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English summary 

Hypoglycaemia is a common adverse effect of insulin treatment in people with diabetes, ranging 

from mild, self-corrected episodes to severe incidents requiring medical assistance. 

Hypoglycaemia in diabetes has been associated with increased risk of death and cardiovascular 

events, however, no direct mechanistic link between cardiovascular disease and hypoglycaemia 

has yet been identified. Impaired awareness of hypoglycaemia is diminished symptoms and 

counter-regulatory response to hypoglycaemia, often occurring in people with type 1 diabetes and 

is thought to be caused by recurrent hypoglycaemic episodes, resulting in an increased risk of 

further, more severe, hypoglycaemic episodes. While effects on the endocrine counter-regulation 

and myocardium of single and repeated episodes of hypoglycaemia have been investigated in 

rodent models, studies in large animals are sparse. 

The aim of this PhD project was to investigate healthy and streptozotocin-induced diabetic 

Göttingen Minipigs as a translational model of hyperinsulinaemic hypoglycaemia. The studies 

investigated the normal minipig electrocardiogram, electrocardiographic changes and endocrine 

counter-regulation during hypoglycaemia as well as platelet activity. 

Paper I investigated the electrocardiographic features of healthy and diabetic minipigs and 

described diurnal variation in both morphology and heart rate variability, lead differences in 

morphology and change in parameters over time, but could only detect minor changes after 

diabetes induction. 

Paper II utilised healthy and diabetic minipigs to demonstrate a human-like endocrine counter-

regulatory response to hyperinsulinaemic hypoglycaemia, with increases in plasma glucagon and 

epinephrine. Hyperinsulinaemic hypoglycaemic clamping also induced QTc-interval prolongation 

in diabetic minipigs. An increase in arrhythmic events was seen in both healthy and diabetic 

minipigs, changes also reported in humans experiencing hypoglycaemia. However, no changes 

in heart rate variability was found. Platelet aggregation response decreased during 

hypoglycaemia, contrary to the hypoglycaemia-induced increase reported in human studies. 

Paper III investigated the effects of antecedent hypoglycaemic episodes on the counter-regulatory 

response and electrocardiogram in healthy and diabetic minipigs during hyperinsulinaemic 

hypoglycaemic clamping. The study demonstrated a diminished glucagon response in groups 

preconditioned with three consecutive days of hypoglycaemic clamping, with no effect of diabetes 

status. There was no significant difference in the epinephrine response between hypoglycaemia 

preconditioned groups and controls. Analysis of electrocardiographic recordings are pending. 
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Overall, the Göttingen Minipig model of insulin-induced hypoglycaemia demonstrated 

translational value in regards to counter-regulatory responses and morphological 

electrocardiographic changes. The model shows potential for future studies of biology, 

pharmacological interventions and development of devices and monitors for detection and 

prevention of hypoglycaemia with perspectives to better clinical management of people living with 

diabetes. 
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Resumé (Danish summary) 

Hypoglykæmi er en hyppig bivirkning af insulinbehandling i mennesker med diabetes, rangerende 

fra milde, selv-korrigerede episoder til alvorlige hændelser som kræver lægehjælp. Hypoglykæmi 

i diabetes er blevet associeret med øget risiko for død og kardiovaskulære komplikationer, men 

der er endnu ikke fundet en direkte mekanistisk sammenhæng mellem kardiovaskulær sygdom 

og hypoglykæmi. Manglende opfattelse af hypoglykæmi (impaired awareness of hypoglycaemia) 

er associeret med mindre forekomst af symptomer og nedsat mod-regulatorisk respons på 

hypoglykæmi. Det er hyppigt forekommende hos mennesker med type 1 diabetes og menes at 

skyldes gentagende, forudgående hypoglykæmiske episoder. Dette resulterer i en øget risiko for 

endnu flere, og mere alvorlige, hypoglykæmi-episoder. Selvom effekterne af hypoglykæmi-

episoder på det endokrine mod-regulatoriske og kardiovaskulære respons er undersøgt i 

gnavermodeller, findes der kun ganske få studier i større dyr. 

Formålet med dette Ph.d.-projekt var at undersøge raske og streptozotocin-inducerede diabetiske 

Göttingen Minipigs som en translationel model for hyperinsulinæmisk hypoglykæmi. Studierne 

validerede længerevarende optagelser af elektrokardiografi i vågne grise samt undersøgte den 

endokrine mod-regulation, elektrokardiografiske ændringer samt ændringer i 

blodpladeaggregation som respons på enkeltstående eller gentagende hypoglykæmiske 

episoder. 

Artikel I undersøgte raske og diabetiske minigrises elektrokardiografiske karakteristika. Der 

fandtes signifikant døgnvariation i både morfologi og hjerterytmevariabilitet, signifikante forskelle 

i morfologi mellem afledninger og en ændring i parametre over tid, men der kunne kun detekteres 

mindre forandringer fire måneder efter streptozotocin-induceret diabetes. 

I artikel II blev raske og diabetiske minigrise brugt til at demonstrere et menneskelignende 

endokrint mod-regulatorisk respons til hyperinsulinæmisk hypoglykæmi, med øget plasma 

glukagon og adrenalin. Hyperinsulinæmisk, hypoglykæmisk clamping inducerede også QTc-

interval forlængelse i diabetiske minigrise og øgede antallet af arrytmiske begivenheder i både 

raske og diabetiske minigrise, forandringer der også er set i mennesker. Der forekom dog ikke 

nedsat hjertefrekvensvariabilitet. Blodpladeaggregation responset blev nedsat under 

hypoglykæmi hvilket er modsat den hypoglykæmi-induceret øget blodpladeaggregation som er 

fundet i mennesker. 

Artikel III undersøgte effekterne af gentagende hypoglykæmiske episoder på det mod-

regulatoriske respons og elektrokardiogrammet i raske og diabetiske minigrise ved at bruge 
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hyperinsulinæmisk, hypoglykæmisk clamping. Studiet fandt et nedsat glukagonrespons i 

grupperne prækonditioneret med tre på hinanden følgende dage hypoglykæmisk clamping, men 

ingen effekt af diabetes. Der var ikke en signifikant forskel på adrenalinresponset i mellem grupper 

prækonditioneret med hypoglykæmi og den normoglykæmiske kontrolgruppe. De 

elektrokardiografiske målinger afventer analyse. 

Overordnet viste Göttingen Minipig-modellen for insulin-induceret hypoglykæmi translationel 

værdi i forhold til de hypoglykæmi-inducerede mod-regulatoriske responser og morfologiske 

elektrokardiografiske forandringer som blev demonstreret i disse studier. Modellen har potentiale 

for fremtidige studier til at undersøge biologi, farmakologiske interventioner og udvikling af 

apparater og monitorering for at kunne detektere, forebygge og behandle hypoglykæmi med 

perspektiver til bedre klinisk behandling til mennesker der lever med diabetes. 
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Objectives and hypotheses 

The Göttingen Minipig is widely used in cardiometabolic research, however, this large animal 

model is not yet commonly used as a translational model of insulin-induced hypoglycaemia in 

diabetes. The overall objective of this PhD project was to investigate the endocrine counter-

regulatory and cardiovascular effects of insulin-induced hypoglycaemia in healthy and 

streptozotocin-induced (STZ) diabetic Göttingen Minipigs. 

Study 1: Electrocardiography and heart rate variability in Göttingen Minipigs: Impact of 

diurnal variation, lead placement, repeatability and streptozotocin-induced diabetes. 

This study investigated 24-hour Holter electrocardiographic (ECG) recordings in Göttingen 

Minipigs before and after STZ-induced diabetes. The aim was to describe a standardised method 

of recording and analysis of Holter ECG in Göttingen Minipigs, with focus on diurnal changes, 

changes over four months, differences in ECG lead and repeatability. The hypotheses were, that 

features of the ECG would have diurnal variations but be constant over four months. Features 

would vary depending on ECG lead and measurements would have low inter- and intra-observer 

variability. It was also hypothesised, that STZ-induced diabetes would prolong the QT-interval, 

increase ST-segment height and decrease HRV parameters. 

Study 2: Hyperinsulinaemic hypoglycaemia in non-anaesthetized Göttingen Minipigs 

induces a counter-regulatory endocrine response and electrocardiographic changes. 

This study aimed to develop a translational, large animal model of insulin-induced hypoglycaemia 

in healthy and STZ-induced diabetic Göttingen Minipigs, comparing bolus dosage and 

hyperinsulinaemic clamping. The hypotheses were, that hypoglycaemia would induce a counter-

regulatory endocrine response similar to what have been observed in humans, ECG changes and 

alter platelet aggregation response. 

Study 3: Healthy and streptozotocin-induced Göttingen Minipigs as a model of counter-

regulatory failure in recurrent hypoglycaemia. 

The aim of this study was to investigate the counter-regulatory response and ECG changes during 

insulin-induced hypoglycaemia after hypoglycaemic preconditioning. The hypotheses were, that 

preconditioning with hypoglycaemia would blunt glucagon and epinephrine release during 

subsequent hypoglycaemia and ECG changes caused by this would be blunted, compared to a 

control group. Furthermore, it was hypothesised, that STZ-induced diabetes would exaggerate 

these changes compared to healthy controls. 
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Description of international state-of-the-art research in 

context of the research project 

Epidemiology of diabetes and hypoglycaemia 

The prevalence of diabetes in the population is increasing at an alarming rate. An estimated 463 

million people are living with diabetes in 2019 with an expected increase to 578 million people in 

20301. 

Type 1 diabetes mellitus (T1DM) is caused by autoimmune, inflammatory destruction of the β-

cells of the pancreas, leading to a progressive loss of β-cell mass and endogenous insulin 

production, resulting in hyperglycaemia2. T1DM is thought to account for approximately 10% of 

all diabetes cases, but the prevalence is increasing2. The cause of type 2 diabetes mellitus 

(T2DM) is thought to multifactorial, with both genetic and life-style components, but is 

characterised by a marked insulin resistance and steadily progressing insulin secretory deficiency 

due to ongoing loss of β-cell mass2. Consequently, the markedly altered glucose homeostasis 

results in the need for exogenous insulin administration in people with T1DM and long-standing 

T2DM to control hyperglycaemia and the number of people in insulin treatment is rising3. 

Treatment with insulin or insulin analogues, in combination with the insulin resistance found in 

most people with T1DM and T2DM, creates a state of hyperinsulinaemia in which hypoglycaemia 

3can occur . 

Hypoglycaemia is a common adverse effect of insulin treatment3 and is considered to be an 

important barrier to glycaemic control in people with diabetes3,4 . Hypoglycaemia is most prevalent 

in people with T1DM, but the amount of people with insulin-treated T2DM is rising, resulting in an 

increasing population of people at risk for hypoglycaemia3. Adults with T1DM are estimated to 

experience around two episodes of mild hypoglycaemia a week and 30% experience at least one 

severe episode a year3,5 . The frequency of severe hypoglycaemia in people with T2DM is lower 

than in T1DM, but is increasing with duration of insulin use, corresponding to the progression of 

β-cell failure in the disease3. Deficiency in counter-regulatory endocrine responses, resulting in 

impaired awareness of hypoglycaemia, also increases the risk of experiencing severe 

hypoglycaemia, particularly in people with T1DM6. 

The fear of hypoglycaemia has a major impact in people living with diabetes, affecting many 

aspects of daily life4,7 and is a barrier to reaching treatment goals4,7 . In a Norwegian study, death 

directly caused by hypoglycaemia had a prevalence of up to 8% in people with T1DM8. In the 
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ACCORD study from 2008, intensive glucose lowering therapy strategy resulted in increased 

mortality, resulting in a premature termination of the study9. The study identified a previously 

unknown connection between intensive treatment of diabetes and mortality. The DEVOTE study 

of 2018 revealed, that the risk of death of any cause increased even after a single episode of 

severe hypoglycaemia and this risk persisted up to one year after the event10. 

There are several effects of severe hypoglycaemia that persists after the event, including an 

increase in circulating inflammatory markers days after the episode and alterations in 

haemostasis, creating an environment that might be conductive to a thrombotic event3. 

Cardiovascular disease is common in people with diabetes and the stress put on the vasculature 

and heart during hypoglycaemia is speculated to exacerbate the pathology3. Several studies have 

associated cardiovascular events and hypoglycaemia, however, the mechanistic link seems to be 

multifactorial11 and needs to be investigated further. 

Endocrine counter-regulation during hypoglycaemia 

Hypoglycaemia occurs when insulin is over-dosed according to need and the presence of excess 

exogenous insulin causes glucose to be removed from the circulation, resulting in low plasma 

glucose. The normal range of plasma glucose in healthy people is 4.0-8.0 mM12 but already when 

plasma glucose drops below 4.5 mM, a series of counter-regulatory responses takes place13. 

The first responses to low plasma glucose is direct sensing of glucose levels in the pancreatic β-

and α- cells, resulting in decrease of insulin secretion from pancreatic β-cells13 and later, an 

increase in glucagon secretion from pancreatic α-cells13. Glucagon stimulates glycogenolysis and 

gluconeogenesis to increase circulating glucose13. In people with T1DM and long-standing T2DM, 

the glucagon response to hypoglycaemia is diminished13,14 with epinephrine having an increased 

importance in the counter-regulatory response to hypoglycaemia in these populations13. 

Decreasing plasma glucose levels are detected by the glucose sensing areas of the brain, 

initiating a sympathetic response with effects on both the adrenal gland and pancreas15. At a 

plasma glucose level below 3.6-3.9 mM, the sympathoadrenal response causes secretion of the 

catecholamines epinephrine and norepinephrine from the adrenal gland and sympathetic neural 

activation16. Catecholamines, in particular epinephrine, released from the adrenal gland cause 

hemodynamic and cardiovascular changes during hypoglycaemia17, as well as symptoms 

including sweating and palpitations, while the neural activation is responsible for hunger, tremors 

and anxiety16 . Epinephrine released from the adrenal gland also works on α1-and β2-

adrenoceptors in skeletal muscle to reduce glucose uptake and in the liver, together with 
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- Hyperinsulinaemia 

Sympathoadrenal 
response 

Hypoglycaemia 

glucagon, stimulates gluconeogenesis to increase plasma glucose13,17 as well as further 

stimulation of the pancreatic release of glucagon13. 

In people with T1DM and long-standing T2DM, the epinephrine response seems to be the primary 

glucose-restoring mechanism18, as these populations have impaired glucagon response to 

hypoglycaemia17. Growth hormone and cortisol are also secreted in response to hypoglycaemia 

and have a more delayed response compared to epinephrine and glucagon12, with both hormones 

limiting glucose utilisation and increase glucose production hours after the event13. 

Figure 1: Simplified overview of the main effects of hyperinsulinaemic hypoglycaemia as described in the text. K+ 

indicates blood potassium levels. Created with Biorender.com 

Impaired awareness of hypoglycaemia 

In humans, a fasting plasma glucose level above 3.9 mM is considered normal19. While counter-

regulatory mechanisms to hypoglycaemia in people without diabetes are already initiated at a 

plasma glucose around 4.4 mM, the threshold for initiation of regulatory mechanisms can be 

altered in people with diabetes. People with diabetes are at risk of developing impaired awareness 

of hypoglycaemia (IAH) and a study has shown that IAH is present in 19% of people with T1DM6. 

This is mediated by counter-regulatory failure which both alters plasma glucose threshold of 

symptoms of hypoglycaemia but also the establishment of an appropriate endocrine counter-

regulatory response20. As little as a single episode of hypoglycaemia alters the endocrine and 

symptomatic responses to hypoglycaemia, setting the premise for IAH21. 

In IAH, the threshold for hypoglycaemia awareness is lowered with the sympathoadrenal 

response being initiated at lower plasma glucose levels resulting in later onset of symptoms20. 

The mechanism of which recurrent episodes of hypoglycaemia induce IAH is not entirely 
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understood, but is thought to arise from a series of glyopenic adaptations throughout the nervous 

system22 and is also theorised to stem from habituation to hypoglycaemia23. Glucose sensing 

neurons in the brain readily reacts to hypoglycaemia to induce a sympathoadrenal response, but 

are also subjected to the adaptive effects of recurrent episodes of hypoglycaemia, lowering the 

15,22 level of glucose needed to activate this response . In an individual with normal glucose 

homeostasis, the adaptation might be advantageous in regards to starvation22. However, in 

people with diabetes receiving exogenous insulin and who are therefore not able to switch off the 

glucose-depriving effect of insulin, this results in an increased risk of hypoglycaemia22. In more 

severe episodes of hypoglycaemia, a person with IAH might not sense their low blood glucose 

and take measures to increase it, resulting in an increased risk of experiencing neuroglycopenia. 

Severe, acute neuroglycopenia can lead to brain damage, while in the long term, mild episodes 

can alter brain functions22,24 . 

Figure 2: Schematic overview of endocrine-counter regulation in people with and without diabetes. In people 

with type 1 diabetes (T1DM) and long-standing type 2 diabetes (T2DM), the endocrine counter-regulation in 

hypoglycaemia is dominated by the sympathoadrenal response. Recurrent hypoglycaemia progressively diminishes 

the sympathoadrenal response, resulting in an altered threshold for catecholamine release and subsequent 

hypoglycaemic symptoms. Modified (figure on the right side with arrows for progressive reduction and removal of 

inhibition of insulin and secretion of glucagon) with author permission from Sankar et al. 202025 

https://doi.org/10.1016/j.tem.2020.05.008 under Creative Commons Attribution-NonCommercial-No Derivatives 

License https://creativecommons.org/licenses/by-nc-nd/4.0/. Created with Biorender.com. 
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Cardiovascular complications of diabetes and hypoglycaemia 

The incidence and risk of CVD is higher in people with diabetes compared to the general 

population26,27 and is the most prevalent cause of morbidity and mortality in people with diabetes11 

with up to 80% dying from a cardiovascular event28. 

Hyperglycaemia has long been considered the major cause of microvascular complications29, with 

diabetes treatment aiming to keep blood glucose within an acceptable range19. However, the 

opposite, hypoglycaemia, might be true for major adverse cardiovascular events such as stroke 

and ischaemic heart disease28. Analysis of data from the DEVOTE study of people with T2DM 

revealed that there was an increased risk of death of cardiovascular cause at any time after an 

episode of severe hypoglycaemia10. While several studies have confirmed the link between CVD 

and hypoglycaemia, the exact underlying mechanisms have not yet been found28. 

Several pathologies caused by hypoglycaemia have been suggested to increase the risk of CVD, 

including altered blood coagulation and inflammation30, changes in cardiac repolarisation and 

arrhythmias31,32 , endothelial dysfunction33 and myocardial ischemia3. Hypoglycaemia also 

induces a sympathoadrenal response where catecholamines increasing the workload of the heart, 

which can be particularly stressful for the cardiovascular system in people with existing heart 

disease3. Also, sudden death in younger people with T1DM with nocturnal hypoglycaemia is 

speculated to be related to fatal, hypoglycaemia-induced arrhythmias34. 

Influence of diabetes and hypoglycaemia on myocardial function 

Hypoglycaemia induces a sympathoadrenal response leading to the secretion of epinephrine. 

While the rise in epinephrine levels is a counter measure to hypoglycaemia, as described above, 

the effects on the myocardium might be stressful in people with pre-existing CVD35. During 

hypoglycaemia, epinephrine increases sympathetic tone of the heart, resulting in increased heart 

rate and systolic blood pressure36 mediated via β-adrenoreceptor activation37. The myocardial 

contractility and cardiac output increase38 with a decline in peripheral vascular resistance36 and 

increase in left ventricular ejection fraction28,36 . 

The other main defence against hypoglycaemia is increased glucagon secretion to mobilise 

glucose, however, glucagon also exerts positive inotropic and chronotropic effects on the heart39. 

These effects increase the cardiac workload, further increasing the oxygen and fuel consumption 

of the heart40. Glucagon has been demonstrated to have anti-arrhythmic properties40, which are 

thought to be mediated by alterations in the sinus node firing rate41. 
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Studies in people with both T1DM42 and T2DM43 have demonstrated increased prevalence of 

arrhythmias during hypoglycaemia. Alterations in cardiac repolarisation, seen as prolongation of 

the QT-interval, have been widely documented in studies of both experimentally induced44,45 and 

spontaneous hypoglycaemia31,42,46 . QT-interval prolongation is considered pro-arrhythmic and 

new pharmacological therapies are required to screen for potential off-target QT-interval effects47. 

QT-interval prolongation can lead to a potential fatal arrhythmias, such as Torsade-de-pointes 

and ventricular fibrillation48. 

Prolongation of the QT-interval can be prevented by pharmacological β1-adrenoreceptor 

blockade prior to induced hypoglycaemia and has also been associated with high epinephrine 

levels44,49 , indicating sympathetic activation50. Hyperinsulinaemia during normoglycaemia also 

prolongs the QT-interval, most likely through epinephrine stimulation and hypokalemia51. 

Hyperinsulinaemia alone can cause hypokalemia as insulin promotes entry of potassium ions into 

hepatic and skeletal cells by increasing the activity of the Na+-K+-ATPase pump52. Hypokalemia 

in hypoglycaemia also seems to be exacerbated by sympathetic stimulation from epinephrine53. 

Arrhythmias such as Torsades-de-pointes, ventricular fibrillation, ventricular ectopies and 

polymorphic ventricular tachycardia have all been associated with hypokalemia54. The 

arrhythmias are thought to arise from altered cardiac repolarisation due to altered K+ and Ca2+ 

currents and homeostasis, caused by the hypokalemia54,55 . 

Nocturnal, severe hypoglycaemia is a particular concern in regards to arrhythmias as it is often 

more severe than daytime episodes, is of longer duration, and often go undetected by the person 

in their sleep11,42 . Arrhythmias have been recorded during nocturnal hypoglycaemia34 and are 

theorised to be the cause of ‘dead-in-bed’ syndrome in younger people with T1DM56. 

Considering the theories that hypoglycaemic episodes increase the risk of cardiovascular 

events11, rat studies have demonstrated a protective effect of recurrent hypoglycaemia in regards 

to fatal arrhythmias, which is most likely mediated by a diminished epinephrine response57. 

Human studies have shown, that IAH in people with T1DM is associated with progressive loss of 

heart rate variability (HRV)58 which is a diagnostic marker of cardiac autonomic neuropathy, a 

serious and common complication of diabetes that has a major impact on development of CVD59. 
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Heart rate variability in diabetes and hypoglycaemia 

Cardiovascular autonomic neuropathy (CAN) is a late-stage complication of diabetes thought to 

affect up to 60% of people with T1DM, 15 years after diagnosis60. Multiple risk factors have been 

described, such as poor glycaemic control, dyslipidaemia and hypertension, but the pathogenesis 

of the complication is not truly understood60. Several mechanisms have been proposed, the main 

being hyperglycaemic damage. Hyperglycaemia can increase the production of reactive oxygen 

species from the mitochondria, resulting in oxidative damage to the microvasculature in relation 

60-62to the nerves . To diagnose CAN, heart rate variability is used in the array of tests to conclude 

the diagnosis60. 

Heart rate variability (HRV) is the variation in the time interval between consecutive heart beats 

over time. This variation in interval is dependent on heart rate, which in turn is modulated by the 

autonomic nervous system. The autonomic regulation of the heart depends on direct innervation 

and circulating hormones, such as epinephrine. There is a dynamic balance between sympathetic 

and parasympathetic stimulation of the heart, resulting in an ever changing variation in heart rate. 

A high, but not too high, HRV is considered an indicator of good cardiac health63 and is thought 

to demonstrate the ability of the heart to respond to sympathetic and parasympathetic simuli64. 

Parameters of the HRV can be described using different mathematical methods. Time-domain 

analysis investigates the R-R intervals of the ECG to describe the overall variation over a specified 

time period. Frequency domain analysis transforms the R-R interval data, often using Fast 

Fourier-transformation. The result is given as a specific power in predefined bands spanning high 

to low frequencies which have been associated with different components of autonomic regulation 

of the heart63. Frequency-domain parameters have been associated with different physiological 

functions and specific pathologies. Very low frequency (VLF) power is thought to arise from the 

parasympathetic innervation of the heart as well as the intrinsic nervous system and has been 

associated with all-cause mortality, with low VLF indicated in arrhythmic death65, but also 

psychological disorders63. The low frequency (LF) power band mostly reflect baroreceptor activity 

during rest and is influenced by breathing63. The high frequency (HF) power band corresponds to 

respiration due to vagal modulation during inhalation and exhalation and reflects parasympathetic 

activity with increased band power at night63. The ratio of LF to HF power reflects the autonomic 

balance of the heart, with high values indicating sympathetic dominance and low values 

parasympathetic dominance63. 

During both spontaneous and induced hypoglycaemia in healthy people and people with diabetes, 

decreases in HRV parameters can be detected66-70. Alterations in HRV have been investigated 

as a method of early detection of hypoglycaemia by wearable Holter ECG devices70,71 . 
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The concurrence of decreased HRV and hypoglycaemia in the setting of heart disease, underlines 

the need for investigation and prevention of hypoglycaemia in regards to cardiac health. 

Decreased time- and frequency-domain HRV has been associated with increased risk of mortality 

and cardiovascular events in people with pre-existing CVD72. Alterations in time- and frequency-

domain parameters of HRV have been shown to predict development of CVD in people with 

T2DM73 and presence of impaired awareness of hypoglycaemia (IAH) is associated with 

progressive loss of HRV in people with T1DM58. 

Platelet function in diabetes and hypoglycaemia 

Alterations of the thrombotic state is considered a factor in development of CVD74,75 . Platelet 

dysfunction has been demonstrated in both T1DM and T2DM75,76 , resulting in a pro-thrombotic 

state in these populations. The effect of diabetes on platelets is not clear. A study demonstrated 

decreased platelet aggregation after insulin administration in healthy subjects and argue, that the 

increased platelet activity seen in diabetes could be caused by insulin deficiency77. Another study 

using platelets from people with T2DM showed that the platelets lost their responsiveness to 

insulin compared to platelets from healthy subjects. Furthermore, the platelets from people with 

T2DM showed an exaggerated response to agonists of platelet activation78. Increased platelet 

activation has also been associated with insulin resistance79. 

Increased platelet activation plays a role in thrombo-inflammatory diseases such as 

atherosclerosis, systemic inflammation and stroke, underlining the importance of platelets in 

development of these diseases and anti-platelet therapy in population groups at risk, such as 

people with diabetes and platelet dysfunction80. 

Studies of platelets from both healthy people and people with diabetes subjected to 

hypoglycaemia have shown increased platelet activation and aggregation30,81-83. This effect is 

thought to be due to the counter-regulatory rise in plasma epinephrine levels84,85 , mechanisms 

involving a direct effect of glucose levels86,87 or inflammation30,88 . The increased platelet 

aggregation during hypoglycaemia coupled with general platelet dysfunction with loss of 

responsiveness to platelet inhibitory agents in people with diabetes75 might be a mechanistic link 

between hypoglycaemia and increased risk of cardiovascular events11. 

22 



   

         

Animal models of diabetes 

Animal models are important tools in basic and preclinical research to investigate pathophysiology 

and pathogenesis of disease, in particular on a cellular level, in experimental setups that might 

not be feasible in humans. Furthermore, animal models allow for preclinical testing and screening 

for drugs and targets. These essential functions of animal models call for thorough 

characterisation of disease models to assess their validity as translational models. 

Both spontaneous, genetic and induced models of diabetes exist89. The spontaneous, genetic 

models are currently limited to rodent species with groups working on developing a transgenic, 

diabetic pig90. Even though dogs can develop spontaneous diabetes, this phenomenon is 

sporadic and rare and is therefore not a reliable model91. The pig is currently a popular model of 

cardiometabolic disease92,93 and more commonly used than dogs89, however, pigs do not develop 

diabetes spontaneously93,94 . 

Diabetes can be experimentally induced by either a surgical or pharmacological intervention. 

Pancreatectomy will result in hyperglycaemia, but can only be done with major, invasive surgery 

and will also result in a defect of the exocrine pancreas, making the translational value low93. 

Pharmacological induction is most commonly used. Streptozotocin and alloxan are the two most 

common pharmacological agents used to destroy the β-cells of the pancreas to induce 

hyperglycaemia by endogenous insulin deficiency. Their mechanisms of action are different, but 

result in similar damage93,95 . Streptozotocin exerts its toxic effect when it is transported into the 

β-cells by the GLUT2 receptor95,96 . Here, it induces DNA damage resulting in cellular damage and 

death95,96 . Depending on the dosage and protocol used, streptozotocin can induce partial or 

complete insulin deficiency with resulting hyperglycaemia93. While the streptozotocin-induced 

model is considered to be type 1 diabetes-“like”, it still lacks the inflammatory process of T1DM 

development93. 

Streptozotocin induction have been used widely in rodents and pigs to induce experimental 

diabetes. However, streptozotocin is a genotoxic agent working on a number of cells96 and several 

other effects have been reported. In vitro studies of hepatic mitochondria97, neurons98 and 

myocytes99 have demonstrated damaging effects of streptozotocin. In vivo, several off-target 

effects have been demonstrated, including renal and hepatic toxicity100,101 , introducing 

confounding factors and lowering the validity of studies utilizing the streptozotocin-induced model. 
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Animal models of insulin-induced hypoglycaemia 

Preclinical studies of hyperinsulinaemic hypoglycaemia have most commonly used rodents, and 

in particular rats, to investigate disease mechanism and potential interventions. Rats are relatively 

easy and inexpensive to keep and are well characterised in regards to glucose metabolism102. 

Studies of hyperinsulinaemic hypoglycaemia using rats have shown endocrine counter-regulation 

at plasma glucose thresholds similar to humans57. In studies using protocols to induce severe 

hypoglycaemia, something that is not ethical to induce experimentally in humans, rats experience 

fatal arrhythmias that are thought to be caused by a combination of sympathoadrenal activation 

and hypokalemia57,103-105 . Rats also develop an attenuation of the counter-regulatory response to 

hypoglycaemia after antecedent hypoglycaemic episodes57, as seen in humans with impaired 

awareness of hypoglycaemia. 

Though these findings in rats highlight the species as a model of human hyperinsulinaemic 

hypoglycaemia, there are several anatomical and physiological aspects of which rats differ from 

humans. Rats have a higher β-cell mass-to-body weight ratio compared to humans, resulting in 

a higher insulin production and turnover106. Rats also have a higher physiological range of their 

plasma glucose compared to humans as well as a higher rate of metabolism102,107,108 . 

Especially when investigating the cardiovascular consequences of hypoglycaemia, the 

translational value of rat models is in question. With a heart rate above 300 beats per minute108, 

the QTc-interval of rats is also low, at around 120 ms105, making the comparison to humans 

difficult, with correction formulas often over-correcting at high heart rates109. In rats subjected to 

severe hypoglycaemia, the arrhythmias observed preluding death were atrio-ventricular blocks105. 

In humans, arrhythmias associated with hypoglycaemia have been reported to be bradycardia 

and supraventricular ectopies in spontaneous, nocturnal hypoglycaemia42 and tachycardia, 

supraventricular and ventricular ectopies, and altered repolarisation in acute experimental 

hypoglycaemia69. 

The pig as a model of insulin-induced hypoglycaemia 

Large animal models offer several advantages compared to rodent models. They allow for 

multiple blood sampling and can be kept for a long duration of time, even with reuse in other 

studies. Larger animals are generally domesticized and can be trained to allow experimental 

procedures while awake93. Minipigs are preferred over domestic pigs, as they have a smaller size, 

slower rate of growth110 and are being increasingly characterised in preclinical research111. The 

and microscopic anatomy93,102,112,113 pancreas of pigs is similar to humans in regards to macro-
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as well as the endocrine responses to fasting, glucose and insulin kinetics and post-absorptive 

metabolism93. Shortcomings of the pig as a model of human glucose metabolism are higher 

glucose tolerance93 and higher rates of hepatic gluconeogenesis in case of decreasing plasma 

glucose concentrations107. The fasting plasma glucose of domestic pigs is similar to humans114, 

but should be considered in the context of the domestic pig’s genetic predisposition for rapid 

growth. Minipigs are not breed for rapid growth and have a plasma glucose level below what is 

considered normal in humans, with fasting levels around 3.5-4.5 mM115 . This lower level of 

physiological normal plasma glucose in the minipig could consequently result in a lower threshold 

for hypoglycaemic counter-regulation than seen in humans. Also, no standardised test for 

cognitive effects of hypoglycaemia116 has been developed for pigs and clinical signs might be 

hard to perceive for the observer contrary to humans self-reporting their symptoms. 

Only few studies of domestic pigs have investigated the counter-regulatory response to 

hypoglycaemia114,117 . One study investigated glucose-sensitive insulin using alloxan-induced 

diabetic Yucatan minipigs and demonstrated an epinephrine response to hypoglycaemia but did 

not investigate glucagon levels117 . Another study utilised healthy, commercial pigs and saw only 

a slight increase in epinephrine and glucagon during hypoglycaemia with a target of 2.0 mM 

plasma glucose114. No hypoglycaemia studies of pigs investigated cardiovascular outputs and the 

streptozotocin-induced diabetic Göttingen Minipig has yet to be characterised in regards to the 

effects of hypoglycaemia. 

The porcine heart is considered to be anatomically and physiologically quite similar to humans, 

however, several differences exist though mostly contributed to the unguligrade stance of pigs 

compared to the orthograde of humans118. The electrophysiology of the heart is also different, 

where it is generally considered easy to provoke arrhythmias in pigs119. The cardiac repolarisation 

and ventricular activation is also slightly different from humans, with RR-relative QT-intervals 

generally being longer (QT/RR ratio, 0.425 in humans and 0.472 in Göttingen Minipigs) and the 

QRS complex morphology being slightly different119. The dissimilarities in QRS morphology in 

pigs compared to humans arise from the anatomically different ventricular anatomy118, activation 

pathways and distribution of Purkinje fibres as well as left and right ventricular bundle 

anastomoses120. The PR-interval has also been described as shorter than human, representing 

a relatively fast sinoatrial conduction, attributed to the difference in atrio-ventricular anatomy118 

and short length of the penetrating atrioventricular bundle120. The same study also found 

extensive nerve fibres throughout the atrioventricular bundle and ventricular bundle branches, 

with human hearts described to have less nerve fibre content, suggesting the porcine heart to be 

more susceptible to autonomic innervation120. The T-wave, representing ventricular 

repolarisation, has also been described as different to humans, with reports of spontaneous 
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amplitude and polarity-shifts occurring in individual pigs during one recording and with polarity 

dependant on heart rate, suggesting a autonomic mechanism involved in the repolarisation 

pathways of the ventricles121. 

Though these dissimilarities to humans exist, the argumentation for pigs being a good preclinical 

model for cardiac toxicology can still be made, as adverse cardiac effects might easily be 

demostrated119. In the context of cardiovascular research, the pig is emerging as a translational 

model of ischaemic heart failure110, atherosclerosis122 and structural heart disease123. 

While the pig, and in particular the Göttingen Minipig, offers many advantages in terms of anatomy 

and physiology for studying the endocrine and cardiovascular effects of hypoglycaemia, only few 

studies investigating hypoglycaemia in pigs exist. A large knowledge gap persists in terms of 

characterising the counter-regulatory and myocardial effects of hypoglycaemia in pigs as a 

translational model of the complication in people with diabetes. 
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Methods 

Animals 

All animal studies were approved by the Danish Animal Experiment Inspectorate and carried out 

according to Novo Nordisk A/S internal ethical guidelines as well as rules and regulations set forth 

by the inspectorate. 

For all studies, lean, female, adult Göttingen Minipigs (Ellegaard Göttingen Minipigs A/S, 

Dalmose, Denmark) were used and housed at Novo Nordisk A/S animal facility in Ganløse, 

Denmark. All pigs were received and initially group-housed for a three-week acclimatisation 

period. Some pigs had been in other pharmacological studies prior to inclusion, which has been 

specified in the individual papers. A two-week ‘wash-out’ period was allowed before inclusion in 

studies. All pigs were fed once daily with a standard chow (specified in papers) in either the 

morning or at midday, with free access to water. Pigs were kept with wood chip and straw bedding, 

and, when single housed, with possibility of visual and snout contact, at a 12/12 hour light cycle 

with windows for natural light, at 18-22°C with relative air humidity of 30-70%. 

Catheters 

Prior to diabetes induction and hypoglycaemia studies, pigs had permanent venous catheters 

implanted to enable quick and stress-free blood sampling and i.v. infusion. Pigs had at least two 

venous accesses, either auricular catheters with access to the jugular vein or vena cava caudalis 

catheters, enabling both blood sampling and infusion at the same time. Techniques for 

implantation of catheters are described in paper II. 

Diabetes induction and maintenance 

Streptozotocin is widely used for experimental diabetes induction and is a genotoxic compound 

that induces irreversible damage to the β-cells of the pancreas96. Several studies have 

investigated diabetes in Göttingen Minipigs using this chemically induced model. A variety of 

protocols exist, with doses and dosing intervals aiming at inducing a type 1 or type 2 “like” 

diabetes. Co-morbidities can also be introduced, such as obesity or non-alcoholic steatohepatitis 

to develop multifactorial disease models122,124 . In the studies described in this thesis, lean pigs 

received a dosing regimen to induce type 1-“like” diabetes. 
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For all three studies, diabetes was induced using streptozotocin (Sigma Aldrich Denmark A/S, 

cat. no. S0130-5G). Pigs were dosed with 50 mg/kg i.v. for three consecutive days (protocol 

modified from Schumacher et al. 2019124). Pigs were then included in other experimental insulin 

studies until inclusion in these studies. At least two weeks prior to inclusion in the studies of this 

thesis, hyperglycaemia in the diabetic pigs was managed by once-daily s.c. injections of insulin 

glargine (Lantus, Sanofi S.A., Paris, France) in conjunction with feeding. Insulin doses were 

determined based on previous day’s doses and fasting plasma glucose curves. Specific plasma 

glucose targets are specified in each paper. 

Hypoglycaemia induction 

Insulin was used to induce endocrine counter-regulatory responses, electrocardiographic and 

platelet aggregation changes to hypoglycaemia. Hypoglycaemia can be induced by either bolus 

injection, a common method in rodent studies or through the hyperinsulinaemic clamping 

technique25, which is considered the most reliable and safe method of inducing hypoglycaemia in 

both preclinical and clinical studies125. 

Hypoglycaemia was either induced by i.v. bolus injection or clamp technique. Before each 

induction, pigs were fasted from the day before and had not received any maintenance insulin 

glargine. After each procedure, pigs were fed and, if diabetic, received a modified dosage of 

maintenance insulin glargine, which has been specified in paper II and III. 

For all hyperinsulinaemic, hypoglycaemic clamps, a constant i.v. infusion of 16 pmol/kg/min 

human insulin (formulated in-house) was used for up to seven hours (specified in papers). Plasma 

glucose target was set as low as 0.8 mM (see paper I and III for specific targets), and PG levels 

were controlled by measuring PG every ten to fifteen minutes, then individually adjusting an i.v. 

glucose infusion rate (GIR). 

For the bolus protocol, a single i.v. injection of human insulin was given at doses 0.4 nmol/kg for 

healthy and 0.6 nmol/kg for diabetic pigs. Diabetic pigs received a larger dose due to expected 

lower insulin sensitivity. 

The insulin doses for both the clamp and bolus protocols were determined from data generated 

in pilot studies of healthy and diabetic Göttingen Minipigs (data not shown). 
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Blood sampling and analysis 

To characterise the endocrine counter-regulatory response to hypoglycaemia, blood was sampled 

frequently through permanent venous catheters, ensuring handling- and stress-free sampling 

from the minipigs. 

For plasma glucose determination, 1.5 mL of blood was collected and stabilised with 

ethylenediaminetetraacetic acid (EDTA) and directly centrifuged and analysed. Glucose in 

plasma was quantified directly using the YSI-2900 (Yellow Springs Inc., OH, USA). 

For plasma glucagon, C-peptide and human insulin analysis, 1.5 mL of blood was stabilised with 

EDTA and aprotinin to prevent glucagon degradation (Trasylol 10.000 KIE/mL, Nordic Drugs AB, 

Limhamn, Sweden). Blood was centrifuged at 3000xg at 4°C for 10 minutes, and plasma was 

directly frozen and stored at -20°C until analysis. Levels of glucagon, C-peptide and human insulin 

were analysed in plasma using luminescence oxygen channelling immunoassays developed in-

house. Lower limit of quantification (LLOQ) was 4 pM for glucagon, 45 pM for C-peptide and 10 

pM for human insulin. 

For epinephrine analysis, whole blood was added to ice-cold ethylene glycol-bis(β-aminoethyl 

ether)-N,N,N′,N′-tetraacetic acid (EGTA) and glutathione solution (E3889, 2.88 mg/mL and G4251 

1.44 mg/dL, Merck Life Science A/S, Søborg, Denmark) and centrifuged at 3000xg for 10 minutes 

at 4°C and plasma was directly frozen and later stored before analysis at -80°C. Epinephrine in 

plasma was measured using liquid chromatography-mass spectrometry with a LLOQ of 0.05 

ng/mL126. 

For analyses requiring serum, whole blood was collected in tubes containing gel clot activator and 

let coagulate for at least 30 minutes before centrifugation at 3000xg, 4°C for 10 minutes and then 

directly frozen and stored at -80°C. For specific analyses, see paper I and III. 

For each study, the total amount of blood drawn from the minipigs was calculated and an 

appropriate recovery period was planned127 . 

Light transmission platelet aggregometry 

Light transmission platelet aggregometry quantifies the ability of isolated blood platelet to clump 

together in response to an added platelet agonist128. Plasma containing platelets is slightly cloudy, 

letting some light through shine through. When a platelet agonist is added, the platelets react with 
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a specific series of events, resulting in them clumping together and ultimately letting more light 

through the tube containing plasma. This light is measured by a sensor in the assay and is 

quantified as a percentage of light transmission through the plasma sample, with 0% representing 

the un-activated, cloudy plasma and 100% representing complete aggregation of platelets, 

calibrated by using platelet-poor plasma128. 

To investigate platelet aggregation during hypoglycaemia, blood samples were drawn at specified 

time point throughout the clamp (see paper II). 

Citrate stabilised whole blood was centrifuged to obtain platelet rich plasma (PRP) and platelet 

poor plasma (PPP). Doses of 0-20 µM adenosine diphosphate (ADP, HB-5502-FG, Hart 

Biologicals, Hartlepool, UK) were used to stimulate the PRP and generate dose-response curves 

using the PAP-8E light transmission platelet aggregometer (Bio/Data Corporation, PA, USA). 

Light transmission was recorded for ten minutes and maximum aggregation response (MaxA), 

area under the curve (AUC) and effective concentration of ADP to generate a 50% response for 

both MaxA (EC50MAX) and AUC (EC50AUC) were calculated for each sampling time. 

Electrocardiography 

Holter electrocardiographic recordings 

To evaluate the electrocardiac function in the minipigs, continuous Holter ECG recordings were 

obtained at predefined time-points. Recordings were 4-24 hours long, depending on the protocol 

used (see papers). The Holter ECG recorder (Lifecard CF, Spacelabs Healthcare, WA, USA) was 

fitted to either trained, awake minipigs or minipigs having received a dose of i.v. propofol for 

restraint. 

Two leads were placed as previously described by Suzuki et al. 1998129. A positive electrode (3M 

Red Dot 2670, 3M A/S, Copenhagen, Denmark) was placed on the dorsal neck area (A) and a 

negative on the processus xiphoideus (B) to create lead I. A positive electrode on manubrium 

sterni (C) and a negative on processus xiphoideus (D) created lead II (see figure 3). 
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Figure 3: Electrode placement for Holter ECG recordings in Göttingen Minipigs. A) Positive electrode A in dorsal neck 

area. B) Negative electrode B on processus xiphoideus. C) Positive electrode C on manubrium sterni. D) Negative 

electrode on processus xiphoideus. A+B lead I and C+D lead II. First published by Lyhne et al. 2022130 and reused with 

general permission from Journal of Pharmacological and Toxicological Methods. Created with Biorender.com 

Electrocardiographic analyses 

The recordings were analysed using Pathfinder SL (Spacelabs Healthcare, WA, USA). Manual 

editing of R-wave and arrhythmia detection was performed in the software. Recordings were 

screened for artefacts and quality, in case of poor skin contact, movement or electrodes falling 

off. 

Arrhythmia analysis 

To evaluate the prevalence of arrhythmic events, each recording was manually investigated. The 

software could automatically detect some arrhythmias (see supplemental for arrhythmia detection 

criteria of the software), but since it is a program developed for human use, manual screening 

was also conducted. 

Arrhythmic events were placed into three categories (see figure 4). A second-degree 

atrioventricular (AV) block was defined as one or more P-waves without a corresponding QRS 

complex131 . A ventricular ectopic complex (VE) was defined as a QRS complex with longer 

duration and different shape than normal, possibly with altered electrical axis resulting in a lower 

or higher amplitude of the QRS. The RR-interval of the preceding QRS could either be longer 

(escape complex) or shorter (premature complex) than the sinus RR-interval. There is no coupled 

P-wave132 . A supraventricular ectopic complex (SVE) was defined as a QRS complex with a 

normal QRS duration and morphology with either a non-visible P-wave or a P’-wave. The P-P’-

interval should be shorter or longer than the normal P-P interval. The RR-interval could be shorter 

or longer than the sinus RR-interval, indicating a premature or escape complex, respectively132 . 
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Second-degree atrioventricular block 
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Figure 4: Examples of arrhythmic events in original electrocardiographic Holter recordings from Göttingen Minipigs 

recorded in lead I and II. A) Second degree 2:1 AV-block with a singular P-wave (orange circle) without a corresponding 

QRS complex. B) 3:1 AV block with two P-waves (orange circles) without a corresponding QRS complex. Note that the 

ST-segment generally shows a slight elevation, in particular after the block and in lead I (green arrow) C) and D) 

premature ventricular ectopic complexes (orange arrows). Note the increased duration of the QRS and altered electrical 

axis. E) and F) premature supraventricular ectopic complexes (orange arrows). Note the lack of corresponding P-wave. 
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Morphological analysis 

To evaluate morphological features of the ECG, ten consecutive RR-intervals were printed from 

the recordings at specified time-points (see paper I-III). Durations (ms) and amplitudes (mV) were 

manually measured using ImageJ (National Institute of Health Sciences, Kawasaki, Japan) (see 

figure 5). Values were noted as an average of ten complexes. 

QRS duration was measured from the first deflection of the complex until the return to the 

isoelectric line133. The duration of the PR segment was measured from the end of the P-wave until 

the first deflection of the QRS134. ST-segment elevation was measured from the J-point of the end 

of the QRS with the PR-segment as the isoelectric line135. The amplitude of the T-wave was 

measured from the isoelectric line after the T-wave to the top of the T-wave. The duration of the 

T-wave was measured from start to end of the T-wave, where it returned to the isoelectric line136. 

The amplitude of the P-wave was measured from the isoelectric line of the PR-segment until the 

top of the P-wave. Polarity of the T- and P-waves were noted137. 

The QT-interval was measured from the first deflection of the QRS until the return of the T-wave 

to the isoelectric line and was corrected with the RR-intervals using Bazett’s (QTcb) and/or 

Fridericia’s (QTcf) formulas47,109 . 

Figure 5: Morphological features extracted from the electrocardiogram. R-R interval (light blue), PR-segment (light 

green), P-wave amplitude (red vertical line), QRS duration (purple lines), QT-interval (dark blue), ST-segment (yellow), 

T-wave amplitude (green), T-wave duration (grey), J-point (red arrow). Created with Biorender.com. 

Heart rate variability analysis 

The principle of HRV is the variation in time intervals between heartbeats that constantly changes 

due to input from the autonomic nervous system and changes in breathing and body position63. 

The variability can be quantified by the variation in the beat-to-beat intervals into time-domain 

features. The standard deviation of normal beat-to-beat intervals (SDNN) and root mean square 
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of all successive R-to-R waves interval differences (RMSSD) are the two most commonly reported 

time-domain features and supply an overall assessment of the HRV63. 

Frequency-domain features of HRV can be calculated from ECG data transformed into 

frequencies bands and the power in each, predefined band can be quantified63. The different 

frequency-bands have been associated with breathing and sympathetic and parasympathetic 

activity63. 

In this study, the HRV of the ECG recordings was calculated using the build-in software of 

Pathfinder SL. Time epochs were predefined in each study. Time domain variables were SDNN 

and RMSSD63. Frequency domain variables were obtained from Fast Fourier transformed data 

using the build-in software. Very-low frequency (VLF) power band at 0.015-0.05Hz, normalised 

low frequency (LF n.u.) power band at 0.05-0.15Hz, normalised high frequency (HF n.u.) power 

band at 0.15-0.40Hz and very high frequency (VHF) power band at 0.35-0.5Hz and LF/HF ratio 

were collected63. 
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Summary of the results and their relation to 

international state-of-the-art research 

Summary of results 

Paper I: Electrocardiography and heart rate variability in Göttingen Minipigs: Impact of 

diurnal variation, lead placement, repeatability and streptozotocin-induced diabetes. 

The aim of this study was to investigate 24-hour Holter ECG recordings of healthy and STZ-

induced diabetic Göttingen Minipigs. It was confirmed, that several ECG features had diurnal 

variations. QRS-duration, PR-segment and QT-interval were longest during the night and shortest 

during the day. ST-segment, T-wave and P-wave amplitude were highest during feeding of the 

minipigs and lowest during the night. Bazett-corrected QTc-interval were longest during feeding. 

Of HRV parameters, SDNN, RMSSD, n.u. LF and LF/HF ratio were highest at night. 

Though it was hypothesised that there would be no changes to the ECG over the course of four 

months in the healthy group, QRS-duration, PR-segment and QT-interval all increased, heart rate 

decreased and SDNN and RMSSD were higher, in both groups. 

The recordings were analysed with low variability. Average inter-observer variability were under 

6% in both lead I and lead II of the ECG recording. Average intra-observer variation was below 

7% in both leads. 

There was confirmed significant differences between measurements from lead I and lead II, with 

lead I having longer QRS-duration, QT-interval, T-wave duration and higher ST-segment, T-wave 

and P-wave amplitude at all time-point during the day. 

There was an effect of STZ-induced diabetes on features of the ECG. T-wave duration, P-wave 

amplitude and Bazett-corrected QTc-interval were decreased after four months, however, no 

change in ST-segment and HRV parameters was observed. 

The findings of the study support the hypotheses, that parameters of the ECG in minipigs are not 

static and have diurnal variations and changes over time, as well as significant influence of choice 

of lead, but can be obtained with low inter- and intra-observer variability. Some effects of STZ-

induced diabetes were confirmed. 
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Paper II: Hyperinsulinaemic hypoglycaemia in non-anaesthetized Göttingen Minipigs 

induces a counter-regulatory endocrine response and electrocardiographic changes. 

The aim of this study was to investigate the endocrine counter-regulation, ECG changes and 

platelet aggregation in response to hypoglycaemia in healthy and STZ-induced diabetic Göttingen 

Minipigs, using hyperinsulinaemic clamping and insulin bolus dosage. 

It was possible to induce hypoglycaemia at 0.8-1.0 mM plasma glucose target, in both healthy 

and diabetic minipigs using the clamp procedure. Using the bolus procedure, only healthy 

minipigs reached plasma glucose target, even though the diabetic minipigs received more insulin. 

It was possible to induce a significant epinephrine response in both groups using both the clamp 

and bolus procedure. In the clamp, both groups had an approximate 25-fold increase in plasma 

epinephrine after one hour of hypoglycaemia compared to baseline. In the bolus procedure, the 

healthy minipigs had an approximately 15-fold increase in plasma epinephrine after 15 minutes 

compared to baseline levels, however the diabetic minipigs only had a significant increase one 

hour after bolus administration. 

There was a significant glucagon response to hypoglycaemia in the clamp procedure with healthy 

pigs having an approximate six-fold increase in plasma glucagon compared to baseline levels. 

Diabetic minipigs had a three-fold increase and the response seen in the healthy minipigs were 

significantly higher than diabetic minipigs. Only the healthy minipigs had a significant glucagon 

response to the insulin bolus. 

Hypoglycaemia did not influence heart rate. QTc-interval was prolonged in the diabetic minipigs 

after two hours of hypoglycaemia in the clamp. In the bolus procedure, QTc-interval increased 

significantly five minutes after insulin administration in both groups. During hypoglycaemia in the 

clamp, ST-segment was elevated compared to baseline in both groups and T-wave amplitude 

was higher in the diabetic minipigs compared to the healthy group. In both groups, the total 

number of arrhythmic events increased during hypoglycaemia in the clamp. In the clamp, the only 

HRV parameter influenced by hypoglycaemia was the LF band power, which decreased in both 

groups. 

Platelet aggregation decreased in both groups during hypoglycaemia in the clamp but not in the 

bolus protocol. 
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Paper III (in preparation): Healthy and streptozotocin-induced Göttingen Minipigs as a 

model of counter-regulatory failure in recurrent hypoglycaemia 

The aim of this study was to investigate the counter-regulatory response and ECG changes during 

hypoglycaemia in healthy and STZ-induced diabetic Göttingen Minipigs preconditioned with 

antecedent episodes of hypoglycaemia. The study was completed using two batches of minipigs 

with approximately eight months between batches, due to maternity leave. 

It was not possible to completely reach the predetermined hypoglycaemic plasma glucose target 

of 1.0 mM using the hyperinsulinaemic, hypoglycaemic clamp procedure. However, both heathy 

and diabetic minipigs preconditioned with hypoglycaemia had significantly lower average plasma 

glucose in the final 60 minutes of the four-hour clamp compared to normoglycaemia 

preconditioned minipigs. 

The glucagon response to hypoglycaemia was significantly diminished in the hypoglycaemia 

preconditioned groups, with no effect of diabetic status. 

A significant epinephrine response was seen in all groups, but there was no significant effect of 

preconditioning or diabetic status. 

Results from the ECG analysis are pending. 
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Discussion 

Preclinical research into insulin-induced hypoglycaemia has been heavily focused on rodent 

models. While these models show a human-like counter-regulatory response to hypoglycaemia, 

the translational value of cardiovascular outputs from these models might be low due to the rodent 

cardiac anatomy and physiology. This underlines the need for a large animal model to investigate 

the cardiovascular effects of hypoglycaemia. 

The studies presented in this thesis underline both the similarities and differences between 

minipigs and humans. During hypoglycaemia, the porcine endocrine counter-regulatory response 

seems similar to human with regard to glucagon and epinephrine release, however, recurrent 

hypoglycaemia did not induce significant blunting of the epinephrine response, as previously 

reported in both humans20 and rodent models25,57 . The minipig hypoglycaemic threshold also 

seems lower than what is described in humans and rodents, coupled with very low glucose 

infusion rates needed to maintain plasma glucose. Despite these differences in glucose 

homeostasis, the minipig electrocardiogram during hypoglycaemia in paper II displayed some of 

the same characteristic changes as have been observed in humans44. The minipig ECG during 

normal conditions also has many of the same features as humans, with only minor differences. 

Translational value of the minipig electrocardiogram 

Paper I investigated the ECG of healthy and diabetic minipigs to both investigate the diurnal and 

time effects on features of the ECG as well as determine, if STZ-induced diabetes would have an 

effect on the ECG over time. 

Pigs are considered a good model to investigate drug-induced arrhythmias and QT-interval 

prolongation. Arrhythmias are easier to induce in pigs compared to dogs119 and the normal QT-

interval of pigs has been reported to be close to humans, making pigs relevant to investigate drug-

induced effects on the electrophysiology of the heart47,119 . In paper I, the Bazett- and Fridericia-

corrected QTc-interval was sometimes below the lower threshold of what is considered normal in 

humans, with the lowest QTc-interval observed during the night in diabetic pigs after four months 

at a median 358 ms (Bazett) and 352 ms (Fridericia). The lower threshold of what is considered 

pathological in humans is 390 ms138. These findings are in agreement with another study of the 

porcine QT-interval47, but underlines the need for standardised baseline values when evaluating 

the QT-interval in pigs. 

In paper I, the T-wave amplitude changed during the day, with highest amplitudes during feeding, 

where the highest heart rates were also observed. The T-wave also changed polarities, displaying 

multiple morphologies in individual minipigs, particularly at night at lower heart rates. The electric 
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alternans of the porcine T-wave has been reported in other studies121,139 , however, an increased 

T-wave amplitude is considered pathological in humans138. This variability in the porcine 

repolarisation of the heart needs to be taken into account when conducting preclinical studies. 

The morphology of the porcine QRS-complex is similar to many other mammal species, but 

different from dogs, humans and primates119. These dissimilarities arise from the difference in 

ventricular activation pathways and, combined with the smaller size of the minipig heart, results 

in a shorter QRS-duration with different electrical axes of the QRS-complex119 . The QRS complex 

of humans is considered normal at 80-100 ms140. In paper I, the QRS-duration was between 83-

94 ms, but other studies have demonstrated a much lower QRS-duration of minipigs at 55-59 

110,121,139ms . This discrepancy between paper I and the other studies of minipigs might be due to 

choice of equipment, build-in filters applied to the raw electrical signal or simple differences in 

measurement techniques, but could also be caused by the higher age of the minipigs included in 

paper I compared to the mentioned studies, as the QRS-duration increases with age in humans141. 

Again, these findings highlight the need for baseline values in ECG studies including minipigs. 

The PR-segment of the ECG represents the conduction of the electrical impulse from the atria to 

the ventricles. The pig atria are anatomically a bit different to humans118, which might cause the 

difference in PR-segment duration seen between the two species. Studies have reported the PR-

segment from pigs ranging from to 86142 in commercial breeds to 125 ms121 in Göttingen Minipigs, 

while in paper I, the median range was 105-130 ms. Another study demonstrated the longest PR-

interval in Göttingen Minipigs compared to several other minipig breeds119. In comparison, the 

human PR-interval is 120-200 ms131, suggesting the Göttingen Minipig as a more appropriate 

breed to investigate possible cardiac conduction disturbances. 

In humans, diabetes is associated with prolongation of the QT-interval143 , low heart rate 

variability144, and silent myocardial infarction145, and these changes were not observed in paper 

I. The lack of human specific, diabetes related changes in paper I could be due to lack of chronicity 

in the diabetic minipig model, with human cardiovascular pathologies increasing with duration of 

diabetes, counting years, not months, as is the case in this model. 

Electrocardiographic changes during hypoglycaemia 

Electrocardiographic changes during hypoglycaemia is relatively well-documented in both healthy 

people and people with diabetes. The most common change is prolongation of the QT-interval in 

response to hyperinsulinaemia and hypoglycaemia. In fact, hyperinsulinaemia without 

hypoglycaemia can increase the QT-interval, propably mediated by insulin-induced hypokalemia 

and epinephrine, but seemingly independent of insulin sensitivity51. QT-prolongation has been 
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documented in people with T1DM and spontaneous, severe hypoglycaemia46 and the QT-interval 

has been demonstrated to be longer in a clamp procedure with hypoglycaemic target compared 

to an normoglycaemic clamp at same insulin dosage44. QT-interval prolongation has also been 

documented as a predictor of mortality in both people with and without diabetes143, hinting to a 

possible mechanistic link between hypoglycaemia and increased mortality. 

Though no previous studies have investigated the effects of hypoglycaemia on the porcine QT-

interval, the pig as a model of adverse pharmacological repolarisation effects in safety 

pharmacology is relatively well-documented47. In paper II, a prolongation of the QTc-interval was 

seen in diabetic pigs during hypoglycaemia and in both healthy and diabetic minipigs five minutes 

after insulin bolus administration. In the bolus study, this effect happened before epinephrine 

could be measured in plasma, and before target plasma glucose was reached, in particular in the 

diabetic minipigs, where a somewhat hypoglycaemic level was not reached until 60 minutes after 

bolus and an epinephrine response was not seen until then. This indicates an acute effect of 

insulin that might not depend on epinephrine levels but could certainly be, in part, caused by 

insulin-induced hypokalemia. 

In humans, several other ECG changes occur during hypoglycaemia, including prolongation of 

the PR-interval45, ST-segment depression, increased R-wave amplitude45 and flattening of the T-

31,44wave . In paper II, an elevation of the ST-segment was seen during hypoglycaemic clamping, 

but the T-waves increased in amplitude in that same period, contrary to the flattening documented 

in humans. There was, however, noted a slight chance in T-wave shape in some minipigs, but 

this change was not quantified in the paper (see figure 6). The porcine T-wave, representing 

repolarisation of the ventricles, seems particular dissimilar to humans, as described above, and 

should be interpreted with care in translational studies. 

Heart rate variability (HRV) has shown potential as a non-invasive marker of cardiac autonomic 

activity64 and low HRV is associated with cardiovascular outcomes in clinical studies72. Clinically, 

HRV can be used as a predictor of arrhythmic events after myocardial infarction and as a 

diagnostic tool in identifying diabetic cardiac neuropathy146 . Low HRV has been suggested as an 

early marker of diabetic neuropathy, with subjects displaying diminished HRV prior to clinical 

onset of neuropathy147. In paper I and II, there was no effect of diabetic status on parameters of 

HRV. While this has been demonstrated in humans, the lack of chronicity in this minipig model 

might not allow sufficient time for development of cardiac neuropathy. There was also little effect 

of hypoglycaemia on HRV parameters, with only LF power lower after two hours of 

hypoglycaemia. In paper II, short term HRV around feeding demonstrated low HRV and high HRV 

was found during the night. Paper I found the higher HRV in long term HRV during the night 
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compared to daytime, both confirming the diurnal and stress-related effects found in other porcine 

studies148,149 . 

Figure 6: Example of electrocardiographic traces, recorded from lead I and II, from a diabetic Göttingen Minipig during 

A) hyperinsulinaemic normoglycaemia and B) after two hours of hyperinsulinaemic hypoglycaemia. In A), note the 

change of polarity of the T-wave from negative to biphasic in lead I. In B), note the increased R-wave amplitude, altered 

shape of the T-wave and slight ST-segment elevation in lead I (all complexes). Data from minipig included in paper II, 

recorded at 25 mm/s, 1 mV. 

The porcine counter-regulation to hypoglycaemia 

While the minipig offers some translational value in regards to their larger size, cardiac anatomy 

and physiology closely resembling that of humans, their glucose metabolism differ somewhat from 

humans. 

In paper II, the fasting plasma glucose of female, adult, healthy Göttingen Minipigs was found to 

be around 3.5 mM. In growing, commercial pigs, the fasting plasma glucose is around 5.0 mM114 , 

which is more comparable to humans, but might also reflect the age and phenotype of rapid 

weight-gain seen in these breeds. Though the fasting glucose level in commercial pigs resemble 

that of humans, a hyperinsulinaemic, hypoglycaemic clamp plasma glucose target of 2.0 mM 
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demonstrated only a modest approximately 2.5-fold increase in epinephrine levels and a glucagon 

plasma level during hypoglycaemia comparable to that of the fasting level114 , while in paper II and 

III, a plasma glucose target of 1.0 mM induced approximately 25-fold increase in plasma 

epinephrine levels and a 15-fold increase in glucagon in Göttingen Minipigs. 

The hypoglycaemic target plasma glucose level (1.0 mM) chosen in paper II and III might give 

rise to concern as to the severity of hypoglycaemia. In humans, moderate hypoglycaemia is 

defined as plasma glucose below 3.0 mM and severe hypoglycaemia is defined as an event with 

altered mental status and the person requiring assistance150. Severe hypoglycaemia can cause 

seizures, coma and death, if not treated in time3. However, in paper II, only few clinical signs of 

hypoglycaemia were observed, with fatigue being the most common, at a plasma glucose level 

that would likely cause major clinical concern in humans. 

In paper III in particular, the minipigs needed very little glucose infusion to maintain the target 

plasma glucose during hypoglycaemia, with most minipigs requiring no glucose at all, regardless 

of diabetic status. This illustrates the capacity of the minipig to counter-regulate during 

hypoglycaemia, with high secretion of glucagon and high rate of hepatic glucose production107. In 

comparisons, humans clamped to a hypoglycaemia level need considerable glucose infusion 

rates to maintain plasma glucose target151. 

The Göttingen Minipig as a model of impaired hypoglycaemic counter-regulation 

Currently, only rodent studies modelling impaired hypoglycaemic counter-regulation exist. 

Several studies have demonstrated a diminished epinephrine response in rats after different 

protocols of antecedent hypoglycaemia57,105,152 . Interestingly, preconditioning rats with recurrent 

hypoglycaemia, and, in another experiment, β-adrenoreceptor blockade, resulted in decreased 

mortality during a severe, hypoglycaemic clamp, suggesting a blunted adrenergic response to be 

protective105 . In paper III, three consecutive days of hyperinsulinaemic hypoglycaemic resulted in 

no change in epinephrine response in the hypoglycaemia preconditioned groups. 

Blunting of the glucagon response after antecedent hypoglycaemia is less consistently 

documented in rodent studies25, but this observation might not be of high clinical relevance, as 

patients with diabetes generally have a defective glucagon response to hypoglycaemia, 

independently of presence of impaired awareness of hypoglycaemia20,25 . In paper III, three 

consecutive days of hyperinsulinaemic hypoglycaemic clamping blunted the glucagon response 

to a final, fourth hypoglycaemic clamp. This finding was not influenced by diabetic status, which 

is interesting as a diminished glucagon response was seen in paper II to a single, hypoglycaemic 

clamp when comparing diabetic to healthy minipigs. 
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Platelet effects of hypoglycaemia 

Experimentally induced hypoglycaemia increases platelet aggregation82 and pro-thrombotic 

markers81, an effect thought to be caused by circulating counter-regulatory epinephrine, a known 

platelet agonist85. Platelet dysfunction and general pro-thrombosis have been documented in 

people with diabetes. Platelets from people with T2DM exhibit hyper-reactivity to platelet agonists 

153 and lose their responsiveness to inhibitory compounds such as prostacyclin and insulin75,78 . 

Even in people with well-controlled T1DM without the classic comorbidities of T2DM, such as 

obesity, dyslipidaemia and cardiovascular disease, factors know to affect platelet activation, 

platelet dysfunction is still seen76. This pro-thrombotic state documented in people with diabetes 

together with the platelet activation during hypoglycaemia, could be a possible mechanistic link 

between hypoglycaemia in diabetes and cardiovascular events76. 

A study using alloxan-induced diabetic commercial pigs154 and STZ-induced diabetes in rats155 

demonstrated hyper-reactivity of platelets to thrombin, a common platelet agonist. In paper II, the 

platelet aggregation decreased during hypoglycaemic clamping with no effect of diabetes status, 

even though all minipigs had an increase in epinephrine during this period. This is contrary to 

what has been found in human hypoglycaemia studies82,85 , but insulin does have an inhibitory 

effect on platelet aggregation77, which might be the explanation in paper II, as the clamp was 

hyperinsulinaemic, with super-physiological plasma levels of insulin. Paper II was also not able 

to reproduce the increased aggregation seen in pigs with alloxan-induced diabetes154, however, 

another platelet agonist than ADP was used in that study. 

Limitations 

Induction and chronicity of diabetes 

While STZ-dosing is a common way of inducing diabetes in both rats101 and minipigs93, several 

off-target effects of STZ has been documented in vitro and in vivo. In particular, the negative 

effect on isolated myocytes99 could possible confound animal studies of the diabetic myocardium. 

The chemical induction of diabetes also decreases the validity of the model, as T1DM develops 

due to autoimmune destruction of β-cells, creating an inflammatory aspect of the disease that the 

STZ model does not. The outcomes of STZ-induction also varies93, with some minipigs in paper 

II-III having no detectable levels of C-peptide, an equimolar marker of endogenous insulin 

production, while others had C-peptide levels only just lower than healthy minipigs, even though 

they still displayed fasting hyperglycaemia. A diagnostic cut-off for fasted C-peptide plasma levels 

in T1DM is 0.2 nM with a decline seen with duration of diabetes156. This variation in diabetes 

induction introduces variability to the studies in paper I-III. 
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Another concern for validity of the STZ diabetic minipig model is lack of chronicity. While adult111 

minipigs were used in all three papers, the duration of diabetes was below one year in all minipigs, 

with approximately four to eight months of diabetes duration (data not shown in paper II-III). While 

this is a long time in animal studies, many complications of diabetes in humans do not develop 

until years after disease onset2. While it could be possible to keep diabetic pigs for a long time, 

the minipig lifespan is still considerably shorter than humans, creating a need for accelerated 

models to investigate complications of diabetes. 

Epinephrine response to hypoglycaemia 

While a significant epinephrine response to hypoglycaemia was demonstrated in both paper II 

and III, there was no significant effect of hypoglycaemia preconditioning in paper III. The protocol, 

three consecutive days of hypoglycaemia preconditioning and a final, fourth episode, has been 

57,105,157 used in rat studies with a significant blunting of the epinephrine response . This protocol 

failed to blunt the epinephrine response and might not be sufficient to induce counter-regulatory 

failure in minipigs. The length and number of hypoglycaemic clamps in the preconditioning period 

could be increased and the plasma glucose target could be lower. Variation in the epinephrine 

response could also cause the lack of significance in the findings, with large variations in plasma 

epinephrine levels in both paper II and III. The variance could be caused by the pulsatile release 

of epinephrine from the adrenal gland158 and simply “missing” the high levels, as the plasma 

clearance is also quite rapid and best assessed in arterial blood159. The assay126 to quantify the 

epinephrine in plasma could also be the cause of variation. As the samples were only single-

determined, the variability of the assay in this particular case is unknown. To ensure less effect 

of the variation in plasma epinephrine, more animals could be included in future studies to 

increase the power. 

Clamp technique 

In paper II, the minipigs were clamped at a normoglycaemic level for three hours, then the glucose 

infusion to maintain normoglycaemia was turned completely off to induce acute hypoglycaemia. 

This resulted in a rapid counter-regulation and plasma glucose target of 0.8-1.0 mM was reached. 

In paper III, the same insulin dose (16 pmol/kg/min) was used, but a normoglycaemic period was 

not included in the beginning, with the goal of slowly inducing hypoglycaemia. With this protocol, 

it was more difficult to get the minipigs to reach the target plasma glucose of 1.0 mM, with glucose 

levels plateauing at around 1.5 mM in control groups and just barely reaching the target in 

hypoglycaemia preconditioned groups. While these results demonstrate the decrease in counter-

regulatory ability to raise plasma glucose in response to hypoglycaemia, the protocol allows the 

minipig to respond slowly, but increasingly, to hypoglycaemia, making it more difficult to reach the 

plasma glucose targets. This was demonstrated by minipigs needing no, or very little, glucose 
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infusion during hypoglycaemia in this protocol, contrary to the protocol used in paper II. While the 

protocol used in paper III might better reflect the clinical situation with a progressive and steady 

drop in plasma glucose11, the protocol in paper II can be used to induce more profound 

hypoglycaemia. 

Platelet effects 

In paper II, platelets from minipigs subjected to hypoglycaemia did not have increased 

aggregation in response to ADP. The light transmission aggregometry assay was used to 

evaluate the platelet aggregation response in plasma and not washed platelets, giving a more 

intact picture of the in vivo haemostasis. The plasma consequently contained both the pro- and 

anti-thrombotic factors naturally occurring in the plasma128. The light transmission platelet 

aggregometry assay is particularly sensitive to pre-analytical variables128 and standardisation 

between laboratories might be very difficult. The assay is sensitive to sampling method, materials 

used, temperature before and during analysis, physical movement of the samples and time from 

sampling to analysis128 . While the analysis conducted in paper II was standardised, the many 

variables affecting platelet aggregation make it difficult to compare the results to previous 

published literature. However, other studies have investigated the species differences in platelets, 

describing pig platelets as less adhesive than human platelets160 but otherwise quite similar161. 

Another study found, that pig platelets did not respond to epinephrine162, a well-known agonist of 

human platelets, which has been suggested to be the main cause of increased aggregation during 

hypoglycaemia in humans85. These fundamental differences suggest, that porcine platelets might 

not appropriate to investigate cardiovascular disease mechanisms involving potential platelet 

mediated effects. 

Permanent catheters 

All minipigs used had permanent peripheral or central venous catheters implanted prior to 

hypoglycaemia induction, to enable stress- and handling-free blood sampling. While this 

approach avoids stressing of the minipig and unintentionally inducing a stress or fear related 

epinephrine response, the catheter implantation site can introduce bacteria and chronic 

inflammation due to the foreign material implanted. This was evident in paper II, where the 

minipigs had an elevation in C-reactive protein and serum amyloid A prior to initiation of the clamp. 

Chronic inflammation can cause insulin resistance163. Furthermore, the central venous catheters 

used were implanted by going through the vena cava cranialis, guiding the catheter through the 

atrium and placing the internal tip of the catheter in the vena cava caudalis (paper II). The 

influence of having a catheter going through the atrium is unknown, but did not seem to cause 

arrhythmias in paper I, where diabetic minipigs had these kind of catheters and the healthy 

minipigs had auricular-to-vena jugularis catheters. 
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Propofol administration 

Prior to fastening the Holter ECG equipment, the minipigs were dosed with propofol i.v. to induce 

a brief, light sedation and ensure stress-free mounting of the recorders. Propofol has been shown 

to lower heart rate and alter the autonomic tonus in mice, resulting in transient alterations of heart 

rate variability164 . A human study found alterations of the P-wave after longer-duration propofol 

anaesthesia, but no other changes165. The anaesthetic effect of propofol is very brief with a 

relatively high clearance166, but a left-over effect of the propofol dosing cannot be totally excluded 

in these studies. In future studies, training of the minipigs to have equipment fasted without 

restraint should be considered. 
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Conclusion 

This PhD project investigated healthy and streptozotocin-induced diabetic Göttingen Minipigs as 

a translational model of insulin-induced hypoglycaemia in regards to endocrine counter-

regulation, electrocardiographic changes and platelet effects. 

While the minipig is quite similar to humans in terms of cardiac electrophysiology, 

electrocardiographic recordings display significant diurnal changes, lead differences and changes 

over time. This underlines the necessity of obtaining baseline values when conducting studies 

with electrocardiographic outputs. While there are many similarities between the human and 

porcine ECG, future studies still need to account for the pig-specific features of the ECG, such as 

T-wave morphology. Diabetes induction did not cause changes to morphology and heart rate 

variability, as otherwise seen in humans with diabetes. 

The similarities to humans in the cardiovascular system indicates the Göttingen Minipig as a good 

model for investigation of the myocardial effects of hypoglycaemia, with electrocardiographic 

changes resembling what have been found in clinical studies. However, the heart rate variability 

of the minipig during hypoglycaemia does not display the marked lowering as observed in clinical 

studies. 

The counter-regulatory response to hypoglycaemia in minipigs resembles that of humans, with 

marked increases in epinephrine and glucagon levels. However, minipigs need very little glucose 

infusion to maintain hypoglycaemic target plasma glucose, indicating a high capacity for glucose 

mobilisation during hypoglycaemia in this species. Together with the naturally low fasting plasma 

glucose in the breed and lower glycaemic thresholds for hypoglycaemia, this leads to concerns 

in terms of translation to humans. 

Hyperinsulinaemic hypoglycaemia in healthy and diabetic minipigs altered platelet aggregation, 

but did not increase it like demonstrated in clinical studies. This indicates a different response of 

porcine platelets to hyperinsulinaemic hypoglycaemia that is not comparable to humans. 

Antecedent hypoglycaemia diminished the glucagon response, but not the epinephrine response, 

to hypoglycaemia. The effects of antecedent hypoglycaemia on the electrocardiogram is yet to 

be analysed. 
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Perspectives for further research 

While the Göttingen Minipig model of insulin-induced hypoglycaemia shows promising potential 

as a translational model, in particular with regards to cardiovascular consequences, several 

limitations, as demonstrated in papers I-III, need to be taken into account when planning future 

studies. 

Further studies, including a higher number of minipigs and a more chronic hypoglycaemia 

protocol, could elucidate if the epinephrine response to recurrent hypoglycaemia truly is kept 

normal or the lack of finding is due to high variation in the response. If the minipig displays a 

resistance to hypoglycaemia-induced counter-regulatory failure, the mechanisms behind this 

resilience could also be interesting to investigate. 

The minipig model could also be used to investigate the mechanisms behind the positive 

cardiovascular effects observed in people treated with glucagon-like peptide 1 agonists and 

sodium-glucose cotransporter-2 inhibitors, as the porcine cardiovascular system has a high 

similarity to humans. Testing of devices for detection and treatment of hypoglycaemia could also 

be a possibility. 

Finally, tissue samples from the brain cortex, hippocampus and left ventricle of the heart from 

minipigs included in paper III are currently being analysed to possibly discover recurrent 

hypoglycaemia and diabetes-induced changes to mitochondrial respiration as a mechanism 

behind brain damage and cardiovascular events found in people with diabetes. 
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Supplemental 

Software arrhythmia detection 

Software standard setting for arrhythmia detection criteria in Pathfinder SL software (September 

2022). 

Event Detection criteria 

Atrial fibrillation detection On/off 

Ventricular events 

Premature ventricular ectopic complex <90% of prevailing NN interval 

Ventricular escape >=300% of prevailing NN interval 

R on T <170 ms + 23% of prevailing RR interval 

Pair On/off 

Bigemini >=2 cycles 

Trigemini >=2 cycles 

Idioventricular rhythm >=3 beats at <=40 bpm 

Ventricular-drive/accelerated idioventricular rhythm >=3 beats at other frequencies 

Ventricular tachycardia >=3 beats at >=100 bpm 

Dropped beat >=180% of prevailing NN-interval 

Pause >=2.00 sec 

Bradycardia >=4 intervals at >=45 bpm 

Tachycardia >=5 intervals at >=300 bmp 

Supraventricular events 

Supraventricular ectopic complexes <50% of prevailing NN interval 

Supraventricular escape complexes >=300% of prevailing NN interval 

Supraventricular pair On/off 

Supraventricular drive >=3 beats 

Supraventricular tachycardia >=3 beats at >=150 bpm 

Other 

Artefact detection On/off 

Sinus rhythm detection On/off 
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A B S T R A C T  

Background: The Göttingen Minipig is widely used in preclinical research and safety pharmacology, but stand-
ardisation of porcine electrocardiography (ECG) is lacking. The aim of this study was to investigate diurnal 
effects, change over time and choice of lead on ECG morphology and heart rate variability (HRV) in healthy and 
streptozotocin (STZ) induced diabetic Göttingen Minipigs. 
Methods: Diabetes was experimentally induced using STZ in 11 Göttingen Minipigs (DIA). Seven controls (CON) 
were included. 24-h ECG was recorded at baseline and four months. Morphological parameters (QRS and T wave 
duration, P- and T-wave amplitude, PR and QT (Bazett’s (QTcb) or Fridericia (QTcf) correction) intervals and ST 
segment), presence of cardiac arrhythmias, heart rate (HR) and HRV (time and frequency domain) were 
analysed. 
Results: Four months after induction, DIA had decreased P-wave amplitude (P < 0.0001) and T-wave duration (P 
= 0.017), compared to CON. QTcb was lower in DIA, but not in CON. Both groups had decreased HR (P < 
0.0001) and QRS duration (lead II, P = 0.04) and length of PR-segment increased (lead I and II, P < 0.01) while 
selected HRV parameters also increased (all P < 0.01). Time of day influenced HR, QRS duration, PR segment, ST 
segment, T- and P-wave amplitude and some parameters of HRV. Inter- and intra-observer variability of 
morphological measurements was low (<6%). 
Conclusion: ECG parameters were influenced by time setting, diurnal variation and lead. Some ECG and HRV 
changes were found in diabetic minipigs four months after STZ induction. The findings underline the need for 
standardisation of ECG and HRV in Göttingen Minipigs.   

1. Introduction 

The pig is a widely used large animal model in preclinical research. 
While dogs have been a commonly used large animal model of cardio-
vascular disease, pigs are now the dominant large animal laboratory 
species (Zaragoza et al., 2011). The pig offers several advantages in 
cardiovascular and metabolic research. Cardiovascular anatomy and 
physiology of pigs, including heart anatomy (Crick, Sheppard, & 
Anderson, 1998), cardiac conduction system (Stricker-Krongrad et al., 
2017) and resting heart rates(Stubhan et al., 2008), closely resemble 

that of humans. The Göttingen Minipig is often used as an animal model 
of human diabetes (Larsen & Rolin, 2004) and in cardiovascular 
research (Diemar et al., 2015; Schuleri et al., 2008). 

In both preclinical research and safety pharmacology (Kano et al., 
2005), electrocardiography (ECG) is a required tool for assessing cardiac 
conduction and possible alterations in this. Features of the pig ECG have 
been described in several publications, spanning different breeds and 
recording techniques, but many of these studies are either conducted 
under restraint (Zhang et al., 2016), sedation or anaesthesia (Paslawska 
et al., 2014), or using recordings of short duration (Schuleri et al., 2008; 
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Zhang et al., 2016). Some studies record 24-h ECG from freely moving 
Göttingen Minipigs using surgically implanted leads (Kano et al., 2005; 
Stubhan et al., 2008). While some thoroughly describe the methods for 
obtaining the ECG recordings, such as fixation of the pigs, choice of lead 
and placement (Suzuki et al., 1998), duration and time of day of the 
recording (Kuwahara et al., 1999; Kuwahara et al., 2004) and housing 
(Jong et al., 2000), most do not (Schuleri et al., 2008), even though these 
factors have been show to influence the ECG. When manually measuring 
morphological features of the ECG, the possible observer effect is also 
often not addressed (Connelly et al., 2020; Paslawska et al., 2014). 

Studies have demonstrated that diabetes is associated with 
morphological ECG changes (Ewing, Boland, Neilson, Cho, & Clarke, 
1991; Gallego, Zayas-Arrabal, Alquiza, Apellaniz, & Casis, 2021). People 
with diabetes can have a prolongation of the QT-interval, an ECG change 
that is considered proarrhythmic and exacerbated by insulin-induced 
hypoglycaemia (Gallego et al., 2021; Marques et al., 1997). Also, few 
studies have reported elevated ST-segment in people with diabetes due 
to silent myocardial infarction (Chiariello & Indolfi, 1996; Karayannis, 
Giamouzis, Cokkinos, Skoularigis, & Triposkiadis, 2012). Cardiovascu-
lar autonomic neuropathy (CAN), a serious complication of diabetes, has 
been associated with hyperglycaemia, hypoglycaemia (Cryer, 2005), 
high glucose variability (Jun et al., 2019) and duration of diabetes 
(Karayannis et al., 2012). The neuropathy is suggested to involve both 
sympathetic and parasympathetic innervation, leading to autonomic 
dysfunction of the heart (Uehara, Kurata, Sugi, Mikami, & Shouda, 
1999), causing lower heart rate variability (HRV) (Jaiswal et al., 2014; 
Uehara et al., 1999), a well-documented risk factor for CVD (Thayer, 
Yamamoto, & Brosschot, 2010) and predictive of CVD outcomes in 
people with type 2 diabetes (Cha et al., 2018). 

While these changes are relatively well documented in people with 
diabetes, they have not been investigated in the streptozotocin-induced 
diabetic Göttingen Minipig. Even if studies investigated the translational 
value of the disease model, not many studies of the normal pig ECG exist, 
making the difference between normal and pathological difficult to 
distinguish. Only few studies have reported standardised morphological 
and HRV features of the minipig ECG and no studies have investigated 
the effect of streptozotocin-induced diabetes, even though studies on 
cardiovascular and metabolic preclinical research using pigs are steadily 
increasing. 

This study aimed to investigate ECG morphology and HRV in healthy 
and diabetic, freely moving Göttingen Minipigs using 24-h Holter re-
cordings. We hypothesised, that morphological features of the ECG 
would have diurnal variations, would not change over the course of four 
months, would vary depending on choice of ECG lead, and measure-
ments would have low inter-observer variation. It was hypothesised that 
streptozotocin-induced diabetes prolonged QT-intervals, increased the 

ST-segment elevation and decreased time domain and frequency domain 
parameters of HRV after four months, compared to a healthy control 
group. 

2. Materials and methods 

2.1. Animals 

The animal experimentation in this study has been approved by the 
Danish Animal Experiment Inspectorate and conducted in accordance 
with current rules and regulations and in compliance with ARRIVE 
guidelines. 

Holter ECG recordings were prospectively recorded in eighteen 
intact, adult, healthy lean female ottingen Minipigs (EllegaardG¨ 
Göttingen Minipigs A/S, Dalmose, Denmark). Following baseline re-
cordings, diabetes was induced using streptocotozin in eleven pigs 
(DIA), and seven pigs were kept as healthy controls (CON) (see Fig. 1). 
Final ECG recordings were obtained four months after the baseline. All 
pigs were naïve at study start but were used for other pharmacological 
studies between the two recordings until two weeks before the follow up 
ECG recording. The inclusion process was not randomized according to 
group but was based on availability. Pigs were kept at Novo Nordisk A/S 
Animal Unit (Ganløse, Denmark) at 18–22 ◦C with relative air humidity 
of 30–70% and a 12-h light/dark cycle with windows for natural light as 
well. Pigs were fed 400–500 g of feed (SDS minipig, Special Diets Ser-
vice, Essex, UK) once daily in the morning, after procedures. Pigs were 
single housed with possibility of both visual and snout contact on straw 
and woodchip bedding with free access to water. Prior to study start, 
pigs were implanted with two central venous catheters using the Sel-
dinger technique modified from Larsen et al., 2002 and placed as 
described by Lyhne et al., 2021, enabling intra venous (i.v.) anaesthesia, 
diabetes induction and blood sampling. 

2.2. Diabetes induction and daily glycaemic control 

Following baseline ECG recordings, pigs in the DIA group were made 
diabetic by once-daily i.v. injections of 50 mg/kg streptozotocin (S0130, 
Sigma Aldrich Denmark A/S, Søborg, Denmark) for three consecutive 
days as per protocol modified from Schumacher-Petersen et al., 2019. 
After diabetes induction, pigs were treated with insulins daily to manage 
hyperglycaemia. Two weeks prior to the follow-up ECG recording, 
treatment was changed to once-daily subcutaneous (s.c.) injections of 
insulin glargine (Lantus, Sanofi S.A., Paris, France), where the exoge-
nous insulin was given in order to reach a fasting plasma glucose target 
of 5–10 mM. 

Fig. 1. Study design. 
Illustration of study design. Eighteen Göttingen Minipigs were included and permanent, venous catheters were surgically implanted. All pigs had 24-h Holter 
electrocardiographic (ECG) recordings made. Eleven pigs were made diabetic. All pigs were included in other pharmacological studies in between recordings. Two 
weeks prior to the final recording, diabetic pigs were treated with insulin glargine to manage hyperlycaemia. A final recording was obtained in both groups after four 
months. Figure created with Biorender.com. 

http://Biorender.com
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2.3. Continuous 24-h (Holter) electrocardiography recordings 

A Lifecard CF recorder (Spacelabs Healthcare, WA, USA) with two 
leads were placed as previously described by Suzuki et al., 1998. Lead I 
was created with a positive electrode on the dorsal neck area (A) and a 
negative electrode on processus xiphoideus (B). Lead II was created with 
a positive electrode on manubrium sterni (C) and a negative electrode on 
processus xiphoideus (D) (see Fig. 2). Electrode attachments chosen 
were 3 M Red Dot 2670 electrodes patches (3 M A/S, Copenhagen, 
Denmark) due to the strength of the adhesive in these particular patches. 
Wires were secured to the pig’s skin with bandaging material (Tenso-
plast, BSN Medical A/S, Lillerød, Denmark) and the recorder was placed 
in the pouch of the harness placed just cranial to the scapulae (see 
Fig. 2). The Holter equipment was placed in the morning before feeding 
and pigs were dosed with 8–10 mL propofol i.v. (Propofol “B. Braun”  10 
mg/mL, B. Braun Medical A/S, Frederiksberg, Denmark) to ensure 
stress-free attachment of the Holter equipment. After the procedure, pigs 
were fed their daily allowance and DIA dosed with insulin approxi-
mately one hour after anaesthesia recovery. Equipment was removed 
from awake pigs 24 h later. 

2.4. Electrocardiography analyses 

All ECG analyses were performed by one observer. In the morpho-
logical analyses the observer was blinded for pig group (DIA or CON), 
time period (baseline or four month follow up) and time of day. 
Morphological analysis was performed on digital printed ECG traces (. 
pdf format) obtained in the Pathfinder SL software and manually 
measured using graphical software ImageJ (National Institute of Health 
Sciences, Kawasaki, Japan). Arrhythmia and HRV analyses were per-
formed using the software Pathfinder SL (Spacelabs Healthcare, WA, 
USA). 

In the Pathfinder SL software, ECG recordings were manually edited 
for correct R-wave detection and arrhythmia identification. Leads and 
ECG prints were excluded if the quality was inadequate for analysis, e.g. 
in the case of electrodes falling off or poor electrical signal. 

Fig. 2. Electrode placement. 
Illustration of placement of electrodes. Lead I: positive electrode at dorsal neck 
area (A) and negative electrode on processus xiphoideus (B). Lead II: positive 
electrode on manubrium sterni (C) and a negative electrode on processus 
xiphoideus (D). Figure created with Biorender.com. 

2.5. Arrhythmia analysis 

Arrhythmias were evaluated in the 24 h recording and presented as a 
total number of arrhythmic events during 24 h. Arrhythmic events were 
placed into three categories: 2nd degree atrioventricular (AV) block, 
supraventricular ectopic complexes and ventricular ectopic complexes 
(Curtis et al., 2013). The 2nd degree AV blocks were defined as a sin-
gular P-wave with absent QRS complex (Kusumoto et al., 2019). Sup-
raventricular ectopic complexes (SVE) were defined as complexes with a 
normal QRS morphology with either a P′ wave or non-visible P-wave 
and P-P′ interval shorter or longer than P–P interval (Curtis et al., 2013) 
and the RR interval either shorter (premature complex) or longer 
(escape complex) than the sinus RR interval (Curtis et al., 2013). Both 
premature and escape complexes were categorised as SVE. Ventricular 
ectopic complexes (VE) were defined as a QRS-complex with different 
shape with either broader duration and/or height (altered electrical 
axis). The RR interval in relation to the preceding QRS complex was 
either shorter (premature complex) or longer (escape complex) than the 
sinus RR interval, as well as no coupled P-wave (Curtis et al., 2013). 

2.6. Electrocardiographic morphology 

Prints of ten consecutive RR intervals were collected at noon (12:00, 
DAY), during feeding (approximately 08:00, FEED) and at midnight 
(00:00, NIGHT) to represent calm awake, excited and sleeping ECG 
traces. QRS complex duration was measured from the initial deflection 
until the last, regardless of polarity (Kurl, Makikallio, Rautaharju, 
Kiviniemi, & Laukkanen, 2012). PR segment was measured from the 
return of the P-wave to the isoelectric line until the very first deflection 
of the QRS complex (Caceres, Kelser, & Mize, 1959). ST-segment deri-
vation was measured from the J-point, defined as the very end of the last 
QRS notch, using the PR segment as isoelectric line (Macfarlane et al., 
2015). T-wave amplitude was measured from the isoelectric line formed 
right after the T-wave to ensure no ST-elevation would influence the 
height. T-wave duration was measured from the start to the end of the 
deflection created by the T-wave (Lepeschkin & Surawicz, 1952). P-
wave amplitude was measured using the PR-segment as isoelectric line. 
Polarity of P- and T-wave was noted for each beat to be either positive, 
negative or diphasic (Havmoller et al., 2007). Concurrent heart rate was 
calculated by the Pathfinder software on the basis of the printed RR 
intervals and used when correcting the QT-interval (Luo, Michler, 
Johnston, & Macfarlane, 2004). QT-interval was measured from the 
beginning of the QRS complex until the end of the T wave (return of the 
T-wave to isoelectric line) and was corrected using both Bazett’s (QTcb) 
and Fridericia’s (QTcf) formulas (Kano et al., 2005; Luo et al., 2004). All 
morphological measures were reported as an average of ten RR intervals 
on each ECG print. 

2.7. Heart rate variability 

Using the build-in software of Pathfinder SL, HRV outcome was ob-
tained for the predefined epochs. Time domain HRV variables SDNN 
(standard deviation of beat-to-beat intervals) and RMSSD (root mean 
square of successive RR differences) were obtain from 12:00 until 18:00 
(daytime HRV), at 00:00 until 06:00 (night-time HRV) and for the entire 
24-h recordings. Frequency domain HRV was calculated in the same 
time intervals as above using the build-in Fast Fourier transformation to 
very-low frequency (VLF) power band at 0.015–0.05 Hz, normalised low 
frequency (LF n.u.) power band at 0.05–0.15 Hz, normalised high fre-
quency (HF n.u.) power band at 0.15–0.40 Hz and very high frequency 
(VHF) power band at 0.35–0.5 Hz as well as LF/HF ratio. 

2.8. Inter- and intra-observer variability 

To assess inter- and intra-observer variability, six randomly chosen 
ECG prints were included. For inter-observer variability, QRS complex 

http://Biorender.com
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duration, QT-interval, PR-segment duration, ST-segment derivation, T- 
wave amplitude, T-wave duration, P-wave amplitude were measured as 
described above, by two observers. Each observer measured each 
recording (average of ten consecutive beats). Inter observer variability 
was calculated as a relative difference A-B/(A + B)*0.5. To assess intra- 
observer variability, one observer measured each recording six times, as 
described above. The standard deviation of six observations of the same 
print (SD) and coefficient of variation (CV) was calculated (CV=SD/ 
mean of six observations). 

2.9. Statistical analyses 

Linear mixed models with individual pig as random variable were 
used to test if group (DIA and CON), time of recording, time of day and 
heart rate influenced presence of ECG morphology and HRV. Interaction 
between group and time of day, and in addition group and time of 
recording were evaluated as well. Models were reduced by backward 
elimination and logarithmic transformation was used as needed to 
obtain homogeneity and normal distribution of model residuals. Dif-
ferences between groups in arrhythmia prevalence, weight and age were 
tested using Mann-Whitney U test and Wilcoxon signed rank test for 
weight gain, lead differences and change in arrhythmia prevalence. P-
values were corrected using False Discovery rate (FDR) and only cor-
rected P-values <0.05 were considered significant. Statistical analysis 
using linear mixed models was created using SAS 9.4 (SAS Institute, 
Cary, USA) and FDR correction, Mann-Whitney U test and Wilcoxon 
signed rank test was calculated using GraphPad Prism 9 (GraphPad 
Software Inc., San Diego, USA). Results are presented as medians and 
interquartile range unless specified. 

3. Results 

3.1. Weight, age and fasting plasma glucose 

Pigs in the control group (CON) were older than pigs that were made 
diabetic (DIA) (at baseline: 238 days (231–245) (DIA) and 424 days 
(405–431) (CON); (P = 0.0002)). Moreover, DIA has increased body 
weight (BW) both at baseline (29.4 kg (27.4–30.0)) and after four 
months (35.2 kg (35.1–35.8)) compared to CON (25.0 kg (25.0–26.1) 
and 30.5 kg (30.0–32.0)), P = 0.0006 and 0.0002, respectively). Both 
groups increased in BW during the four-month period (CON (P = 0.03) 
and DIA (P = 0.001)). 

Individual daily fasting plasma glucose concentrations were in 
average 8.07 mM (SD 3.43) in DIA during the four weeks prior to the last 
ECG recording and the mean coefficient of individual variability was 
42.2% (see Fig. 3). Fasting plasma glucose was not measured in CON, 

Fig. 3. Daily fasting plasma glucose of diabetic pigs. 
Morning fasting plasma glucose of 11 diabetic pigs 29 days prior to the final 
Holter ECG recording reflecting daily glucose variations. Data is presented as 
median average fasted plasma glucose of the pigs. Error bars: interquartile 
range. Horizontal lines: plasma glucose target of 5–10 mM. 

however, historical data of fasting plasma glucose of lean, healthy 
G¨ .ottingen Minipigs at the facility is typically 3.5–4.0 mM28 

3.2. ECG morphology and lead differences 

After four months, T-wave duration and P-wave amplitude were 
significantly decreased in DIA compared to CON (T-wave only lead I P = 
0.02 and P-wave P < 0.05, both leads) (Fig. 4). In addition, Bazett-
corrected QT interval (QTcb) was significantly shorter in DIA 
compared to CON (P = 0.04, lead I). In line with this, T-wave duration, 
P-wave amplitude (T-wave P < 0.05, both leads, P-wave P < 0.0001 both 
leads) and QTcb were reduced (P < 0.01, both leads) after four months 
in DIA, but CON did not differ from baseline (see Table 3). 

QRS duration (P = 0.04, lead I), PR segment (P < 0.01, both leads) 
and non-corrected QT interval (P < 0.0001, both leads) all increased 
after four months. There was no difference between baseline and four 
months in Fridericia-corrected QT interval (QTcf) (see Table 3). 

Several parameters had diurnal changes. QRS duration and PR 
segment were longer at DAY compared to FEED (P = 0.04 lead I, P < 
0.01 both leads, respectively), and NIGHT was also longer than DAY (P 
= 0.05 lead I, P < 0.0001 lead II, respectively). ST segment was higher 
during DAY compared to NIGHT (P < 0.05, both leads) and higher at 
FEED compared to NIGHT (P < 0.0001, lead I). T-wave and P-wave 
amplitude were higher during FEED compared to NIGHT and DAY (all P 
< 0.0001). Uncorrected QT interval was higher during DAY and NIGHT 
compared to FEED (all P < 0.05). QTcb was higher during FEED 
compared to NIGHT and DAY (all P < 0.0001) and DAY was higher than 
NIGHT (P < 0.05 both leads) (see Table 3). 

When comparing lead I and lead II at baseline measurements, lead I 
generally had higher QRS duration, QT interval, ST segment, T-wave 
duration, T-wave and P-wave amplitude with differences being found at 
all time points during the day (see Table 6). 

3.3. Changes in heart rate (HR) 

When considering heart rates recorded over one minute in 
conjunction with morphology analysis, HR decreased after four months 
(P < 0.0001) in both groups. HR was highest during FEED, and HR 
during DAY was higher than during NIGHT (all P < 0.0001), with no 
difference between groups (Table 2). 

When looking at the six-hour average HR during day (from 
12:00–18:00) and night (00:00–06:00) DIA was significantly lower in 
HR after four months compared to CON (P = 0.03). Both DIA and CON 
also decreased in average HR over the four-month period (P < 0.0001) 
(Table 4). 

3.4. Heart rate variability 

SDNN and RMSSD were higher after four months (both P < 0.0001), 
regardless of group. SDNN, RMSSD, normalised (n.u.) LF and LF/HF 
ratio were generally higher at night than at day (all P < 0.05). 

3.5. Arrhythmia analysis 

There were no significant changes in occurrence of arrhythmic 
ventricular or supraventricular complexes between CON and DIA and 
baseline and four months (see Table 1). The occurring ventricular 
complexes were most likely premature junctional complexes and com-
plexes with right and left bundle branch-like morphology (Marcus, 
2020) (data not shown). 

3.6. Inter- and intra-observer variation of ECG morphology 

Morphological measurements of six ECG prints of ten consecutive 
beats were performed by two observers resulting in an average relative 
difference of 4.5% in lead I and 5.4% in lead II. Intra-observer coefficient 
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Fig. 4. P-wave amplitude and T-wave duration are decreased in DIA compared to CON after four months. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
P-wave amplitude and T-wave duration. Significant changes are written in normal black script on the right side of graphs. Blue circles: individual pigs in control group (CON). Red squares: individual pigs in diabetic 
group (DIA). Some values are missing due to low quality of ECG recording and can be seen as a lower number of dots/squares, with original n = 7/11 (CON/DIA). Black bars and lines indicate median and interquartile 
range. FDR-corrected P-values below 0.05 considered significant. 
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Table 1 
Arrhythmic events in the 24-h ECG recordings.   

Control Healthy - > diabetic 

Parameter Baseline 4 months Baseline +4 months 

AV-block 0 (0–1) 0 (0–0) 0 (0 13) 0 (0 11) 
Supraventricular ectopic 0 (0–6) 0 (0–0) 0 (0–1) 0 (0–2) 
Ventricular ectopic 
Total arrhythmias 

0.5 (0–57) 
0.5 (0–63) 

0.5 (0–5) 
0.5 (0–5) 

0 (0 22) 
1 (0–24) 

0 (0–124) 
2 (0 131) 

Number of arrhythmic events per whole 24-h recording. AV-block: atrioven-
tricular block. Data presented as medians and interquartile range. 

of variation (CV) was average 5.9% in lead I and 6.8% in lead II. The 
measurement of the QT interval had the lowest CV, with 1.8% in lead I 
and 1.7% in lead II of the inter-observer analysis and 1.3% in lead I and 
1.6% in lead II of the intra-observer analysis. The measurement of the ST 
segment had the highest CV with 6.4% and 12.7% for lead I and II in the 
inter-observer analysis and 9.9% and 14.7% for lead I and II in the intra- 
observer analysis (see Table 5). 

4. Discussion 

There was significant influence of time of day on both ECG param-
eters and HRV. There was no effect of diabetes induction on arrhythmia 
prevalence and the number of arrhythmias did not change over the 
course of four months. The morphological parameters of the ECG were 
measured with low inter- and intra-observer variation. There was a 
significant difference between measurements from lead I and lead II, 
demonstrating the need for standardised baseline measurements and 
controls when using the minipig as a model of human heart disease. Few 
ECG and HRV parameters were changed four months after streptozo-
tocin induced diabetes in Göttingen Minipigs. P-wave amplitude and T- 
wave duration were significantly decreased in DIA compared to CON 
and QTcb was lower in DIA compared to CON after four months. The T- 
wave amplitude and QTcb was lower in DIA after four months and 
therefore changed differently from healthy pig, over time. For HRV 
parameters, no effect of diabetes was seen, however, in both groups an 
effect of point in time were seen with HR, SDNN and RMSSD being 
higher after four months. 

The T-wave amplitude changed over the course of the day, being 
highest at feeding where the highest heart rates were also observed and 
lowest during the night. This seemingly normal change in T-wave 
amplitude has also been observed in another study of minipigs (Lyhne 
et al., 2021) but altered axis of the T-wave is considered to be patho-
logical in humans (Rautaharju et al., 2009). The T-wave has previously 
been reported to have heterogenic polarities and amplitudes between 
pigs, which is not influenced by electrode placement (Nahas, Baneux, & 
Detweiler, 2002). In the present study, T-wave also seem to change 
polarities, with individual pigs both having negative, positive and 
diphasic T-waves in both leads, mostly occurring during lower heart 
rates and rarely occurring during higher heart rates (Table 2). This is 
also reported in another study of Göttingen Minipigs using surgically 
implanted ECG telemetry (Stubhan et al., 2008). This is interesting 
because negative T waves are often considered to be pathological in 
human patients (Rautaharju et al., 2009). DIA had higher T-waves at 
baseline compared to at four months, but this difference might relate to 
the lower heart rate observed at four months, as in this study, T-waves 
were higher at higher heart rates. This variability in individual T-wave 
polarity, amplitude and duration need to be taking into consideration 
when obtaining endpoints in pig studies investigating e.g. the influence 
of an intervention on QT interval, as the morphology of the T-wave in-
fluence this parameter (Baumert et al., 2016). 

The uncorrected QT interval was longer at four months compared to 
baseline, and also longer at night. Both of these changes can be attrib-
uted to the alterations in HR observed as QT interval is directly influence 
by heart rate (Luo et al., 2004). However, differences from baseline were 

also seen when correcting with Bazett’s formula. These changes may be 
explained by an overcorrection by the Bazett’s formula in regards to HR, 
which has been reported previously (Luo et al., 2004), as the Fridericia’s 
correction did not find any differences between baseline and the 
recording after four months. It has also been suggested that Fridericia’s 
correction is a more useful QT interval correction method in pigs (Kano 
et al., 2005). 

Alterations in QT interval might have been expected, as some human 
studies have found prolongation of the QT interval in persons with 
diabetes (Ewing et al., 1991), which is thought to be related to auto-
nomic dysfunction in cardiac neuropathy as the disease progresses 
(Karayannis et al., 2012). While these chronic comorbidities are well 
documented in humans, the chronicity of the minipig diabetic model is 
debatable, as the animals rarely are kept diabetic for many years. 

P-wave amplitude decreased in DIA over the course of four months, 
but it was unchanged in CON. A study in landrace pigs found, that the P- 
wave increases with age and BW10, however this was not the case in this 
study, even though both DIA and CON increased in BW during the four- 
month period. Low amplitude and short duration of the P-wave have 
been correlated to adverse outcomes in cardiovascular disease in 
humans (Alexander et al., 2017; Magnani et al., 2011; Park et al., 2016). 
In light of this, it is interesting that DIA had lower P amplitude after four 
months, however further studies are needed to elucidate the effect of 
streptocotozin-induced diabetes due to study limitations. 

In both groups, there was a significant decrease in heart rate from 
baseline to the end of the study four months later. This finding could be 
due to conditioning of the pigs to their current environment, making 
them less stressed. As expected, heart rates were highest during feeding 
time and lowest during night time (Kuwahara et al., 1999). 

The PR segment duration, as well as QRS duration (Nakagawa et al., 
1998) and QT interval (Baumert et al., 2016) is dependant of heart rate 
in humans (Carruthers, McCall, Cordell, & Wu, 1987). In this study, 
heart rate decreased over the course of four months, likely influencing 
the QRS and QT interval duration making them longer. Schuleri et al. 
(2008) studied healthy Göttingen Minipigs and found the mean QRS 
duration was 59 ms at mean HR of 104 bpm (Schuleri et al. 2008). 
Stubhan et al. (2008) found a mean QRS duration of 56 ms and a PR 
segment at 128 ms at HR below 80 bpm, compared to QRS of 87–89 ms 
and PR segment of 116–129 ms at 80–88 bpm in this study. The reason 
for the higher QRS values obtained in this study compared to previous 
studies is unknown. A possible explanation might be differences in 
equipment used. 

ST segment height should not be altered by heart rate and is reported 
to be below 0.1 mV in healthy humans (Macfarlane et al., 2015). 
Generally, the median ST segment height in this study was below 0.11 
mV at all time points in both groups, however, individual values as high 
as 0.18 mV was seen in the healthy minipigs and there was also an effect 
of time of the day, where ST segments during the day and during feeding 
were higher than at night. ST-segment deviation has been reported in 
people with diabetes in relation to silent cardiac ischaemia, which is also 
suspected to be caused by cardiac neuropathy (Chiariello & Indolfi, 
1996), but no effect of diabetes induction was seen in this study. 

Diabetic cardiac neuropathy and autonomic dysfunction can be 
assessed by heart rate variability (Karayannis et al., 2012), and many 
human studies have investigated this (Jun et al., 2019; Tarvainen, Lai-
tinen, Lipponen, Cornforth, & Jelinek, 2014). This study showed no 
changes in HRV in relation to diabetes induction, a result probably 
originating in the relative short duration of diabetes. In humans, both 
hyper- and hypoglycaemia contribute to neurological degradation and 
as the disease progresses, a general decrease in time domain heart rate 
variability is seen (Karayannis et al., 2012). Spectral analysis of HRV can 
be used for early detection of sympathetic or parasympathetic 
dysfunction and the LF/HF ratio is commonly assessed in this regard. 
While human HRV investigations are conducted with controlled 
breathing and posture to standardise the influence of respiration and 
blood pressure on the frequency components (Karayannis et al., 2012), 
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Table 2 
Electrocardiographic morphology at baseline and after four months at different times of day.    

Control (n = 6) Healthy - > Diabetic (n = 11) 

Parameter Time Baseline 4 months Baseline 4 months Overall P-values 

M
.K. Lyhne et al. 

Heart rate (beats/min) Day 
Feed 
Sleep 

88 (78–93) 
148 (122–162) 
77 (76–85)5 

Lead I Lead II 

80 (74–95) 
132 (121–139) 
75 (64–84) 
Lead I Lead II 

103 (91–114) 
146 (139–159) 
80 (75–83) 
Lead I Lead II 

83 (74–90) 
132 (112–145) 
64 (58–71) 
Lead I Lead II 

Baseline>4 months*** 
Feed>Day*** 
Feed>Night***, Day>Night*** 
Lead I Lead II 

QRS duration (ms) Day 

Feed 

92 
(90–100)5 

91 

89 
(33–92)4 

87 

89 
(85–95)5 

88 

87 
(76–91) 
92 

89 
(88–91)10 

89 

86 
(79–94) 
83 

90 
(88–97)10 

88 

89 
(79–93) 
86 

Day>Feed* 
Night>Feed* 

4 months>Baseline* 

Sleep 
(81–95)5 

90 
(78–93)4 

(84–91)4 

82 
(72–87)4 

(84–92)5 

92 
(87–99)5 

(88–95) 
91 
(80–94) 

(82–93)10 

89 
(88–92)9 

(80–88) 
84 
(76–88) 

(83–90)10 

94 
(89–97)10 

(81–91) 
88 
(84–92) 

PR segment (ms) 

ST segment (mV) 

Day 

Feed 

Sleep 

Day 

Feed 

121 
(109–128)5 

108 
(103–119)5 

109 
(104–121)4 

0.08 
(0.06–0.11)5 

0.06 

116 
(109–123)4 

107 
(99–110)4 

125 
(113–135)4 

0.07 
(0.02–0.09)4 

0.05 

129 
(115–134)5 

110 
(104–119)5 

122 
(124–143)5 

0.11 
(0.07–0.16)5 

0.10 

127 
(117–135)6 

108 
(97–116)6 

120 
(108–133)6 

0.05 
(0.04–0.07) 
0.05 

112 
(101–127)10 

113 
(102–126)10 

112 
(106–122)9 

0.12 
(0.09–0.14)10 

0.10 

113 
(111 123)11 

105 
(99–121)11 

120 
(109–124)11 

0.06 
(0.02–0.09) 
0.06 

129 
(117–126)10 

116 
(108–126)10 

126 
(108–141)9 

0.10 
(0.08–0.13)10 

0.07 

130 
(119–142)11 

115 
(104–129)11 

125 
(118–133)11 

0.04 
(0.02–0.08) 
0.05 

4 months>Baseline** 

Day>Feed** 

Day>Night* 

4 months>Baseline *** 

Day>Feed*** 
Night>Feed*** 

Day>Night*** 
Feed>Night*** 

Sleep 
(0.06–0.13)5 

0.07 
(0.02–0.12)4 

(0.02–0.64)4 

0.04 
(0.01–0.09)4 

(0.06–0.15)5 

0.11 
(0.05–0.15)5 

(0.03–0.07) 
0.01 
(0.00–0.06) 

(0.06–0.16)10 

0.09 
(0.07–0.11)9 

(0.03–0.07) 
0.03 
(0.01–0.04) 

(0.07–0.09)10 

0.10 
(0.07–0.11)9 

(0.04–0.06) 
0.04 
(0.01–0.05) 

T-wave amplitude (mV) 

T-wave duration (ms) 

Day 

Feed 

Sleep 

Day 

Feed 

0.15 
(0.11–0.43)5 

0.80 
(0.57–1.24)5 

0.20 
(0.13–0.26)4 

99 
(62–172)5 

117 

0.19 
(0.12–0.30)4 

0.53 
(0.21–1.07)4 

0.12 
(0.09–0.29)4 

110 
(75–163)4 

107 

0.42 
(0.27–0.45)5 

0.88 
(0.57–1.06)5 

0.16 
(0.11–0.71)5 

161 
(145–183)5 

143 

0.24 
(0.15–0.41) 
0.67 
(0.50–0.90) 
0.27 
(0.21–0.45) 
122 
(94–169) 
113 

0.37 
(0.13–0.51)10 

0.84 
(0.59–1.18)10 

0.18 
(0.12–0.27)9 

99 
(70–143)10 

112 

0.25 
(0.14–0.34) 
0.70 
(0.47–1.04) 
0.16 
(0.11–0.21) 
93 
(66–105) 
107 

0.16 
(0.14–0.23)10 

0.75 
(0.55–0.88)9 

0.22 
(0.11–0.25)10 

131 
(97–164)10 

130 

0.19 
(0.10–0.24) 
0.47 
(0.41–0.68) 
0.13 
(0.09–0.26) 
99 
(75–143) 
117 

DIA: Baseline > 4 months*  

Feed>Day*** 
Feed>Night*** 

4 months>Baseline*** 

CON > DIA 4 months*  

DIA: Baseline > 4 months*  

Feed>Day*** 
Feed>Night*** 

CON>DIA* 

Sleep 
(103–138)5 

122 
(72–187)4 

(74–120)4 

99 
(66–125)4 

(131–148)5 

161 
(148–203)5 

(108–129) 
151 
(95–163) 

(103–126)10 

105 
(78–139)9 

(92–123) 
82 
(71–111) 

(107–147)9 

94 
(66–133)9 

(91–127) 
86 
(62–132) 

CON: 4 months>Baseline*** 

P-wave amplitude (mV) Day 

Feed 

0.17 
(0.15–0.22)5 

0.25 

0.20 
(0.13–0.21)4 

0.22 

0.22 
(0.19–0.25)5 

0.27 

0.21 
(0.14–0.23) 
0.24 

0.19 
(0.14–0.24)10 

0.27 

0.17 
(0.15–0.22) 
0.25 

0.13 
(0.12–0.15)10 

0.19 

0.11 
(0.09–0.23) 
0.19 

Baseline>4 months** 
DIA: Baseline > 4 months*** 
CON > DIA 4 months**  

Baseline>4 months* 
DIA: Baseline > 4 months*** 
CON > DIA 4 months*  

Sleep 

(0.21–0.34)5 

0.17 
(0.15–0.24)4 

(0.21–0-
31)4 

0.20 
(0.14–0.20)4 

(0.22–0.28)5 

0.17 
(0.14–0.21) 
5 

(0.19–0.28) 

0.18 
(0.12–0.19) 

(0.20–0.31)10 

0.15 
(0.10–0.16)9 

(0.19–0.29) 

0.14 
(0.11–0.17) 

(0.16–0.22)10 

0.12 
(0.10–0.13)9 

(0.13–0.23) 

0.10 
(0.08–0.13) 

Feed>Day***, 
Feed>Night*** 

Feed>Day***, 
Feed>Night*** 

P-wave polarity 
(+/ /diphasic) 

T-wave polarity 

Day 
Feed 
Sleep 
Day 

4/0/1 
5/0/0 
5/0/0 
3/0/2 

0/3/1 
0/4/0 
0/3/1 
1/2/1 

5/0/0 
5/0/0 
5/0/0 
5/0/0 

0/6/0 
0/6/0 
0/6/0 
0/4/2 

10/0/0 
10/0/0 
9/0/0 
8/0/2 

0/11/0 
0/11/0 
0/11/0 
1/6/4 

8/0/2 
10/0/0 
7/0/3 
5/2/3 

0/10/1 
0/11/0 
0/11/0 
4/5/2 

All ns 

All ns 
(+/ /diphasic) 

QT interval (ms) 

Feed 
Sleep 
Day 

Feed 

5/0/0 
2/1/2 
334 
(316–349)5 

258 
(254–297)5 

0/4/0 
2/1/1 
320 
(312–345)4 

296 
(265–309)4 

5/0/0 
3/0/3 
343 
(326–377)5 

302 
(287–306)5 

0/6/0 
2/4/0 
336 
(313–353) 
283 
(270–305) 

10/0/0 
3/1/5 
316 
(307–338)10 

280 
(261–304)10 

0/11/0 
5/3/3 
308 
(297–326) 
269 
(259–292) 

10/0/0 
3/1/6 
340 
(323–349)10 

297 
(280–316)10 

1/9/1 
3/3/5 
329 
(324–341) 
286 
(263–318) 

4 months>Baseline*** 

Day>Feed*** 

4 months>Baseline*** 

Day>Feed*** 

(continued on next page) 
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Table 4 
Long-term ffrequency and time domain heart rate variability at baseline and after four months.    

Control Healthy - > Diabetic 

Parameter Time Baseline 4 months Baseline 4 months Overall P-value 

Heart rate (beats per minute) Day 6 h 98 89 105 84 CON: Baseline>4 months*** 
(93–100) (84–94) (99–112) (81–89) DIA: Baseline>4 months***  

Night 6 h 

24 h 

82 
(80–82)5 

88 

73 
(65–78) 
78 

80 
(75–88) 
87 

64 
(60–69) 
74 

CON > DIA 4 months*  

SDNN Day 6 h 
(83–89)5 

87 
(82–138) 

(75–83) 
117 
(89–136) 

(82–93) 
125 
(88–134) 

(68–79) 
128 
(114–138) 

Day>Night*** 
4 months>Baseline*** 

RMSSD 

VLF 

Night 6 h 

24 h 

Day 6 h 

Night 6 h 

24 h 

Day 6 h 

Night 6 h 

24 h 

137 
(84–174)5 

123 
(102–154)5 

56 
(38–84) 
128 
(82–340)5 

60 
(42–71)5 

624.2 
(456.5–1079.0) 
714.0 
(561.1–1101.0)5 

735.9 

155 
(109–167) 
147 
(126–171) 
74 
(60–100) 
132 
(86–153) 
71 
(64–77) 
609.2 
(453.8–835.3) 
1169.0 
(676.2–1441.0) 
1047.0 

113 
(108–138) 
140 
(129–164) 
47 (41–50) 

77 (67–94) 

59 (49–63) 

747.4 
(635.7–1665.0) 
961.8 
(694.3–1656) 
902.6 

164 
(140–191) 
190 
(167–211) 
82 
(56–86) 
123 
(89–147) 
74 
(70–84) 
946.1 
(535.2–1124.0) 
1535.0 
(977.7–1887.0) 
1296.0 

Night: 4 months>Baseline*** 

Night>Day** 

4 months>Baseline*** 

Night>Day*** 

All ns 

LF n.u. Day 6 h 

Night 6 h 

24 h 

(602.9–990.9)5 

28.49 
(22.30–36.48) 
37.79 
(16.46–48.42)5 

36.73 

(830.8–1307.0) 
26.6 
(11.04–44.17) 
17.02 
(13.17–32.53) 
12.37 

(790.8–1934.0) 
41.05 
(29.80–46.50) 
38.09 
(24.92–66.05) 
27.08 

(912.1–1881.0) 
24.72 
(21.58–34.33) 
53.51 
(33.25–75.16) 
27.80 

DIA > CON* 

Night>Day* 

(11.66–49.57)5 (11.05–25.10) (22.29–33.85) (23.97–54.63) 
HF n.u. Day 6 h 63.79 

(51.36–68.01) 
59.75 
(46.25–74.46) 

54.71 
(43.00–60.93) 

70.57 
(57.72–85.13) 

All ns 

Night 6 h 

24 h 

63.38 
(48.59–77.01)5 

59.89 

79.15 
(65.13–83.51) 
81.18 

58.15 
(32.31–73.41) 
71.01 

45.79 
(24.10–64.94) 
70.62 

LF/HF 

VHF 

Day 6 h 

Night 6 h 

24 h 

Day 6 h 

Night 6 h 

24 h 

(46.52–84.22)5 

0.459 
(0.32–0.63) 
0.55 
(0.23–1.02)5 

0.63 
(0.14–1.17)5 

321.6 
(127.5–769.2) 
411.1 
(159.6–519.2)5 

477.7 
(131.0–584.3)5 

(72.38–85.35) 
0.45 
(0.15–1.09) 
0.21 
(0.16–0.50) 
0.15 
(0.13–0.35) 
389.3 
(141.2–1130.0) 
413.4 
(258.3–649.6) 
529.1 
(320.7–892.7) 

(61.60–75.80) 
0.75 
(0.49–1.09) 
0.66 
(0.34–2.04) 
0.38 
(0.29–0.59) 
239.5 
(129.5–535.7) 
231.8 
(134.6–335.0) 
264.7 
(159.1–549.3) 

(42.89–74.21) 
0.34 
(0.30–0.59) 
1.17 
(0.51–3.10) 
0.39 
(0.32–1.27) 
318.8 
(192.3–362.5) 
205.4 
(142.3–295.0) 
367.1 
(253.2–453.5) 

DIA > CON* 

Night>Day* 

All ns 

Heart rate variability (HRV) of 24 h ECG recordings at baseline and four months after diabetes induction or control. In overall P-values, “4 months vs. Baseline”  
indicates a general difference between measurements at baseline compared to four months, with no effect of group. “CON vs. DIA”  indicates a difference between 
groups with no effect of diabetes induction and time point. “DIA vs CON time point”  indicates a difference between groups at the specific time point. “DIA/CON: 
baseline vs. 4 months”  indicates an intra-group difference between baseline and four months. “Time of day vs. time of day”  indicates a difference between different 
time points during the day, either at feeding, night or day. * P < 0.05, ** P < 0.01. *** P < 0.001. Ns –  non-significant. SDNN: standard deviation of beat-to-beat 
intervals, RMSSD: root mean square of successive RR differences. Day: from 12:00 until 18:00, Night: from 00:00 until 06:00, 24 h: entire 24-h recordings. VLF 
(log): very low frequency power 0.015–0.05 Hz, LF n.u.: normalised low frequency power 0.05–0.15 Hz, HF n.u.: normalised high frequency power 0.15–0.40 Hz and 
VHF: very high frequency power 0.35–0.5 Hz. Superscript numbers: n, if reduced from original group size (CON n = 6, DIA n = 11). Data given as medians and 
interquartile range. 

this is not possible in pigs and might contribute to the lack of findings in higher in lead I at all times of the day. This highlights the need for 
this study. Also, the non-chronicity, as well as the control of hyper- obtaining baseline values, for individual pigs, in the relevant lead, when 
glycaemia in this study, might not allow for neuropathic changes to doing porcine studies, where morphological parameters are an outcome. 
occur, as CAN has been shown to increase with age, diabetes control and In addition, the importance of standardised lead placement and state-
diabetes duration (Karayannis et al., 2012), making this minipig model ment of this in scientific studies is clearly outlined by the results of this 
of diabetes less appropriate for evaluation of these chronic study, where changes seen in one lead are often not present in the other 
comorbidities. lead. Lead II is often used when nothing else is specified, however, as no 

All morphological measurements made in this study were signifi- official guidelines or consensus exist for porcine ECG electrode place-
cantly different at least at one point during the day, when comparing ment, it is relevant to state this in studies. 
lead I and lead II with measurements made in lead I generally being There was generally a low inter- and intra-observer CV (<10%), 
higher than lead II, most likely due to the positioning of the electrodes except for measurements of the ST segment, where CV was higher (up to 
(Gulizia et al., 2017). Interestingly, the ST segment was consistently 14.7%). These findings are in agreement with human ECG studies 
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Table 5 
inter- and intra-observer variation of morphological ECG parameters.  

Parameter Inter-observer 
Relative 
difference 

Intra-observer 
Standard deviation and coefficient of 
variation 

Lead I II I II 

SD CV SD CV 
QRS duration ms 3.1% 3.3% 4.29 4.9% 4.35 5.2% 
QT interval ms 1.8% 1.7% 4.13 1.3% 4.84 1.6% 
PR interval ms 5.1% 2.4% 6.75 5.8% 5.69 5.2% 
ST segment mV 6.4% 12.7% 0.01 9.9% 0.01 14.7% 
T-wave amplitude mV 
T-wave duration ms 

3.4% 
7.0% 

9.6% 
5.2% 

0.01 
7.82 

4.5% 
8.0% 

0.01 
8.17 

6.2% 
8.5% 

P-wave amplitude mV 
Average 

5.0% 
4.5% 

2.7% 
5.4% 

0.01 6.9% 
5.9% 

0.01 6.3% 
6.8% 

Inter-observer and intra-observer variation in morphological ECG parameters. 
Inter-observer: Relative differences between observer one and observer two for 
each electrocardiographic print and for each parameter shown as percentage 
and calculated as (A-B)/((A + B)*0.5) and given in absolute percentage. SD: 
standard deviation. Intra-observer: Mean coefficient of variation (CV) calculated 
as SD divided times 100, by average of six observations made from the same ECG 
print. Average: average percentage relative difference or CV for each parameter 
in each lead. 

Table 6 
Differences between morphological ECG measurements in lead I and II.  

Parameter/ Day Feed Night General 
Time 

QRS duration 4 ( 3–8) 8 ( 4–11) 5 (1¡10)* I > II 
(ms) 

QT interval 9 (2–16)* 4 (0–9)* 14 (11–18)** I > II 
(ms) 

PR interval -1 ( 9–7) 9 (0¡12)* -35 ( 13 2) Varies 
(ms) 

ST segment 0.04 0.04 0.06 I > II 
(mV) (0.03–0.07)** (0.02–0.07)** (0.03–0.08)** 

T duration 6 ( 24–22) 13 (5–24)** 19 ( 3–66) I > II 
(ms) 

T amplitude 0.11 0.14 0.02 I > II 
(mV) ( 0.04–0.20) (0.09–0.22)** ( 0.08–0.14) 

P amplitude 0.02 0.02 0.01 I > II 
(mV) (0.00–0.03)* (0.00–0.04)* ( 0.01–0.03) 

Differences between lead I and lead II measurements for each time of day, 
calculated from baseline measurements. Differences calculated as lead I minus 
lead II for each observation. Data given as medians and interquartile range. 
Significance calculated with Wilcoxon signed rank test, P < 0.05 = *, P < 0.01 = 
**, P < 0.001 = ***. P-values corrected with False Discovery Rate correction. 

(Hamilton, McLeod, Houston, & Macfarlane, 2005) and underline the 
need for proper training and consensus especially on how to measure the 
ST segment manually. 

A limitation in this study is the relatively low number of animals 
included and the age- and BW differences between groups. The short 
duration of diabetes is also a limitation of this study, as most diabetes 
comorbidities develop with longer diabetes duration in human patients 
(Karayannis et al., 2012). 

Another limitation of this study is the streptozotocin-induced dia-
betic Göttingen minipig, where off-target effects of streptozotocin could 
induce changes to non-pancreatic tissues, as shown in an in-vitro study 
of rat myocytes where streptozotocin directly impaired the contractility 
of the myocyte (Wold & Ren, 2004), suggesting an effect on myocardial 
tissues as well. 

A third limitation is that pigs were included in other pharmacological 
insulin studies between the two ECG recordings (baseline and four 
months follow up), however all pigs were naïve at study start (before 
baseline recording) and both groups (CON and DIA) were included in 
other pharmacological studies between the two ECG recordings. More-
over, a two-week wash-out period was included before follow up ECG 

recording. However, it cannot be excluded that pharmacological agents 
received between the ECG recordings might have influenced our results. 
Also, in the diabetic pigs, the variability of their blood glucose over time 
is unknown. High glycaemic variability in humans have been discussed 
to predict development of diabetic complications, but with no definite 
conclusion (Nalysnyk, Hernandez-Medina, & Krishnarajah, 2010). 

The pigs were also dosed with propofol just prior placement of the 
Holter equipment. While propofol has a very short duration of action, 
the elimination is slower (Cockshott, Douglas, Plummer, & Simons, 
1992). Propofol can induce some ECG changes including P-wave and 
minor QT-interval changes (Bolat et al., 2016). Moreover, effects of 
propofol on HRV parameters have been described in mice (Shintaku 
et al., 2014). 

In conclusion, a number of morphological ECG and HRV parameters 
did change during a four-month period both in diabetic and healthy 
G¨ influenced by time of day, indicating ottingen Minipigs and were 
diurnal variations. ECG leads influenced all morphological ECG pa-
rameters, however low inter- and intra-observer variation was found. 
Some ECG changes were found in pigs with streptozotocin-induced 
diabetes compared to healthy pigs, including reduced P wave ampli-
tude, T wave duration and QTbc in some ECG leads. Future ECG studies 
in Göttingen Minipigs need to account for time setting and choice of ECG 
lead, but due to limitations of this study, further research is needed to 
explore impact of streptozotocin-induced diabetes. 
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OPEN Hyperinsulinaemic hypoglycaemia 
in non‑anaesthetized 
Göttingen minipigs induces 
a counter‑regulatory endocrine 
response and electrocardiographic 
changes 
Mille K. Lyhne1, Andreas Vegge2, Gro Klitgaard Povlsen2, Rita Slaaby2, Jonas Kildegaard2, 
Ulrik Pedersen‑Bjergaard3 & Lisbeth H. Olsen1•

The potentially fatal cardiovascular effects of hypoglycaemia are not well understood and large 
animal models of the counter‑regulatory responses and cardiovascular consequences of insulin‑
induced hypoglycaemia are needed to understand the mechanisms in humans. The aim of this study 
was to develop a human‑like minipig model of hypoglycaemia including healthy and diabetic pigs to 
investigate endocrine, electrocardiographic and platelet effects. Hypoglycaemia was induced using 
a hyperinsulinaemic, hypoglycaemic clamp and an insulin bolus protocol. Plasma glucose, glucagon, 
C‑peptide, insulin, epinephrine and platelet aggregation responses were measured before, during and 
after hypoglycaemia. Continuous electrocardiographic recordings were obtained. Hypoglycaemia at 
a plasma glucose concentration of 0.8–1.0 mM in the clamp induced 25‑fold increase in epinephrine 
and sixfold and threefold increase in glucagon for healthy and diabetic pigs, respectively. The 
hypoglycaemic clamp induced QTc‑interval prolongation and increase in cardiac arrhythmias. In the 
bolus approach, the non‑diabetic group reached plasma glucose target of 1.5 mM and QTc‑interval 
was prolonged after insulin injection, but before glucose nadir. The diabetic group did not reach 
hypoglycaemic target, but still demonstrated QTc‑interval prolongation. These results demonstrate 
effects of hyperinsulinaemic hypoglycaemia closely resembling human physiology, indicating the 
minipig as a translational animal model of counter‑regulatory endocrine and myocardial effects of 
hypoglycaemia. 

Hypoglycaemia is a common adverse efect of insulin treatment in type 1 and type 2 diabetes with serious clini-
cal implications for the patient1. People with diabetes also have a higher risk of cardiovascular disease than the
general population, as well as micro- and macroangiopathies, whose pathogeneses has been linked to increased 
platelet activation2, 3. Large-scale clinical studies have demonstrated an increased risk of overall mortality and
cardiovascular death in people with diabetes experiencing as little as a single severe hypoglycaemic episode, 
even days and months afer the event1, 4, 5, where severe hypoglycaemia was defned as blood glucose below 
2.8 mM with the person needing third-party assistance to return to normal blood glucose levels1. Te majority
of data linking diabetes to cardiovascular risk have been generated in type 2 diabetes patients, potentially due to
large cardiovascular outcome trials in this populations, however type 1 diabetes patients also have an increased 
cardiovascular risk compared to the non-diabetic population, including higher risk of cardiovascular death6. 
Te mechanisms underlying this association remains poorly understood, but is thought to include an acute 
proarrhythmic efect of hypoglycaemia and more long-lasting efects promoting infammation, coagulation and 
atherosclerosis7. Te acute cardiovascular efects of hypoglycaemia include increased cardiac workload driven by 
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the counter-regulatory epinephrine response and QTc-interval prolongation in healthy and diabetic humans8–10 . 
Furthermore, both experimental and spontaneous hypoglycaemia in humans induces cardiac arrhythmic ven-
tricular and supraventricular ectopic electric activity11, 12 . Te dead-in-bed syndrome in young type 1 diabetes
patients has been linked to hypoglycaemia-induced, fatal cardiac arrhythmias11, 13 . However, there are no data 
to defnitely prove causality. In rodents, severe hypoglycaemia induces fatal arrhythmias seemingly mediated by 
the para- and sympathetic nervous system14, 15, but the efects of hypoglycaemia has not been well investigated in
a large animal model with more human-like anatomy and physiology. Te G ttingen minipig is widely used in 
preclinical research16, and their cardiac anatomy and physiology closely resembles that of humans, with cardiac 
conduction systems and heart size being very similar17, 18. In addition, porcine models appear to resemble the
human cardiovascular system better than the rodent models since resting heart rate in minipigs is 85–99 beats
per minute compared to the rat’s mean heart rate of 350 beats per minute. Furthermore QTc-interval length in 
minipigs (363–383 ms)17 is more similar to humans (360–460 ms (female))19 than rats (127–143 ms)14. While 
the minipig is frequently used to test new pharmacological agents for diabetes treatment, only few studies have
focused on modelling diabetic comorbidities and no studies have been conducted investigating the efects of 
insulin-induced hypoglycaemia. A translational large animal model of hyperinsulinaemic hypoglycaemia, to
investigate pathological consequences of hypoglycaemia—severe hypoglycaemia in particular—and test possible
interventions, has yet to be developed. 

Te aim of this study was to develop a human-like minipig model of hypoglycaemia in non-anaesthetized
healthy and streptozotocin-induced diabetic G ttingen minipigs using two diferent protocols of insulin-induced
hypoglycaemia, hypothesizing that hypoglycaemia induces a human-like counter-regulatory hormonal response, 
cardiac arrhythmias, electrocardiographic T-wave, QT interval and ST-segment changes, heart rate variability
and increased platelet aggregation response, as has previously been shown in human clinical studies9, 20–22 . 

Materials and methods 
Animals. All animal studies have been approved by the Danish Animal Experiment Inspectorate and con-
ducted in accordance with rules and regulations set forth by the inspectorate. Fourteen intact female, adult, lean 
G ttingen minipigs (Ellegaard G ttingen Minipigs A/S, Dalmose, Denmark) were included in this study. Prior 
to enrollment, pigs were surgically implanted with two permanent central venous catheters (Cook C-TPNS-
6.5-90-REDO, William Cook Europe ApS, Bjæverskov, Denmark) and one permanent auricular vena jugularis 
catheter. Using the Seldinger technique, central catheters were advanced trough the vena cava cranialis, through 
the right atrium and into the vena cava caudalis (modifed from Larsen et al. 200223).

Eight pigs were kept as healthy controls (CON) and six were made hyperglycemic (DIA) three months prior
to this study by once-daily i.v. injection of 50 mg/kg streptozotocin (Sigma Aldrich Denmark A/S, cat. no. 
S0130-5G) for three consecutive days (modifed from Schumacher et al. 201924). Te pigs in the DIA group had
been used for other pharmacological studies prior to this study, with a washout period of one month between
studies. In DIA, hyperglycaemia was managed by once-daily measurement of plasma glucose and s.c. injection 
of insulin glargine (Lantus, Sanof S.A., Paris, France) in conjunction to feeding, based on individual plasma
glucose curves, to maintain target fasting plasma glucose of 9–12 mM. Pigs were fed 460 g of feed once-daily
(SDS minipig, Special Diets Service, Essex, UK) and were single-housed with wood chip and straw bedding, 
possibility of snout-contact and free access to water. 

Hypoglycaemia protocols. Hypoglycaemia was induced using two diferent protocols: hyperinsulinae-
mic, hypoglycaemic clamp (CLAMP) and a single bolus insulin exposure (BOLUS) with at least 14 days wash-
out period between each protocol. Pigs were fasted for 24 h prior to study. Te day prior to study DIA received 
a low dose of 15 U insulin glargine to control hyperglycaemia while ensuring that none of the pigs would be 
hypoglycaemic at the day of study. 

During CLAMP, pigs were given a continuous i.v. infusion of human insulin at 16 pmol/kg/min in the auricu-
lar catheter. Te dosage was determined from the linear phase of a dose–response curve of insulin infusion rate-
glucose infusion rate generated in a pilot study of both healthy and diabetic minipigs (data not shown). Plasma 
glucose (PG) levels were controlled by individually adjusting i.v. glucose infusion rate (GIR) in one of the central
vena cava catheters, based on PG measured every fve to ffeen minutes during CLAMP. Glucose levels were frst
clamped to a minipig normoglycaemic target (3.5 mM) for three hours. To induce acute hypoglycaemia, GIR 
stopped, and gradually adjusted to keep PG at target 0.8–1.0 mM for two hours. Te study was fnalized by two 
hours of normoglycaemia, where afer all infusions were turned of.

For the BOLUS protocol, a single bolus of human insulin was dosed i.v. and PG was monitored. Insulin dose 
targeted PG < 1.5 mM was determined in a pilot study in healthy pigs (data not shown). Healthy pigs received
0.4 nmol/kg human insulin and diabetic pigs 0.6 nmol/kg, due to expected lower insulin sensitivity.

For both studies, blood samples were drawn from a vena cava catheter at predetermined time-points (Fig. 1). 

Clinical signs of hypoglycaemia. During both protocols, clinical signs of hypoglycaemia (ataxia, appar-
ent nausea with or without vomiting, mild myoclonic activity or “tics”, severe myoclonic activity and signs of 
fatigue) were scored (0 or 1). 

Circulating biomarkers. Glucose was measured from EDTA plasma continuously during both studies 
(YSI-2900, YSI Inc. OH, USA). For plasma glucagon, human insulin and C-peptide analysis, whole blood was 
added to 30 µL aprotinin (Trasylol 10.000 KIE/mL, Nordic Drugs AB, Limhamn, Sweden) in a 1.5 mL EDTA 
coated tube to prevent glucagon degradation. Glucagon, C-peptide and human insulin was quantifed using in-
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Figure 1. Study design. Hyperinsulinaemic, hypoglycaemic clamp protocol: Pigs were fasted for 24 h prior to
study. Pigs received a constant infusion of human insulin (16 pmol/kg/min) throughout the study. A variable
glucose infusion (GIR) was given to regulated plasma glucose (PG) to a desired level. PG was measured every 
fve to ffeen minutes. PG target for the frst 180 min of study was 3.5 mM (normoglycaemia). Afer 180 min,
GIR was completely turned of, without turning of the insulin, to induce a rapid drop in PG. Afer initial drop,
GIR were carefully increased on to obtain PG target of 0.8–1.0 mM (hypoglycaemia). At 300 min, GIR was 
increased to obtain normoglycaemia until study end at 420 min. Time-points for epinephrine and platelet
aggregometry sampling is illustrated below. Insulin bolus protocol: the bolus protocol was initiated following
a minimum 14 day wash-out period. Pigs were fasted for 24 h prior to study. At time 0 min, pigs received an 
intravenous human insulin bolus (control group (CON) 0.4 nmol/kg, diabetic (DIA) group 0.6 nmol/kg). PG
was measured every fve to ffeen minutes. Time-points for epinephrine and platelet aggregometry sampling is
illustrated below. Sofware used to generate graphics: Microsof PowerPoint 2016. 

house developed luminescence oxygen channelling immunoassays. Lower limit of quantifcation (LLOQ) for 
glucagon, C-peptide and human insulin was 4, 45 and 10 pM, respectively. 

For plasma epinephrine analysis, whole blood was added to ice-cold EGTA (2.88 mg/mL) and glutathione
(1.44 mg/mL) solution (E3889 and G4251, Merck Life Science A/S, Søborg, Denmark) and centrifuged at 3000G
for 10 min at 4 °C within 30 min of sampling. Plasma was stored at -80 °C and analysed within 6 months. Epi-
nephrine levels was quantifed using liquid chromatography-mass spectrometry with a LLOQ of 0.05 ng/mL as
previously described25 . 

Serum biochemistry was analysed using the Advia 1800 Chemistry System (Siemens Healthcare A/S, Bal-
lerup, Denmark). Acute phase proteins C-reactive protein and serum amyloid A was determined as described 
elsewhere26. Haematology parameters was determined in fresh EDTA-stabilized whole blood (Sysmex XT-2000iv,
Sysmex Nordic ApS, Copenhagen, Denmark). 

Continuous electrocardiography (ECG). Continuous ECG was recorded with a Lifecard CF recorder 
(Spacelabs Healthcare, WA, USA). Electrodes were placed as previously described: “Lead I” (neck (A)—proces-
sus xiphoideus (B) and “lead II” (manubrium sterni (C)—processus xiphoideus (D))27. All pigs were dosed with 
8–10 mL propofol i.v. (Propofol “B. Braun” 10 mg/mL, B. Braun Medical A/S, Frederiksberg, Denmark) two 
hours prior to study start to ensure stress-free handling when placing equipment.

ECG recordings were analysed using Pathfnder SL (Spacelabs Healthcare, WA, USA). Te recording was 
manually edited by adjustment of R-wave indicators and arrhythmia detection, if needed. Observer was blinded 
to pig identifcation, group and time setting. Number of arrhythmic events (supraventricular ectopic beats, 
ventricular extra-systole and 2nd degree atrioventricular blocks28), ST-segment derivations, QT-interval dura-
tion and T-wave morphology were registered during normoglycaemia, hypoglycaemia and normoglycaemia
afer hypoglycaemia. T-wave amplitude (measured from the isoelectric line of TP segment, to highest point of 
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Control Diabetic P-value 

Clamp Bolus Clamp Bolus Clamp Bolus 

Age (months) 11.8 (11.7–12.2) 16.7 (15.3–17.5) 0.004 

Weight (kg) 25.0 (23.9–26.1) 30.0 (30–31.5) 36.6 (35.0–38.3) 36.0 (34.8–37.2) 0.004 0.004 

Daily insulin glargine (IU) – – 26 (23–28) 25 (18.5–26.3) – – 

CRP* (µg/mL) 51.1 (32.9–78.3) 45.1 (33.3–134.5) 33.9 (27.6–44.9) 39.4 (19.3–60.3) ns ns 

SAA† (µg/mL) 17.4 (3.9–37.5) 3.9 (3.9–104.2) 55.6 (16.6–148.2) 12.75 (3.9–30.8) ns ns 

Albumin (g/L) 43.85 (43.33–45.15) 45.89 (42.13–49.92) 61.67 (47.82–73.14) 53.76 (50.20–61.33) ns 0.030 

D3 hydroxybutyrate (mM) 0 (0–0.01) 0.01 (0.01–0.02) 0.03 (0.02–0.05) 0.05 (0.02–0.09) 0.042 0.033 

Potassium (mM) 4.3 (4.1–4.4) 4.4 (4.1–4.4) 5.4 (4.4–6.6) 4.7 (4.4–4.8) ns 0.028 

Creatinine (µM) 73 (65–76) 74 (65–83) 94 (79–111) 80 (73–87) ns ns 

Urea nitrogen (mM) 2.6 (2.2–3.0) 2.5 (2.3–3.2) 3.6 (2.6–4.8) 2.7 (2.4–3.6) ns ns 

Hematocrit (%) 33.0 (28.7–33.5) 30.1 (27.9–33.5) 32.4 (30.3–36.1) 35.7 (31.2–38.1) ns ns 

Red blood cells (1012/L) 6.6 (5.9–7.0) 6.2 (5.6–6.6) 5.2 (4.6–6.2) 6.2 (5.1–6.6) ns ns 

White blood cells (109/L) 13.7 (9.0–15.0) 11.9 (9.7–14.8) 7.3 (6.1–10.6) 6.9 (5.8–7.4) 0.03 0.004 

Platelets (109/L) 488 (400–595) 512 (364–610) 358 (261–606) 398 (363–480) ns ns 

Table 1. Basal data. Selected baseline data obtained from both groups obtained at the start of studies, 
including age, weight, serum biomarkers and complete blood count. Data shown as medians and 
interquartile range. Signifcant diference between groups set to P < .05 and tested by Mann–Whitney U-test. 
*CRP = C-reactive protein, †SAA = serum amyloid A. 

defection29), ST-segment derivation (distance from PQ segment to J-point30) as well as QT-interval duration 
(corrected for heart rate using Bazett’s formula29) were measured as a mean of ten consecutive sinus beats using
ImageJ (National Institute of Health Sciences, Kawasaki, Japan).

Frequency-domain HRV was calculated from predetermined, fve-minute epochs using the build-in Fast 
Fourier Transformation of Pathfnder SL. Very low frequency power bands at 0.015–0.05 Hz (VLF), low fre-
quency at 0.05–0.15 Hz (LF), high frequency at 0.15–0.40 Hz (HF) and LF to HF ratio (LF/HF) were reported31 . 

Light transmission platelet aggregometry. Platelet rich (PRP) and platelet poor plasma (PPP) were 
prepared at previously described32 and 250 µL of PPP and 230 µL of PRP were transferred to glass tubes contain-
ing a stirring magnet in an aggregometer (PAP-8E, Bio/Data Corporation, PA, USA). PPP represented a light 
signal of 100% aggregation. 20µL of ADP (HB-5502-FG, Hart Biologicals, Hartlepool, UK) diluted in modifed 
Hepes-Tyrodes bufer was added to PRP. Each pig’s PRP was stimulated with 0, 1, 2, 4, 6, 8, 10 and 20 µM ADP 
to generate dose–response curves. Te light transmission was recorded for 10 min and was measured every 
0.1 min. Maximum aggregation response (MAX) and area under the curve (AUC) were calculated for each dose 
of ADP. In addition, efective concentration of ADP to generate 50% response was calculated for both MAX 
(EC50MAX) and AUC (EC50AUC). 

Statistical analyses. Linear mixed efect models with individual pig as random variable were used to ana-
lyse endocrine, ECG and platelet aggregation responses during hypoglycaemia using SAS 9.4 (SAS Institute, 
Cary, USA). Group and time were used as explanatory variables, and interaction between group and time was 
included as well. Te models were reduced by backward elimination. Logarithmic transformation was used to 
enhance the ft of the models if needed. Diferences between groups in baseline values of circulating biomark-
ers, total insulin exposures and basal characteristics (Mann–Whitney U test), and presence of clinical signs of 
hypoglycaemia (Fisher’s Exact test) were tested. Graphical representation and calculations of EC50 were made 
using GraphPad Prism 8 (GraphPad Sofware Inc., San Diego, USA). Te level of signifcance was set at P < 0.05. 
Data is reported as median and interquartile range. 

Conference presentation. Part of this work has been presented as a poster at the 56th annual meeting of 
the European Association for the Study of Diabetes. 

Results 
Te experimental procedures were generally well tolerated by the animals, however, three control pigs were 
excluded due to dysfunctional catheters (n = 2) or ECG abnormalities (n = 1) before study start. One diabetic pig
was included in the BOLUS protocol, but was euthanized before the CLAMP due to clinical signs of systemic
infection. Basal characteristics of the pigs are presented in Table 1. 

Counter‑regulatory endocrine response to hypoglycaemia. It was possible to induce hypoglycae-
mia in both CON and DIA using the CLAMP protocol to target level of 0.8–1 mM (Fig. 2a). In the CLAMP, 
total insulin exposure did not difer between groups (CON 891 pM (721–1319), DIA 1630 pM (1235–2110)), 
however, temporal diferences were seen between groups (see Fig.  2c). In the BOLUS, control pigs received 
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Figure 2. Endocrine response. Plasma glucose mM (a + g), human insulin pM (c + h), plasma C-peptide 
pM (d + i), plasma epinephrine ng/mL (e + j) and plasma glucagon pM (f + k), measured during the 
hyperinsulinaemic clamp and insulin bolus study. Glucose infusion rate during clamp in mg/kg/min (b). Clamp: 
blue lines: control pigs, red lines: diabetic pigs. Bolus: green lines: control pigs, orange lines: diabetic pigs. Data 
shown as medians ± interquartile range, except in glucose infusion rate, where each individual is illustrated. 
Signifcant diference to baseline within group is illustrated with accordingly colored stars (*), and, when both 
groups are considered together, as black currency sign (¤). Signifcance between groups as black stars (*). 
*P < .05, **P < .001, ***P < .0001, by linear mixed modelling or Mann–Whitney U-test. Horizontal dotted lines: 
lower limit of quantifcation of assay. Vertical lines: start and end of hypoglycaemia in the clamp. Sofware used 
to generate graphs: GraphPad Prism 8 (GraphPad Sofware Inc., San Diego, USA). 

0.4 nmol/kg and diabetic pigs 0.6 nmol/kg human insulin resulting in total exposure of 12.5 nM (9.0–19.0) and 
74.1 nM (65.2–88.8), respectively (P = 0.004) (Fig. 2h). Total glucose infusion during CLAMP was higher in 
CON (3130 mg/kg (2508–3332)) compared to DIA (2178 mg/kg (1874–2542)) (P = 0.02), indicating a higher 
insulin sensitivity in CON (Fig. 2b).

Baseline plasma C-peptide levels did not difer between groups in either the CLAMP (Fig. 2d) or BOLUS 
(Fig. 2i). In the CLAMP, C-peptide decreased from start of hypoglycaemia until end of study for both groups and 
likewise, in the BOLUS, from t15 to t60 (Fig. 2d,i), indicating suppression of endogenous insulin production.

At baseline in the CLAMP protocol, before infusions, DIA had signifcant higher PG levels compared to CON 
(Fig. 2a). No diference in median PG appeared during the frst three hours of normoglycaemia (CON: 3.52 mM 
(3.29–3.60); DIA: 3.42 mM (2.94–4.23), and, during two hours of hypoglycaemia (CON: 1.30 mM (1.09–1.66); 
DIA: 1.16 mM (1.01–1.32)).

Te epinephrine response to hypoglycaemia in CLAMP did not difer signifcantly between CON and DIA. 
When considering both groups together, plasma epinephrine levels increased approximately 25-fold afer one 
hour of hypoglycaemia (5.13 ng/mL (3.19–11.60)) compared to baseline (0.2 ng/ml (0.18–0.30)) (Fig. 2e) with 
a return to baseline level at end of study. 

In the bolus protocol, only CON reached hypoglycaemic target with PG nadir at 1.21 mM (0.89–1.46) afer 
15 min. PG nadir for DIA was 2.14 mM (1.87–4.02) afer 60 min (Fig. 2g).

In the BOLUS, CON had approximately 15-fold increase in epinephrine at ffeen minutes compared to base-
line. DIA had increased epinephrine compared to baseline only at 60 min post insulin dose (Fig. 2j).

Plasma glucagon increased approximately six-fold for CON (89.8 pM (67.7–118.5)) and three-fold for DIA 
(46.3 pM (20.5–70.9)) compared to baseline (CON: 14.9 pM (9.6–25.3), DIA: 14.8 (14.4–21.2)) in both groups 
during the CLAMP, with highest levels afer 30 min (t210) of hypoglycaemia, with signifcantly higher levels 
in CON compared to DIA (see Fig. 2f). In the BOLUS, only CON had an increase in glucagon in response to 
insulin bolus (see Fig. 2k). 
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Figure 3. Electrocardiographic morphology. Measures of changing electrocardiographic morphology. Heart
rate in beats-per-minute (a + e), amplitude of the T-wave in mV (b + f), height of the ST-segment in mV (c + g) 
and heart rate corrected duration of the QT-interval (d + h) during hyperinsulinaemic clamp and insulin bolus 
study. Clamp: blue lines: control pigs, red lines: diabetic pigs. Bolus: green lines: control pigs, orange lines:
diabetic pigs. Data as medians ± interquartile range. Signifcant diference to baseline within group is illustrated
with accordingly colored stars (*), and, when both groups are considered together, as black currency sign (¤). 
Signifcance between groups as black stars (*). *P < .05, **P < .001, ***P < .0001, by linear mixed modelling.
Vertical lines: start and end of hypoglycaemia in the clamp or insulin bolus time. Sofware used to generate
graphs: GraphPad Prism 8 (GraphPad Sofware Inc., San Diego, USA). 

Clinical signs of hypoglycaemia. All pigs displayed clinical signs of fatigue during CLAMP (P < 0.0001), 
and during BOLUS it was observed all pigs in CON and 4/6 in DIA (P = 0.0002). During CLAMP, ataxia (1/5
CON, 3/5 DIA), mild myoclonic tics (1/5 CON, 2/5 DIA), severe myoclonic activity (1/5 DIA) and vomiting (1/5
DIA) were observed. No other signs than fatigue was seen during BOLUS. 

Electrocardiographic changes. Heart rate was not infuenced by hypoglycaemia (Fig.  3a,e). In the 
CLAMP, QTc-interval was prolonged in DIA afer two hours of hypoglycaemia (P < 0.0001), independently of 
heart rate, while CON that had no changes in QTc (Fig. 3d). In the BOLUS, QTc did not difer between CON 
and DIA, but QTc increased fve minutes afer insulin bolus and at feeding (Fig. 3h, P < 0.001), with the increase 
during feeding most likely accounting to an over-correction due to high heart rate. During hypoglycaemia in 
the CLAMP, T-wave amplitude was higher in DIA compared to CON (Fig. 3b) while no changes were seen in 
BOLUS (Fig. 3f). Te ST-segment was elevated from baseline, with no diference between groups (Fig. 3c). No 
increase in ST elevation was seen during hypoglycaemia in the bolus protocol, even though target PG (< 1.5 mM) 
was reached in CON. A decrease in ST-segment elevation compared to baseline was seen at feeding and sleep 
afer the study, with no diference between groups (Fig. 3g). 

In both CON and DIA, total number of arrhythmias increased signifcantly in CLAMP during hypoglycae-
mia to 2.25 events/hour compared to the initial normoglycaemia period of 0.04 events/hour (P = 0.03) with no
diference between groups. Number of ventricular ectopic beats changed from 0 (0–0) and 0.17 (0–0.33) during 
normoglycaemia to 0 (0–0.5) and 1.0 (0–1.5) per hour during hypoglycaemia in CON and DIA respectively.
Number of supraventricular premature beats changed from 0 (0–26) and 0 (0–5.67) to 0.5 (0–39) and 0 (0–25)
per hour for CON and DIA respectively. Second degree atrioventricular blocks changed from 0 (0–0) and 0 (0–0) 
to 0 (0–8.5) and 0 (0–0) per hour in CON and DIA respectively. In BOLUS, hypoglycaemia and group did not 
infuence in total number of arrhythmic beats. 

Heart rate variability. During hypoglycaemia in the CLAMP, only the LF frequency band power decreased 
(P = 0.004) with no diference between groups (Fig. 4a–d). In the BOLUS, hypoglycaemia did not infuence HRV 
(Fig. 4e–h). Te VLF, LF, HF frequency band power and LF/HF ratio decreased during feeding afer both pro-
tocols. Afer the CLAMP, the LF and HF bands increased during night and in the morning afer study (P < 0.05) 
while the LF/HF ratio decreased accordingly at these time points as well (P < 0.05) (Fig. 4). 

Light transmission platelet aggregometry. Te platelet aggregation response decreased during hypo-
glycaemia in CLAMP. EC50AUC increased, refecting decreased platelet aggregation response, at both 30 (7.73 
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Figure 4. Frequency domain heart rate variability. Very low frequency band power (VLF) in msec2/Hz (a + e),
low frequency band power (LF) in msec2/Hz (b + f), high frequency band power (HF) in msec2/Hz (c + g) and 
ratio between LF and HF power (d + h) during hyperinsulinaemic clamp and insulin bolus study. Clamp: blue 
lines: control pigs, red lines: diabetic pigs. Bolus: green lines: control pigs, orange lines: diabetic pigs. Y-axis
is logarithmic. Data as medians ± interquartile range. Signifcant diference between groups as black stars (*).
Signifcant diference to baseline within group is illustrated with accordingly colored stars (*), and, when both 
groups are considered together, as black currency sign (¤). *P < .05, **P < .001, ***P < .0001, by linear mixed
modelling. Vertical lines: start and end of hypoglycaemia in the clamp or insulin bolus time. Sofware used to
generate graphs: GraphPad Prism 8 (GraphPad Sofware Inc., San Diego, USA). 

(6.45–8.51), P = 0.03) and 120 min (9.19 (7.42–9.80), P < 0.0001) of hypoglycaemia compared to baseline (6.58
(6.18–6.98)) with no diference between groups (Fig. 5a). Furthermore, EC50MAX was increased afer 120 min of 
hypoglycaemia (baseline; 3.24 (2.55–5.39), t300; 6.11 (4.32–6.86), P < 0.01), but slightly decreased at the end of 
the clamp (t420 2.52 (2.17–3.11), P < 0.01) (Fig. 5b).

Platelet aggregation response was not infuenced by hypoglycaemia during the BOLUS protocol (Fig. 5c,d). 

Discussion 
In the present study it was possible to induce hypoglycaemia close to target of 1.0 mM plasma glucose using
the clamp approach in both healthy and diabetic G ttingen minipigs. Using the bolus approach, only healthy
pigs reached hypoglycaemic target while the diabetic group showed a variable response to the insulin bolus, 
refecting variation in initial fasted plasma glucose and insulin sensitivity among animals in this STZ induced
diabetes model. Tus, to use the bolus setup for induction of insulin-induced hypoglycaemia in STZ diabetic 
minipigs may require an initial insulin sensitivity determination in the individual animals. Te healthy minipigs 
used in this study had a lower fasting blood glucose than what has been reported in studies using commercial
pig breeds33, rats15 and in healthy humans34, prompting a need for a quite low plasma glucose target to achieve
hypoglycaemia with clinical signs. In this study, all minipigs displayed signs of fatigue during hypoglycaemia in 
the clamp setup, and some even signs of neuroglycopenia, such as myoclonic activity and ataxia35, some of which 
has been described in rat studies14, 15 but not in a previous study of hyperinsulinaemic hypoglycaemia in awake 
pigs33 . Tough the clamp approach seems to be the better option to reliably induce hypoglycaemia to a specifc 
target in both healthy and diabetic pigs, the single insulin bolus might refect the clinical setting more closely,
where patient’s insulin requirements and insulin delivery might not always match35 . 

Te counter-regulatory autonomous response to hypoglycaemia in the clamp protocol induced an approxi-
mately 25-fold increase in plasma epinephrine, an increase similar to what has been found in human studies,
where autonomous symptoms of hypoglycaemia were also recorded8. Release of epinephrine is a counter-reg-
ulatory mechanism to hypoglycaemia observed in humans22 and in rodent models14, 15, but in healthy pigs, no 
response or only a weak response have been reported33, 36 . In the bolus setup, only the healthy group reached 
hypoglycaemic target to induce an epinephrine response and the lack of response in DIA is likely driven by the
low insulin sensitivity, where even a 50% higher insulin dose than given the healthy group was insufcient to 
induce hypoglycaemia at target level.

Electrocardiography by wearable devices has been used in human studies to investigate connections between 
glucose fuctuations and ECG changes37 . Cardiac arrhythmias during hypoglycaemia have been reported in both 
human10, 13 and rat studies14, 15, suggesting arrhythmias as potential triggers for dead-in-bed syndrome. In the 
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Figure 5. Platelet aggregometry. Light transmission platelet aggregometry, with no distinction between groups,
at diferent time-points throughout the studies. Normalized (0–100%) area under the curve (AUC) at diferent
concentrations of adenosine diphosphate (ADP) (a + c), and maximum aggregation percentage at diferent 
concentrations of ADP (b + d), both with overlays of ftted dose–response curves at the diferent time points. 
Hyperinsulinaemic clamp: blue line: time 0 representing baseline dose–response to ADP, red line: afer 180 min
representing two hours of normoglycaemia, green line: afer 210 min representing 30 min of hypoglycaemia,
purple line: afer 300 min representing two hours of hypoglycaemia, orange line: 420 min representing two 
hours of normoglycaemia afer hypoglycaemia. Data shown as medians ± interquartile range. Insulin bolus:
blue line: time 0 representing baseline dose–response to ADP, red line: 15 min afer insulin bolus, green line:
60 min afer insulin bolus, purple line: 120 min afer insulin bolus. Signifcant diference to baseline efective 
concentration for 50% reaction (EC50) labeled as stars (*) set to *P < .05 and ***P < .0001 by linear mixed
modelling. Sofware used to generate graphs: GraphPad Prism 8 (GraphPad Sofware Inc., San Diego, USA). 

present study, the most commonly observed type of arrhythmic beats were supraventricular ectopic beats, with
the overall rate of arrhythmias increasing during hypoglycaemia, possibly refecting the proarrhythmic efect of
hypoglycaemia. In a clinical study of spontaneous hypoglycaemia, supraventricular ectopic beats are the most 
common arrhythmia presenting12 while another study report increase in both ventricular and supraventricular 
ectopic beats11. Hypoglycaemia also induces change in ventricular repolarization, causing QT-interval prolonga-
tion but also altered T- and U-wave morphology in humans38. In this study, diabetic pigs had a higher amplitude 
of T-waves during and afer hypoglycaemia compared to healthy controls, a change contrary to what is seen in
humans during hyperinsulinaemic hypoglycaemia, where hypokalemia also ofen is present8, 38, 39. Prolongation
of the QT-interval during hypoglycaemia is thought to be an efect of sympathetic stimulation and hypokalemia39, 
a pro-arrhythmogenic condition causing reduced repolarization of cardiomyocytes. Te efects of hypokalemia
is most ofen expressed in prolonged QT-interval, fattening of T-waves and can cause aferdepolarization-
mediated arrhythmias40, and the arrhythmogenic efect of hypokalemia can be somewhat reversed by potassium 
intravenous infusion in a rodent model of hyperinsulinaemic hypoglycaemia15. Importantly, in the present study,
signifcantly increased QTc-interval without change in heart rate was seen during hypoglycaemia, which cor-
responds to what has previously been reported in hypoglycaemia in humans and rats9, 15. Interestingly, in our 
bolus study, QTc-interval increased only fve minutes afer insulin dosing, and before reaching hypoglycaemia
target. Tis suggests QTc-interval as a potential early marker of insulin-induced hypoglycaemia that need to be
investigated further. A slight ST-segment elevation was also seen during hypoglycaemia, which might indicate 
myocardial hypoxia, a phenomenon that has been reported sporadically in people with type 1 diabetes and
cardiovascular disease20. Te fnding of relative few ECG changes during hypoglycaemia in the present study
can due to the hypoglycaemic level chosen in this study was not severe enough to induce the changes observed 
in humans, as has already been demonstrated in a rat study with hypoglycaemic target of 0.55–0.83 mM plasma
glucose15. However, it is also possible, that the same degree of changes observed in rats and human patients can-
not be induced in the pig due to species diferences. 
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Frequency domain analysis of heart rate variability has been investigated in people with diabetes, and changes 
in frequency band power has been associated with altered autonomic nervous control of the heart and fuctua-
tions in blood glucose levels37. In the present study, only the LF band power decreased during hypoglycaemia
in groups, with no other frequency bands changing. Tis decrease in the LF band has been demonstrated in 
experimental human studies of hypoglycaemia corresponding to an increase in plasma epinephrine41 or in hypo-
glycaemia detected by CGM in type 1 diabetic patients12. Conversely, the LF band is thought to refect barorecep-
tor activity in resting states, which can be infuenced primarily by parasympathetic stimulation, but also blood 
pressure and sympathetic stimulation42, suggesting a counter-regulative parasympathetic cardiac modulation
to elevated epinephrine during hypoglycaemia. Interestingly, parasympathetic blockade has been associated
with increased survival in severe hypoglycaemia in rats14. Te only other change seen in all frequency bands 
was during feeding, which is to be considered a positive control of sympathetic simulation during excitation31 . 

In the present study, hypoglycaemia induced glucagon release, but diabetic pigs had an attenuated glucagon
response to hypoglycaemia in the clamp compared to healthy pigs, comparable to the human counter-regulatory 
response in people with and without type 1 diabetes43 . Furthermore, it should be noted that the alpha-cells can
also be damaged during the STZ treatment to induce diabetes, which may explain the lower glucagon release44 . 
Both groups had a decrease in C-peptide during clamp and bolus, refecting the decrease in endogenous insulin 
secretion during hypoglycaemia due to suppression by the exogenous insulin. Diabetic pigs had a higher level
of human insulin in plasma, even though they received the same dosage as the healthy pigs, as well as a lower
glucose infusion rate to maintain target plasma glucose, further supporting the observation of a lower insulin 
sensitivity in this group.

Platelets are important players in the cardiovascular pathophysiology underlying the formation of athero-
sclerosis and coronary heart disease3. Te most common comorbidity of diabetes is cardiovascular disease, and 
people with diabetes have increased platelet activation and are ofen resistant to anti-platelet therapy45 . Platelet 
hyperreactivity has also been demonstrated in the Ossabaw pig model of metabolic syndrome46 and in pigs with 
alloxan-induced diabetes47 . However, in the present study, no diference between healthy and diabetic pigs in 
platelet activation was observed, indicating that the diabetic minipig model employed here does not refect this
aspect of the cardiovascular pathophysiology associated with diabetes, at least not during insulin treatment.

Healthy humans subjected to an insulin bolus to induce hypoglycaemia has been demonstrated to have 
increased platelet aggregation, which persists afer hypoglycaemia is resolved21. No such efect was found in our 
bolus study, and in the clamp study, the opposite efect was seen, with hypoglycaemia decreasing the platelet 
aggregation responses. Interestingly, previous studies of healthy humans exposed to a hyperinsulinaemic eug-
lycemic clamp demonstrated inhibition of platelet reactivity48 similarly to what we observe in the present study,
causing the speculation that the reduced platelet reactivity may a result of high insulin exposure, since insulin
has been demonstrated to exert a inhibitory efect on platelet reactivity in human platelets48 . 

Te present study is limited by the low number of animals included and diferences in age and weight between
the diabetic and healthy group. Te diferences in age and weight between groups were due to the diabetic pigs 
were included in other studies prior to this study. Tough the diabetic group weighted more than the control 
group, both groups were close to the normal weight for their age49. Te pigs in the present study had elevated 
infammatory markers compared to previous porcine studies50, indicating some sort of subclinical infamma-
tory state, most likely due to the permanent central venous catheters. Diabetic pigs had slightly elevated baseline 
serum potassium compared to the healthy pigs, possibly creating a much steeper slope of possible hypokalemia,
a common efect of hyperinsulinaemic hypoglycaemia, which can lead to ECG changes38 . Propofol was used as
a brief sedation agent to apply ECG monitors to the pigs prior to the start of study. Tough propofol is known 
to have a short sedative duration, it cannot be excluded, that the dosing of propofol might alter the counter-
regulatory response to hypoglycaemia. A limitation of this study is also the lower fasting blood glucose in the 
healthy G ttingen minipig compared to humans, making a direct translation of glycaemic levels more difcult. 
In the rat, fasting blood glucose has been shown to be 5.8–7.1 mM, which matches the human fasting level more
closely15. Moreover, continuous glucose monitoring was not included in the diabetic group. Plasma glucose was
only measured in the morning, and thereby it cannot be excluded, that the pigs had experienced hypoglycaemia 
prior to the study. However preceding hypoglycaemic episodes were not expected due to high fasted morning
plasma glucose levels in the diabetic group.

Overall, the novel G ttingen minipig hyperinsulinaemic-hypoglycaemic clamp model appear to be a highly 
clinically relevant translational model. Te counter-regulatory endocrine response to hypoglycaemia seems to
closely match that of humans, with clinically signifcant glucagon and adrenalin increase, making it possible to 
use minipigs as models for possible intervention studies of hypoglycaemia. Te electrocardiographic changes 
and heart rate variability fuctuations observed also match what has previously been observed in humans, which 
further corroborates the relevance of the model. However, the electrocardiographic changes were mainly mild
and transient, prompting a need for studies conducted in more severe hypoglycaemic states to better understand 
the minipig as a possible model of dead-in-bed syndrome and the proarrhythmic efects of severe hypoglycae-
mia, which for ethical reasons cannot be studied experimentally in humans. Furthermore, the efect of recurrent 
hypoglycaemia needs to be examined to determine if the physiological efects are comparable to human studies51. 

Data availability 
Te datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request. 
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Abstract 

Pending. 

Introduction 

Pending. 

Aim and hypotheses 

The aim of this study was to investigate the influence of antecedent hypoglycaemia on the myocardial 

and endocrine counter-regulatory response to hypoglycaemia in healthy and streptozotocin-induced 

diabetic Göttingen Minipigs. The hypotheses were that preconditioning with hypoglycaemia on three 

consecutive days would decrease glucagon and epinephrine responses to hypoglycaemia compared 

to a control group not experiencing antecedent hypoglycaemia. Furthermore, hypoglycaemia 

preconditioned groups will require more glucose infusion to maintain plasma glucose target and have 

fewer ECG changes compared to controls, due to lower counter-regulatory response. 
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Materials and methods 

Animals 

This animal study was approved by the Danish Animal Experimentation Inspectorate and conducted 

in accordance with current rules and regulations. Thirty-three lean, female Göttingen Minipigs 

(Ellegaard Göttingen Minipigs A/S, Dalmose, Denmark) were included in two batches: 1. Eight diabetic 

pigs and eight healthy pigs (February 2021), and 2: Twelve diabetic and ten healthy pigs (May-June 

2022). For the final group sizes after exclusions, see figure 1. Pigs were housed at Novo Nordisk A/S 

(Ganløse, Denmark) and were acclimatized in groups for three weeks before study. During the study, 

pigs were kept in single pens with possibility of snout and visual contact with other pigs, at 18-22°C 

with relative air humidity of 30-70% and a 12-hour light/dark cycle with natural light. Pigs had straw 

and woodchip bedding and were feed once-daily in the afternoon with 460g of feed (Altromin Minipig 

diet 9069, Altromin Spezialfutter GmbH & Co. KG, Lage, Germany). 

Prior to the study, pigs had venous catheters implanted by either bilateral auricular vein to jugular 

vein catheters (n=8, only CON) or two central venous vena cava caudalis catheters (n=28 CON and DIA) 

(Cook C-TPNS6.5-90-REDO, William Cook Europe ApS, Bjæverskov, Denmark) using a Seldinger 

technique in a protocol modified from Larsen et al. 2002[1]. The pigs were allowed convalescence for 

one to two weeks after implantation of catheters. 

Diabetes induction and maintenance 

Diabetes was induced in 20 pigs by once-daily intravenous (i.v.) injections of 50 mg/kg streptozotocin 

(Sigma Aldrich Denmark A/S, cat. no. S0130-5G) for three consecutive days. The protocol was modified 

from Schumacher et al. 2019[2]. Pigs were included in other pharmacological insulin studies, but no 

other pharmacological interventions, at Novo Nordisk A/S for approximately four months prior to this 

study, with a two-week washout period before the present study. During wash-out, and in the present 
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study, hyperglycaemia was managed by once-daily subcutaneous injections of insulin glargine (Lantus, 

Sanofi S.A., Paris, France) dosed according to previous days fasted plasma glucose curves, targeting a 

fasted plasma glucose of 7-10 mM. Pigs were dosed in conjunction with feeding. After the first study 

day, pigs were dosed with half the dose of the previous day’s insulin glargine, to account for the 

shorter acting human insulin received during the hyperinsulinaemic clamps. The insulin glargine dose 

was hereafter adjusted continuously, based on morning fasted plasma glucose. 

Groups 

Both healthy (CON) and diabetic (DIA) pigs were randomized to receive a preconditioning treatment 

of either hyperinsulinaemic, normoglycaemic clamp (recurrent normoglycaemia (RN)) or 

hyperinsulinaemic hypoglycaemic (recurrent hypoglycaemia (RH)) clamp resulting in the following 

groups, after exclusions, consisting of CON-RN (n=8), CON-RH (n=8), DIA-RN (n=9) and DIA-RH (n=8) 

(figure 1). 

Hyperinsulinaemic clamps 

Studies were commenced in the morning, before feeding. On three consecutive days, pigs received 

either the control treatment of an normoglycaemic clamp with a target PG of 3.5 mM, which was 

considered to represent fasted plasma glucose of an adult, healthy minipig[3], or the test treatment 

of hypoglycaemic clamp with a target PG of 1.5 mM. After the clamps, pigs were feed their daily feed 

as described above. All pigs were then subjected to a final, hyperinsulinaemic, hypoglycaemic clamp 

with a lower PG target of 1.0 mM on the fourth day. The clamping procedures included continuous, 

constant infusion of human insulin at 16 pmol/kg/min with a variable glucose infusion rate (GIR) to 

keep pigs at target PG. Preconditioning clamps lasted three hours, while the final clamp, on day four, 
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lasted four hours. Pigs were euthanized directly after the final clamp with an i.v. injection of 3000 mg 

pentobarbital (approximately 100 mg/kg, Exagon vet., Salfarm Danmark A/S, Kolding, Denmark). 

Continuous electrocardiographic (Holter) recordings 

Pigs had continuous electrocardiography (ECG) (Holter) recorded at a baseline (one week prior study) 

and during the final, hypoglycaemic clamp. Pigs were briefly anaesthetised with an i.v. injection of 100 

mg propofol (Propomitor Vet. 10mg/ml, Orion Pharma A/S, Copenhagen, Denmark) during fastening 

of the Holter equipment (Lifecard CF recorder (Spacelabs Healthcare, WA, USA) and electrodes). ECG 

were recorded in two leads with lead I from the dorsal neck area at the base of the skull to processus 

xiphoideus and lead II from processus xiphoideus to manibrium sterni[3, 4]. 

Four hour baseline recording was included, which was time matched with the final, four-hour 

hypoglycaemic clamp. All recordings were analysed using Pathfinder SL (Spacelabs Healthcare, WA, 

USA) as previously described[3]. Arrhythmic events were recorded as either supraventricular ectopic 

complexes[5] (complexes with a normal QRS morphology with either a non-visible P-wave or a P’-

wave, with a P-P’ interval shorter (premature) or longer (escape) than the previous P-P intervals), 

ventricular ectopic complexes[5] (complexes with abnormal QRS morphology, either broader or 

higher, with RR interval either shorter (premature) or longer (escape) than the sinus RR interval) or 

second-degree atrioventricular blocks (P-wave(s) without a corresponding QRS complex)[6]. 

Heart rate variability (HRV) parameters were obtained using the build-in software of Pathfinder SL. 

One-hour epochs (0-60, 60-120, 120-180, 180-240 minutes) were chosen. Time-domain variables, 

standard variation of the RR intervals (SDNN) and root mean square of RR intervals (RMSSD), were 

obtained. From Fast-Fourier transformed data, frequency domain power band variables were 

obtained at very low frequency at 0.015-0.05Hz (VLF), low frequency at 0.05-0.15Hz (LF), high 

frequency at 0.15-0.40Hz (HF) and very high frequency at 0.35-0.5Hz (VHF), as well as LF/HF ratio. 
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For morphological analysis of the ECG recordings, prints of ten, consecutive RR intervals were 

identified at time 0, 60, 120, 180 and 240 since start of final clamp and time-matched print in the 

baseline recordings. Variables were measured as an average of ten consecutive beats. QRS 

duration[7], T-wave amplitude, ST segment elevation[8] and QT interval, corrected with Fridericia’s 

formula[9, 10] were measured as previously described[3]. 

Blood sample collection and analysis 

During the hypoglycaemic clamps, blood samples were collected every ten minutes in tubes containing 

EDTA for direct PG measurements (YSI-2900, YSI Inc. OH, USA). EDTA plasma samples for porcine 

glucagon, porcine C-peptide and human insulin were stabilized with aprotinin (Trasylol 10.000 KIE/mL, 

Nordic Drugs AB, Limhamn, Sweden) to prevent glucagon degradation and analysed using in-house 

luminescence oxygen channeling immunoassays with a lower limit of quantification (LLOQ) at 4, 45 

and 10 pM, respectively[11, 12]. 

The samples were collected and analysed every ten minutes, however, C-peptide and human insulin 

were only analysed every thirty minutes during the preconditioning clamps 

Blood samples for epinephrine analysis were collected in tubes with and stabilized with EGTA (2.88 

mg/mL) and glutathione (1.44 mg/mL) solution (E3889 and G4251, Merck Life Science A/S, Søborg, 

Denmark) every 30 minutes during the final clamp. Blood was centrifuged at 3000xg at 5°C for ten 

minutes and frozen directly. Plasma was stored at -80°C until analysis. Epinephrine levels in plasma 

were quantified using liquid chromatography-mass spectrometry with a LLOQ of 0.05 ng/mL, as 

previously described by He et al. 2015[13]. 

Blood for serum was sampled at baseline of the final clamp for determination of fasted β-

hydroxybutyrate as an indicator of possible diabetic ketoacidosis. 
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Statistical analysis 

To assess the effect of recurrent hypoglycaemia on outcomes in this study, linear mixed effect models 

were used (SAS 9.4, SAS Institute, Cary, USA). Individual pig was chosen as random variable and 

diabetes status, group, time, and batch as explanatory variables. Interactions between diabetes status 

and precondition, as well as diabetes status and batch were considered as well. To better fit data to 

the model, logarithmic transformation was used when needed and the models were then reduced by 

backward elimination. Difference between groups in single-measurement parameters (area under the 

curve of glucagon, C-peptide and human insulin and fasted plasma glucose as well as weight and age) 

were investigated with Mann-Whitney U-test and area under the curve (AUC) were calculated using 

GraphPad Prism 8 (GraphPad Software Inc., San Diego, USA) 

Data in tables is presented as medians and interquartile (IQR) range, while data analysed with linear 

mixed models is estimates with standard deviation(SD), with a significance level at P<0.05. 
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Results 

Animals 

The age, weight, fasted plasma glucose and insulin glargine doses of the pigs are presented in table 1, 

with no significant differences between CON and DIA, not RH and RN groups. 

Four diabetic pigs were excluded (two due to defective catheters, one due to acute colitis and one due 

to acute endocarditis). Three healthy pigs were excluded (two due to defective catheters and one due 

to acute pyometra). After reviewing data, three additional diabetic pigs were excluded in the data 

analysis as they had high fasted plasma glucagon (more than five times higher than what has 

previously been reported in fasted, diabetic pigs[3]), as well as fasted plasma glucose over 15 mM on 

the final study day, indicative of diabetic ketoacidosis[14, 15]. Results from analysis of β-

hydroxybutyrate in serum are pending. 

Preconditioning clamps 

Descriptive data from preconditioning clamps is presented in table 2. It was possible to clamp both RN 

and RH groups, however, average PG of DIA-RH between 120-180 minutes were increasing day to day, 

resulting in pigs in DIA-RH not reaching PG target on day three (average PG 120-180 minutes 2.91 mM 

(1.35-3.50). Fasted PG also increased from day to day in both DIA groups. 

GIR AUC was significantly different between RN and RH groups on all preconditioning days (P<0.05 for 

all). Plasma human insulin was not significantly different in CON and DIA groups. Fasted C-peptide was 

lower in DIA compared to CON groups on all preconditioning days (P<0.05 for all), while C-peptide 

levels at 120 minutes were all similar (table 2). Plasma glucagon AUC was significantly higher in CON-

RH compared to CON-RN (P<0.05 for all), which was not observed in DIA groups. 
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Final hypoglycaemic clamp 

On the final clamp, average PG levels in the last hour of the clamp were 1.45 mM (1.06-1.81) and 1.02 

mM (0.90-1.27) in CON-RN and CON-RH and 1.48 mM (1.36-1.70) and 1.18 mM (1.04-1.52) in DIA-RN 

and DIA-RH. While there was no effect of diabetes status or batch, groups preconditioned with 

hypoglycaemia (RH) were significantly lower in PG between 180-240 minutes (P=0.02, see table 2). 

The AUC of the GIR was 0.0 (0.0-0.0) and 0.0 (0.0-89.0) in CON-RN and CON-RH and 0.0 (0.0-1.1) and 

1.0 (0.0-18.7) in DIA-RN and DIA-RH with no significant difference between groups (Mann-Whitney U-

test). The AUC of plasma human insulin and plasma C-peptide at 120 minutes was similar in all groups, 

with no significant difference between groups (Mann-Whitney U-test, see table 2), confirming similar 

hyperinsulinaemia and suppression of endogenous insulin in the pigs. There was an effect of batch in 

regards to human insulin exposure, with batch 1 generally having higher plasma concentrations than 

batch 2 (data not shown). 

Endocrine counter-regulation during the final, hypoglycaemic clamp 

While no significant difference between groups were found when considering plasma glucagon and 

epinephrine AUC (see table 2), changes caused by preconditioning were seen when applying linear 

mixed modelling. 

The glucagon response was higher in the normoglycaemia preconditioned groups (RN) compared to 

the hypoglycaemia preconditioned groups (RN), without an effect of diabetes status (see figure 2.E 

and 2.F). There was also an effect of batch, with batch 1 of CON being lower in plasma glucagon 

compared to batch 2 of CON (P=0.0002). 

An epinephrine response was seen in all groups, however, there was no significant effect of diabetes 

status, preconditioning or batch (see figure 2.G and 2.H). The highest increase compared to baseline 

was seen at time 210 minutes (P<0.0001). 
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Continuous electrocardiographic Holter recordings 

Data analysis of ECG recordings is pending. 
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Discussion 

Pending. 

Preliminary conclusion: 

In conclusion, preconditioning with hypoglycaemia on three, consecutive days blunted the glucagon 

response to hypoglycaemia in both the healthy and diabetic minipigs, while no such effect was seen 

in the epinephrine response. There was no difference in required glucose infusion to maintain target 

plasma glucose. As the ECG analyses have not yet been conducted, the conclusion on the effect of 

hypoglycaemia preconditioning on features of the ECG is still pending. 

Future studies are needed to investigate the potential blunting of the epinephrine response in this 

minipig model, however, the model presented in this study could still be suitable for testing 

interventions in recurrent hypoglycaemia to prevent blunted release of glucagon during 

hypoglycaemia. 
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~ Glucose, glucagon: every 1 0 min 
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Figures 

Figure 1: Study design 

Figure 1 legend: Illustration of study design. Diabetic (DIA) and healthy (CON) pigs were split into either 

recurrent normoglycaemia (RN) or recurrent hypoglycaemia (RH) preconditioning groups. Pigs had 

baseline Holter electrocardiography (ECG) recorded. Pigs were then preconditioned with their 

respective treatment for three consecutive days. On the final, fourth day, all pigs underwent a 

hypoglycaemic clamp followed by euthanasia. Number of animals (n) reflect the final number, after 

exclusions. Created with Biorender.com. 
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Figure 2 legend: Data from the final, hyperinsulinaemic hypoglycaemic clamp. 

A+B: Plasma glucose. Horizontal dotted line indicates clamp target of 1.0 mM plasma glucose. C+D: 

Glucose infusion rate measured every minute. Observe, that all medians are zero. E+F: Plasma 

glucagon. G+H: Plasma epinephrine. I+J: Plasma C-peptide. K+L: Plasma human insulin. Graphs A+B 

and E-L: median and interquartile range (vertical bars). Time indicates minutes since beginning of 

clamp. Horizontal lines indicate lower limit of quantification of the assay (LLOQ). RN: recurrent 
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normoglycaemia preconditioning group. RH: recurrent hypoglycaemia preconditioning group. Data is 

presented as medians and vertical bars indicate interquartile range. 
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Tables 

Table 1: animal weight, age and daily insulin and plasma glucose 

Healthy Diabetic 

N (RN/RH) 7/8 7/6 

Weight (kg) 31.8 
(29.7-35.0) 

30.9 
(28.8-35.6) 

Age (days) 471 
(469-530) 

497 
(487-525) 

Average insulin glargine dose 
(IU) 

- 21.3 
(18.5-25.0) 

Average fasted plasma glucose 
(mM) 

- 8.9 
(8.2-10.6) 

Table 1 legend: Average insulin glargine dose and average fasted plasma glucose: average 

dose/plasma glucose in the week prior to study start. Data is presented as medians and interquartile 

range. RN: recurrent normoglycaemia preconditioning. RH: recurrent hypoglycaemia reconditioning. 

IU: international units. Comparisons made with Mann-Whitney U-test and all non-significant. 

18/21 



Table 2: Summary data of plasma glucose, glucose infusion rate, plasma glucagon, plasma human insulin and plasma C-peptide in preconditioning and final 

hyperinsulinaemic clamps 

Healthy P-values Diabetic P-values P-values 

Preconditioning group Normoglycaemia 
n=7 

Hypoglycaemia 
n=8 

Healthy Normoglycaemia 
n=7 

Hypoglycaemia 
n=6 

Diabetic Healthy vs. diabetic 

Preconditioning day 1 

Fasted plasma glucose (mM) 3.66 
(3.36-5.31) 

3.62 
(3.15-4.10) 

ns 4.91 
(2.37-7-35) 

6.16 
(3.25-9.91) 

ns RN ns 
RH ns 

Average plasma glucose 60-120 min 
(mM) 

3.60 
(3.20-3.99) 

1.66 
(1.50-2.06) 

P=0.0012 3.36 
(2.91-3.98) 

1.33 
(1.14-1.63) 

P=0.0048 RN ns 
RH ns 

Average plasma glucose 120-180 min 
(mM) 

3.43 
(3.09-4.03) 

1.42 
(1.33-1.54) 

P=0.0012 3.23 
(3.14-3.51) 

1.35 
(1.28-1.47) 

P=0.0048 RN ns 
RH ns 

Glucose infusion rate (mg/kg/min) 
AUC 

1246.0 
(1159.0-1801.0) 

0.4 
(0.0-24.0) 

P=0.0012 1295.0 
(1072.0-1682.0) 

151.3 
(59.7-278.3) 

P=0.0024 RN ns 
RH: CON<DIA P=0.0012 

Plasma glucagon (pM) AUC 3572.0 
(2660.0-5163.0) 

15871.0 
(6411.0-20852.0) 

P=0.0088 3331.0 
(2936.0-3668.0) 

5093.0 
(4589.0-9140.0) 

P=0.0023 RN ns 
RH ns 

Plasma human insulin (pM) AUC 210225 
(174255-289545) 

173010 
(133853-188220) 

ns 222794 
(179550-292230) 

224760 
(140415-335955) 

ns RN ns 
RH ns 

Fasted plasma C-peptide (pM) 189.0 
(146.0-308.0) 

169.5 
(124.3-242.8) 

ns 22.5 
(22.5-70.9) 

22.5 
(22.5-48.3) 

ns RN: DIA<CON P=0.0048 
RH: DIA<CON P=0.0012 

Plasma C-peptide 120 min (pM) 22.5 
(22.5-120.0) 

22.5 
(22.5-22.5) 

ns 22.5 
(22.5-22.5) 

22.5 
(22.5-22.5) 

ns RN ns 
RH ns 

Preconditioning day 2 

Fasted plasma glucose (mM) 3.91 
(3.73-4.48) 

4.08 
(3.86-4.68) 

ns 10.25 
(6.06-13.15) 

12.30 
(10.70-13.40) 

ns RN: CON<DIA P=0.0048 
RH: CON<DIA P=0.0012 

Average plasma glucose 60-120 min 
(mM) 

3.52 
(3.21-3.61) 

1.70 
(1.46-1.93) 

P=0.0012 3.72 
(3.22-4.44) 

2.04 
(1.54-6.42) 

ns RN ns 
RH ns 

Average plasma glucose 120-180 min 
(mM) 

3.49 
(3.46-3.90) 

1.46 
(1.30-1.69) 

P=0.0008 3.56 
(3.03-3.72) 

1.64 
(1.34-1.93) 

P=0.0048 RN ns 
RH ns 

Glucose infusion rate (mg/kg/min) 
AUC 

1366.0 
(1156.0-1465.0) 

0.0 
(0.0-6.5) 

P=0.0012 843.3 
(259.3-1170.0) 

46.1 
(5.3-162.8) 

P=0.0024 RN ns 
RH ns 

Plasma glucagon (pM) AUC 3992.0 
(1853.0-4703.0) 

10021.0 
(5995.0-12833.0) 

P=0.037 3843.0 
(2975.0-5009.0) 

5060.0 
(4587.0-6317.0)) 

ns RN ns 
RH ns 

Plasma human insulin (pM) AUC 218925 
(168030-231528) 

189870 
(145748-215186) 

ns 228577 
(196807-342413) 

190146 
(102168-295200) 

ns RN ns 
RH ns 

Fasted plasma C-peptide (pM) 171.0 
(159.0-219.0) 

221.0 
(187.0-348.8) 

ns 74.55 
(22.5-144.0) 

22.5 
(22.5-60.3) 

ns RN ns 
RH: DIA<CON P=0.0012 

Plasma C-peptide 120 min (pM) 22.5 
(22.5-164.0) 

22.5 
(22.5-22.5) 

ns 22.5 
(22.5-22.5) 

22.5 
(22.5-22.5) 

ns RN ns 
RH ns 

Preconditioning day 3 

Fasted plasma glucose (mM) 3.75 4.27 ns 12.80 12.10 ns RN: CON<DIA P=0.0092 
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(3.58-5.01) (3.78-5.08) (7.47-16.43) (9.78-14.00) RH: CON<DIA P=0.0012 

Average plasma glucose 60-120 min 
(mM) 

3.44 
(2.95-3.61) 

1.66 
(1.46-2.25) 

P=0.0024 3.33 
(3.20-4.03) 

3.15 
(1.40-3.44) 

ns RN ns 
RH ns 

Average plasma glucose 120-180 min 
(mM) 

3.44 
(3.30-3.48) 

1.24 
(1.16-1.71) 

P=0.0012 3.32 
(3.11-3.52) 

2.75 
(1.30-3.59) 

ns RN ns 
RH ns 

Glucose infusion rate (mg/kg/min) 
AUC 

1578.0 
(1259.0-1701.0) 

0.0 
(0.0-8.5) 

P=0.0012 515.1 
(200.6-1081.0) 

8.3 
(1.8-177.2) 

P=0.016 RN: DIA<CON P=0.0092 
RH ns 

Plasma glucagon (pM) AUC 3277.0 
(2129.0-4472.0) 

9528.0 
(5253.0-18176.0) 

P=0.0024 3542.0 
(2866.0-4914.0) 

4539.0 
(3714.0-6813.0) 

ns RN ns 
RH ns 

Plasma human insulin (pM) AUC 206175 
(151290-222675) 

187703 
(153401-323003) 

ns 243422 
(179526-412733) 

179070 
(116273-247269) 

ns RN ns 
RH ns 

Fasted plasma C-peptide (pM) 106.0 
(83.1-211.0) 

260.5 
(138.3-411.0) 

ns 37.8 
(22.5-89.5) 

22.5 
(22.5-58.3) 

ns RN ns 
RH: DIA<CON P=0.0012 

Plasma C-peptide 120 min (pM) 71.9 
(22.5-212.0) 

22.5 
(22.5-22.5) 

ns 22.5 
(22.5-30.7) 

22.5 
(22.5-22.5) 

ns RN ns 
RH ns 

Final clamp 

Fasted plasma glucose (mM) 4.15 
(3.40-4.75) 

4.20 
(3.79-4.82) 

ns 10.41 
(8.09-12.25) 

11.80 
(11.40-13.10) 

ns RN: CON<DIA P=0.0048 
RH: CON<DIA P=0.0012 

Average plasma glucose 60-120 min 
(mM) 

2.06 
(1.22-2.34) 

1.63 
(1.42-2.14) 

ns 1.99 
(1.68-2.25) 

1.85 
(1.46-4.45) 

ns RN ns 
RH ns 

Average plasma glucose 120-180 min 
(mM) 

1.94 
(1.06-2.00) 

1.36 
(0.98-1.57) 

ns 1.67 
(1.53-1.79) 

1.39 
(1.12-1.75) 

ns RN ns 
RH ns 

Average plasma glucose 180-240 min 
(mM) 

1.45 
(1.06-1.81) 

1.02 
(0.90-1.27) 

ns 1.48 
(1.36-1.70) 

1.18 
(1.04-1.52) 

ns RN ns 
RH ns 

Glucose infusion rate (mg/kg/min) 
AUC 

0.0 
(0.0-0.0) 

0.0 
(0.0-89.0) 

ns 0.0 
(0.0-1.1) 

1.0 
(0.0-18.7) 

ns RN ns 
RH ns 

Plasma glucagon (pM) AUC 15507.0 
(8115.0-25996.0) 

14134.0 
(6028.0-19524.0) 

ns 12894.0 
(10502.0-15971.0) 

7641.0 
(6168.0-16060.0) 

ns RN ns 
RH ns 

Plasma human insulin (pM) AUC 365285 
(236785-520825) 

281821 
(201974-346028) 

ns 269127 
(208810-697769) 

272805 
(182890-351255) 

ns RN ns 
RH ns 

Fasted plasma C-peptide (pM) 77.0 
(22.5-114.0) 

145.5 
(76.0-249.3) 

ns 22.5 
(22.5-86.8) 

22.5 
(22.5-51.1) 

ns RN ns 
RH: DIA<CON P=0.0048 

Plasma C-peptide 120 min(pM) 22.5 
(22.5-22.5) 

22.5 
(22.5-47.1) 

ns 22.5 
(22.5-22.5) 

22.5 
(22.5-22.5) 

ns RN ns 
RH ns 

Epinephrine (ng/mL) AUC 187.1 
(46.0-423.9) 

489.7 
(336.1-1539.0) 

ns 244.4 
(143.5-338.4) 

262.1 
(77.5-1412.0) 

ns RN ns 
RH ns 

Table 2 legend: Summary data of preconditioning clamps. Average plasma glucose values represent the average of values between time 0-60 minutes, 60-

120 minutes and 120-180 minutes to represent clamp level in one-hour intervals. AUC: area under the curve calculated with the trapezoidal method. Lower 
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limit (LLOQ) of quantification for plasma C-peptide is 50 pM and levels below detection rate are set to 0.5*LLOQ (22.5 pM). Plasma C-peptide at 120 

minutes is included to represent level of suppression of endogenous insulin. P-values are calculated using Mann-Whitney U-test and corrected for multiple 

comparisons by Bonferroni correction. P-values for “healthy” are comparisons between recurrent normoglycaemia and recurrent hypoglycaemia groups in 

healthy pigs, while P-values for “diabetic” are comparisons between recurrent normoglycaemia and recurrent hypoglycaemia groups in diabetic pigs. P-

values in “healthy vs. diabetic” are comparisons between diabetic and healthy pigs in their respective recurrent normoglycaemia or recurrent 

hypoglycaemia groups. P-values below 0.05 are considered significant. Data is presented as medians and interquartile range. 
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