective, single centre cohort study (Kar et al., 2019). Forty 

patients without diabetes, who were admitted to ICU and were identified as having stress 

hyperglycaemia as a complication during their admission, were recruited. Stress 

hyperglycaemia was defined as an admission HbA1c less than or equal to 47.5 mmol/mol 

(≤6.5%) and subsequent blood glucose concentrations greater than 11.1 mmol/L (200 mg/dL) 

on two or more occasions within a 24-hour period or the commencement of insulin for glucose 

greater than 11.1 mmol/L (200 mg/dL). Thirty-five patients (87.5%) returned at 3 months for a 

75 g OGTT where the drink was radiolabelled with 100 mg of 13C-octanoic acid. Breath samples 

were acquired prior to ingestion of the glucose load, every 5 minutes for the first hour, and then 

every 15 minutes for the subsequent 2 hours.  For the purposes of this analysis, a 1-hour plasma 

glucose ≥8.6 mmol/L (measured using the hexokinase technique (Neese, 1982)) was considered 

indicative of glucose intolerance (Bergman et al., 2018) and either a HbA1c ≥47.5 mmol/mol, 

fasting glucose ≥7.0 mmol/L or 2-hour plasma glucose ≥11.1 mmol/L was considered incident 

diabetes (Kar et al., 2019). CO2 concentration and the percentage of 13CO2 were measured in 

each sample with an isotope ratio mass spectrometer (ABCA model 20\20; Europa Scientific, 

Crewe, United Kingdom) (Deane et al., 2010a). The gastric emptying half-time (T50) was 

derived from these data and adjusted with the Wagner-Nelson method (Wagner and Nelson, 

1964). The gastric emptying rate in kcal/min was derived by calculating the ratio of half the 

total caloric content of the glucose drink to the T50. Differences in mean 1-hour plasma glucose 

and gastric emptying between the subgroups with or without incident diabetes were evaluated 

with an unpaired t-test and the relationship between 1-hour plasma glucose and T50 was 

evaluated via linear regression. A P value <0.05 was considered significant. Data are presented 

as means ± SD. 
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4.4 Results 

At the 3-month follow up, the participants were 58.5 ± 10.5 years old, with a HbA1c of 37.4 ± 

7.0 mmol/mol, weight of 80 ± 20.9 kg and Body Mass Index of 27 ± 6.3 kg/m2. The mean 1-

hour plasma glucose was 11.3 ± 2.6 mmol/L and 32 of 35 participants (91.4%) had glucose 

intolerance (1-hour plasma glucose ≥8.6 mmol/L). There was no significant difference in the 1-

hour plasma glucose in those diagnosed with (HbA1c ≥47.5 mmol/mol, fasting glucose ≥7.0 

mmol/L or 2-hour plasma glucose ≥11.1 mmol/L) (13/35) and without (22/35) (12.0 ± 3.2 

mmol/L vs. 10.9 ± 2.2 mmol/L; P=0.26) diabetes. The mean gastric emptying T50 was 128.2 ± 

52.5 min (corresponding to a gastric emptying rate of 1.2 kcal/min) and there was an inverse 

relationship between plasma glucose at 1-hour and gastric emptying T50 (r2 = 0.21, P=0.006) 

indicating that individuals in whom gastric emptying was relatively faster had a greater 1-hour 

plasma glucose. There was no relationship between plasma glucose at 2-hour and gastric 

emptying T50 (r2 = 0.006, P=0.63). The was no difference between gastric emptying T50 in 

those with and without diabetes; (128.5 ± 40.3 min vs. 127.5 ± 58.8 min; P=0.96). 



   

59 

 

 

Figure 4.1 Relationship of 1-hour and 2-hour plasma glucose level following a 75 g oral 

glucose load and gastric emptying half-time in survivors of critical illness with stress 

hyperglycaemia (n = 35). 

 

4.5 Discussion 

The major observation is that the vast majority of this cohort (>90%) of survivors of critical 

illness with stress hyperglycaemia, studied 3 months after ICU discharge, had glucose 
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intolerance, when defined as a 1-hour plasma glucose ≥8.6 mmol/L. There is compelling 

evidence that a 1-hour plasma glucose ≥8.6 mmol/L is associated with mortality and morbidity 

in general practice, and is a robust predictor of progression to type 2 diabetes (Bergman et al., 

2018). Early identification of individuals with glucose intolerance is important, as it provides 

the opportunity to intervene and thereby reduce the risk of progression to overt diabetes 

(Paulweber et al., 2010). Currently, there are no formal guidelines regarding follow-up of 

patients who have been diagnosed with stress hyperglycaemia during ICU admission. In 

comparison, gestational diabetes, a condition that is associated with transient dysglycaemia, is 

routinely followed up with an OGTT postpartum (Thayer et al., 2020). As individuals with 

stress hyperglycaemia, which may comprise up to 50% of all ICU admissions, (Plummer et al., 

2014a) are likely to be at high risk of future complications of diabetes and increased mortality, 

we believe that further evaluation is required to determine the effectiveness of screening 

programs and interventions (Paulweber et al., 2010). 

The pathogenesis of stress hyperglycaemia is multifactorial, driven by increased glucose 

production, relative insulin insufficiency, temporary insulin resistance and iatrogenic therapies 

such as steroids and catecholamines (Bar-Or et al., 2019). Our findings suggest that there is a 

hangover effect from acute illness resulting in persistent dysglycaemia despite recovery from 

the acute stressor. Further research is required to delineate whether this is due to a reduction in 

β-cell secretory capacity, insulin resistance or both.  

In health and type 2 diabetes, gastric emptying, which exhibits a substantial inter-, but much 

lower, intra-individual variation is a primary determinant of the glycaemic response to oral 

glucose and carbohydrate-containing meals (Marathe et al., 2015). We have demonstrated (in 

survivors of stress hyperglycaemia) a similar relationship with faster gastric emptying 

associated with a greater glycaemic response post glucose load. Intuitively, this is due to 

increased glucose delivery to the small intestine and more rapid absorption. This cohort had 

gastric emptying rates similar to that seen in health (1 – 4 kcal/min) (Marathe et al., 2015) and 
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there was no difference in gastric emptying between the subgroups (incident diabetes vs no 

diabetes). In health, there is a direct relationship of glycaemia at 30 min, but not 60 min with 

gastric emptying during an OGTT and the relation with the 120 min glucose is inverse, rather 

than direct. In contrast, in impaired glucose tolerance, there is a ‘shift to the right’ with a direct 

relationship of glycaemia and gastric emptying at 30 and 60 min, but not 120 min (Marathe et 

al., 2015). In type 2 diabetes, there is a further shift with a direct relationship at 30 and 60 min 

and a trend for a direct relationship at 120 min (Marathe et al., 2015). This ‘shift to the right’ 

likely is a result of glucose rises being more sustained in the setting of declining glucose 

counter-regulation. Accordingly, the demonstration of a relationship at 60 min in individuals 

with prior stress hyperglycaemia is indicative of a sustained glycaemic rise, presumably 

reflecting ineffective glucose counter-regulation (Marathe et al., 2015). 

The limitations of this study include the relatively small sample size. We were also unable to 

analyse for differences in gastric emptying between the subgroup with and without an elevated 

1-hour plasma glucose as only three patients had normal glucose tolerance. Gastric emptying 

was measured using the 13C-octanoic acid breath test, rather than the “gold standard” 

scintigraphy but this limitation was mitigated by using the Wagner-Nelson method (Wagner and 

Nelson, 1964), known to make the data comparable to scintigraphy (Trahair et al., 2018). The 

study was designed post-hoc and the findings need to, accordingly, be confirmed by dedicated, 

prospective studies, ideally assessing the risk of incident diabetes and its complications in this 

cohort. 

 

4.6 Conclusion 

The majority of survivors of critical illness with stress hyperglycaemia have a 1-hour plasma 

glucose consistent with glucose intolerance at 3-months post ICU discharge. Prospective studies 

are required to evaluate the long-term risk of diabetes or its complications in this cohort and 

determine if early intervention may prevent progression to diabetes.  
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5.1 Abstract 

Background: The pattern of the plasma glucose response curve during an oral glucose tolerance 

test (OGTT) is of prognostic significance with “biphasic” when compared with “monophasic” 

patterns being associated with greater insulin sensitivity/secretion and a reduced risk of 

progression to diabetes. The relationships of the glucose response curves with gastric emptying 

and incretin hormone secretion are not known.  

Methods: Thirty-six adults (age > 65 years) without known diabetes consumed a 300 mL drink 

containing 75 g glucose and 150 mg C13-acetate at baseline and follow-up after 5.8 ± 0.1 years. 

Plasma glucose, glucagon-like peptide-1 (GLP-1), glucose independent insulinotropic 

polypeptide (GIP) and insulin were measured, and participants classified according to the 

pattern of their glucose response. Gastric emptying was measured on breath samples (stable 

isotope breath test). Results: At baseline, 22 participants had a “monophasic” and 14 a 

“biphasic” glucose response. The 1 h plasma glucose response curve was greater and the GLP-

1 AUC0–120 min and insulin secretion lower in the monophasic group. There were no differences 

in gastric emptying, GIP or insulin sensitivity. At the follow-up, the 1 h glucose response curve 

was greater again, while GLP-1 AUC0–120 min was lower in the monophasic group.  

Conclusions: A biphasic curve is associated with a higher 60 min glucose response curve and 

increases in GLP-1, but no difference in either GIP or gastric emptying. 
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5.2 Introduction 

It is not widely appreciated that in addition to the diagnostic implications of baseline, 60 min 

and 120 min plasma glucose levels (Bergman et al., 2016), the shape of the glucose response 

curve during an oral glucose tolerance test (OGTT) provides useful insights into insulin 

secretion and sensitivity, even in individuals with normal glucose tolerance (Manco et al., 2017, 

Kim et al., 2012, Arslanian et al., 2019, Ismail et al., 2018, Tura et al., 2011). The shape has 

been classified according to whether it exhibits either (i) an incessant rise in glucose, (ii) a 

monophasic curve, (iii) a biphasic curve and (iv) a more complex curve (Arslanian et al., 2019). 

The incessant/progressive rise in glucose appears to be associated with the greatest risk of 

dysglycaemia and incident diabetes (Arslanian et al., 2019). A monophasic curve, as evaluated 

in Latino youths (Kim et al., 2012), youths with obesity (Arslanian et al., 2019) and 

autoantibody-positive relatives of people with type 1 diabetes (Ismail et al., 2018), is associated 

with impaired glucose tolerance, reduced insulin sensitivity and secretion, and an increased risk 

of future diabetes when compared with biphasic, or more complex, curves. In contrast, 

increasing complexity of the shape (i.e. greater numbers of glucose peaks) is associated with 

better glucose tolerance and beta cell function (Tura et al., 2011). While these associations are 

well-established, the mechanisms accounting for these differences in glucose patterns and their 

implications for glucose tolerance remain poorly defined (Manco et al., 2017). Specifically, 

there is no information about the potential roles of the rate of gastric emptying (GE) and the 

incretin hormones. 

GE for which there is a substantial inter- (~1 – 4 kcal/min), but lesser intra-, individual variation, 

is now recognized to be a major determinant of postprandial glucose, accounting for ~35% of 

the post-prandial blood glucose response (Marathe et al., 2015). In some racial groups 

predisposed to the development of type 2 diabetes (T2D), gastric emptying is accelerated (Wang 

et al., 2020, Phillips, 2006). Moreover, uncomplicated T2D, in contrast to longstanding, 

complicated T2D, is associated with more rapid, rather than delayed, GE (Watson et al., 2019). 
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Glucagon-like peptide-1 (GLP-1) and glucose independent insulinotropic polypeptide (GIP), 

released from the small intestine, increase insulin sensitivity and secretion and, in the case of 

GLP-1, suppress glucagon (Drucker and Nauck, 2006).  An increase in small intestinal glucose 

delivery, as when gastric emptying is more rapid, is associated with greater GIP and GLP-1 

secretion. Studies in which glucose has been delivered directly into the small intestine indicate 

that the patterns of response differs (Pilichiewicz et al., 2007). The rate of small intestinal 

glucose delivery correlates linearly with a rise in GIP, whereas the GLP-1 response is minimal 

at lower rates of glucose delivery (1 – 2 kcal/min), but substantial at rates of 3 – 4 kcal/min 

(Pilichiewicz et al., 2007). In older adults without diabetes, we have shown that glucose-

stimulated GLP-1 and GIP concentrations correlate, even after a period of ~6 years, but 

‘healthy’ aging is associated with modest reductions in fasting GLP-1 and GIP, as well as 

glucose-stimulated GLP-1 (Pham et al., 2019). In addition to its glucose dependent 

insulinotropic and glucagonostatic properties, GLP-1 also plays a physiological role to slow GE 

(Deane et al., 2010b) and the rate of GE in both health and T2D appears to be determined in 

part by the GLP-1 response to intestinal nutrients. GIP, in contrast, has no effect on GE (Meier 

et al., 2004). 

We have now performed, in older individuals (>65 years) without known diabetes, a cross-

sectional, longitudinal evaluation of the association of the shape of the glucose response curve 

with GLP-1 and GIP secretion, and GE as well as insulin secretion and sensitivity. We 

hypothesized that a relatively more rapid rate of GE would be associated with a monophasic 

rather than a biphasic curve reflecting the relatively faster influx of glucose into the small 

intestine. We also hypothesized that plasma GLP-1 and GIP concentrations would be greater in 

the monophasic group in this cohort as a compensatory response to the glycaemic excursion. A 

follow up study after a minimum of 4 years was conducted to evaluate for changes in the glucose 

response curve, incretin secretion and insulin secretion/sensitivity. 
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5.3 Materials and Methods 

Participants 

Information relating to the relationship of blood pressure to the rate of gastric emptying of a 

glucose drink in this cohort of older individuals has been reported (Pham et al., 2020). At the 

time of the initial study, participants were 65 – 90 years old, without a history of diabetes. No 

participant was taking medication known to influence gastric emptying and smoking (which 

may slow GE (Johnson et al., 1991)) was prohibited on the morning of the studies. Individuals 

with a history of significant cardiac, respiratory, gastrointestinal, renal or hepatic disease, 

previous gastrointestinal surgery (apart from appendicectomy or cholecystectomy), or with an 

alcohol consumption (>20g per day), were excluded.  

Following the initial study, participants were invited to attend a follow-up study after a mean 

interval of 5.8 ± 0.1 (SEM) years. 

All participants gave informed consent for their participation. The study was conducted in 

accordance with the Declaration of Helsinki, and the protocol was approved by the Human 

Research Ethics Committee of the Royal Adelaide Hospital. 

Protocol 

The protocol at the initial and follow up studies was identical. Participants presented at 8.30am 

after an overnight fast (14 hours for solids and 12 hours for liquids) when an intravenous 

cannula was inserted into the antecubital vein to facilitate blood sampling. A drink containing 

75 g of glucose and 150 mg of 13C-acetate (Cambridge Isotope Laboratories, Tewksbury, MA, 

USA), made up to 300 ml with water at room temperature was then consumed within 5 minutes 

- t = 0 was defined as the time of completion of the drink.  
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Biochemical measurements 

Plasma glucose (hexokinase method), insulin (RRID: AB_2877672, ELISA, Diagnostics 10-

1113, Mercodia, Uppsala, Sweden), GLP-1 (RRID: AB_2757816, GLPIT-36HK, Millipore, 

Billerica, MA, USA) and GIP (RRID: AB_518352, In-house assay, Peninsula Laboratories, CA, 

USA, cat. no T-4052 rabbit anti-GIP [human] antiserum) were measured at baseline and t=15, 

30, 45, 60, 90 and 120 min. 

Insulin secretion, sensitivity and oral disposition index 

Insulin secretion was estimated using the “insulinogenic index” of Δinsulin0-30/Δglucose0-30, 

insulin sensitivity using 1/fasting insulin and the oral disposition index (oDI) calculated using 

the product of insulin secretion and insulin sensitivity i.e. 1/fasting insulin x Δinsulin0-

30/Δglucose0-30 (Utzschneider et al., 2009). 

Gastric emptying 

Exhaled breath samples were collected before ingestion of the drink (t = -3 min) and then every 

5 minutes for the first hour (commencing at t = 5 min) followed by every 15 min for the next 3 

hours. The 13CO2 concentration in the breath samples was measured by an isotope ratio mass 

spectrometer (ABCA 20/20; Europa Scientific, Crewe, UK), and the gastric 50% emptying time 

(T50) calculated (Trahair et al., 2022). Wagner-Nelson analysis was utilized to generate a 

gastric emptying curve from the percentage of 13CO2 measured in breath samples and the gastric 

emptying rate (kcal/min) calculated (Trahair et al., 2022). 

Statistical analysis 

Glucose tolerance was classified according to The Expert Committee on Diagnosis and 

Classification of Diabetes Mellitus definitions (American Diabetes Association 2010): 

Impaired fasting glucose was defined as fasting plasma glucose 5.6 – 6.9 mmol/L, impaired 
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glucose tolerance as a 2 hour value post OGTT of 7.8 – 11.0 mmol/L and type 2 diabetes (T2D) 

as fasting glucose ≥ 7.0 mmol/L or 2 hour plasma glucose of ≥11.1 mmol/L post OGTT. Total 

areas under the curve (AUCs) between t = 0 and 120 min were calculated using the trapezoidal 

rule. Participants were subdivided into groups according to their plasma glucose response – 

either an incessantly rising glucose, a monophasic response (a gradual increase in plasma 

glucose to a peak followed by a subsequent decline), a biphasic response (a gradual increase in 

plasma glucose to a peak, followed by a fall of ≥0.25 mmol/L, and then a second rise of ≥0.25 

mmol/L within 2 hours) (Arslanian et al., 2019) or a more complex pattern (Tura et al., 2011). 

If a better fit of normal distribution was obtained by log transformation (log 10), this was 

performed before the statistical analysis. Normality was confirmed with a Shapiro-Wilk test. 

Differences were analysed using an unpaired Student’s t test and shown as means ± SEM. A p-

value of less than 0.05 was considered a significant difference. 

5.4 Results 

Participant characteristics are summarized in the table below. 

Baseline measurements 

 

Table 5.1 Participant characteristics at baseline analysed using an unpaired Student’s t-test. 

Data are mean ± SEM.  

Plasma glucose 

Forty-one participants (17 women, 24 men) were recruited: 19 (46%) had normal fasting 

glucose and normal glucose tolerance, 2 (5%) had impaired fasting glucose, 12 (29%) had 
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impaired glucose tolerance, 3 (7%) had both impaired fasting glucose and impaired glucose 

tolerance, 5 (12%) had undiagnosed type 2 diabetes- in these 5 participants, their general 

practitioners were notified of the results and they were excluded from the analysis. Of the 

remaining 36 individuals (who all attended the following visit), 22 participants (61%) had a 

“monophasic” and 14 (39%) a “biphasic” glucose response. None had either an incessantly 

rising pattern, triphasic pattern or a more complex pattern. The monophasic group was modestly 

older (P<0.001). While fasting glucose was not different in both groups (P=0.67), the 1-hour 

post OGTT plasma glucose was greater in the monophasic vs biphasic group 9.5 ± 0.5 mmol/L 

vs 8.0 ± 0.5 mmol/L (P=0.04).  

 

Figure 5.1 Monophasic (dotted line) and biphasic (solid line) glucose response curves 

following a 75 g oral glucose tolerance test. 

Insulin secretion and sensitivity 

In the monophasic, there was an approximate two-fold reduction in insulin secretion compared 

to the biphasic (10.4 ± 1.1 vs 20.9 ± 4.3, P=0.03) group. There were no differences in either 

insulin sensitivity or the oral disposition index between the two groups. 
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Table 5.2 Participant glucose, insulin and incretin concentrations at the initial study analysed 

using an unpaired Student’s t-test. Data are mean ± SEM. 

Plasma GLP-1 and GIP 

In the monophasic group both peak GLP-1 (P=0.007) and the GLP-1 AUC0-120min OGTT 

(P=0.02) were less. In contrast there were no differences in plasma GIP between the two groups. 

Gastric emptying 
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Gastric emptying was comparable in the two groups whether expressed as a caloric rate 

(monophasic 1.15 ± 0.04 vs biphasic 1.10 ± 0.05 kcal/min, P=0.45) or as the gastric 50% 

emptying time (T50) (135 ± 6 min vs 141 ± 8 min, P=0.52). 

Follow-up 

At follow-up, 6 (17%) with an initial monophasic had a biphasic response and 8 (22%) with a 

biphasic had a monophasic response; the remaining 22 (61%) had the same response curve.  

There was a modest reduction in fasting glucose (0.2 ± 0.1 mmol/L, P=0.036) at the follow-up 

visit, but no difference in 1h/2h plasma glucose, glucose peaks or AUCs. As with the initial 

visit, a monophasic glucose pattern was associated with a higher 1-hour plasma glucose 

(P=0.01) but not 2-hour (P=0.78) or fasting glucose (P=0.09). There was, again, no difference 

in GIP, while GLP-1 was less in the monophasic compared with the biphasic group. There were 

no differences in insulin secretion (P=0.20), sensitivity (P=0.44) and the oral disposition index 

(P=0.15). 
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Table 5.3 Participant glucose, insulin and incretin concentrations at the follow-up study 

analysed using an unpaired Student’s t-test. Data are mean ± SEM. 

Gastric emptying, again, was not significantly different in the monophasic vs biphasic group. 

The gastric 50% emptying time was 104 ± 10 min vs 131 ± 17 min (P=0.16) and the caloric 

rate 1.78 ± 0.16 vs 1.36 ± 0.16 kcal/min (P=0.11).   
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5.5 Discussion 

In this cross-sectional and longitudinal study, a biphasic glucose response to an oral glucose 

tolerance test was associated with a reduction in the 60 min glucose, increases in insulin 

secretion and plasma GLP-1, but not differences in insulin sensitivity or plasma GIP or gastric 

emptying at both baseline and follow-up when compared with a monophasic response. These 

observations suggest that an increased GLP-1 response may be central to the reduced risk of 

dysglycaemia known to be associated with biphasic, compared to monophasic glucose 

responses (Arslanian et al., 2019, Manco et al., 2017). The absence of an incessantly rising 

pattern in our cohort is not surprising given that this pattern is associated with the most severe 

impairments in glucose metabolism where individuals would have been likely to be excluded 

from our study due to a diagnosis of T2D. The monophasic group were older than the biphasic 

group but this could be explained by older age being associated with reduced insulin secretion 

(Chang and Halter, 2003) and therefore, monophasic responses. 

The demonstrated association of a biphasic glucose curve with a greater GLP-1 response is 

novel and also provides an explanation for the observed increase in insulin secretion and 

reduction in 1 hour glucose. We would speculate that the greater GLP-1 response in individuals 

with biphasic curves reflects an intrinsic increase in GLP-1 secretion, particularly as there was 

no difference in GE (Xie et al., 2021b). In a prior study (Kim et al., 2016) in youths with obesity, 

neither GIP or GLP-1 responses differed significantly in biphasic or monophasic cohorts, 

however, the GLP-1 response to oral glucose is known to be reduced in individuals with obesity 

which may account for this difference in observations (Faerch et al., 2015). We suggest that the 

elevated GLP-1 response accounts for the observed increases in insulin secretion and reduction 

in blood glucose during the OGTT in healthy, older individuals with biphasic curves. 

That the pattern of the glucose response curve changed in 39% of individuals after 5 years of 

follow up is consistent with the only longitudinal study (Manco et al., 2017) in which follow-

up was for 3 years. While the mechanisms underlying the change in this glucose response curve 
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are unknown, our study suggests that it is most unlikely to be related to either gastric emptying 

or incretin hormone secretion. Factors that warrant evaluation include changes in the gut 

microbiota that have been associated with altered glucose homeostasis (Sharma and Tripathi, 

2019). In addition, it should be appreciated that the oral glucose tolerance test is associated with 

some intra-individual variability with the 1-hour blood glucose typically varying by 1.9 mmol/L 

which may have led to an altered glucose response curve (McDonald et al., 1965). 

The observation that the biphasic curve is associated with a reduction in 1-hour glucose is of 

potential importance given that an elevated 1-hour glucose post-OGTT (≥8.6 mmol/L) is now 

recognized as a strong predictor of future type 2 diabetes, outperforming both the 2-hour 

glucose and HbA1c (Peddinti et al., 2019). In the monophasic group, mean 1-hour glucose was  

≥8.6 mmol/L at both baseline and follow up whereas it was <8.6 mmol/L in the biphasic group. 

It would, accordingly, be of interest to know how the shape of the glucose curve compares with 

an elevated 1-hour glucose as a predictor of future type 2 diabetes and whether in individuals 

with an elevated 1-hour glucose, GLP-1 secretion is reduced. Furthermore, it would be of 

clinical relevance to evaluate, in dedicated studies, if use of GLP-1 receptor agonists could 

improve dysglycaemia in individuals with a monophasic response. 

Our study is the first to evaluate the shape of the glucose curve longitudinally, concurrently 

with measurements of incretin hormones and GE. Furthermore, Wagner-Nelson analysis was 

used to evaluate GE as this method enables isotope breath tests more comparable to the “gold-

standard” of scintigraphy (Trahair et al., 2022). 

Limitations  

We had a modest sample size and used surrogate markers of insulin secretion and sensitivity 

rather than the hyperinsulinaemic, euglycaemic clamp study (DeFronzo et al., 1979). We also 

did not measure the OGTT repeatedly or measure glucagon, glucose absorption or the changes 

in gut microbiota.  
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5.6 Conclusion 

In summary, a biphasic plasma glucose curve following a 75 g oral glucose tolerance test is 

associated with a reduction in 60 min glucose and increases in GLP-1, but no difference in GIP 

or gastric emptying when compared to a monophasic response in older individuals without 

diabetes.  
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6.1 Abstract 

Aim: To evaluate the comparative effects of low carbohydrate (LC), full-strength (FS), and 

low-alcohol (LA) beer on gastric emptying (GE), ethanol absorption, glycemia and insulinemia 

in health. 

Methods: Eight subjects (4M, 4F; age: 20.4±0.4 yr; BMI 22.7±0.4 kg/m2) had concurrent 

measurements of GE, plasma ethanol, blood glucose and plasma insulin for 180min on 3 

separate occasions after ingesting 600mL of (i) FS beer (5.0% w/v, 246 kcal, 19.2 g 

carbohydrate), (ii) LC beer (4.6% w/v, 180 kcal, 5.4 g carbohydrate) and (iii) LA beer (2.6% 

w/v, 162 kcal, 17.4 g carbohydrate) labeled with 20 MBq 99mTc-calcium phytate, in random 

order. 

Results: There was no difference in the gastric 50% emptying time (T50) (FS: 89.0 ± 13.5 min 

vs LC: 79.5 ± 12.9 min vs LA: 74.6 ± 12.4 min; P=0.39). Plasma ethanol was less after LA than 

LC (P<0.001) and FS (P<0.001), with no difference between LC and FS (P=1.0). There was an 

inverse relationship between plasma ethanol at 15min and GE after LA (r=-0.87, P<0.01) and a 

trend for inverse relationships after LC (r=-0.67, P=0.07) and FS (r=-0.69, P=0.06). The AUC 

0-180min for blood glucose was greater for LA than LC (P<0.001), with no difference between 

LA and FS (P=0.40) or LC and FS (P=1.0). 

Conclusion: In healthy young subjects, GE of FS, LC, and LA, beer is comparable and a 

determinant of the plasma ethanol response. 
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6.2 Introduction 

Low-carbohydrate (“low-carb”) beer has become increasingly popular since its introduction. 

Consumption is popular, particularly amongst the tertiary-educated, as well as men and women 

approaching middle age. In the latter group, usage may reflect, in part, the presence of disorders 

including type 2 diabetes and cardiovascular disease, or as an attempt to “bust the beer gut” 

(Miller et al., 2010). There is a frequent perception that low-carb beer represents a ‘healthy’ 

alternative to full-strength beer because its caloric content is lower.  

While low-carb beers contain ~0.9 g carbohydrate per 100 mL (compared with ~3 g 

carbohydrate per 100 mL in full-strength beer), there is little difference in the total caloric load, 

because, at least in most cases, there is no difference in alcohol content, which represents a 

major contributor to the total caloric load, compared with full-strength beers. Low-carb beers 

pose a potential health risk in those who ingest them in the belief that they contain less alcohol 

(and, hence, ingest more) or that they confer health benefits such as weight loss and/or lowered 

glycemia, as in patients with type 2 diabetes. In contrast, “light” (low-alcohol) beer represents 

a more appropriate alternative with respect to minimizing both energy intake and the amount 

of alcohol ingested.  

As with the majority of drugs, alcohol is absorbed predominantly from the small intestine rather 

than the stomach, in part reflecting the greater surface area for absorption provided by small 

intestine (Nimmo, 1976, Prescott et al., 1979, Holt, 1981). Metabolism by gastric alcohol 

dehydrogenase is small (Oneta et al., 1998). We (Chaikomin et al., 2006, Horowitz et al., 1989b, 

Wu et al., 2006) and others (Kechagias et al., 1999) have demonstrated that the rate of alcohol 

absorption is highly dependent on the rate of gastric emptying. The latter is known to exhibit a 

substantial inter-, but much lower intra-individual variation in health. Gastric emptying of 

nutrients, including alcohol, is tightly regulated at an overall rate of ~1-4 kcal/min, primarily as 

a result of feedback inhibition generated by the interaction of nutrients with the small intestine 

(Brener et al., 1983, Lin et al., 1989). The rate of gastric emptying is also a major determinant 
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of the postprandial elevation in blood glucose in both health (Horowitz et al., 1993) and type 2 

diabetes (Jones et al., 1996), accounting for ~30% of the variance in peak plasma glucose after 

oral carbohydrate (Horowitz et al., 1993). Accordingly, when gastric emptying is relatively 

faster, the initial rise in blood glucose is greater (Horowitz et al., 1993). Not surprisingly, 

pharmacological (Chaikomin et al., 2006, Nimmo, 1976) and dietary(Horowitz et al., 1989b, 

Russo et al., 2003) interventions that modify (delay or accelerate) gastric emptying influence 

both alcohol absorption (Holt, 1981) and postprandial glycemia (Marathe et al., 2013). Dietary 

and pharmacological strategies that slow gastric emptying are now used widely in both the 

prevention and management of type 2 diabetes (Ma et al., 2009). Substitution of artificial 

sweeteners for regular mixers (containing sucrose) accelerates gastric emptying and increases 

peak blood alcohol concentrations in healthy males (Wu et al., 2006). Surprisingly, the 

comparative effects of low-carb, full-strength and low-alcohol beer on gastric emptying, 

alcohol absorption and glycemia have not been evaluated, which was the purpose of the current 

study. 

6.3 Materials and methods 

Subjects 

Eight healthy subjects (4 male, 4 female), mean age 20.4 ± 0.4 years (range 19 – 22 years), 

mean body mass index (BMI) 22.7 ± 0.4 kg/m2 (range 20.9 – 24.1 kg/m2), were recruited by 

advertisement. None had a history of significant disease including, diabetes, alcohol intake >20 

g daily, drug use or smoking >10 cigarettes/day. No subject was pregnant, breastfeeding, or was 

taking any medication known to influence gastrointestinal function. The number of participants 

recruited was based on power calculations derived from our previous work (Chaikomin et al., 

2006, Wu et al., 2006). 

Protocol 



   

84 

 

Each subject was studied on three occasions in a randomized, double-blind fashion, with each 

study day separated by a minimum of one week. On each study day, the subject attended the 

Department of Nuclear Medicine, Positron Emission Tomography and Bone Densitometry at 

the Royal Adelaide Hospital at 0830h after fasting from solids for 14 hours, liquids for 12 hours, 

and abstaining from alcohol for at least 72 hours and tobacco for 12 hours. On arrival, the 

subject was seated in front of a gamma camera and an IV cannula inserted into an antecubital 

vein for blood sampling. They then consumed 600 mL of either (i) full-strength beer (5.0 % w/v 

alcohol, 246 kcal, 19.2 g carbohydrate;), (ii) low-carbohydrate beer (4.6 % w/v alcohol, 180 

kcal, 5.4 g carbohydrate), or (iii) low-alcohol beer (2.6 % w/v alcohol, 162 kcal, 17.4 g 

carbohydrate) (Hahn Brewing Company, Sydney, NSW, Australia) each radiolabeled with 20 

MBq 99mTc-calcium phytate (Radpharm Scientific, Belconnen, ACT, Australia), within 10 min. 

99mTc-calcium phytate is a colloid that has been used widely as a marker of liquid gastric 

emptying (Jalleh et al., 2020, Rayner et al., 2020, Chapple et al., 2021). Another colloid (99mTc-

sulfur colloid) was tested to determine the stability of the radiolabel in the presence of acetic 

acid (to mimic the gastric environment) with and without alcohol. In vitro experiments utilising 

instant thin layer chromatography (ITLC) demonstrated at least 98% labeling over a 3 hour 

period, indicative of little, or no, degradation over time (data not shown). The beers were in 

their carbonated form when ingested and the time of drink completion was defined as t= 0 min. 

Blood samples and radioisotopic gastric emptying data were collected for 180 min following 

drink completion. At t= 180 min, the cannula was removed, and the subject was offered a meal 

prior to leaving the laboratory. 

The protocol was approved by the Human Research Ethics Committees of the Royal Adelaide 

Hospital, the University of South Australia and the University of Adelaide, and each subject 

provided written, informed consent prior to their inclusion. All experiments were carried out in 

accordance with the Declaration of Helsinki. 

Measurements 
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Gastric emptying 

Radioisotopic data were acquired for 180 min following consumption of the drink (60 sec 

frames between t= 0–60 min, then 180 sec frames from t= 60–180 min). Data were corrected 

for subject movement, radionuclide decay and γ-ray attenuation (Gentilcore et al., 2005). A 

region-of-interest was drawn around the total stomach and gastric emptying curves (expressed 

as percentage retention over time) derived. The amount of the drink remaining in the stomach 

at 15 min intervals between t= 0 – 180 min, as well as the 50% gastric emptying time (T50) 

(Gentilcore et al., 2005), were calculated.  

Plasma ethanol, blood glucose and serum insulin 

Venous blood samples were obtained immediately prior to the ingestion of the drink (at t= -10 

min) and then at t= 0, 15, 30, 45, 60, 75, 90, 105, 120, 150 and 180 min. Samples were separated 

by centrifugation at 3200 rpm for 15 min at 4˚C within 10 min of collection and stored at -70° 

for subsequent analysis.  

Plasma ethanol was measured prior to the ingestion of the drink (at t= -10 min) and then at t= 

15, 30, 60, 120 and 180 min by spectrophotometric enzymatic assay  (ADVIA 2400; Siemens 

Healthcare Diagnostics Inc., Tarrytown, NY, USA). The intra-assay coefficient of variation 

(CV) of this technique is 0.9% with limits of determination ranging from 0.01 to 0.6 g/dL. 

Blood glucose concentrations (mmol/L) were determined at all time points using the glucose 

oxidase method with a 2300 Stat Plus glucose analyser. 25 μL of whole blood was diluted in 

600 μL of buffer solution and placed in direct contact with a glucose oxidase impregnated 

membrane for sampling (Nowotny et al., 2012). The intra- and inter-assay CV of this technique 

are 2% and 6.6%, respectively (Astles et al., 1996). 

Serum insulin (mU/L) was measured prior to the ingestion of the drink (at t= -10 min) and then 

at t= 15, 30, 45, 60, 90, 120, 150 and 180 min by ELISA immunoassay (Diagnostics 10-1113, 
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Mercodia, Uppsala, Sweden). The sensitivity of the assay was 1.0 mU/L and intra- and inter-

assay CVs were 2.1% and 5.3%, respectively (Trahair et al., 2012).  

Statistical analysis 

All variables were analysed as absolute values. Areas under the curve between t= 0 – 180 min 

were calculated for all variables using the trapezoidal rule. Changes in blood glucose, serum 

insulin and plasma ethanol over time (t= 0 – 180 min) were assessed with one-way repeated 

measures ANOVA. For all variables, differences between the conditions were assessed with 

two-way repeated measures ANOVA with treatment and time as factors, and post hoc 

comparisons were adjusted using Bonferroni correction. Differences in AUCs for all variables, 

as well as baseline blood glucose and serum insulin, were assessed with two-way repeated 

measures ANOVA. Relationships between the variables were assessed with Pearson’s 

correlation. A P value <0.05 was considered significant in all analyses. Data are presented as 

mean ± SEM.  

6.4 Results 

The studies were all well tolerated. 

Gastric emptying 

GE of beer approximated a linear pattern for the first ~120 min. There was no treatment x time 

effect for total gastric emptying (P= 0.46), nor any difference in the AUCs for the three 

conditions (P= 0.29). There was also no difference in T50 between the three conditions (low-

alcohol (LA) vs low-carbo (LC) vs full-strength (FS): 74.6 ± 12.4 min vs 79.5 ± 12.9 min vs 

89.0 ± 13.5 min; P= 0.39), although the mean T50 was higher for FS. 
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Figure 6.1 Gastric emptying (GE) of low-alcohol (LA, open circles), low-carbohydrate (LC, 

open triangles) and full-strength (FS, closed squares) beers (mean ± SEM; n = 8). 

Plasma ethanol 

There was an increase in plasma ethanol during all three conditions (P< 0.001 for all). There 

were treatment (P< 0.001), time (P< 0.001) and treatment x time (P< 0.001) effects (post-hoc 

comparisons are shown in the figure). There was a difference (P< 0.001) between the AUC for 

all three conditions, so that the AUC for LA was lower than LC (P< 0.001) and FS (P< 0.001), 

with no difference between LC and FS (P= 1.0).  
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Figure 6.2 Plasma ethanol following low-alcohol (LA, open circles), low-carbohydrate (LC, 

open triangles) and full-strength (FS, closed squares) beers. ○ P < 0.05 LA vs LC, # P < 0.05 

LA vs FS (mean ± SEM; n = 8) 

Relationships between plasma ethanol and gastric emptying 

Partial correlation coefficients (adjusted for sex, age and BMI) between plasma ethanol level 

and gastric emptying T50 were significant at 15 (r=-0.56, P= 0.01), 30 (r = -0.58, P< 0.01) and 

60 min (r= -0.48, P= 0.03), but not 120 min (r=-0.46, P=NS). There was a strong, inverse 

relationship between the plasma ethanol response at t= 15 min during the LA condition and the 

T50 (r= -0.87, P< 0.01) and trends during the LC (r= -0.67, P= 0.07) and FS (r= -0.69, P= 0.06) 

conditions with an inverse relationship at t= 30 min (r= -0.74, P< 0.05) for FS but not for LA 

and LC.  

Blood Glucose 

There was no difference in baseline blood glucose (P= 0.82) and an increase in blood glucose 

during all three conditions (P< 0.01 for all) (Figure 6.3A). There were treatment (P< 0.001), 
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time (P< 0.001) and treatment x time (P< 0.001) effects (post-hoc comparisons are shown on 

the figure). There was a difference (P< 0.001) between the AUCs for all three conditions, so 

that the AUC for low alcohol (LA) was greater than low carbohydrate (LC) (P< 0.01), and full 

strength (FS) (P< 0.05). While mean levels were lower for LC than FS, this difference was not 

significant (P= 0.11). 

Insulin 

There was no difference in baseline plasma insulin (P= 0.11) and an increase in insulin during 

all three conditions (P< 0.001 for all) (Figure 6.3B). There were treatment (P< 0.01), time (P< 

0.001) and treatment x time (P< 0.001) effects (post-hoc comparisons are shown in the figure). 

There was a difference (P< 0.05) between the AUCs (0 – 180 min) for all three conditions, so 

that for LA, the AUC was greater than LC (P< 0.05), with no differences between LA and FS 

(P= 0.35) or LC and FS (P= 0.40).  

 

Figure 6.3 Blood glucose (A) and plasma insulin (B) responses following low-alcohol (LA, 

open circles), low-carbohydrate (LC, open triangles) and full-strength (FS, closed squares) 

beers. ○ P < .05 LA vs LC, # P < .05 LA vs FS, * LC vs FS (mean ± SEM; n = 8). 
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6.5 Discussion 

We evaluated the effects of different types of beer on gastric emptying, plasma ethanol, 

glycemia and plasma insulin response. Scintigraphy, which is recognised as the ‘gold standard’ 

technique, was used to measure gastric emptying (Abell et al., 2008). There was no difference 

in gastric emptying of low-alcohol, low-carb or full-strength although the mean T50 with full-

strength, which had the most calories, was numerically greater. Predictably, the plasma alcohol 

response was least with low-alcohol and there was no difference between full-strength and low-

carb. An inverse relationship between the plasma ethanol response and the rate of gastric 

emptying was evident for low-alcohol, with similar trends for low-carb and full-strength. The 

rise in blood glucose was modest, but was greater, with low-alcohol than full-strength and low-

carb. 

The effect of alcohol and alcohol-containing beverages on gastric emptying are contentious. 

Some studies report a relative delay in gastric emptying caused by beer or alcohol (Franke et 

al., 2004, Jian et al., 1986, Mushambi et al., 1993), others observed accelerated gastric emptying 

of beer compared with an equivalent ethanol solution (Pfeiffer et al., 1992, Schwartz et al., 

1996) and one showed no change in gastric emptying (Charles et al., 1994). We did not observe 

any difference in gastric emptying between full-strength , low-carb  and low-alcohol beer 

although the mean gastric emptying rate of full-strength  was (non-significantly) slowest which 

is likely to reflect its higher caloric density (Hunt and Stubbs, 1975). The beers were carbonated 

when ingested so as to closely mimic the ‘real world’ setting as possible. Carbonation of liquids 

has been reported to have little, or no, effect on gastric emptying (Lau and Henry, 2017, 

Zachwieja et al., 1991). Consistent with prior observations (Schwartz et al., 1996, Horowitz et 

al., 1989b, Hebbard et al., 1995), there was a relationship between the plasma ethanol response 

and the rate of gastric emptying. The substantial inter-individual variation (Horowitz and Dent, 

1991) of gastric emptying is not widely appreciated, nor the fact that the rise in blood alcohol 

occurs earlier when gastric emptying is relatively more rapid, both of which have potential 
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medico-legal implications. Gastric emptying is markedly accelerated after some forms of 

gastric surgery including Roux-en-Y gastric bypass that is used widely in the management of 

obesity (Nguyen et al., 2014) which would effect the rate of alcohol absorption. Furthermore, 

addition of artificial sweeteners to “low-carb” alcoholic beverages may have a marked effect 

on gastric emptying and, hence, ethanol absorption (Wu et al., 2006). Consumption of low-

alcohol predictably resulted in reduced plasma ethanol concentrations compared with full-

strength and low-carb. 

The relationship between ethanol and glycemia is complex given that acute ethanol ingestion 

may inhibit gluconeogenesis (Krebs, 1968), but also inhibits peripheral glucose uptake (Yki-

Jarvinen and Nikkila, 1985). In our study, the consumption of low-alcohol led to a greater 

increase in plasma glucose and insulin compared with full-strength and low-carb. This finding 

is unexpected given that low-alcohol had the least calories and it has been reported that 

alcoholic beer results in a greater increase in plasma glucose and insulin compared to non-

alcoholic beer (Hatonen et al., 2012). A possible explanation is that the effect of alcohol to 

inhibit gluconeogenesis is greater than the rise in glycemia from absorption of the drink. The 

observed rises in blood glucose after the drinks were predictably modest - whether this effect is 

evident in individuals with insulin resistance and/or type 2 diabetes, where the rise in blood 

glucose would be anticipated to be greater, warrants evaluation. 

Limitations of our study include the small sample size (this is likely to account for the 

observation that emptying of full-strength beer was not significantly slower) and the evaluation 

of young participants only. Aging is associated with a modest slowing of gastric emptying 

(Pham et al., 2020). While only one volume of alcohol containing beverage was evaluated, there 

is no reason to expect a difference with high nutrient liquids. The alcohol-containing beverages 

were also ingested without a meal – we have demonstrated that in this situation, liquids are still 

emptied before solids, but their emptying is slowed (Horowitz et al., 1989b). 
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6.6 Conclusion 

We conclude that in healthy, young individuals, gastric emptying of low-carbohydrate, low-

alcohol and full-strength beer is comparable and a determinant of the plasma ethanol response. 
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7.1 Abstract 

Aims  

There is increasing interest in the use of intragastric balloons as a weight loss procedure, 

however, the underlying mechanism(s) remain unclear. In rodents, gastric distension has 

recently been shown to stimulate the secretion of the incretin hormone glucagon-like peptide-1 

(GLP-1) substantially, but the effect of gastric distension on GLP-1 and the other incretin 

hormone, glucose-dependent insulinotropic polypeptide (GIP), in humans is not known. We 

conducted a randomized, controlled, crossover study to evaluate the effect of gastric distension, 

induced using a gastric ‘barostat’ on incretin hormones in healthy individuals.  

Materials and methods 

Eight healthy participants (2 female, 6 male, mean age 69.3±1.2 years, and body mass index 

23.5±0.8 kg/m2) were each studied on four occasions when they received an intraduodenal 

infusion of either (i) 0.9% saline or (ii) glucose delivered at a rate of 3 kcal/min both with, and 

without, an intragastric balloon with the pressure set to 8 mmHg above the intragastric 

minimum distending pressure.  

Results 

Following intraduodenal saline or glucose infusion, there was no difference in plasma GLP-1 

with or without gastric distension (P=1.00 for both saline and glucose infusions). There was 

also no difference in plasma GIP with or without gastric distension (P=1.00 for saline infusion 

and P=0.99 for glucose infusion). 

Conclusion 

We conclude that gastric distension, either alone or during small intestinal glucose exposure, 

does not stimulate incretin hormone secretion significantly in healthy humans. 
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7.2 Introduction  

The use of intragastric balloons as a therapy for obesity was initially explored in the mid-1980s, 

but following the negative outcome of a sham-controlled trial and evidence of substantial 

complications, was not evaluated further (Lindor et al., 1987). Decades later, interest in this 

therapy for obesity has re-emerged (Vantanasiri et al., 2020, Abu Dayyeh et al., 2021). Newer 

balloon designs are safer (Vantanasiri et al., 2020, Abu Dayyeh et al., 2021), and may be 

‘procedureless’ (i.e. swallowable) (Vantanasiri et al., 2020) or adjustable (Abu Dayyeh et al., 

2021), while the reversibility of this therapy is an advantage over metabolic surgery. 

Furthermore, the use of an intragastric balloon may also be an effective ‘bridging therapy’ for 

people with obesity where urgent weight reduction is indicated to reduce operative risk (Loo et 

al., 2022). However, the fundamental question of how gastric distension induces weight loss 

remains unknown. Increased secretion of incretin hormones, in particular glucagon-like 

peptide-1 (GLP-1), is thought to be a key mediator for weight loss and remission of type 2 

diabetes following metabolic surgery, and represents a potential mechanism for the 

effectiveness of intragastric balloons (Al-Najim et al., 2018, Larraufie et al., 2019). The concept 

that non-nutrient gastric distension could stimulate GLP-1 has recently been demonstrated in 

rodent studies. Natochin et al (Natochin et al., 2018) reported that intragastric administration of 

water and sodium chloride stimulated plasma GLP-1 markedly within 15 min, as did gastric 

balloon distension in anesthetized rats. In unanesthetized mice, Ohbayashi et al (Ohbayashi et 

al., 2021) reported that gastric distension with a pectin-containing carbonated solution resulted 

in a load-dependent, sustained, substantial stimulation of portal concentrations of GLP-1. It has 

been suggested that effects on vagal function may underlie the stimulation of GLP-1. There is 

no information about the effect of gastric distension on the secretion of the other incretin 

hormone, glucose dependent insulinotropic polypeptide (GIP) in animals. 

In contrast to the robust evidence of a major effect of gastric distension on GLP-1 secretion in 

rodents, it is not known whether gastric distension affects either GLP-1 and/or GIP secretion in 
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humans. That Steinert et al (Steinert et al., 2012) observed that intragastric infusion of glucose 

stimulated plasma GLP-1 more than an equivalent amount of intraduodenally infused glucose 

in healthy individuals, suggests that gastric signalling may potentiate nutrient-induced GLP-1 

secretion.  

As incretin hormones, GIP and GLP-1 have a major role in postprandial glucose homeostasis 

(Wu et al., 2016a). GIP is secreted predominantly by K-cells in the proximal small intestine and 

GLP-1 by L-cells in the distal small intestine and colon (Zhang et al., 2019). GIP and GLP-1 

are released in response to all three macronutrients (Wu et al., 2010) following nutrient entry 

into the small intestine and subsequent digestion, and the stimulation of GLP-1 in turn inhibits 

subsequent gastric emptying (Deane et al., 2010b), suppresses appetite and reduces energy 

intake (Bergmann et al., 2019). In contrast to GLP-1, GIP neither slows gastric emptying (Meier 

et al., 2004) nor appears to reduces energy intake in humans (Bergmann et al., 2019), however, 

a co-agonist of both GLP-1 and GIP, tirzepatide, has recently been shown to promote greater 

weight loss than GLP-1 mono-agonists (Frias et al., 2018). Accordingly, stimulation of incretin 

hormones, perhaps particularly GLP-1, represents an important mechanism for inducing weight 

loss. Nutrient pre-loads of glucose, protein or fat stimulate the secretion of endogenous 

incretins, but at the cost of additional energy intake (Wu et al., 2012, Gentilcore et al., 2006, 

Ma et al., 2009). A non-nutritive strategy to enhance incretin secretion would be highly 

desirable. 

The purpose of this study was to evaluate the effects of gastric distension, using a gastric 

barostat, on the secretion of GIP and GLP-1 in the presence and absence of small intestinal 

nutrients in healthy individuals. While gastric distension may potentially have a different effect 

on incretin hormones in individuals with obesity, we considered that an understanding of normal 

physiology represented the appropriate initial step. 

7.3 Materials and Methods 

Participants 
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Eight healthy older participants (2 female and 6 male, mean age 69.3 ± 1.2 years, body mass 

index (BMI) 23.5 ± 0.8 kg/m2) were recruited. All participants were non-smokers and none had 

a history of cardiac, respiratory, gastrointestinal (or prior gastrointestinal surgery), hepatic or 

renal disease. None had a history of diabetes, epilepsy or intake of >20g alcohol/day. No 

participant took medication known to influence gastrointestinal function. This is a secondary 

analysis and data from this cohort relating to the effects of gastric distension and small intestinal 

nutrients on blood pressure and superior mesenteric artery blood flow have been reported (Vanis 

et al., 2011). 

Protocol 

Participants were studied on four occasions in a randomized order following an overnight fast 

(10h for solids, 8h for liquids), separated by at least 3 days. Upon arrival at the laboratory at the 

Royal Adelaide Hospital, a silicone-rubber, multilumen nasoduodenal catheter (Dentsleeve 

International, Mui Scientific, Mississauga, Canada) was inserted into the stomach via an 

anaesthetized nostril and allowed to pass into the duodenum by peristalsis. The catheter 

comprised an infusion channel (internal diameter ~1 mm) located ~10 cm distal to the pylorus 

with two other channels, located 2.5cm either side of the pylorus, perfused continuously with 

0.9% saline, allowing continuous measurement of the transmucosal potential difference from 

the antral (-40 mV) and duodenal (0 mV) channels to ensure correct positioning of the catheter 

(Heddle et al., 1988, Trahair et al., 2012). An intravenous cannula was positioned in the 

antecubital fossa of one arm for blood sampling.  

On two of the four study days, the participant also swallowed a single-lumen polyvinyl 

orogastric catheter (external diameter ~4 mm) (Tygon tubing, Saint Gobain Performance 

Plastics, Akron, OH, USA) equipped with a thin, flaccid polyethylene bag (capacity 1200 ml) 

that was tightly wrapped around the distal end. The proximal end of the catheter was connected 

to a gastric barostat (Distender Series II, G&J Electronics, Willowdale, ON, Canada). The 

barostat bag was inflated by 1mmHg every 5min to determine the intragastric minimum 
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distending pressure (MDP), which represents the minimum pressure required to overcome the 

intraabdominal pressure and is defined as the pressure to achieve a volume >30 ml in the bag 

(Feinle et al., 2000, Vanis et al., 2011). The stomach was then distended using a stepwise 

increase in intragastric pressure by 2mmHg increments every 3min, in four steps, to achieve a 

distension of 8 mmHg above MDP (Whitehead and Delvaux, 1997). Between t=0–60 min 

subjects received an intraduodenal infusion of either 1) 0.9% saline, 2) 25% glucose at 3 

kcal/min, 3) 0.9% saline with intrabag pressure set to 8 mmHg above MDP or 4) glucose at 

3kcal/min with intrabag pressure set to 8 mmHg above MDP in a computer-generated 

randomized order. At this rate of glucose infusion, there would be substantial stimulation of 

incretin hormones (Schirra et al., 1996). Participants and investigators were blinded to whether 

saline or glucose was infused. At t=60 min the barostat bag was deflated and between t=60–120 

min 0.9% saline was infused intraduodenally (Trahair et al., 2012, Vanis et al., 2011). 

Intraduodenal infusions were performed at a rate of 3 ml/min. 

Data collection 

Venous blood samples (~18 ml) were obtained at 15-min intervals between t=0–120 min. Blood 

samples were centrifuged at 3200 rpm for 15 min and plasma or serum was separated and stored 

at -70°C for subsequent analysis. 

Ethics 

The protocol was approved by the Research Ethics Committee of the Royal Adelaide Hospital, 

and performed in accordance with the Declaration of Helsinki. Each subject provided written, 

informed consent.  

Laboratory methods 

Blood Glucose 
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Blood glucose concentrations (mmol/L) were determined immediately using a portable blood 

glucose meter (Precision QID System, Abbott Laboratories, Medisense Products, Bedford, MA, 

USA).  

GLP-1 

Plasma total GLP-1 (pmol/L) was measured by radioimmunoassay (GLPIT-36HK, Millipore, 

Billerica, MA, USA). The minimum detectable limit was 3 pmol/L, and the intra- and inter-

assay CV were 4.2% and 10.5%, respectively (Trahair et al., 2012).  

GIP 

Plasma total GIP (pmol/L) was measured by radioimmunoassay with modifications of a 

published method (Wishart et al., 1992). The minimum detectable limit was 2 pmol/L, and the 

intra- and inter-assay CV were 6.1% and 15.4%, respectively (Trahair et al., 2012). 

Statistical Analysis 

The area under the curve (AUC) was calculated for all variables using the trapezoidal rule. 

Basal values and AUCs were compared using one-factor repeated-measures ANOVA. Variables 

were also analysed using two-factor repeated measures ANOVA, with treatment and time as 

factors. Where significance was revealed by ANOVAs, post hoc comparisons adjusted by 

Bonferroni-Holm’s correction, were performed. All analyses were performed using SPSS 

17.0.0 (SPSS Inc, Chicago, IL, USA). Data are presented as mean values ± SEM. A P value < 

0.05 was considered significant. 

 

7.4 Results 

The studies were well tolerated and completed by all participants.  There were no differences 

in baseline concentrations of blood glucose (P=0.78), plasma GIP (P=0.59) or plasma GLP-1 

(P=0.98) between the 4 study days.  
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Blood Glucose 

There was a predictable increase in blood glucose during glucose and glucose + distension 

(P<0.001 for both), and no change during either saline or saline + distension (P=0.55 and 

P=0.48, respectively). There was a treatment effect (P< 0.001) for the AUC for blood glucose, 

so that blood glucose was greater during glucose compared with saline (P<0.001) and saline + 

distension (P<0.001), and greater during glucose + distension compared with saline (P<0.005) 

and saline + distension (P<0.005), with no difference between glucose and glucose + distension 

(P=1.00) or between saline and saline + distension (P=1.00). (Figure 7.1A) 

GIP 

There was a prompt and sustained increase in GIP during glucose and glucose + distension 

(P<0.001 for both), and no change during saline and saline + distension (P=0.59 and P=0.18, 

respectively). There was a treatment effect (P<0.001) for the AUC for GIP, so that GIP was 

greater during glucose compared with saline (P<0.001) and saline + distension (P<0.001), and 

greater during glucose + distension compared with saline (P<0.005) and saline + distension 

(P<0.005), with no difference between glucose and glucose + distension (P=0.99) or between 

saline and saline + distension (P=1.00). (Figure 7.1B) 

GLP-1 

There was a gradual and sustained increase in GLP-1 during glucose and glucose + distension 

(P<0.001 and P<0.05, respectively), and no change during saline and saline with distension 

(P=0.67 and P=0.25, respectively). There was a treatment effect (P<0.001) for the AUC for 

GLP-1, so that GLP-1 was greater during glucose compared with saline (P<0.001) and saline + 

distension (P<0.005), but not glucose + distension (P=1.00). There was no difference between 

saline and saline + distension (P=1.00) or between glucose + distension and saline + distension 

(P=0.12). (Figure 7.1C) 

Intrabag volumes 
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At baseline, the intrabag volume was 443 ± 80 ml during glucose + distension and 410 ± 80 ml 

for saline + distension and at 60 min, intrabag volume was 790 ± 71 ml for glucose + distension 

and 637 ± 80 ml for saline + distension. 

 

Figure 7.1 Effects of intraduodenal saline (●, ○) and glucose at 3 kcal/min (■, □) with 

(○, □) and without (●, ■) gastric distension achieved by a barostat set at 8 mmHg above 

minimum distending pressure on A, Blood glucose, B, Plasma glucose dependent insulinotropic 

polypeptide (GIP), and C, Glucagon-like peptide-1 (GLP-1) in eight healthy participants. Data 

are mean ± standard error. 
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Table 7.1 Total area under the curve (tAUC) from 0 to 60 minutes for glucose (mmol/L x min), 

glucose-dependent insulinotropic polypeptide (GIP) (pmol/L x min) and glucagon-like peptide-

1 (GLP-1) (pmol/L x min) following intraduodenal (ID) saline, glucose, saline with balloon 

distension and glucose with balloon distension (n = 8). Data are mean values ± SEM. 

7.5 Discussion 

Our study indicates that, unlike rodents (Natochin et al., 2018, Ohbayashi et al., 2021), gastric 

distension, with or without small intestinal glucose exposure, does not appear to be a stimulus 

for either GIP or GLP-1 secretion in humans. The study was conducted under carefully 

controlled experimental settings to determine whether there was an effect of gastric distension 

on GIP or GLP-1 secretion. Intraduodenal infusion of glucose or saline was used to avoid the 

confounding effect of variable gastric emptying (Horowitz et al., 1993), and glucose was 

administered at a rate that mimics that of gastric emptying (Pilichiewicz et al., 2007) and is 

known to elicit substantial GLP-1 and GIP responses (Schirra et al., 1996). It is, accordingly, 

unlikely that our observations would have been modified with a higher rate of nutrient delivery. 

Our study used the barostat technique, a method accepted as the ‘gold standard’ for controlled 

gastric distension (Ang, 2011), and yielded distension volumes of ~700 ml at the given pressure, 

which was associated with a sensation of fullness (Rayner et al., 2000). For comparison, 

intragastric balloons with volumes of 550 ml are effective for inducing weight loss (Machytka 

et al., 2017), and for adjustable intragastric balloons, volumes are initiated at 400 – 550 ml and 

do not exceed 850 ml (Abu Dayyeh et al., 2021). It should be appreciated that the air-filled 

barostat balloon distends predominantly the proximal, rather than distal, stomach. Distension 

of the antrum may be of particular importance in satiation (Sturm et al., 2004) and intragastric 

balloons positioned in the antrum have been associated with greater weight loss (Papavramidis 

et al., 2018). However, traditionally, intragastric balloons have been inserted proximally in the 

fundus (Salmi et al., 2020, Genco et al., 2005), although they may migrate to the antrum 

(Papavramidis et al., 2018). 
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The reason(s) for the apparent discrepancy in the effect of gastric distension on GLP-1 secretion 

between rodents and humans is uncertain. In response to nutrients, the effect of GLP-1 to 

increase insulin secretion is evident in both rodents (Wang et al., 1995) and humans (Nauck and 

Meier, 2016). Similarly, GIP has been considered to have a major insulinotropic effect in 

rodents (Tseng et al., 1999), a concept recently consolidated by studies using antagonists to GIP 

(GIP3-30NH2) in humans (Gasbjerg et al., 2020). A notable difference between rodent and human 

incretin physiology is that nutrient-stimulated GLP-1 secretion is reduced in rodents following 

subdiaphragmatic vagotomy, while direct vagal stimulation increases GLP-1 secretion (Rocca 

and Brubaker, 1999), indicating that GLP-1 secretion in rodents is modulated by the vagus 

nerve. In contrast, humans who have had a truncal vagotomy with pyloroplasty display an 

increase, rather than a decrease, in nutrient-stimulated GLP-1 and GIP secretion, although more 

rapid gastric emptying as a consequence of the pyloroplasty may well represent a confounder 

(Plamboeck et al., 2013).  

Future studies investigating the effect of gastric distension on incretin hormone secretion in 

individuals with obesity and/or type 2 diabetes would be of interest. 

Limitations 

Our proof-of-concept pilot study had a small sample size, in part because of its technical 

complexity and may be underpowered to identify small differences in the effect of gastric 

distension on GLP-1 or GIP secretion. Our healthy participants were older (i.e. >65 years), but 

any reductions in incretin hormone secretion with age are modest, and the stimulation of both 

GLP-1 and GIP by intraduodenal glucose remained substantial (Pham et al., 2019). We also 

cannot exclude the possibility that exposure of the stomach to nutrients (i.e. nutritive distension) 

in the course of normal meal ingestion may influence incretin secretion (Steinert et al., 2012).  
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7.6 Conclusion 

In healthy, older adults, gastric distension did not stimulate GIP or GLP-1 secretion either in 

the absence or presence of small intestinal nutrient exposure. 
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8.1 Abstract 

Background and aims: Bariatric surgery is the most effective treatment in individuals with 

obesity to achieve remission of type 2 diabetes. Post-bariatric surgery hypoglycaemia occurs 

frequently, and management remains suboptimal, because of a poor understanding of the 

underlying pathophysiology. The glucoregulatory hormone responses to nutrients in individuals 

with and without post-bariatric surgery hypoglycaemia have not been systematically examined.  

Materials and methods:  The study protocol was prospectively registered with PROSPERO. 

PubMed, EMBASE, Web of Science and the Cochrane databases were searched for publications 

between January 1990 and November 2021 using MeSH terms related to post-bariatric surgery 

hypoglycaemia. Studies were included if they evaluated individuals with post-bariatric surgery 

hypoglycaemia and included measurements of plasma glucagon-like peptide-1 (GLP-1), 

glucose-dependent insulinotropic polypeptide (GIP), insulin, C-peptide and/or glucagon 

concentrations following an ingested nutrient load. Glycated haemoglobin (HbA1c) was also 

evaluated. A random-effects meta-analysis was performed, and Hedges’ g (standardised mean 

difference) and 95% confidence intervals were reported for all outcomes where sufficient 

studies were available. The τ2 estimate and I2 statistic were used as tests for heterogeneity and 

a funnel plot with the Egger regression-based test was used to evaluate for publication bias. 

Results: From 377 identified publications, 12 were included in the analysis. In all 12 studies, 

the type of bariatric surgery was Roux-en-Y gastric bypass (RYGB). Comparing individuals 

with and without post-bariatric surgery hypoglycaemia following an ingested nutrient load, the 

standardised mean difference in peak GLP-1 was 0.57 (95% CI, 0.32, 0.82), peak GIP 0.05 (-

0.26, 0.36), peak insulin 0.84 (0.44, 1.23), peak C-peptide 0.69 (0.28, 1.1) and peak glucagon 

0.05 (-0.26, 0.36). HbA1c was less in individuals with hypoglycaemia -0.40 (-0.67, -0.12). There 

was no evidence of substantial heterogeneity in any outcome except for peak insulin: τ2 = 0.2, 

I2 = 54.3. No publication bias was evident. 
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Conclusion: Following RYGB, postprandial peak plasma GLP-1, insulin and C-peptide 

concentrations are greater in individuals with post-bariatric surgery hypoglycaemia, while 

HbA1c is less. These observations support the concept that antagonism of GLP-1 would prove 

beneficial in the management of individuals with hypoglycaemia following RYGB.  

PROSPERO Registration Number: CRD42021287515 
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8.2 Introduction 

Impact of bariatric surgery on obesity, type 2 diabetes and glucagon-like peptide-1 secretion 

Bariatric surgery is the most effective treatment in the management of morbid obesity 

(Buchwald et al., 2009). Roux-en-Y gastric bypass (RYGB) and sleeve gastrectomy are 

frequently performed procedures and, in general, have favorable short- and longer-term 

outcomes, including the remission of type 2 diabetes (Chang et al., 2014). The exaggerated 

post-prandial secretion of glucagon-like peptide-1 (GLP-1) and consequent increase in insulin 

secretion/sensitivity is thought to be central to this effect (Holst et al., 2018). The increase in 

GLP-1 is multifactorial and likely to reflect more rapid gastric pouch emptying and increased 

delivery of nutrients to the GLP-1-secreting L-cells in the distal small intestine, changes in the 

bile acid profile to stimulate GLP-1 release mediated via the G-protein-coupled bile acid 

receptor and alterations in the gut microbiota leading to stimulation of GLP-1 secretion via 

metabolites (van Olst et al., 2020, Nguyen et al., 2014). An improvement in glucose tolerance 

is evident within a few days after surgery and precedes weight loss (Holst et al., 2018). Although 

it is well-recognised that nutrient-induced GLP-1 secretion is greatly increased following some 

forms of bariatric surgery, it is not clear if individuals who experience hypoglycaemia post-

bariatric surgery have a greater GLP-1 response than individuals without hypoglycaemia. 

Prevalence of post-bariatric surgery hypoglycaemia 

Post-bariatric surgery hypoglycaemia (PBH) is a complication of metabolic surgery and defined 

as having a low blood glucose level (<3.0 mmol/L) associated with autonomic or 

neuroglycopenic symptoms, although there is no consensus for the threshold glucose level 

(Salehi et al., 2018). It occurs in about a quarter of patients following RYGB, characteristically 

1 – 3 hours following a meal (Capristo et al., 2018, Brix et al., 2019) and has also been described 

following sleeve gastrectomy (Capristo et al., 2018). PBH causes substantial morbidity (Emous 

et al., 2017, Capristo et al., 2018).  and, in extreme cases, is life-threatening (Marsk et al., 2010). 

The role of GLP-1 in PBH remains unclear with inconsistent observations (Vidal et al., 2009, 
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Tharakan et al., 2017a). Clarification of this is important as GLP-1 receptor antagonists are 

being evaluated as a potential therapy in early clinical studies (Craig et al., 2021), where 

paradoxically, GLP-1 receptor agonists have also been suggested to have benefit in PBH 

(Abrahamsson et al., 2013). There is currently no accepted standard medical treatment for PBH. 

Accordingly, this study has systematically reviewed the literature to evaluate if nutrient-induced 

peak GLP-1 concentrations are greater in individuals with PBH compared with individuals who 

have had bariatric surgery but do not have PBH. 

8.3 Methods 

Study Design and Registration 

This systematic review and meta-analysis of cohort and case-control studies was designed in 

accordance with the latest methodological guidance (Deeks et al., 2001, Moons et al., 2014), 

and was reported in compliance with the Meta-analysis Of Observational Studies in 

Epidemiology (MOOSE) guidelines (Stroup et al., 2000). Protocol details were prospectively 

registered on PROSPERO (CRD42021287515); there were no major protocol deviations. 

Eligibility Criteria 

We included original research studies that reported a prognostic association between bariatric 

surgery (Roux-en-Y gastric bypass, sleeve gastrectomy or single anastomosis gastric bypass) 

and hypoglycaemia. We excluded abstracts and conference presentations, case reports, case 

series, editorials, expert opinions, publications with incompletely reported data, studies 

published in language other than English and non-human studies. 

Search Strategy 

We searched PubMed, EMBASE, Web of Science and Cochrane Database of Systematic 

Reviews from inception to 27 Nov 2021. Our search strategy included a comprehensive set of 

relevant search terms (Supplemental 1) and was designed with the support of a professional 

librarian, experienced in systematic reviews (Geersing et al., 2012).  
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Study Selection 

Two authors (R.J.J. and M.M.U.) independently screened titles and abstracts for potentially 

relevant studies. The full texts of shortlisted studies were extracted and were assessed against 

eligibility criteria independently and in duplicate. A third author (M.P.P.) adjudicated any 

disagreements. We also reviewed the reference and citation lists of included studies for 

additional potentially relevant studies.  

Data Extraction and Management 

Two authors (R.J.J. and M.M.U.) independently used standardised spreadsheets to extract data 

from included studies. Where reported, the following were recorded: study design, population 

baseline characteristics, operative details, diabetes status at the time of the study, test meal 

contents and definition of hypoglycaemia. The primary outcome was post-bariatric surgery 

nutrient stimulated peak plasma levels of GLP-1 in individuals with and without 

hypoglycaemia.  Secondary outcomes included (i) post-bariatric surgery nutrient stimulated 

plasma levels of glucose dependent insulinotropic polypeptide (GIP), insulin and C-peptide in 

patients with and without hypoglycaemia, (ii) HbA1c, (iii) hypoglycaemic counter-regulatory 

hormones (cortisol, glucagon, adrenaline, noradrenaline) and (iv) gastric emptying data.  

Risk of bias (quality) assessment 

The same authors (R.J.J. and M.M.U.) independently assessed the risk of bias using the 

Newcastle-Ottawa Scale (NOS). Disagreements in assessment were discussed and consensus 

obtained. 

Statistical Analysis and Data Synthesis  

In studies where outcomes of interest were presented in tables, but not reported in numerical 

form, the corresponding authors were contacted via email to request this information. No 

responses were received. The software PlotDigitizer.exe (Huwaldt JA. Plot Digitizer. Version 
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2.6.9, Free Software Foundation 2020) was used to extract peak concentrations of relevant 

enteropancreatic hormones and standardized deviations. We tabulated weighted mean 

differences (reported as Hedges’ g) and 95% confidence interval from each study and generated 

summary estimates using random effects modelling (Dettori et al., 2022). We performed 

separate meta-analyses for each outcome where reporting was sufficient across studies; 

otherwise, we performed qualitative analyses. Random-effects meta-analysis was used to 

account for potential between-study heterogeneity, and REML (restricted maximum likelihood) 

was used for the random effect estimation. Statistical heterogeneity is reported as the I2 statistic 

and 𝜏2 estimate (Deeks et al., 2001). Where there were fewer than 10 included studies reporting 

on an outcome, publication bias was unable to be formally assessed . All data analyses were 

performed in consultation with a professional biostatistician using STATA (StataCorp. 2021. 

Stata Statistical Software: Release 17. College Station, TX: StataCorp LLC).   

Search Results 

The search returned 376 results. No additional citations were identified from secondary 

searching of reference lists. After de-duplication, 334 studies underwent title and abstract 

screening. 104 potentially relevant studies underwent full-text review, from which 12 studies 

were included in this review. (Figure 8.1). The majority of these 104 studies described an 

increase in GLP-1 following RYGB (which has been well established) but did not determine 

whether GLP-1 secretion is increased to a greater extent in individuals with PBH and were, 

therefore, excluded. 
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8.4 Results 

 

 

Figure 8.1 Identification of studies via databases and registers 

Description of Included Studies 

Twelve studies involving 324 participants post-bariatric surgery were included. Detailed 

characteristics of included studies are presented in Table 8.1.
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Table 8.1 Detailed characteristics of included studies (n=12) 

Methodological quality 

The studies included were observational in design and of small sample sizes associated with 

large confidence intervals. The studies included were mostly at a low risk of bias as assessed 

by the Newcastle-Ottawa scale. Results are summarized in Table 8.2 below. 
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Table 8.2 Risk of bias assessment by Newcastle-Ottawa scale. Studies with total score 8 or 

greater (n = 11/12) are considered to be at low risk of bias. 

Outcomes  

Peak postprandial GLP-1 

In ten studies (Goldfine et al., 2007, Guarino et al., 2019, Laurenius et al., 2014, Lobato et al., 

2020, Poitou et al., 2018, Salehi et al., 2014, Salehi et al., 2019, Soeby et al., 2020, Tharakan et 

al., 2017b) (involving 264 individuals), there was an increase in peak postprandial GLP-1 in 

those with PBH compared to those without;  Hedges’ g 0.57 (95% CI 0.32, 0.82) reported this 

outcome for both PBH (n = 132) and non-PBH (n = 132) cohorts (Figure 8.2).  There was no 

evidence of between-study heterogeneity (𝜏2=0.01, 𝐼2= 3.36). Only two studies (Guarino et al., 

2019, Salehi et al., 2014) reported the outcome for GLP-1 AUC in both PBH and non-PBH 
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cohorts, hence a meta-analysis for this outcome was not performed. The p value for Egger’s test 

was 0.306. There was no evidence of bias in the funnel plot. (Figure 8.3) 

 

Figure 8.2 Peak postprandial GLP-1 concentration in those with PBH (n = 132) compared to 

those without (n = 132). 

 

Figure 8.3 Funnel plot for peak GLP-1 publication bias 

Peak postprandial GIP 
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In 7 studies, involving 193 individuals, there was no difference between postprandial GIP in 

those with (n = 106) and without (n = 87) PBH (Goldfine et al., 2007, Lobato et al., 2020, Salehi 

et al., 2014, Salehi et al., 2019, Soeby et al., 2020, Tharakan et al., 2017b). (Figure 8.4) Hedges’ 

g was 0.05 (95% CI -0.26, 0.36) and there was no evidence of between-study heterogeneity 

(𝜏2=0.03, 𝐼2= 16.82). No study reported GIP AUC. As there were fewer than ten studies, we 

were unable to formally assess for publication bias. 

 

Figure 8.4 Peak postprandial GIP concentration in those with PBH (n = 106) compared to those 

without (n = 87). 

Peak postprandial insulin 

In 10 studies (involving 269 individuals), there was an increase in peak postprandial insulin in 

those with PBH (n = 151) compared to those without (n = 118) (Goldfine et al., 2007, Lobato 

et al., 2020, Salehi et al., 2014, Salehi et al., 2019, Soeby et al., 2020, Tharakan et al., 2017b, 

Kellogg et al., 2008, Laurenius et al., 2014, Vaurs et al., 2016). Hedges’ g was 0.84 (95% CI 

0.44, 1.23), however, there was some indication of between-study heterogeneity (𝜏2=0.20, 𝐼2= 

54.25, p=0.03). One study (Laurenius et al., 2014) reported the means, but not standard 

deviations, of the insulin AUC. This study was not included in the meta-analysis. (Figure 8.5) 



   

124 

 

The p value for Egger’s test was 0.632. There was no evidence of bias in the funnel plot. (Figure 

8.6) 

 

Figure 8.5 Peak postprandial insulin concentration in those with PBH (n = 132) compared to 

those without (n = 132). 
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Figure 8.6 Funnel plot for peak insulin publication bias. 

Peak post-prandial C-peptide 

In 6 studies (involving 191 individuals), there was an increase in peak postprandial C-peptide 

in those with PBH (n = 100) compared to those without (n = 91) (Goldfine et al., 2007, Lobato 

et al., 2020, Poitou et al., 2018, Salehi et al., 2014, Vaurs et al., 2016). Hedges’ g was 0.69 (95% 

CI 0.28, 1.10) and there was no evidence of between-study heterogeneity (𝜏2=0.11, 𝐼2= 44.47) 

(Figure 8.7). No study reported the C-peptide AUC. As there were fewer than ten studies, we 

were unable to formally assess for publication bias. 
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Figure 8.7 Peak postprandial C-peptide concentration in those with PBH (n = 100) compared 

to those without (n = 91). 

Peak glucagon 

In 10 studies, involving 264 individuals, there was no difference between postprandial glucagon 

in those with (n = 132) and without (n = 132) PBH (Goldfine et al., 2007, Guarino et al., 2019, 

Laurenius et al., 2014, Lobato et al., 2020, Poitou et al., 2018, Salehi et al., 2014, Salehi et al., 

2019, Soeby et al., 2020, Tharakan et al., 2017b). Hedges’ g was 0.05 (95% CI -0.26, 0.36) and 

there was no evidence of substantial between-study heterogeneity (𝜏2=0.09, 𝐼2= 35.53) (Figure 

8.8). No study reported the glucagon AUC. The p value for Egger’s test was 0.015. There was 

no evidence of bias in the funnel plot. (Figure 8.9) 
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Figure 8.8 Peak postprandial glucagon concentration in those with PBH (n = 132) compared to 

those without (n = 132). 

 

Figure 8.9 Funnel plot for peak glucagon publication bias. 
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HbA1c 

In 7 studies, involving 208 individuals, HbA1c was lower in individuals with PBH (n = 104) 

compared with those without PBH (n = 104) (Goldfine et al., 2007, Guarino et al., 2019, Lobato 

et al., 2020, Poitou et al., 2018, Salehi et al., 2014, Tharakan et al., 2017b). Hedges’ g was -0.40 

(95% CI -0.67, -0.12) and there was no evidence of between-study heterogeneity (𝜏2=0.00, 𝐼2= 

0.00). (Figure 8.10) As there were fewer than ten studies, we were unable to formally assess for 

publication bias. 

 

Figure 8.10 HbA1c in those with PBH (n = 104) compared to those without (n = 104). 

Other parameters 

The studies were screened for other outcomes, including gastric emptying data (not reported in 

any study), catecholamines (not reported in any study), cortisol (not reported in any study) 

insulin secretion (reported in 1 study), disposition index (reported in 1 study) and HOMA-IR 

(not reported in any study), for which meta-analyses were, accordingly, unable to be performed.  

8.5 Discussion 

This is the first systematic review to evaluate associations between nutrient-stimulated 

enterohormones in individuals with postprandial hypoglycaemia following RYGB. Individuals 
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who had post-bariatric surgery hypoglycaemia had greater postprandial GLP-1 and insulin 

concentrations, but GIP responses were not different, when compared with individuals who had 

the same type of bariatric surgery but who did not develop hypoglycaemia. Furthermore, in 

individuals with post-bariatric surgery hypoglycaemia, mean HbA1c was less. There was no 

substantial between-study heterogeneity in the outcomes analysed apart from peak insulin, 

where there was a strong association with PBH. The observed heterogeneity is likely due to 

reflect different frequencies of diabetes and remission as summarized in Table 1. Based on the 

funnel plots and Egger’s test, there was no evidence of publication bias, apart from the analysis 

of peak glucagon where the funnel plot was skewed to the right by the largest study (Salehi et 

al., 2014). Overall, the pooled results from all studies indicated that there was no association 

between peak glucagon and PBH. The majority of the studies (11/12) were well designed with 

a low risk of bias, as evaluated with the Newcastle-Ottawa Scale. Pre-specified sensitivity 

analyses of low risk of bias studies (included in Supplementary material) did not alter the 

results. 

This meta-analysis of all studies has made it evident that a greater peak GLP-1 response is 

associated with PBH following RYGB while peak GIP is not. The latter is not surprising given 

that GIP-secreting K-cells are predominantly found in the duodenum/proximal small intestine 

which is bypassed following RYGB. There was only one study which found that a greater 

postprandial peak in GIP was associated with a lower risk of hypoglycaemia (Goldfine et al., 

2007). It should be appreciated that this study was published much earlier (2007) than the other 

studies, and the difference in GIP may be related to variations in surgical technique such as the 

length of proximal intestine bypassed, however, this information was not provided. Both peak 

insulin and C-peptide were predictably strongly associated with PBH, consistent with the 

concept that PBH is driven by exaggerated endogenous insulin secretion. In contrast, there was 

no evidence of an association between peak glucagon and PBH. We had hypothesized that, 

reflecting the capacity of GLP-1 to suppress glucagon, that a lower peak glucagon may be 



   

130 

 

associated with PBH. It is possible that PBH is mainly driven by the exaggerated GLP-1 and 

insulin response rather than suppression of glucagon. As glucagon is released as a counter-

regulatory response to hypoglycaemia (Marathe et al., 2019), this may over-ride the suppressive 

effect of GLP-1 which occurs in a glucose-dependent manner. A lower HbA1c was associated 

with an increased risk of PBH. This may be explained by either the effect of hypoglycaemia to 

lower mean blood glucose or a protective effect against hypoglycaemia due to greater insulin 

resistance associated with higher HbA1c.  

The underlying cause of PBH remains unclear, however, there are several putative mechanisms 

including increased beta cell mass (Service et al., 2005), increased insulin-independent glucose 

uptake (Patti et al., 2015), increased secretion of GLP-1 (Craig et al., 2017), altered bile acid 

metabolism (van den Broek et al., 2021), altered gut microbiota (Zhou et al., 2020) and 

increased fibroblast growth factor-19 (Mulla et al., 2019). Although GLP-1RA therapy in T2D 

without concomitant administration of insulin is not associated with hypoglycaemia, there are 

multiple physiologic changes that occur following RYGB that could explain why 

hypoglycaemia may occur in this group. RYGB is associated with gastric pouch emptying rates 

of up to 100 kcal/min (Nguyen et al., 2014) compared with gastric emptying rates of 1 – 4 

kcal/min in health, which may lead to a transient marked postprandial glycaemic excursion 

(Phillips et al., 2015). The rapid and increased delivery of nutrients to the small intestine is 

thought to underlie the supraphysiologic levels of GLP-1 (Nguyen et al., 2014, Hutch and 

Sandoval, 2017). GLP-1 has glucose-dependent effects to augment insulin and inhibit glucagon 

secretion (Drucker, 2018), with a consequent marked glucose-lowering effect. RYGB also alters 

bile acid composition and the activation of intestinal farnesoid X receptor (FXR) by bile acids 

increases fibroblast growth factor-19 (FGF-19), an intestinally derived hormone, which reduces 

hepatic glucose production and increases peripheral glucose disposal independent of insulin 

(Wang et al., 2019, Mulla et al., 2019). Interestingly, increased FGF-19 levels have been 

associated with PBH; moreover, the progressive increase in FGF-19 levels over time 
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corresponds to the time course of PBH (Mulla et al., 2019). Changes to the gut microbiota occur 

also within 3 months post-RYGB, are sustained in the longer-term (Tremaroli et al., 2015), and 

have been associated with lower postprandial glucose levels in rodent models (Arora et al., 

2017). While these changes are thought to be pivotal to remission of type 2 diabetes, it is likely 

that, in combination, they also contribute to PBH and in such individuals, we have now shown 

that GLP-1 responses are greater.  

Limitations 

Although all forms of bariatric surgery were included in the search criteria, only studies 

involving RYGB were identified. Thus, it is not known if there are similar associations between 

glucoregulatory hormones and PBH with other bariatric surgery procedures such as sleeve 

gastrectomy or the one anastomosis gastric bypass. Only English language articles were 

included, however, only 3 identified articles were non-English language. Only peak hormone 

levels were consistently reported among studies. Data were collected for area under the curve 

(AUC) hormone levels over time but due to varying time-frames and most studies not reporting 

this, a meta-analysis could not be performed. There is no standardized meal for the evaluation 

of PBH and accordingly, there was significant variation in the meals between studies. Similarly, 

there was varied definitions for hypoglycaemia between studies and we were unable to assess 

the relationship between severity of postprandial hypoglycaemia and GLP-1. Furthermore, we 

were unable to evaluate the temporal relationship between GLP-1 and 

hypoglycaemia/hyperinsulinaemia. The final number of studies included for GIP, C-peptide and 

HbA1c were too small to analyse for publication bias. 

Implications and areas for further evaluation 

The outcomes of this analysis support an association between the stimulation of GLP-1 with 

PBH. Early clinical trials have suggested that GLP-1 antagonism (Craig et al., 2017, Craig et 

al., 2018) may represent a novel therapy for PBH. In a proof-of-principle double-blinded, 
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placebo-controlled, crossover study, the intravenous infusion of exendin (9-39), a GLP-1 

receptor antagonist, prevented hypoglycaemia in 8 out of 8 participants with PBH (Craig et al., 

2017). Our findings support the development of larger-scale clinical trials to evaluate the 

potential role of GLP-1 antagonism in PBH management. Recent trials have also suggested a 

role for GLP-1 receptor agonist (RA) treatment as an adjunct to increase rates of type 2 diabetes 

remission (Miras et al., 2019). The effect of GLP-1RAs on PBH has not been established, 

however, two small, uncontrolled studies reported improvement of PBH following GLP-RA 

treatment (Abrahamsson et al., 2013, de Heide et al., 2023) but sample sizes were small (n= 5 

and n= 13 respectively). Possible explanations to account for this paradox include slowing of 

intestinal transit, resulting in decreased stimulation of L-cells (Thazhath et al., 2016) and 

marked suppression of endogenous GLP-1 secretion (Kim et al., 2021). 

Gastric emptying has been recognized as a major determinant of postprandial glycaemic 

excursions in individuals with and without type 2 diabetes (Jalleh et al., 2022a) but was not 

evaluated in any of the included studies. There is no information about the role of gastric 

emptying/small intestinal transit in the pathogenesis of PBH and this would be of considerable 

interest. Additionally, there is evidence that an acceleration of gastric emptying is important in 

the counter-regulation of hypoglycaemia (Murthy et al., 2021). Catecholamines are an 

important counter-regulatory mechanism in hypoglycaemia and this response may be blunted 

following RYGB (Abrahamsson et al., 2016). It is not known if individuals with PBH have a 

greater reduction in the catecholamine response to hypoglycaemia.    

Finally, our findings suggest additional attention to PBH be given to individuals who have a 

lower HbA1c as they may be at greater risk. 

8.6 Conclusion 

Following RYGB, nutrient-induced peak concentrations of GLP-1, insulin and C-peptide are 

greater, while HbA1c is less in individuals with post-bariatric surgery hypoglycaemia. These 

observations suggest that antagonism of GLP-1 represents a rational intervention to prevent 
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hypoglycaemia in patients who suffer from post-bariatric surgery hypoglycaemia after RYGB. 

Further evaluation of the role of gastric emptying and catecholamine response in this condition 

is warranted. 
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Chapter 9: Conclusions 

9.1 Summary of key findings of this thesis 

This thesis was undertaken to provide increased understanding of the relationships between 

gastric emptying, incretin hormone responses and glycaemic responses to nutrients. Gastric 

emptying has now been recognized to be of major relevance to the management of type 2 

diabetes supported by studies conducted by my colleagues and I (Jalleh et al., 2022a) and others 

(Goyal et al., 2019). In the studies reported in this thesis, I have advanced  knowledge in this 

field significantly. 

9.1.1 Theme 1 – relationships between gastric emptying, incretin hormones and the rise in 

glucose following nutrients in type 2 diabetes and stress-induced hyperglycaemia 

In Chapter 3, I have shown that in individuals with type 2 diabetes, that relatively more rapid 

gastric emptying is associated with a greater rise in plasma glucose at 30, 60 and, in particular, 

at 120 minutes, but not 180 minutes after a 75 g oral glucose load. The finding of a correlation 

at 120 minutes is novel and important as this indicates that the oral glucose tolerance test, which 

uses a cut-off of a plasma glucose of ≥ 11.1 mmol/L at 120 minutes to diagnose diabetes mellitus 

(World Health Organization  and International Diabetes Federation 2006), may be influenced 

by factors that alter gastric emptying, such as medications or comorbidity. There was no 

relationship between GLP-1 and the rate of gastric emptying on multiple regression analysis 

which may appear counter-intuitive as faster gastric emptying may be anticipated to result in 

more rapid delivery of nutrients to the distal small intestine to stimulate GLP-1. However, in 

prior studies involving intraduodenal administration of glucose (Ma et al., 2012), a sustained 

rise in GLP-1 was only evident when glucose was delivered at a rate of >3 kcal/min, but in all 

of the participants in this cohort, gastric emptying was less than 3 kcal/min. Furthermore, rapid 

gastric emptying may not translate to more rapid glucose delivery to the distal small intestine, 

possibly because endogenous GLP-1 slows gastric emptying. There was also no relationship 

between gastric emptying and insulin secretion. Chapter 4 advanced knowledge of the 
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relationships between gastric emptying and glycaemia in individuals without diabetes who had 

previous critical illness-induced stress hyperglycaemia. I found that in 32 out of 35 patients 

(91.4%) the 1-hour plasma glucose was ≥ 8.6 mmol/L at 3 months following ICU discharge. 

This observation is important as in individuals with impaired glucose tolerance, a 1-hour plasma 

glucose ≥ 8.6 mmol/L is a robust predictor of progression to type 2 diabetes and associated with 

increased morbidity and earlier mortality (Bergman et al., 2018). 

9.1.2 Theme 2 – relationships between gastric emptying, incretin hormones and the rise in 

glucose following nutrient intake in health 

Chapter 5 advances knowledge of the relationship between gastric emptying and glycaemia by 

evaluating the correlation of gastric emptying and the pattern of the glucose response following 

an oral glucose tolerance test in older adults without diabetes. This is the first study to evaluate 

the pattern of the glucose response curves in adults >65 years of age, where the prevalence of 

T2D is high . Furthermore, it is the first study to evaluate this pattern with gastric emptying and 

incretin hormone measurements concurrently. In the group with a biphasic pattern, the mean 

plasma glucose at 1 hour was less at 7.9 mmol/L compared with that in the monophasic group 

10.0 mmol/L. Given a 1-hour plasma glucose ≥ 8.6 mmol/L is a predictor of future progression 

to type 2 diabetes is consistent with the understanding that a biphasic curve is associated with 

a reduced risk of dysglycaemia. There was no significant difference in the rate of gastric 

emptying or plasma GIP in the monophasic vs biphasic group, however, GLP-1 was 

significantly greater in the biphasic group. It is, accordingly, possible that individuals with a 

biphasic pattern may have a greater intrinsic GLP-1 response, which could account for the lower 

1-hour plasma glucose and reduced propensity for future type 2 diabetes. 

Given that liquids with higher nutrient densities emptying slower, I evaluated the gastric 

emptying rate of low-carbohydrate, low-alcohol and full-strength beer in Chapter 6. Differences 

in carbohydrate, or alcohol, content did not have a significant effect on the rate of gastric 

emptying. Low alcohol beer increased blood glucose compared with low carbohydrate and full 
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strength beer, but the increase was modest and is unlikely to be of clinical relevance in 

individuals without diabetes. The rise in glucose in individuals with diabetes would be 

anticipated to be greater and warrants evaluation. 

9.1.3 Theme 3 – understanding the effects of bariatric surgery on incretin hormones and 

postprandial glucose 

In Chapter 7, I showed that gastric distension was not associated with an increased plasma GLP-

1 or GIP response in healthy humans. This contrasts with animal studies (Ohbayashi et al., 2021, 

Natochin et al., 2018), where gastric distension has been associated with a substantial increase 

in GLP-1 secretion. This study used the ‘barostat’ technique, which is accepted as the ‘gold 

standard’ for controlled gastric distension (Ang, 2011) and is the first to investigate the impact 

of gastric distension on incretin hormone secretion in humans. This study has improved our 

understanding of the physiological changes that occur with procedures to facilitate weight loss 

such as sleeve gastrectomy or RYGB, where gastric volume is reduced surgically, and 

intragastric balloon insertion. The findings of my study indicate that distension is unlikely to 

be a contributing factor to the elevation of GLP-1 seen following bariatric surgery. 

In Chapter 8, I showed that following a nutrient load, individuals who have had RYGB surgery 

and experience post-bariatric surgery hypoglycaemia have a greater plasma GLP-1 response 

than those who have had RYGB surgery, but do not experience hypoglycaemia. These findings 

support the use of GLP-1 receptor antagonist (avexitide) as a potential treatment for post-

bariatric hypoglycaemia (Tan et al., 2020), which to date, has only been evaluated in a small 

study, but was found to be highly effective. This is important, given that currently, the treatment 

of this condition is limited and there is the lack of randomized controlled trials. I also showed, 

that post-bariatric surgery hypoglycaemia was associated with a hyperinsulinaemic response 

,but not associated with differences in plasma GIP. In prior studies, gastric pouch emptying has 

been shown to be extremely rapid and up to 100 kcal/min (Nguyen et al., 2014). This may result 

in a marked rise in blood glucose following high carbohydrate meals and likely rapid delivery 



   

137 

 

of nutrients to the distal small bowel to stimulate GLP-1 secretion. The supraphysiologic 

response of GLP-1 combined with improved insulin sensitivity may result in a sharp decline in 

blood glucose and consequently, postprandial hypoglycaemia. 

9.2 Clinical practice changes supported by findings of this thesis 

From my findings in Chapter 3, in interpreting results of a 75 g oral glucose tolerance test for 

the diagnosis of diabetes, factors that alter gastric emptying need to be considered. Medications 

that slow gastric emptying, such as opioids, may result in a lower plasma glucose and in 

contrast, medications that accelerate gastric emptying, such as some anti-emetics 

(metoclopramide) and erythromycin may raise plasma glucose. Consideration should be given 

to performing the test when not on such medications where feasible. This is especially relevant 

in gestational diabetes where the OGTT remains the main diagnostic method and for individuals 

where an early OGTT is indicated, many may be on anti-emetic medications for management 

of hyperemesis. Similarly, medical conditions that are associated with slow gastric emptying 

(e.g. Parkinson disease) or rapid gastric emptying (bariatric surgery) may affect the OGTT 

results. In the case of bariatric surgery, in particular, there is the suggestion that the OGTT 

should be avoided altogether due to the risk of post-bariatric surgery hypoglycaemia (Salehi et 

al., 2018). This is a novel and important finding that is not addressed in current guidelines for 

diagnosing diabetes (ElSayed et al., 2023). 

 My findings in Chapter 4 indicate that the majority of survivors of critical illness (>90%) who 

had stress hyperglycaemia during the admission continue to have dysglycaemia at 3 months 

post ICU discharge and are at high risk of progression to type 2 diabetes. Close follow up of 

this cohort for incident diabetes would be reasonable, although larger studies are required. In 

contrast, as reported in Chapter 8, individuals who have had a prior gastric bypass with a lower 

HbA1c had a increased association with post-bariatric surgery hypoglycaemia. Accordingly, in 

this cohort, clinicians should have a low threshold for evaluating symptoms of reactive 

hypoglycaemia. Guidelines are required in relation to the need for follow up of survivors of 
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critical illness associated stress hyperglycaemia and for the management of post-bariatric 

surgery hypoglycaemia. 

9.3 Direction for future research 

The studies in this thesis have improved our understanding of the complex relationship between 

gastric emptying, incretin hormones and glucose levels. However, there remain substantial gaps 

in our knowledge. The effects of exogenous GLP-1 and GLP1-RAs to slow gastric emptying is 

variable and the precise reason for this is not known. It has been suggested that this may be 

related to genetic variation (Umapathysivam et al., 2023). Predicting which individuals may be 

prone to slow gastric emptying may assist with pre-operative management as a modified diet 

and longer duration of fasting may potentially be indicated to reduce the risk of aspiration in 

patients receiving GLP-1RA therapy associated with marked reductions in gastric emptying. 

Whether prokinetic agents discussed in Chapter 2 can accelerate GLP-1RA is another important 

research question, as this may allow residual gastric contents to be emptied in preparation for 

emergency surgery. 

With continuous glucose monitoring being increasingly accessible, there is the  opportunity to 

evaluate the shape of the glucose response curve in larger cohorts and in response to meals. If 

the pattern of the glucose response curve identified with continuous glucose monitoring 

(Chapter 5) can be used to estimate beta cell function and/or the risk of progression to future 

diabetes, this would represent a valuable biomarker. As survivors of critical illness with stress 

induced hyperglycaemia have a high risk of progressing to type 2 diabetes (Chapter 4), 

prospective studies are needed to further stratify their risk, potentially by evaluating the pattern 

of their glucose response curve and identifying strategies to reduce this risk.  

In Chapter 7, I showed that there was no relationship between gastric distension and incretin 

hormone secretion. However, a non-nutritive method was used to cause distension. It remains 

to be determined whether distension with nutrients would stimulate GLP-1 secretion and if the 

response would be different in people with obesity or type 2 diabetes. Further insights into GLP-
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1 physiology following bariatric surgery would be of value, as this appears to be a major factor 

in the pathophysiology of post-bariatric surgery hypoglycaemia. Larger prospective trials using 

GLP-1 antagonists to treat this condition are warranted given the very limited, and suboptimal, 

treatment currently available. Therapies that may slow gastric pouch emptying and/or small 

intestinal transit to diminish the GLP-1 response in this cohort also represent a potential novel 

approach to managing post-bariatric surgery hypoglycaemia. 

My goal is to consolidate the findings reported in this thesis with post-doctoral studies. An 

improved characterization of gastric emptying and incretin physiology will, almost certainly, 

lead to more effective and personalized management of patients. 
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Appendix 1. Accurate measurements of gastric emptying and 

gastrointestinal symptoms in the evaluation of glucagon-like peptide-1 

receptor agonists 

Published as JALLEH, R. J., JONES, K. L., NAUCK, M. & HOROWITZ, M. 2023. Ann Intern 

Med, 176:1542-3. Epub ahead of print. DOI: https://doi.org/10.7326/M23-2019 

Used with permission. © 2022 American College of Physicians. 
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