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EFFEKTEN AV UTHOLDENHETSTRENING PÅ HJERTEFUNKSJON OG RISIKOFAKTORER FOR 
HJERTE- OG KARSYKDOM HOS PERSONER MED TYPE 2 DIABETES. 

I dag antas det at mellom 300 000 og 400 000 nordmenn har sukkersyke (type 2 diabetes). Omtrent 200 000 vet at 
de har diagnosen, resten er udiagnostisert. Antallet mennesker med diabetes vokser raskt verden over; fra 108 
millioner i 1980 til 422 millioner mennesker i 2014. Det er i lav- og mellominntektsland (spesielt i Sør-Øst Asia 
og vest i stillehavsregionen) type 2 diabetes vokser raskest og om tjue år forventes forekomsten av sykdommen å
være mer enn doblet på verdensbasis, sammenlignet med i dag. 

Blant annet er inaktivitet, overvekt og fedme viktige årsaker til utvikling av type 2 diabetes. Risikofaktorene for å 
utvikle denne sykdommen er ofte de samme som for å utvikle hjerte- og karsykdom. Nesten 80 % av de som har 
type 2 diabetes dør av en form for hjerte- og karsykdom eller slag. Risikoen for å dø av hjerte- og karsykdom er 
doblet og risikoen for å få hjertesvikt er opptil fem ganger større sammenlignet med personer som ikke har 
sykdommen. 

Forekomsten av hjertesvikt vokser sammen med økende diabetesforekomst. Omtrent annenhver person med type 
2 diabetes uten symptomer på hjertesykdom har redusert hjertefunksjon i den fasen hvor hjertet fylles med blod 
(diastolisk dysfunksjon). Dette kan føre til hjertesvikt i det lange løp.  

Regelmessig fysisk trening har vist seg å kunne forbedre risikofaktorer forbundet med type 2 diabetes. Forskning 
foreslår at utholdenhetstrening på høy intensitet kan være mer effektiv enn moderat intensitet når det kommer til 
å redusere risiko for hjertesykdom. Det er likevel enda usikkert hvilken type treningsintensitet som er best for å 
oppnå hensiktsmessige effekter på den diastoliske hjertefunksjonen spesielt, samt på risikofaktorene for hjerte- og 
karsykdom generelt, hos personer med type 2 diabetes.  

Den diastoliske hjertefunksjonen bestemmes av mange faktorer; blant annet vridningen som skjer i hjertet når det
pumper blod. Hjertet vris som en klut når det pumper blod ut i kroppen (systole) og vris tilbake når det skal fylles 
med blod (diastole). Denne «tilbakevridningen» er viktig for at blodet effektivt skal suges inn i hjertet i tidlig 
diastole. Det er usikkert om personer med type 2 diabetes og diastolisk dysfunksjon har dårligere 
vridningsegenskaper enn friske og om trening (høy- og/eller moderat intensitet) kan påvirke disse egenskapene.  

Usunn mat, rik på energi, raske karbohydrater og mettet fett (hurtigmat) kan akutt føre til stor økning i blodsukker 
og/eller fettinnhold i blodet, noe som er vanlig å ha med type 2 diabetes. Høyt blodsukker og/eller høye fettnivåer 
i blodet generelt sett, og/eller store svingninger i blodsukkernivåer gjennom dagen representerer en økt risiko for 
hjerte- og karsykdom i det lange løp. Det er dog usikkert hvordan ett enkelt måltid hurtigmat påvirker 
hjertefunksjonen hos personer med type 2 diabetes. Det er videre usikkert om en enkel treningsøkt kan redusere 
en eventuelt økt arbeidsbelastning på hjertet i fasen etter et måltid; slik som akutt trening tidligere har vist å kunne 
forbedre blodårefunksjonen etter et måltid hurtigmat hos friske.  

Hensikten med denne doktorgradsavhandlingen var å finne ut om utholdenhetstrening, og i så fall hvilken 
treningsintensitet, som kan forbedre diastolisk funksjon hos personer med type 2 diabetes og diastolisk 
dysfunksjon. Videre var hensikten å undersøke om vridningsegenskapene i hjertet hos denne gruppen pasienter er
forringet, og hvis så; om utholdenhetstrening (høy- eller moderat intensitet) kan forbedre disse egenskapene. I 
tillegg ønsket vi å undersøke om hurtigmat akutt påvirker arbeidsbelastningen på hjertet til personer med type 2 
diabetes sammenlignet med friske overvektige; samt om trening i forkant av måltidet kan bidra til å endre de 
eventuelle effektene usunn mat har på hjertets arbeid rett etter måltidet. 

Resultatene fra studiene gjennomført i denne doktorgradsavhandlingen viser at trening kan forbedre redusert 
diastolisk funksjon hos personer med type 2 diabetes og at relativ høy treningsintensitet er viktig for å effektivt 
oppnå dette. Doktorgradsavhandlingen viser også at hjertet til personer med type 2 diabetes og diastolisk 
dysfunksjon kan ha en forsinket tid til maksimal tilbakevridningshastighet sammenlignet med friske. Trening, 
uansett intensitet, bidro til å normalisere dette. Videre viser denne doktorgradsavhandlingen at hurtigmat bidrar til 
akutt økt arbeidsbelastning for hjertet hos personer med type 2 diabetes og friske overvektige i tiden etter et måltid;
og at hurtigmat kan påvirke diastolisk funksjon, systolisk blodtrykk og hjertefrekvens i større grad hos personer 
med type 2 diabetes sammenlignet med friske overvektige. Trening før et hurtigmat-måltid påvirket ikke de 
observasjoner vi gjorde på hjertefunksjonen eller andre variabler etter måltidet.  

Siri Marte Hollekim-Strand 

Institutt for Sirkulasjon og Bildediagnostikk, Det Medisinske Fakultet, NTNU. Hovedveileder: Dr. Med, PhD 
Charlotte B. Ingul. Biveileder: professor Ulrik Wisløff. 

Finansieringskilder: Helse Midt-Norge, NTNU, UNIKARD, Stiftelsen K.G. Jebsen og Diabetesforbundet.



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



EFFECTS OF ENDURANCE TRAINING ON CARDIAC FUNCTION AND CARDIOMETABOLIC 
RISK FACTORS IN TYPE 2 DIABETES  

In 2014, 422 million people around the world had diabetes (global prevalence: 8.5%). Approximately 90–95% of 
the population with diabetes have type 2 diabetes (T2D). The prevalence is expected to increase by 55% 
worldwide in the next 20 years. The countries with the most rapid diabetes increase are middle- and low-income 
countries (i.e., South-East Asia and Western Pacific Regions). In Norway, 300,000 to 400,000 people have T2D, 
including up to 50% who are undiagnosed.

Inactivity, being overweight, and obesity are important contributing factors to the development of T2D. Many 
T2D risk factors are the same as those that increase the risk of cardiovascular disease. Nearly 80% of the T2D 
population die from cardiovascular disease; the risk of dying from cardiovascular disease is at least doubled and 
the risk of developing heart failure is up to five times greater than in non-diabetes individuals.  

The prevalence of heart failure is increasing in concordance with the increasing diabetes prevalence. About every 
second person with T2D without traditional symptoms of cardiovascular disease has reduced cardiac function in 
the phase of the cardiac cycle when the heart is filled with blood (diastolic dysfunction). Diastolic dysfunction can 
ultimately lead to heart failure.  

Exercise training improves risk factors related to T2D. Research suggests that high-intensity exercise training is 
more effective than moderate-intensity exercise training when it comes to reducing risk for cardiovascular disease. 
However, it is not established which exercise training intensity is the most effective in reducing risk factors for 
cardiovascular disease in general and in improving diastolic cardiac function in particular in T2D. 

Diastolic function is determined by a number of factors; among others, the wringing and unwringing motion that 
happens when the heart ejects blood (systole) and fills with blood (diastole), respectively. The unwringing of the 
heart is important for diastolic function as it contributes to the suction of blood into the heart in early diastole. 
However, even though diastolic dysfunction is common in T2D, it is uncertain whether people with T2D and 
diastolic dysfunction have reduced wringing and/or unwringing properties and whether exercise (high and/or 
moderate-intensity exercise) can influence these properties.  

Fast food, high in energy, refined carbohydrates and saturated fat can contribute to excessive increase in circulating 
glucose and lipids, which is common in people with T2D. High blood sugar and/or lipid levels in general and/or 
great fluctuations in blood sugar throughout the day represents an increased risk for cardiovascular disease in the 
long run. However, it is uncertain how fast food affects cardiac workload in the acute phase after the meal in 
people with T2D. Furthermore, we do not know whether a single exercise bout prior to food ingestion can reduce 
putative acute negative effects to the heart after a meal, similar to what is previously observed in arterial function 
in healthy individuals.  

The aim of this PhD-thesis was to investigate whether endurance training (and if so, at which exercise intensity) 
could improve cardiac function and cardiovascular risk factors in T2D individuals, without signs of cardiovascular 
disease, but with diastolic dysfunction when assessed by echocardiography. Furthermore, the aim was to 
investigate whether the wringing properties of the heart are different in people with T2D compared to healthy 
individuals, and if so whether endurance exercise (at high or moderate-intensity) can modify the difference. In 
addition, we wanted to investigate whether fast food affects cardiac workload in individuals with T2D versus 
overweight healthy counterparts, and if so, whether acute exercise can contribute to modulating these effects on 
cardiac function. 

Results from the studies carried out in this thesis show that endurance exercise training can improve cardiac 
function in T2D individuals with diastolic dysfunction and indicate that intensity is important to achieve 
improvements. Furthermore, this thesis shows that patients with T2D have similar wringing velocities as their 
healthy counterparts, but that they have delayed time to peak unwringing velocity. Endurance exercise, 
independent of intensity, normalized the timing of peak unwringing velocity. Moreover, we found that fast food 
induces increased cardiac workload in both T2D and healthy overweight individuals. Our findings also indicate 
that fast food induces compensations in diastolic function, blood pressure, and heart rate to a larger extent in T2D 
individuals compared to healthy overweight controls. A single prior exercise bout did not modulate the observed 
alterations in cardiac function or other variables measured after the meal. 

Siri Marte Hollekim-Strand
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A  Peak late diastolic mitral inflow velocity 

a’   Peak late diastolic tissue Doppler velocity 

Ar  Atrial reversal 

BMI  Body mass index (kg/m2) 

CAN  Cardiac autonomic neuropathy 
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CVD  Cardiovascular disease 

DT  Deceleration time 

E  Peak early diastolic mitral inflow velocity 

e’  Peak early diastolic tissue Doppler velocity 
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HF  Heart failure 
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LA  Left atrium 

LV  Left ventricular 

MIE   Moderate-intensity exercise training 
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SV  Stroke volume   

T2D  Type 2 diabetes 

TDI  Tissue Doppler imaging 

UTR  Untwist rate 

VO2max Maximal oxygen uptake 

VO2peak Peak oxygen uptake 
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Definitions and explanations  

Aerobic capacity is physiologically determined by maximal oxygen uptake (VO2max), work 

economy, and lactate threshold  (Pate and Kriska, 1984). 

Afterload is defined as the stress/tension developed in the left ventricle during blood ejection 

opposing resistance towards ejection. Afterload is dependent on LaPlace law (tension upon the 

myocytes in the cardiac wall multiplied by volume within the ventricle divided by wall 

thickness) and the aortic pressure/systemic vascular resistance (Støylen).  

β-cells is a cell type in the islet of Langerhans of the pancreas that produces and secretes insulin 

(Holt et al., 2010).  

Cardiorespiratory fitness is defined as the ability to perform dynamic whole body (large) 

muscle work at moderate- to high intensities over a (longer) period of time (Pate and Kriska, 

1984). In the present thesis, cardiorespiratory fitness refers to VO2max/peak. 

Cardiovascular disease (CVD) is any disease to the heart and circulatory system, including 

coronary heart disease, valvular disease, cardiomyopathy, heart failure, arrhythmia, peripheral 

artery disease and cerebrovascular disease (stroke) (American Heart Association; World Health 

Organization).  

Cardiometabolic risk (CMR) factors are factors that both increase the risk of developing 

cardiovascular and metabolic disease (i.e., T2D and metabolic syndrome) (Brunzell et al., 

2008).  

C-peptide (or connecting-peptide) is produced by the pancreatic cells during insulin 

synthesis. The level of C-peptide reflects insulin production (Holt et al., 2010). 

Diastole is a phase of the cardiac cycle in which the heart fills with blood. Diastolic blood 

pressure is the minimum arterial pressure during relaxation and filling of the ventricles 

(Widmaier, 2004). 

Diabetic cardiomyopathy is a structural heart disease in diabetes without symptoms of heart 

failure (Lam, 2015), which affects cardiac structure and function of the ventricle in the absence 

of a recognized cause, such as hypertension or coronary artery disease (Boudina and Abel, 

2007; Nagueh et al., 2009). Diabetic cardiomyopathy is commonly recognized through diastolic 

dysfunction and left ventricular hypertrophy (Isfort et al., 2014).  
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Diastolic dysfunction refers to an abnormal ventricular relaxation and filling due to stiffening 

of the ventricle (Nagueh, 2003; Nagueh et al., 2009). Diastolic dysfunction in this thesis was 

defined as reduced peak early tissue Doppler velocity (e’ < 8 cm/s).  

Dyslipidemia reflects elevated lipid concentrations above normal blood values in the fasting 

and/or postprandial state (Solano and Goldberg, 2006).  

Exercise training refers to planned, repetitive, structured, and purposeful physical activity with 

the objective of improving or maintaining aerobic capacity (World Health Organization, 2015). 

Glucose is produced from carbohydrates, fat, and protein and is the major source of energy for 

living cells in the body. Without the help of insulin, cells cannot use glucose (Holt et al., 2010).  

Glycosylated hemoglobin (HbA1c) is glucose bound to hemoglobin. It reflects average blood 

glucose levels during a two- to three-month period and is a standard biomarker for glycemic 

control (American Diabetes Association, 2013).  

Glucose transporter 4 (GLUT4) is a protein facilitating glucose transport across the plasma 

membrane of the myocytes (Holt et al., 2010). 

Heart failure (HF) is defined as an abnormality of the heart’s structure or function, which leads 

to an inability of the heart to pump enough blood to satisfy other organs’ need for oxygen and 

substrate (McMurray et al., 2012). As defined by the American College of Cardiology 

(ACC)/American Heart Association (AHA) and the New York Heart Association (NYHA), HF 

includes patients within which clinical symptoms of HF are present; this includes dyspnea 

during less than ordinary physical activity and rest (Stage C-D and level II-IV, respectively; 

Table 1.2) (Lam, 2015; Yancy et al., 2013). 

Hyperglycemia reflects elevated blood glucose levels above normal values, in the fasting (˃5.7 

mmol/L) and/or in the postprandial state (two-hour post-glucose load measured by oral glucose 

tolerance test ≥7.8 mmol/L) (Holt et al., 2010).  

Impaired fasting glucose (IFG) or prediabetes refers to when fasting blood glucose is above 

normal range, but lower than the diagnostic threshold for type 2 diabetes: 5.6 to 6.9 mmol/L) 

(Holt et al., 2010).  
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Impaired glucose tolerance (IGT) refers to blood glucose values above normal range, but 

under the diagnostic threshold for diabetes after ingesting a standard amount of glucose in an 

oral glucose tolerance test (Holt et al., 2010).  

Insulin is an anabolic hormone essential for life. The main action of insulin is to enable the 

cells to absorb glucose from the blood for energy production and to regulate utilization and 

storage of glucose and fat (Holt et al., 2010).  

Insulin resistance is a condition in which insulin, in normal circulating concentrations, no 

longer produces the usual biological action that it does in healthy individuals (Holt et al., 2010). 

Left ventricular compliance (∆Volume/∆Pressure) or inversely LV stiffness 

(∆Pressure/∆Volume); refers to the left ventricle’s ability to stretch (dispensability of the 

ventricle) in end-diastole (Nagueh et al., 2009).   

 
Left ventricular contractility is the ability to generate force/the intrinsic strength of the 

ventricle (Støylen).  

Left ventricular elastance refers to the left ventricle’s ability to return to its original 

form/recoil after pressure removal (Støylen). Elastic recoil is generated due to the restoring 

forces, which are built up from the preceding systole; i.e., cardiac untwist in early diastole 

creates recoil and thus assists filling through the generation of suction (Nagueh et al., 2009).  

Left ventricular relaxation is “the process whereby the myocardium returns after contraction 

to its unstressed length and force. (…) Contraction and relaxation belong to the same molecular 

process of transient activation of the myocyte and are closely intertwined” (Nagueh et al., 

2009). 

Left ventricular twist, untwist is defined as the difference between the basal and apical 

rotation, it increases with the distance from the base to the apex, and it is reported in degrees 

(Buchalter et al., 1990). The temporal derivative of twist is referred to the twisting and 

untwisting rate and is reported in degrees/s. The rate of untwisting is often referred to as the 

recoil rate in the literature. Left ventricular torsion is twist normalized to the distance between 

the image planes (degrees/cm) (cannot be measured by 2D echocardiography).  

Maximal oxygen uptake (VO2max) and peak oxygen uptake (VO2peak) refer to the highest 

rate at which an individual can transport and utilize oxygen during severe dynamic work with 
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large muscle mass (Bassett and Howley, 2000). VO2max is commonly expressed in litres 

(volume) per minute or relative to body mass or in millilitres of oxygen per kilogram of body 

mass per minute (ml/kg/min), but it can also be expressed through allometric scaling 

(ml/kg0.75/min) to adjust for the effect of body dimensions (Åstrand, 2003). VO2peak can be used 

as term instead of VO2max because maximal effort does not necessarily always give a levelling-

off in VO2 (which defines VO2max), in spite of increased workload (Balady et al., 2010).  

Metabolic syndrome is a condition in which at least three out of the following five 

cardiometabolic risk factors are present: hyperglycemia (˃5.6 mmol/L); obesity (in particular 

central obesity: in Europe defined as waist circumference of ˃ 94 and 80cm for men and women, 

respectively, or else defined by population and country specifications); hypertension (defined 

as systolic blood pressure ≥130 mmHg and/or diastolic blood pressure ≥85 mmHg); increased 

triglycerides (˃1.7 mmol/L); and low high-density lipoprotein cholesterol (< 1.0 mmol/L and 

<1.3 mmol/L in men and women, respectively) (Alberti et al., 2009). 

Peroxisome proliferator-activated receptor-γ coactivator (PGC)-1α is a key regulator of 

energy metabolism and an important transcriptional coactivator in mitochondrial biogenesis 

(Lin et al., 2005). 

Physical activity is any bodily movement produced by the skeletal muscles resulting in an 

increase of energy expenditure from resting levels (World Health Organization, 2015). 

Postprandial means “after a meal”. 

Preload is the pressure that stretches the left ventricular wall (end-diastolic volume) in end-

diastole before the start of contraction (Nagueh et al., 2009; Støylen). 

Systole is the phase of the cardiac cycle in which the heart ejects blood. Systolic blood pressure 

refers to peak pressure in the arteries during systole (Widmaier, 2004). 

Total left ventricular load (or load) refers to the force the left ventricle has to overcome to 

contract (preload + afterload) (Støylen). 
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1.1 BACKGROUND  

1.1.1 The global burden of diabetes 

In 2014, 422 million people worldwide 

had diabetes and the prevalence is 

expected to rise to 592 million people by 

year 2035 (International Diabetes 

Federation, 2014; World Health 

Organization, 2016) (Figure 1.1). 

Furthermore, it is predicted to become 

the world’s seventh-leading cause of 

death by the year 2030 (World Health 

Organization, 2016). Annually, 

approximately five million people die 

from diabetic complications (International Diabetes Federation, 2013, 2014).  

The increasing diabetes epidemic is due to the increased prevalence of type 2 diabetes (T2D) 

in particular (International Diabetes Federation, 2013). Currently, 90–95% of individuals with 

diabetes have T2D (Mozaffarian et al., 2015).  

This disease develops gradually, and many are diagnosed several years after onset, when 

diabetic micro- and macro-vascular complications are already present (Holt et al., 2010). 

Cardiovascular disease (CVD) stands out as a major complication in T2D (Buse et al., 2007; 

Fox et al., 2007; Ryden et al., 2013) and is the leading cause of disease and death in this 

population (International Diabetes Federation): Compared to people without diabetes, 

individuals with T2D have two times the greater risk of cardiovascular mortality and a two- to 

five times higher risk of developing heart failure (HF) (Go et al., 2014; Kannel et al., 1974; 

Nichols et al., 2004). Management methods to reduce CVD risk factors should thus be targeted 

in T2D (Go et al., 2014; Ryden et al., 2013).  

1.1.2 Type 2 diabetes 

1.1.2.1 The characteristics and classification of type 2 diabetes 

T2D is characterized by hyperglycemia due to the failure of the β-cells with increasing insulin 

resistance in insulin-sensitive tissues (in particular, skeletal, muscle, and liver tissues) (Holt et 

Figure 1.1 Diabetes prevalence (2014) and its expected 
rise by 2035. With permission from the International 
Diabetes Federation (IDF): idf.org/diabetesatlas  
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al., 2010; Kahn et al., 2014). Insulin resistance in the context of glucose metabolism leads to 

reduced muscle glucose uptake and increased release of glucose from the liver, which, in turn, 

results in hyperglycemia (Figure 1.2), both in the fasting and postprandial states.  

Therefore, T2D is diagnosed by measuring either fasting blood glucose, glycosylated 

hemoglobin (HbA1c), and/or a 75g oral glucose load in a glucose tolerance test; one of the 

criteria shown in Table 1.1 must be fulfilled in order to make a diagnosis of T2D. 

The molecular mechanisms leading to insulin resistance are not entirely understood, and 

whether this entity leads to β-cell dysfunction or vice versa is a subject of debate. Nevertheless, 

insulin resistance is associated with lipid accumulation in the muscles and liver, altered 

function, and number of insulin receptors and glucose transporters (i.e. GLUT4) in skeletal 

muscle, impaired glycogen synthesis, impaired ability to suppress liver glucose production, 

very low-density lipoprotein production (hypertriglyceridemia and low levels of high-density 

lipoprotein), an impaired ability to suppress lipolysis, adiponectin deficiency, inflammation in 

the adipose tissue, and oxidative stress (due to persistent hyperglycemia), as well as chronic 

hyperglycemia per se (Holt et al., 2010; Patel et al., 2015).  

 

 

 

Figure 1.2. Core deficits in type 2 diabetes. Insulin resistance, especially in muscle and hepatic tissue, 
contributes to hyperglycemia in addition to impaired insulin secretion. Illustrations of muscle, liver, blood cells 
and pancreas are purchased from http://www.dreamstime.com. Figure is composed by SMH. 

Muscle 

Liver 

Pancreas 

← Circulating glucose 
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1.1.2.2 Type 2 diabetes management 

The precise causes of T2D are not fully known, but they seem to be a complex interplay of 

genetic, environmental  and behavioral factors (such as physical inactivity, high-fat diets and 

excess body weight) (Holt et al., 2010), which are also risk factors for CVD, commonly referred 

to as cardiometabolic risk (CMR) factors (Figure 1.3) (Brunzell et al., 2008; Mozaffarian et al., 

2015).  

To reduce CMR and thus microvascular and macrovascular complications, the primary goal in 

T2D management is to improve glycemic control (goal HbA1c ≤ 7%) (American Diabetes 

Association, 2014). For most T2D individuals, the disease requires continuous medical care, 

initially by oral antidiabetic agents (i.e. metformin) and eventually by insulin administration. 

Indeed, in the early stages of the disease, some T2D patients manage to achieve glycemic 

control through lifestyle interventions only (i.e. physical activity, nutrition therapy, weight loss) 

and it is established that lifestyle intervention can protect and postpone the development of T2D 

in high-risk individuals (Knowler et al., 2002; Pan et al., 1997; Tuomilehto et al., 2001). 

Nonetheless, T2D management requires multifactorial risk reduction strategies, also beyond 

glycemic control. In addition to pharmaceutical interventions, physical activity, reduced energy 

intake, improved diet composition and weight loss are considered cornerstones in T2D 

management (American Diabetes Association, 2014; Leiter, 2011).  

Table 1.1 The clinical definition of type 2 diabetes.
Measurement Cut point Comment

HbA1c ≥6.5% (Impaired fasting glucose, IFG: 5.7–6.4%)

Fasting plasma glucose 
(FPG)

≥7.0 mmol/L 
≥126 mg/dL

Fasting defined as no energy-intake <8 hours.
(IFG: 5.6–6.9 mmol/L or 100–125 mg/dl.)

2-h plasma glucose ≥11.1 mmol/L 
≥200 mg/dL

During oral glucose tolerance test. 
(Impaired glucose tolerance, IGT: 7.8–11.0 mmol/L or 140–199 
mg/dl.)

Random plasma glucose ≥11.1 mmol/L 
≥200 mg/dL

When classic symptoms of hyperglycemia or hyperglycemic 
crisis. (Confirmed by repeated testing if absence of unequivocal 
hyperglycemia.)

HbA1c, glycosylated hemoglobin. One criterion must be fulfilled. Test procedures are to be conducted according 
to WHO criteria. Modified after Executive Summary: Standards of Medical Care in Diabetes- 2014 (American 
Diabetes Association, 2014; Holt et al., 2010).
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Exercise as therapy 

In general, physical inactivity has emerged as a major risk factor for many metabolic disorders 

and is associated with CMR factor clustering, including T2D, insulin resistance, obesity, 

hypertension, hyperglycemia, and dyslipidemia (Aspenes et al., 2011; Byrkjeland et al., 2014; 

Earnest et al., 2013; Hawley and Lessard, 2008; Lakka et al., 2003; LaMonte et al., 2005; 

Laukkanen et al., 2001; Paffenbarger et al., 1993; Sassen et al., 2009; Sawada et al., 2010; 

Snowling and Hopkins, 2006).  

An extensive amount of evidence indicates the correlation between physical activity levels and 

cardiovascular mortality in individuals with T2D (Hu et al., 2005; Kokkinos et al., 2009; 

Reddigan et al., 2012; Sluik et al., 2012; Tanasescu et al., 2003; Zethelius et al., 2014). For 

instance, a recent Swedish study (Zethelius et al., 2014) showed that self-reported inactive 

individuals with T2D (mean age of 60 years) who were followed for five years had a 25% to 

70% increased risk of CVD and premature mortality compared to active individuals with T2D. 

In line with these observations, increased physical activity levels have been shown to be 

associated with reduced all-cause mortality and reduced cardiovascular risk in this patient group 

(Kodama et al., 2013; Moe et al., 2015), and any physical activity seems to be better than none 

at all (Kodama et al., 2013).  

Figure 1.3. Factors contributing to cardiometabolic risk.  
Modified after Brunzell et al., Diabetes Care®, Vol. 31, 2008; 811–822. Copyright 2008 American Diabetes 
Association (ADA). Reprinted with permission from ADA. 
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Overall, it is widely accepted that physical activity (i.e. exercise training) has positive effects 

in terms of prevention and treatment in T2D (Reddigan et al., 2012; Sluik et al., 2012). Exercise 

has the potential to improve a number of factors contributing to CMR, such as (but not limited 

to): HbA1c (Boule et al., 2001; Boule et al., 2003; Sigal et al., 2007; Snowling and Hopkins, 

2006); insulin sensitivity (Braun et al., 1995; Hawley and Lessard, 2008; Winnick et al., 2008); 

β-cell function (Dela et al., 2004; Lee et al., 2015); body weight (Ross et al., 2000; Ross et al., 

2004); blood pressure (Green et al., 2008; Pi-Sunyer et al., 2007; Wing et al., 2013); 

dyslipidemia  (Halverstadt et al., 2007; Kelley and Kelley, 2007); oxidative stress (Hafstad et 

al., 2013; Vinetti et al., 2015); and chronic inflammation (Hayashino et al., 2014).  

Of direct clinical importance in regard to physical activity in T2D is its potential to improve 

glycemic control (i.e. to reduce HbA1c) to an extent similar to pharmaceutical therapy 

(Snowling and Hopkins, 2006). Indeed, exercise training interventions (≥ 8 weeks) may 

improve HbA1c by an average of 0.66 percentage points in individuals with T2D, independent 

of changes in BMI (Boule et al., 2001) (Further discussed in section 1.1.6.2). However, the 

effects of physical activity on overall mortality and cardiovascular risk exceed those that can 

be explained by reduced glucose (Church et al., 2004; Reddigan et al., 2012; Sluik et al., 2012; 

Wei et al., 2000). In line with this, exercise training seems as beneficial in reducing CMR as 

statin treatment (Ridker et al., 2008; Wilt et al., 2004), even though exercise appears to yield 

only modest improvements in circulating lipids (Green et al., 2008; Halverstadt et al., 2007). 

Similarly, exercise has been shown to exert only modest effects on blood pressure when 

compared to medications (Blood Pressure Lowering Treatment Trialists et al., 2008; Green et 

al., 2008). Furthermore, intervention trials have shown that moderate- to high-intensity exercise 

(∼150 min per week) substantially decreases the number of at-risk individuals who actually 

develop T2D over a 5-to-10-year follow-up period (Lindstrom et al., 2006). Moreover, exercise 

seems to be better than medication for the prevention of the development of T2D in high-risk 

individuals (Knowler et al., 2002; Tuomilehto et al., 2001). Indeed, less than half of the 40% 

risk reduction, due to physical activity observed in the Nurse’s Health Study (Mora et al., 2007), 

could be attributed to improvements in traditional risk factors, such as HbA1c/T2D, BMI, 

hypertension, and lipids. In summary, this indicates that there are also other important 

mechanisms at play, which contribute to the observed CVD risk reduction induced by physical 

activity (i.e. exercise training). Among these are cardiorespiratory fitness (further discussed in 

section 1.1.5) 
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1.1.3  Diabetic cardiomyopathy 

1.1.3.1 Risk of heart failure in type 2 diabetes 

T2D is an independent risk factor for the development of HF (de Simone et al., 2010; Iribarren 

et al., 2001; Kannel et al., 1974; Kannel and McGee, 1979; Nichols et al., 2004; Nichols et al., 

2001; Shindler et al., 1996), which is increasing in prevalence (Holt et al., 2010; Horwich and 

Fonarow, 2010; Ryden et al., 2013). Furthermore, the incidence of HF in individuals with T2D 

is high (Boonman-de Winter et al., 2012; He et al., 2001; Yancy et al., 2013). In the general 

population, 1% to 4% has HF, and 0.3% to 0.5% has both HF and T2D (Catapano et al., 2011). 

Moreover, while the global prevalence of diabetes is 8.5% (International Diabetes Federation, 

2014), the prevalence of diabetes in individuals with HF is 12% to 13%, with increased 

prevalence up to 40% in patients who are hospitalized (MacDonald et al., 2008; Whiting et al., 

2011). The association between T2D and HF is due to diabetic cardiomyopathy (Ernande et al., 

2011; Ichikawa et al., 2013; Nichols et al., 2004; Redfield et al., 2003; Ryden et al., 2013; 

Stefanidis et al., 2009).  

1.1.3.2 Diabetic cardiomyopathy 

As a general term, cardiomyopathy describes a myocardial dysfunction caused by structural 

and functional alterations of the myocardium. Cardiomyopathy can be caused by many 

conditions, such as coronary heart disease and hypertension, in particular, but metabolic disease 

is also listed as a risk factor (Fang et al., 2004; Horwich and Fonarow, 2010). As defined by the 

American College of Cardiology (ACC), the AHA, and the New York Heart Association 

(NYHA), cardiomyopathy is seen in individuals who have structural and functional heart 

disease but no current or prior symptoms of HF (stage A-B and level I, respectively; Table 1.2). 

Thus, cardiomyopathy is classified as a risk factor for HF (Yancy et al., 2013). 

Even though the increased risk of CVD and mortality in T2D is partly accelerated due to 

atherosclerosis, substantial epidemiological and clinical research indicate that diabetes 

increases the risk for cardiac dysfunction and HF independent of other risk factors, such as 

coronary artery disease and hypertension. The term “diabetic cardiomyopathy”  thus describes 

a specific myocardial dysfunction characterized by structural (increased left ventricular [LV] 

mass and wall thickness) and functional myocardial alterations, which are not related to 

coronary artery disease, hypertension, or other heart disease (Boudina and Abel, 2007, 2010; 

Devereux et al., 2000; Fang et al., 2004; Marwick, 2008). It was first described in 1972 when 

four T2D cases with HF and no coronary artery disease were present (Rubler et al., 1972).  
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and Abel, 2010; Nagueh et al., 2009). The diagnostic procedure to identify diastolic dysfunction 

is complex and many considerations are taken into account before the diagnosis is established. 

In the present thesis, however, diastolic dysfunction was defined as mean peak early diastolic 

tissue Doppler velocity (e’) (i.e. impaired relaxation) < 8 cm/s. This cut-off point was based on 

the findings of Von Bibra et al. who reported that T2D individuals (n=43; 60.6±7 years; both 

with and without evidence of coronary artery disease) had compromised relaxation measured 

as mean e’ (in septal, anteroseptal, anterior, lateral, posterior and inferior walls) compared to 

controls at rest (8.5+1.7 vs. 9.6+1.9 cm/sec, respectively; p<0.02) (Von Bibra et al., 2005).  

In general, studies performing Doppler echocardiography on individuals with T2D without 

overt coronary artery disease, have revealed a prevalence of diastolic dysfunction (i.e. impaired 

relaxation and pseudonormal filling) of 20% to 60% (Di Bonito et al., 2005; Fang et al., 2005; 

Hare et al., 2011; Poirier et al., 2001; Redfield et al., 2003; Von Bibra et al., 2005; Zabalgoitia 

et al., 2001). Indeed, a study performing tissue Doppler imaging reported LV diastolic 

dysfunction, measured as e’ < 8cm/s (in septal or lateral walls), in up to 75% of individuals 

with T2D (n=57; mean 49 years, range 31 to 59 years) (Boyer et al., 2004). However, the latter 

might be an over-estimation as e’ decreases with age (Dalen et al., 2010; Nikitin et al., 2003). 

Nonetheless, Fang et al. demonstrated reduced diastolic function (e’) in 27% of T2D individuals 

(n=120; 57+/-10 years) after adjusting for age and gender (Fang et al., 2005), which overall 

indicated that it was reasonable to expect diastolic dysfunction to be present in at least 20%–

30%  of  patients  with T2D. 

In addition to age, diastolic function is dependent on several clinical parameters, such as gender, 

glycaemic control, blood pressure, diabetes medication, adiposity, and insulin resistance. An 

association between reduced diastolic function (measured as e’) and increased age, presence of 

hypertension, absence of insulin, and presence metformin treatment has been reported (Fang et 

al., 2005). The latter indicates adverse effects of oral anti-hyperglycemic agents. This is in 

contrast with the Strong Heart Study finding that individuals with diabetes and diastolic 

dysfunction (i.e. abnormal relaxation) had elevated fasting glucose and HbA1c compared to 

those with normal diastolic function (Liu et al., 2001). Furthermore, the association between 

diastolic dysfunction and insulin resistance in overweight individuals with essential 

hypertension indicates a role in the development of diabetic cardiomyopathy (Galderisi et al., 

1997; Guida et al., 2001). The duration of T2D does not seem significant to the development 

of diastolic dysfunction as in the development in microvascular disease. In fact, diastolic 

dysfunction has been observed in individuals with recent onset T2D (Boyer et al., 2004).  
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The clinical significance of diastolic dysfunction is related to its association with increased risk 

of CVD. The presence of subclinical LV dysfunction in T2D is associated with increased 

mortality and risk of HF (From et al., 2010). Even mild diastolic dysfunction in T2D is 

associated with a fivefold higher mortality compared to individuals with diastolic dysfunction 

and no T2D (Redfield et al., 2003).  

1.1.3.4 Pathogenesis of diabetic cardiomyopathy 

The development of diabetic cardiomyopathy is complex and most likely multifactorial and 

induced by a range of systemic changes. Several hypotheses have been proposed as mechanisms 

responsible for the functional and structural derangements leading to diabetic cardiomyopathy, 

such as (but not limited to) the following (Figure 1.4): 

Metabolic disturbances  

The metabolic disturbances characterized by insulin resistance may be an important contributor 

to the development of diabetic cardiomyopathy.  

Shift in cardiac substrate utilization 

In experimental trials, the shift in substrate metabolism in T2D has been associated with systolic 

and diastolic dysfunction (Hafstad et al., 2013; Lopaschuk and Russell, 1991). Several 

mechanisms are suggested to cause the shift in cardiac substrate utilization in the diabetic heart 

(Figure 1.4).  

As for the whole body, insulin resistance can affect cardiac metabolism with alterations in 

insulin-stimulated glucose uptake, glycolytic rate, glucose oxidation, and glycogen synthesis as 

well as free fatty-acid metabolism  (Abel, 2005; Boudina and Abel, 2010; Hafstad et al., 2015; 

Holt et al., 2010; Patel et al., 2015). The alterations in glucose utilization is proposed in 

particular to be due to reduced myocardial GLUT4 content and altered GLUT 4 translocation 

(Berger et al., 1989; Buchanan et al., 2005; Camps et al., 1992; Eckel and Reinauer, 1990; 

Garvey et al., 1993; Russell et al., 1998; Sivitz et al., 1989). Indeed, patients with T2D and HF 

have shown to have greater down regulation of GLUT4 than patients without diabetes and HF 

(Razeghi et al., 2002). Increased circulating glucose may contribute to changes in nonoxidative 

glucose pathways, resulting in, for example, increased levels of glycation end-products (AGEs), 

which may lead to myocardial stiffness (Candido et al., 2003). Increased AGE production may 

subsequently contribute to increased production of cytokines, reactive oxygen species (ROS) 

and reduced nitric oxide (NO) bioavailability (Goldin et al., 2006). Thus, as oxidative stress 
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seems to be important in the development of vascular dysfunction in T2D, it appears as if this 

also has a role in the development of diabetic cardiomyopathy (Candido et al., 2003).  

Furthermore, the high levels of circulating fatty acids and the subsequent increased fatty acid 

oxidation suppress glucose oxidation  (Liedtke et al., 1988; Wright et al., 2009). The reduced 

glucose utilization in the diabetic heart (10% in diabetes versus 30% in normal myocardial 

energy production) results in a concordant increase in free fatty-acid oxidation, which 

subsequently increases myocardial oxygen consumption, compared to the normal heart (Abel 

et al., 2008; Boardman et al., 2009; Boudina and Abel, 2007, 2010; Bugger and Abel, 2008; 

Hafstad et al., 2015; Holt et al., 2010).  

The increased myocardial oxygen consumption due to increased fatty-acid oxidation has been 

shown to reduce cardiac efficiency (ratio of energy output [cardiac work] to energy input 

[myocardial oxygen consumption]) in T2D (Boardman et al., 2009; How et al., 2006; 

Mazumder et al., 2004; Peterson et al., 2008; Peterson et al., 2004). However, the mechanisms 

leading to cardiac inefficiency in cardiac dysfunction are not clear and can be a result of several 

factors in addition to oxygen wasting, due to elevations in circulating fatty acids, such as 

mechanisms related to Ca2+ handling and oxidative stress in cardiac tissue (Hafstad et al., 2015). 

Nonetheless, it is yet to be determined whether reduced cardiac efficiency promotes diabetic 

cardiomyopathy.  

Alterations in calcium (Ca2+) homeostasis 

Alterations in intracellular Ca2+ homeostasis are also believed to contribute to diabetic 

cardiomyopathy in T2D (Figure 1.4). The abnormal metabolism characteristic for T2D may 

contribute to cardiac contractile dysfunction as well as impaired myocardial relaxation through 

impaired sarcoplasmatic reticulum (SR) function with altered intracellular Ca2+ handling and 

sensitivity (Malhotra and Sanghi, 1997). Impaired Ca2+ homeostasis has been associated with 

both diastolic and systolic dysfunction (Stolen et al., 2009; Van den Bergh et al., 2008). For 

example, Stølen et al. showed increased SR Ca2+ leak and reduced synchrony of Ca2+ release, 

transverse-tubule density, peak systolic and diastolic Ca2+ release as well as reduced SR Ca2+ 

ATPase–mediated Ca2+ uptake during diastole in mice with diabetic cardiomyopathy (Stolen et 

al., 2009).  

Also, reduced adenosine triphosphate (ATP) availability in cytosol is associated with impaired 

Ca2+ handling and relaxation of cardiomyocytes (Diamant et al., 2003).  
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Mitochondrial dysfunction 

Mitochondrial dysfunction has been suggested to be an important contributor to the 

development of diabetic cardiomyopathy (Figure 1.4). Overall, the metabolic abnormalities in 

T2D can result in reduced mitochondrial capacity and subsequently a net reduction in ATP 

availability in the myocardium. This is proposed to result in “an energetically compromised 

heart with reduced working capacity” (Hafstad et al., 2015).  

Changes in cardiac mitochondrial form, structure, respiratory capacity, and reduced number of 

mitochondria has been observed in rodent models with T2D (Boudina et al., 2005; Boudina et 

al., 2007). Furthermore, reduced mitochondrial oxygen consumption has been found in 

individuals with diabetes having coronary artery bypass surgery (Anderson et al., 2009). Insulin 

resistance appears to contribute to reduced levels of insulin-signaling proteins in the 

cardiomyocytes, such as peroxisome proliferator-activated receptor-γ coactivator (PGC)-1α 

(see Definitions and explanations) (Huo and Scarpulla, 2001) and thus regulate the production 

of ATP in the mitochondria (Mootha, 2003; Patti et al., 2003; Russell et al., 2004). Indeed, 

insulin has shown to acutely regulate mitochondrial metabolism by increasing ATP-levels and 

oxygen consumption in cardiomyocytes (Parra et al., 2014).  

Moreover, reduced cardiac energetics (low creatine phosphate/ATP-ratio) because of cardiac 

mechanical inefficiency is suggested to contribute to diabetic cardiomyopathy. An imbalance 

between substrate availability and demand can, as noted above, lead to reduced cardiac work 

capacity. A decrease in cardiac energetics in individuals with diabetes and those who are obese 

without overt coronary artery disease has been observed (Diamant et al., 2003; Scheuermann-

Freestone et al., 2003), although not in all studies (Rijzewijk et al., 2009). Reduced myocardial 

creatine phosphate to ATP ratio can, together with the factors listed under Metabolic 

disturbances (Shift in cardiac substrate utilization) in the present section, contribute to reduced 

ATP availability in the sarcomeres that mitochondrial ATP production cannot compensate for 

(Lamb et al., 1999).  

Structural changes  

Myocardial fibrosis 

Myocardial fibrosis is one of the most commonly proposed mechanisms of diabetic 

cardiomyopathy (Figure 1.4). In the past decades, autopsy studies have identified increased 

presence of myocardial fibrosis in individuals with T2D (Campbell et al., 2011; Factor et al., 

1980; Rubler et al., 1972; Shimizu et al., 1993; Sunni et al., 1986; van Hoeven and Factor, 
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1990). However, the studies in humans are few, small, and performed on individuals with end-

stage disease, which does not allow for a separation of the effect of T2D versus comorbidities 

such as coronary artery disease and/or HF. Nevertheless, diastolic dysfunction in T2D 

individuals without overt CVD has been associated with serum markers of collagen 

biosynthesis, which suggest that myocardial fibrosis has a role in diastolic dysfunction in this 

patient group (Gonzalez-Vilchez et al., 2005; Ihm et al., 2007). Furthermore, studies on animal 

models have also reported findings of increased myocardial fibrosis in pre-diabetes as well as 

T2D (Mizushige et al., 2000). A recent experimental study observed myocardial fibrosis in both 

T2D and type 1 diabetes, but the fibrosis in the type 1 diabetes models were significantly more 

pronounced compared to the T2D models (Radovits et al., 2015). However, myocardial fibrosis 

has not been observed in all experimental models (Van den Bergh et al., 2008).  

The mechanisms contributing to increased myocardial fibrosis in T2D are not completely 

understood. Hyperglycemia, resulting in oxidative stress and cell death has been proposed as 

one mechanism that may explain the development of myocardial fibrosis (Frustaci et al., 2000). 

Furthermore, lack of insulin receptors in the cardiomyocytes (McQueen et al., 2005), decreased 

levels of insulin-like growth factor (IGF) (Kajstura et al., 2001), and increased expression of 

connective tissue growth factor and transforming growth factor (Ban and Twigg, 2008; Lee et 

al., 1995; Way et al., 2002) have been suggested to contribute to myocardial fibrosis and thus 

myocardial stiffness. 

Cell death 

Cell death due to apoptosis and/or necrosis is suggested to contribute to diabetic 

cardiomyopathy (Figure 1.4).  In myocardial biopsies from individuals with T2D and HF, 

necrotic and apoptotic cell death in the cardiac cell has been found in cell populations that were 

not affected by myocardial ischemia (Frustaci et al., 2000). In subjects with T2D and 

hypertension, necrotic cell death, but not apoptosis, was further increased (Frustaci et al., 2000). 

Experimental studies have also reported increased apoptosis in cardiomyocytes with obesity 

and T2D (Barouch et al., 2006) as well as increased collapse of myofibers and myocardial 

degeneration in T2D (Radovits et al., 2015).  

Although the mechanisms for cell death are not entirely understood, several mechanisms have 

been suggested to cause this, and thus the pathogenesis of diabetic cardiomyopathy: For 

example, oxidative stress due to hyperglycemia (or impaired antioxidant defense), oxidative 

stress or Lipotoxicity due to lipid accumulation (increased fatty acid oxidation) (Boudina and 
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Abel, 2010; Wende and Abel, 2010) as well as increased oxidative stress, apoptosis and necrosis 

due to activation of the renin-angiotensin system (RAS) (Dhalla et al., 1998; Frustaci et al., 

2000) have been suggested to cause myocardial fibrosis and thus myocardial stiffness.

Intra-myocardial lipids 

Lipid accumulation in the myocardium has also been proposed as a mechanism that partly 

explains diabetic cardiomyopathy (Figure 1.4). Indeed, T2D has been associated with lipid 

accumulation in the myocardium (McGavock et al., 2007; Rijzewijk et al., 2008). Furthermore, 

intramyocardial triglyceride has been associated with reduced diastolic function, but not 

systolic dysfunction (McGavock et al., 2007; Rijzewijk et al., 2008), which has been confirmed 

in mice  (Christoffersen et al., 2003; Sharma et al., 2004). Although lipid accumulation in the 

myocardium is not considered toxic per se, it can contribute to accumulation of intermediate 

metabolites and thus lipotoxicity, which may increase fibrosis due to a number of mechanisms, 

such as apoptosis and activation of growth factors (Hafstad et al., 2015). However, whether 

lipid accumulation per se causes changes in cardiac function or whether these observations are 

simply a marker of the metabolic disturbances is unknown.  

Pathological cardiomyocyte hypertrophy 

Pathological LV hypertrophy can contribute to reduced cardiac compliance in subjects with 

T2D (Figure 1.4), independent of hypertension (Aneja et al., 2008). It has been found that 

individuals with T2D have a substantial (75th percentile) greater risk of having increased LV 

mass compared to normal subjects, also after adjusting for hypertension and other covariates 

(Eguchi et al., 2008). The Strong Heart study observed greater LV mass and wall thickness in 

both men and women with diabetes (Devereux et al., 2000), whereas the Framingham study 

reported this in women with diabetes only (Galderisi et al., 1991). It appears as if changes in 

LV mass are a result of long standing T2D (Rerkpattanapipat et al., 2009). Several experimental 

studies confirm the findings of myocardial hypertrophy in humans. For example, Radovits et 

al. recently reported increased mean cardiomyocyte width in T2D rats compared to controls 

(Radovits et al., 2015). 

Insulin signaling appears to act as a growth factor in the heart (Belke et al., 2002; Riehle et al., 

2014) and insulin resistance and hyperinsulinemia have been correlated with increased LV mass 

(Karason et al., 2003). Evidence also suggests the role of cytokines, produced by adipose tissue, 

as a mechanism behind the development of LV hypertrophy; for example, leptin and resistin 

(adipose-derived hormones, similar to a cytokines, which are often associated with insulin 
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resistance) have been linked to cardiomyocyte hypertrophy, although the mechanisms behind 

this are still not fully known (Barouch et al., 2003; Kim et al., 2008; Xu et al., 2004).  

Other proposed mechanisms 

Small vessel disease  

Small vessel disease (microangiopathy) (Figure 1.4) of the myocardium in subjects with T2D 

may cause reduced blood flow in the myocardium, cardiac hypertrophy, and cardiac dilatation 

(Adameova and Dhalla, 2014). Low myocardial blood flow is closely related to fasting glucose 

and HbA1c levels (Meyer and Schwaiger, 1997; Yokoyama et al., 1998). Indeed, as for the 

whole body, chronic hyperglycemia or insulin resistance can induce a series of vascular 

changes, including reduced vascular sensitivity, depressed autonomic function, and reduced 

vascular wall compliance in the heart (Nitenberg et al., 1993; Strauer et al., 1997).  

The characteristic of metabolic changes for T2D, which promotes oxidative stress and reduces 

NO bioavailability, in combination with alterations in the neurohormonal systems, contributes 

to the development of microangiopathy, resulting in endothelial dysfunction (Adameova and 

Dhalla, 2014; Bucala et al., 1991; Klein, 2008). Under normal conditions, insulin enhances NO 

production by the endothelium, which leads to vasodilation, increased blood flow, and 

improved glucose disposal in the skeletal muscle (Vakkilainen et al., 2000; Vehkavaara and 

Yki-Jarvinen, 2004; Westerbacka et al., 2004; Yki-Jarvinen and Utriainen, 1998). Endothelial 

function in both small and large vessels seems to be impaired in T2D individuals, even when 

the presence of atherosclerosis is considered low (Johnstone et al., 1993; Nitenberg et al., 1993). 

However, it is yet to be known to what extent small vessel disease plays a role in diabetic 

cardiomyopathy. 

Cardiac autonomic neuropathy 

Cardiac autonomic neuropathy (CAN) is also proposed to contribute to the development of 

diabetic cardiomyopathy (Boudina and Abel, 2007, 2010; Campbell et al., 2011; Fang et al., 

2004; Hafstad et al., 2015) (Figure 1.4). It describes the impairment of the autonomic nervous 

system’s ability to regulate factors such as heart rate (HR), cardiac performance (cardiac output 

and contractility), catecholamines, blood pressure and blood vessel dynamics. It furthermore 

causes several cardiac disorders, including resting tachycardia and silent myocardial ischemia. 

Insulin plays a role in, for example, muscle sympathetic nervous activity, level of 

norepinephrine release from sympathetic nerve endings in the tissues, and HR (insulin 

decreases vagal tone and increases sympathetic drive) (Berne et al., 1992; Patel et al., 2015) 
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and CAN has been associated with diastolic dysfunction in T2D (Poirier et al., 2003; Vanninen 

et al., 1992), independent of age, LV wall thickness,  HbA1c, BMI,  and present cardiovascular  

disease (Vanninen et al., 1992). However, the evidence supporting a relationship between CAN 

and the development of diabetic cardiomyopathy in T2D is scarce as most studies investigating 

CAN has been performed in T1D. 

 

 

Figure 1.4. Proposed mechanisms for the development of diabetic cardiomyopathy in type 2 diabetes. 
Abbreviations: AGEs, Advanced glycemic end-products; ATP, adenosine triphosphate; Ca2+, Calcium; CAN, 
Cardiac autonomic neuropathy; CP, creatine phosphate; FFA, free fatty acids; glucose transporter protein, 
GLUT; LA, left ventricular; NO, nitric oxide; RAS, renin angiotensin system; ROS, reactive oxygen species; 
TG, triglycerides. Modified after Falco-Pires and Leite-Moreira 2012 (Falcao-Pires and Leite-Moreira, 2012) 
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1.1.3.5 Controversies  

Although there is evidence for the existence of diabetic cardiomyopathy (Fang et al., 2004; 

Horwich and Fonarow, 2010; Kannel et al., 1974; Lewis et al., 2009; Poornima et al., 2006) 

(and this condition has been confirmed by epidemiological, clinical, and experimental trials that 

have shown associations between T2D and HF, and diastolic dysfunction and structural and 

functional changes in the myocardium), the mechanisms listed in section 1.1.3.4 as being 

possibly responsible for this entity are controversial.  

Most of the evidence for the possible mechanisms of diabetic cardiomyopathy outlined in the 

previous section (1.1.3.4) are found in diabetic animal models (Boardman et al., 2009; Candido 

et al., 2003; Connelly et al., 2009; Gross et al., 2004; Hayashi et al., 2003; Hsueh et al., 2007; 

Stolen et al., 2009). Large-scale studies would be ideal to confirm these findings in humans, 

however, this may not be possible as it would require biopsies of the human heart with 

subclinical heart disease. As the few biopsy studies in humans are performed on patients with, 

for example, coronary heart disease or heart failure, there is significant controversy with regard 

to whether diabetic cardiomyopathy is initiated by myocardial fibrosis or other alterations, such 

as cardiomyocyte hypertrophy and altered cardiac microvasculature function/structure, or 

whether these factors are simply a consequence of cardiac dysfunction (Campbell et al., 2011). 

In addition, it is established that untreated hypertension and/or ischemic heart disease may 

accelerate the development of a mild, subclinical diabetic cardiomyopathy and it is difficult to 

distinguish the additive roles of these common comorbidities in the development of diabetic 

cardiomyopathy. Moreover, silent ischemia complicates the diagnosis further. Finally, it is still 

unknown to what degree diabetic cardiomyopathy represents a cardiac pathology, as opposed 

to a pathology that predominantly affects the peripheral vasculature. 

1.1.3.6 Prevention 

Early diabetic cardiomyopathy appears to consist primarily of physiological adaptations to 

metabolic alterations and may at this stage be partly or completely reversible (Fang et al., 2004; 

Klein, 2008). However, as the dysfunction progresses, alterations in diastolic function seem to 

be more permanently compromised due to structural changes, with only limited capacity for 

repair (Fang et al., 2004; Klein, 2008). Therefore, as diabetic cardiomyopathy often evolves 

silently, early identification and intervention is critical in order to potentially delay or prevent 

the progression of a more permanent condition and ultimately the development of HF.  
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Exercise intervention approaches, which potentially can delay or prevent the development of 

diabetic cardiomyopathy, and reduce cardiac metabolic disturbances and CMR are discussed in 

the following sections of this chapter. 

1.1.4 Cardiac adaptations to aerobic exercise training 

A large number of molecular and signaling mechanisms underpin cardiac adaptations to 

exercise. In normal hearts, exercise is known to induce a range of cardioprotective molecular 

mechanisms (Golbidi and Laher, 2011; Powers et al., 2008). There are indications that 

endurance training has the potential to improve cardiac function in individuals with T2D (Friis 

Schmidt et al., 2013; Hordern et al., 2009; Sacre et al., 2014; Schrauwen-Hinderling et al., 2011) 

and beneficial effects after exercise training have been reported in experimental animal studies 

with diabetes (Bidasee et al., 2008; Epp et al., 2013; Hafstad et al., 2013; Korte et al., 2005; 

Stolen et al., 2009). However, at the time that this PhD project began, no randomized controlled 

trial had investigated the effects of aerobic exercise in a group with T2D and established 

diastolic dysfunction.  

Although the myocardial metabolic response to endurance training is not fully known, a number 

of studies have reported changes in gene and protein expression associated with myocardial 

metabolism in normal hearts (Hafstad et al., 2011; Liu et al., 2009; Strom et al., 2005) as well 

as diabetic hearts (Hafstad et al., 2013; Shearer et al., 2011) after exercise training. However, 

few studies have directly addressed myocardial metabolic response to exercise; most studies 

are experimental, and results are conflicting. For example, Broderick et al. (Broderick et al., 

2005) failed to find changes in myocardial glucose oxidation and glycolysis after treadmill 

running, whereas Burelle et al. (Burelle et al., 2004) found increased glucose and fatty acid 

oxidation and decreased glycolysis. The discrepancy between these two findings may be due to 

differences in exercise training intensity. Hafstad et al. reported that high-intensity exercise 

training, but not moderate-intensity exercise training (MIE), induces alterations in myocardial 

substrate utilization associated with improved cardiac function in mice (Hafstad et al., 2013).  

The potential oxygen sparing effect of exercise as a result of changes in substrate utilization 

can improve cardiac efficiency (Hafstad et al., 2015). In mice, cardiac mechanical efficiency 

was shown to improve through reduced cardiac oxygen consumption (Hafstad et al., 2013), 

which may be related to improvements in Ca2+ homeostasis (Stolen et al., 2009). It has been 

suggested that exercise induced increases in cardiac oxygen availability, due to improved 
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cardiac efficiency, contribute to reduced ischemic susceptibility in hearts of T2D subjects 

(Hafstad et al., 2015). 

Furthermore, it has been shown that endurance exercise can improve or preserve cardiac 

function associated with improvements in mitochondrial biogenesis in diabetic cardiomyopathy 

in rodents (Hafstad et al., 2013; Stolen et al., 2009; Wang et al., 2015). For example, Hafstad 

et al. reported exercise-induced improvements in cardiac function associated with 

mitochondrial respiratory capacity (increased mitochondrial density), improved mitochondrial 

efficiency (increased respiratory coupling) (Hafstad et al., 2013). For example, it has been 

demonstrated that exercise induces mitochondrial biogenesis in the skeletal muscle, but not in 

the heart of mice (Li et al., 2011). However, exercise intensity seem to be important to increase 

cardiac mitochondrial content both in lean (Hafstad et al., 2011) and obese (Hafstad et al., 2013) 

animal models. (Exercise intensity will be further discussed in section 1.1.6).  

There appears to be a link between improvements in mitochondrial capacity after exercise and 

enhanced mitochondrial Ca2+ handling (Hafstad et al., 2015). In addition, aerobic exercise-

induced improvements in cardiomyocyte contractility have been associated with improvements 

Ca2+ homeostasis (in rodents with diabetic cardiomyopathy) (Epp et al., 2013; Stolen et al., 

2009). Nonetheless, the effects of exercise on cardiac mitochondrial biogenesis in humans are 

unclear. 

As for the effect of exercise on whole body glycemic control (discussed in section 1.1.2.2), it 

is suggested that exercise has the potential to improve the adverse effects of hyperglycemia (i.e. 

oxidative stress) in the myocardium of T2D individuals (Hafstad et al., 2015). In line with this, 

exercise training also appears to have an anti-inflammatory effect in the cardiac tissue (Botta et 

al., 2013). Cardiac stress induced by exercise may lead to a transient increase in oxidative stress 

(Hafstad et al., 2015; Radak et al., 2001), which appears to be important for the cardiac exercise 

adaptations, as antioxidant therapy has been shown to have altered exercise adaptations in 

healthy individuals (Ristow et al., 2009). However, as for the whole body, exercise training 

most likely decreases oxidative stress in the cardiomyocytes due to systemic changes, such as 

improved insulin signaling, plasma lipid profile, and reduced RAS activity as well reduced 

inflammation (Hafstad et al., 2015). 

Furthermore, an exercise-induced reduction in intramyocardial triglyceride content has been 

reported in mice (Hafstad et al., 2013), suggesting that exercise can reduce the susceptibility 

for cardiac lipotoxicity. However, this has not been confirmed in T2D individuals (Jonker et 
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al., 2013; Schrauwen-Hinderling et al., 2011) and the role of these exercise-induced metabolic 

changes in diabetic cardiomyopathy is unknown. 

Physical activity (i.e. exercise training) can increase stroke volume (SV) and reduce resting- 

and submaximal HRs. For example, previously untrained individuals who perform regular 

vigorous activity over a ≥ 6-month period can be expected to lower resting and submaximal 

exercise HRs by 5-20 beats per minute with ≥20% increase in SV as well as improvement in 

contractility (Wilson et al., 2016). In addition, exercise training can induce cardiac adaptations 

with increased internal RV and LV volumes and slight increases in wall thickness 

(cardiomyocyte hypertrophy), and thus an increase in total muscle mass (Scharhag et al., 2010; 

Wilson et al., 2011).  

A previous meta-analysis showed that male elite athletes had greater LV cardiac structures than 

sedentary controls and that endurance trained athletes hearts had larger volumes (Utomi et al., 

2013). Exercise induces normal, physiological, cardiac growth associated with normal cardiac 

structure due to factors such as cell hypertrophy (Kemi et al., 2002; Waring et al., 2014), 

reduced cell death and fibrosis (Jin et al., 2000; Kwak et al., 2006; Siu et al., 2004), and normal 

or improved cardiac function (Jin et al., 2000; Waring et al., 2014). In addition, exercise may 

protect against obesity-induced LV remodeling and myocardial fibrosis (Hafstad et al., 2013; 

Sacre et al., 2014), and thus contribute to reduced wall stress and improved cardiac efficiency.  

In general, with exercise, the production of key growth factors, such as IGF-1 and NO and their 

associated signaling pathways, increase (Czarkowska-Paczek et al., 2006; Ellison et al., 2011; 

Neri Serneri et al., 2001; Rastaldo et al., 2007). For example, exercise has been shown to 

improve insulin-signaling cascades in the myocardium of obese rats (Medford et al., 2012; Pieri 

et al., 2014). Improved endothelial function is considered a whole-body response to exercise 

(Hawley et al., 2014) and endothelial function has been shown to improve after exercise training 

in individuals with T2D (Montero et al., 2013; Sixt et al., 2010). As for the whole body, there 

are also indications that exercise training has the potential to improve endothelial function in 

coronary vasculature as well as to increase capillary formation (Bowles et al., 2000). However, 

the molecular responses underpinning adaptations to exercise training in the cardiac muscle are 

not fully established (Zanesco and Antunes, 2007).  
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1.1.5 Cardiorespiratory fitness and aerobic exercise 

Cardiorespiratory fitness per se stands out as an important cardiovascular risk factor in addition 

to traditional risk factors such as age, dyslipidemia, smoking, and hypertension. Indeed, 

cardiorespiratory fitness is a strong predictor of future cardiovascular health and is inversely 

related to premature mortality. Reduced cardiorespiratory fitness appears to be an even stronger 

predictor of cardiovascular morbidity and mortality than physical inactivity in T2D and 

metabolic syndrome (see Definitions and explanations) as well as in healthy patients – even 

after controlling for traditional risk factors (Blair et al., 1996; Carnethon et al., 2003; Chase et 

al., 2009; Keteyian et al., 2008; Kodama et al., 2009; Kohl et al., 1992; Lakka et al., 2003; Lee 

et al., 2011; Myers et al., 2002; Nes et al., 2014; Sassen et al., 2009; Talbot et al., 2002; Wei et 

al., 2000). For instance, Nes et al. (2014) found that cardiorespiratory fitness was inversely 

associated with all-cause and cardiovascular mortality (men and women < 60 years of age): for 

every ~3.5 mL/kg/min (1 MET) higher VO2, the risk of all-cause mortality was 15% and 8% 

lower in men and women, respectively, as well as 21% lower for cardiovascular mortality in 

both genders (Nes et al., 2014). Combined, these observations indicate that exercise training 

strategies that effectively improve cardiorespiratory fitness are more beneficial to reduce 

cardiovascular risk factors than physical activity in general.   

Reduced cardiorespiratory fitness is a common finding in individuals with T2D (Gurdal et al., 

2015; Hordern et al., 2009; Wei et al., 1999), and is associated with physical inactivity in this 

patient group (Bjorgaas et al., 2005). Moreover, diastolic dysfunction is associated with reduced 

cardiorespiratory fitness (Edelmann et al., 2011; Kosmala et al., 2015; Poirier et al., 2000). 

Indeed, Poirier et al. showed that the more severe grade of diastolic dysfunction, the lower the 

exercise performance was on the maximal treadmill test (Poirier et al., 2000). However, it is 

uncertain whether this association is in fact due to the relative sedate nature of this patient group 

(Egan et al., 2013; Nelson et al., 2002; Thomas et al., 2004) or whether the reduced 

cardiorespiratory fitness is due to diastolic dysfunction per se. Furthermore, one might also 

speculate whether the observed sedate behavior in the T2D population is due to diastolic 

dysfunction. 

1.1.5.1 Maximal oxygen uptake 

Maximal oxygen uptake (VO2max) is considered the best measure of cardiorespiratory fitness 

(Balady et al., 2010; Fletcher et al., 2013). It is the product of oxygen delivery and the 

arteriovenous oxygen difference, and it measures the energy turnover in the body by reflecting 
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the capacity to take up, transport, and utilize oxygen (Fletcher et al., 2013).  

VO2max is thus determined by the capacity of the central nervous system to recruit motor units, 

the functional capacity of the lungs and cardiovascular system to supply oxygen to the working 

skeletal muscles, and the ability of these muscles to utilize oxygen in the oxidative and 

metabolic pathways (i.e. oxidative capacity of the mitochondria) (Hawley et al., 2014; Saltin 

and Strange, 1992). Even though each step in this oxygen supply chain determines VO2max, 

healthy individuals appear to be limited by the ability of the cardiovascular system to supply 

oxygen to the working muscles (Gonzalez-Alonso and Calbet, 2003) rather than by limitations 

in the oxidative capacity of muscle mitochondria (Boushel et al., 2011). However, compared to 

healthy individuals, those with T2D appear to have reduced mitochondrial respiration due to 

reduced mitochondrial density (Boushel et al., 2007). For instance, low VO2max in T2D appears 

to be strongly associated with the coordinated down-regulation of  PGC-1α responsive genes 

(Mootha, 2003). Whether it is T2D or inactivity that is responsible for these mechanisms is 

uncertain. Nevertheless, endurance exercise training may induce a shift from demand to supply 

limitation of VO2max (Wagner, 2000).  

It is the acute cardiovascular adaptations to aerobic exercise that, over time, result in the cardiac 

remodeling and adaptations that increase VO2max (Egan and Zierath, 2013; Hawley et al., 2014). 

Cardiorespiratory fitness can be improved by aerobic-exercise-induced changes in both the 

oxygen supply and oxygen demand chain: maximal oxygen supply can increase due to several 

factors, such as increased SV, blood volume, and myocardial contractility (Amundsen et al., 

2008; Warburton et al., 2004; Wisloff et al., 2007). For instance, increased venous return 

increases preload (see “Definitions and explanations”) and thus stretch to the ventricle, which 

triggers volume hypertrophy.  

In addition, the vascular system is remodeled because endurance exercises induce increases in 

vessel diameter, arteriole number, and capillary density in skeletal muscles (Green et al., 2012). 

This structural remodeling is primarily specific to the working muscle, except for the 

endothelial function, which is considered a whole-body response to exercise (Hawley et al., 

2014).  

At the oxygen demand end of the chain, the major contributor to changes in metabolism induced 

by exercise training is the skeletal muscle. This is because muscle tissue has a high 

mitochondrial density (relative to other tissues) and relies on oxidative phosphorylation to 

produce energy (Egan and Zierath, 2013). Endurance exercise training improves the metabolic 
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properties of the myofibers by increasing mitochondrial density as well as by changing the 

pattern of substrate oxidation (from carbohydrate to fat utilization at submaximal exercise 

intensities) (Calvo et al., 2008; Holloszy, 1967), all of which promote increases in arteriovenous 

oxygen difference. These changes are determined by a number of signals and transcriptional 

factors, including Ca2+-signaling pathways and PGC-1α (Hawley et al., 2014). There are also a 

number of other factors, such as cytokines and peptides, which are responsible for the adaptive 

responses to exercise training in the whole body, such as glucose metabolism (Hawley et al., 

2014; Karstoft and Pedersen, 2015; Zierath and Wallberg-Henriksson, 2015).

Indeed, mounting evidence is showing improvements in cardiorespiratory fitness following 

exercise training in individuals with T2D (Belli et al., 2011; Bjorgaas et al., 2005; Cuff et al., 

2003; Kadoglou et al., 2007; Little, Gillen, et al., 2011), metabolic syndrome (Tjonna et al., 

2008), obesity (Schjerve et al., 2008), and CVD (Kavanagh et al., 2003; Rognmo et al., 2004;

Warburton et al., 2005; Wisløff et al., 2007), as well as in healthy individuals (Burgomaster et 

al., 2008; Gibala et al., 2006; Helgerud et al., 2001; Helgerud, Hoydal, et al., 2007; Kemi and 

Wisløff, 2010; Ogawa et al., 1992).

1.1.6 Exercise intensities 

It has been established that exercise adaptations are specific to exercise mode, determined by 

the volume, frequency, and intensity of contractile stimuli (Egan and Zierath, 2013; Hawley, 

2002; Hawley et al., 2014; Zierath and Wallberg-Henriksson, 2015). Importantly, increased 

exercise intensity appears to magnify training stimulus and associated adaptations, such as SV

and other adaptations to the oxygen supply-and-demand chain (discussed in section 1.1.4) 

(Gibala et al., 2006; Laursen et al., 2005; Swain and Franklin, 2006; Weston et al., 2014). 

Previous research on risk classification and exercise as a treatment in general has traditionally 

investigated endurance exercise models involving continuous, relatively high-volume exercise 

at low-to-moderate intensities (Fletcher et al., 2013; Levinger et al., 2015). An increasing body 

of evidence, however, suggests that although moderate intensity aerobic exercise (MIE) is 

highly beneficial, high-intensity exercise appears to induce equal or even greater health 

benefits—at least relative to the time spent in physical activity (Gebel et al., 2015; Lee et al., 

2003; Nes et al., 2012; Wen et al., 2011; Wisloff et al., 2006).  

Up to two-thirds of patients with T2D may not participate in any regular physical activity at all 

(Thomas et al., 2004), and few achieve the recommended amount of weekly exercise (Egan et 
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al., 2013; Nelson et al., 2002; Thomas et al., 2004). In general, lack of time seems to be the 

most frequently reported reason for not exercising (Booth et al., 1997; Kimm et al., 2006; Stutts, 

2002; Trost et al., 2002). In this context, high-intensity exercise training may represent an 

effective alternative to MIE training for individuals with T2D.  

1.1.6.1 High-intensity interval exercise  

High-intensity interval exercise (HIIE) is considered a tolerable and effective exercise model 

of high-intensity exercise (at least in the short term) in patients with cardiometabolic disease 

(Weston et al., 2014).  

In general, HIIE involves intermittent work bouts of high-intensity exercise interspersed with 

recovery periods of rest or low-intensity exercise (Gibala et al., 2012; Weston et al., 2014). The 

terminology that describes HIIE varies, and so do intensity, volume, frequency, and duration of 

the exercise interventions studied, making them somewhat difficult to compare. Overall, the 

term HIIE commonly includes models of low-volume to high-volume HIIE.  

Low-volume HIIE is characterized by short exercise sessions (approximately 20–30 minutes, 

including warm up and cool down), and the most common protocols are four-to-six 60-second 

“all-out” work bouts with four-minute recovery periods or 10 one-minute (~90% of HRmax) 

with one-minute recovery periods (Baekkerud et al., 2015; Burgomaster et al., 2005; Freyssin 

et al., 2012; Gibala et al., 2006; Jacobs et al., 2013; Little, Gillen, et al., 2011; Little, Safdar, et 

al., 2011; Little et al., 2010; Roditis et al., 2007). The high-volume HIIE models typically 

consist of longer exercise sessions (approximately 40 minutes) and longer work bouts; one of 

the most common is a four-times-four work bout interspersed with three-minute active recovery 

periods (Helgerud, Hoydal, et al., 2007; Weston et al., 2014). The latter method is commonly 

applied in studies investigating the effects of HIIE on risk classification and treatment in 

individuals with cardiometabolic disease (Fu et al., 2013; Iellamo et al., 2013; Moholdt et al., 

2009; Molmen-Hansen et al., 2012; Rognmo et al., 2004; Schjerve et al., 2008; Tjonna et al., 

2008; Wisloff et al., 2007).  

The rationale behind the low-volume HIIE protocols has been mainly to induce adaptations in 

the demand side of the chain, such as muscle oxidative potential and insulin sensitivity (i.e. 

GLUT4; see section 1.1.6.2) (Burgomaster et al., 2005; Jacobs et al., 2013; Little, Gillen, et al., 

2011; Little et al., 2010; Roditis et al., 2007), whereas the rationale behind the high-volume 

HIIE approach has primarily been to increase the central parts of the oxygen supply chain (Fu 
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et al., 2013; Helgerud, Høydal, et al., 2007; Molmen-Hansen et al., 2012; Wisloff et al., 2009; 

Wisloff et al., 2007). 

1.1.6.2 Effects of high-intensity interval exercise versus moderate-intensity exercise 

Effect of exercise intensity on cardiac function 

Few studies have investigated the effects of HIIE (> 90% HRmax) on cardiac function in 

individuals with T2D. Thus, the impact of exercise intensity on cardiac structure and function 

in this population is uncertain (Balducci et al., 2012; Hordern et al., 2009). However, there are 

studies that indicate that exercise intensity is crucial to improving diastolic function in persons 

with T2D (Hordern et al., 2009) and to achieving optimal cardiac remodeling in HF patients 

(Wisloff et al., 2007). It has also been demonstrated that HIIE is superior to MIE in decreasing 

work-independent myocardial oxygen consumption, increasing cardiac maximal mitochondrial 

respiratory capacity, and improving cardiac substrate utilization (by increased glucose 

utilization) in mice (Hafstad et al., 2011; Stolen et al., 2009). Furthermore, it has been 

demonstrated that these factors may contribute to the observed superior effects of HIIE versus 

MIE (when isocaloric) for improving cardiorespiratory fitness in mice (Hafstad et al., 2013).  

MIE in accordance with current exercise recommendations (International Diabetes Federation) 

seems to be insufficient to improve myocardial function in T2D (Hordern et al., 2009). 

Moreover, it appears that work bouts at high intensities that are longer than those typical for 

low-volume HIIE are required to induce cardiac remodeling (Gibala et al., 2012; Weston et al., 

2014). This may be due to MIE not allowing for intensities ≥ 90 % of HRmax and low-volume 

HIIE affecting mostly peripheral components of the oxygen supply chain; whereas higher-

volume HIIE appears to trigger a greater stimulus to the central components of the oxygen 

supply chain.  

Effect of exercise intensity on cardiorespiratory fitness 

A substantial amount of evidence, however, suggests superior effects of HIIE on the oxygen 

supply and/or demand chain—relative to the time spent exercising in particular (Gibala et al., 

2012; Weston et al., 2014).  In general, high-volume HIIE appears to be more effective than 

MIE (Helgerud, Hoydal, et al., 2007; Rognmo et al., 2004), and low-volume HIIE appears to 

be equal to MIE in terms of improving VO2max (Baekkerud et al., 2015; Burgomaster et al., 

2008). 

Several studies have shown superior improvements in cardiorespiratory fitness after high-

volume HIIE compared to MIE in patients with T2D (Balducci et al., 2012; Boule et al., 2003; 
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Gormley et al., 2008; Hordern et al., 2009), metabolic syndrome (Tjonna et al., 2008), HF 

(Freyssin et al., 2012; Fu et al., 2013; Haykowsky et al., 2013; Wisloff et al., 2007), coronary 

artery disease (Amundsen et al., 2008; Moholdt et al., 2009; Rognmo et al., 2004), hypertension 

(Molmen-Hansen et al., 2012), and obesity (Schjerve et al., 2008), as well as in the general 

population (Swain and Franklin, 2006). Indeed, a recent meta-analysis performed by Weston et 

al. identified that HIIE has greater physiological benefits than MIE in lifestyle-induced 

cardiometabolic disease when it comes to improving VO2max (19.4% vs. 10.3% improvement, 

respectively) (Weston et al., 2014). Animal studies using HIIE to reduce risk factors also 

support the clinical findings listed above (Wisloff et al., 2009). However, a recent large-scale 

trial investigating HIIE versus MIE failed to find a difference between these exercise intensities 

in a coronary artery disease population (Conraads et al., 2015) and thus the role of intensity in 

CVD is not yet established. 

A greater potential to increase SV during exercise after high-volume HIIE may explain the 

superior improvements in VO2max compared to that induced by MIE and low-volume HIIE 

(Baekkerud et al., 2015; Helgerud, Hoydal, et al., 2007). SV seems to progressively increase 

toward VO2max (Gledhill et al., 1994; Zhou et al., 2001), and high-volume HIIE allows for 

longer periods at a steady workload ≥ 90% HRmax compared to MIE and low-volume HIIE, 

which may explain differences in cardiorespiratory adaptations. One might speculate whether 

blood volume, oxygen-carrying capacity, or peripheral adaptations could contribute to the 

superior cardiorespiratory effects seen following high-volume HIIE. However, an increase in 

SV after HIIE training (in the short term) does not seem to be particularly influenced by changes 

in preload due to increased blood volume (Baekkerud et al., 2015; Helgerud, Høydal, et al., 

2007; Wisloff et al., 2009). Furthermore, it is uncertain to what extent changes in oxygen-

carrying capacity (i.e. hemoglobin mass) differ between HIIE and MIE (Baekkerud et al., 2015; 

Helgerud, Høydal, et al., 2007; Warburton et al., 2004). Moreover, both HIIE models and MIE 

seem to improve muscle mitochondrial potential (Baekkerud et al., 2015; Duscha et al., 2012; 

Little et al., 2010) and changes in peripheral adaptations are therefore not likely to explain 

higher increase in VO2max with high-volume HIIE. Thus, the superior improvements in SV after 

high-volume HIIE may be explained by improved LV suction as a result of increased 

contractility and/or redistribution of blood (Fletcher et al., 2013; Opdahl et al., 2009; Sengupta 

et al., 2008; Stoylen et al., 2003).  Although exercise volume is suggested as crucial to improve 

VO2max (Duscha et al., 2012), intensity appears to be an even more important factor. Tjønna et 

al. found that only one four-minute work bout at 90%–95% of HRmax three times a week for 10 
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weeks improved VO2max to the same extent as four work bouts of four-minutes each of HIIE in 

untrained, overweight individuals (Tjonna et al., 2013). Thus, it might not be the total duration 

at high intensity that determines changes in VO2max but rather the difference in the duration of 

the work bout. The fact that less time is spent at a steady workload ≥ 90% HRmax during low-

volume compared to high-volume HIIE and that the majority of time during low-volume HIIE 

is spent with a fluctuating HR may play a role in this regard. The latter supports the assumption 

that time spent at a steady-state HR ≥ 90% HRmax might be a key factor to induce increased SV 

and thus VO2max (at workloads of which the MIE model does not allow for). Overall, the greater 

increase in cardiorespiratory fitness after high-volume HIIE compared to MIE indicates 

different adaptations in the oxygen supply chain due to difference in intensities, whereas 

differences between high- and low-volume HIIE indicate different adaptations to the oxygen 

supply chain due to difference in work bout duration at high intensity.  

The choice of HIIE model in this thesis is thus high-volume HIIE (four, four-minute work 

bouts) based on the increasing amount of empirical data indicating that high-volume HIIE is 

superior to MIE and low-volume HIIE for improving central parts of the oxygen supply chain 

(VO2max). 

Effect of exercise intensity on glycemic control and other CMR factors and markers 

Exercise intensity also appears to be important to glycemic control in T2D (Boule et al., 2003; 

Little et al., 2014; Marwick et al., 2009) and to insulin sensitivity in overweight/obese subjects 

at risk of developing T2D (in the short term) (Bajpeyi et al., 2009; Earnest et al., 2013; Hood 

et al., 2011).  

Although the mechanisms that cause exercise-induced improvements in glycemic control are 

not entirely understood, the improvements in glycemic control and insulin sensitivity can be 

due to increased muscle glucose transport capacity mediated in part by increased glucose 

transporter proteins (GLUT4) (Holloszy, 2003; Hood et al., 2011; Little, Gillen, et al., 2011). 

At rest, glucose uptake is primarily insulin dependent as glucose entrance into the cells 

cytoplasm is facilitated by GLUT 4 being translocated to the cell membrane. Exercise increases 

the concentration of GLUT 4 in the cell membrane.  GLUT4 are thus activated by insulin acting 

upon insulin receptors as well as by muscle contractions, all of which increase GLUT4 

translocation and total GLUT4 quantity (Colberg et al., 2010). It is the insulin-dependent 

glucose uptake needed for glucose transport at rest and in the postprandial state that is 

considered impaired in T2D. Glucose uptake due to muscle contraction is, however, not 
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considered dysfunctional in this patient group (Colberg et al., 2010). This mechanism may also 

partly explain the observed exercise-induced improvements in cardiac glucose utilization 

(Broderick et al., 2005; Hafstad et al., 2013). Aerobic exercise (and resistance exercise, albeit 

outside the scope of this thesis) has shown to promote improvements in circulating glucose 

concentrations and insulin sensitivity within 2–72 hours post exercise, apparently dependent on 

exercise intensity as well as duration of exercise (Boule et al., 2003; Colberg et al., 2010). This 

emphasizes the importance of frequent exercise for individuals with T2D to achieve acute blood 

glucose-lowering effects of exercise.  

In general, fluctuating glucose levels throughout the day is highly prevalent in T2D (van Dijk 

et al., 2011), which is not entirely reflected by HbA1c and also represents an increased CVD 

risk in this patient group in the long term (Cavalot et al., 2011). Even a single bout of endurance 

exercise can reduce postprandial glucose elevations in patients with T2D as well as improve 

triglycerides and/or oxidative stress and/or endothelial function in healthy individuals (Gillen 

et al., 2012; Karstoft et al., 2014; Tyldum et al., 2009). One exercise bout can also affect 

fluctuating excessive elevations in circulating glucose throughout the day in insulin resistant 

and T2D individuals (Francois et al., 2014; Van Dijk et al., 2013). Although MIE has been 

shown to be effective in improving 24 hours glycemic control in T2D (Van Dijk et al., 2013), 

it appears as if HIIE can be a time efficient and effective way to achieve this compared to 

individuals with insulin resistance and T2D (Francois et al., 2014; Gillen et al., 2012). 

Furthermore, exercise intensity also appears to matter in reducing postprandial triglyceride 

levels (Burns et al., 2015). Moreover, HIIE has previously shown to be more effective than MIE 

in reducing the negative effect of fast food on endothelial function and oxidative stress in 

healthy individuals in the postprandial phase (Tyldum et al., 2009). 

Furthermore, improvements in markers of metabolic control and arterial compliance have been 

shown to be similar to what is observed with traditional, continuous MIE training after low-

volume HIIE training in healthy individuals (Burgomaster et al., 2008; Rakobowchuk et al., 

2008). Moreover, high-volume HIIE has been shown to be superior to MIE in improving 

endothelial function (assessed using flow-mediated dilatation of the brachial artery) in 

metabolic syndrome (Tjonna et al., 2008), as well as endothelial function and antioxidant status 

in HF patients (Wisloff et al., 2007).  

Overall, Weston et al. (2014) report that the adaptations that appear to occur more often with 

HIIE compared to MIE in lifestyle-induced cardiometabolic disease include (in addition to 
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improved cardiorespiratory fitness and cardiac function): reduction in systolic and diastolic 

blood pressure; fasting glucose and triglyceride levels; and oxidative stress and inflammation; 

as well as increased PGC-1α activation in skeletal muscle and maximal rate of Ca2+ reuptake,

HDL, adiponectin, insulin sensitivity, β-cell function, availability of NO, and enjoyment of 

exercise and improved quality of life (Weston et al., 2014). However, the studies reviewed in 

the meta-analysis (Weston et al., 2014) had, in general, small sample sizes and a great variety 

of diseases under the term “cardiometabolic diseases”; in addition, it consisted of relatively few 

studies due to limited research in this area.  
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1.2 THESIS INTRODUCTION 

Cardiovascular disease (CVD) stands out as a major complication in T2D (International 

Diabetes Federation) and epidemiological evidence supports heart failure (HF) as being 

responsible for a substantial proportion of this disease’s burden. Compared to people without 

diabetes, individuals with T2D have a two to five times higher risk of developing HF and a two 

times higher risk of cardiovascular mortality (Go et al., 2014; Kannel et al., 1974; Nichols et 

al., 2004). Diabetic cardiomyopathy substantially increases the risk of developing HF, and 20% 

to 60% of individuals with T2D (without traditional evidence of CVD) can have diastolic 

dysfunction in the early stages of T2D. 

Exercise is an important part of the management plan for T2D and has been shown to reduce 

CVD risk factors. In addition, evidence suggests that aerobic exercise may prevent or contribute 

to delaying the development of diabetic cardiomyopathy.  

Today, numerous public health institutions worldwide, such as the AHA, the International 

Diabetes Federation (IDF), the American College of Sports Medicine (ACSM) and the 

American Diabetes Association (ADA) in a joint position statement, recommend that 

individuals with T2D perform at least 150 minutes of moderate (50% to 70% of HRmax) to 

vigorous intensity aerobic activity distributed over at least three days a week, with no inactivity 

on more than two consecutive days (Alberti et al., 2009; American Diabetes Association, 2014; 

Buse et al., 2007; Colberg et al., 2010; International Diabetes Federation; Mendes et al., 2015). 

In 2009, the AHA (Marwick et al., 2009) stated that although very high intensities (i.e. ≥ 80% 

of HRmax) may be less well tolerated in people with T2D, vigorous activity should be targeted 

if it is tolerated in this patient group. Resistance training is also recommended at least twice a 

week (American Diabetes Association, 2014; Colberg et al., 2010; Mendes et al., 2015), but 

this will not be further discussed as it is outside the scope of this thesis. 

HIIE training (see section 1.1.6) has recently gained increasing interest due to its success in 

improving various health outcomes in cardiometabolic diseases (Bird and Hawley, 2012; 

Weston et al., 2014). However, research regarding the effect of high-intensity versus moderate-

intensity exercise on cardiac function in T2D individuals is limited. Therefore, this thesis 

includes two studies (Studies 1 and 2, Chapters 3–5) comparing the effects of HIIE versus MIE 

in individuals with T2D.  
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The primary study (Study 1, Chapter 3) of this thesis investigated the effect of 12 weeks of 

supervised HIIE training (90–95% HRmax) versus home-based MIE training, according to 

exercise guidelines, on cardiac function in individuals with T2D and established diastolic 

dysfunction (measured as e’ < 8 cm/s). Furthermore, the effects of HIIE versus MIE on 

cardiorespiratory fitness, endothelial function and various other CMR factors and markers were 

investigated. In addition to testing the magnitude of exercise effects after 12 weeks of HIIE or 

MIE, the objective of this one-year randomized controlled study intervention was to investigate 

whether the initial 12-week intervention could sustain or yield additional health benefits after 

one year. The goal of this study was to provide further evidence about the proposed most 

effective exercise prescription for improving cardiac function, cardiorespiratory fitness, and 

other cardiometabolic risk factors in T2D individuals with diastolic dysfunction, which may 

influence future exercise guidelines for the T2D population. 

Furthermore, a sub study of Study 1 (Chapter 4) is encompassed in this thesis, investigating left 

ventricular (LV) twist parameters in T2D individuals with diastolic dysfunction as well as the 

effect of exercise on these. Untwisting is considered an important component in early diastolic 

filling, and LV untwist rate (UTR) has recently been introduced as a clinical marker for diastolic 

function (Opdahl et al., 2012; Sengupta et al., 2008). Furthermore, the timing of untwist appears 

to be important for optimal early diastolic function (Sengupta et al., 2008; Wang et al., 2007) 

and overall cardiac function, as improved cardiac contractility improves diastolic suction 

(Fletcher et al., 2013; Opdahl et al., 2009; Sengupta et al., 2008; Stoylen et al., 2003).  However, 

there is limited information regarding the role of LV untwist in individuals with T2D and 

diastolic dysfunction. Thus, the overall aim of this combined prospective (T2D individuals 

participating in Study 1) and retrospective (healthy controls participating in HUNT3) study was 

to test whether T2D individuals with diastolic dysfunction have altered cardiac twist parameters 

compared to healthy individuals and whether exercise at HIIE and/or MIE has the potential to 

improve twist parameters in this population. The goal of this study was also to provide further 

evidence about the role of LV twist in T2D individuals with diastolic dysfunction and the effect 

of exercise, which may influence the direction of further research seeking early clinical 

echocardiographic markers of diastolic dysfunction.  

Finally, we included an acute exercise study (Study 2, Chapter 5) in this thesis. This study 

investigated the effects of acute prior HIIE and MIE on cardiac function in the postprandial 

phase; after an energy dense meal rich in refined carbohydrates and saturated fat (“fast food”), 

which may acutely alter cardiac efficiency through increased circulating glucose and/or cardiac 
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fatty acid oxidation. The overall aim of this two-group cross-over trial was to investigate 

whether fast food alters cardiac workload in T2D individuals versus age- and BMI-matched 

healthy individuals in the postprandial phase; as well as to investigate whether pre-exercise 

could modify potential alterations in cardiac work load after fast food in T2D individuals and 

age- and BMI-matched healthy individuals. However, identifying an optimal time, model, 

intensity, volume, and frequency for exercise prescription to reduce fluctuating cardiac 

metabolic disturbances in individuals with T2D warrants an extended amount of research. Thus, 

the goal of this study was to develop pilot data for a larger study initiative to search for the 

optimal timing and intensity of exercise to reduce overall cardiac metabolic disturbances in 

patients with T2D. 
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2.1 THESIS METHODS 
This chapter outlines the central methodology used in this thesis by providing detailed protocols 

for the methods used in the two studies of this thesis (Chapters 3–5) (Table 2.1). Statistical 

analyses are described in the respective Chapters 3–5. 

2.1.1 Clinical measurements 
Clinical examinations done for Chapters 3, 4, and 5 are listed in Table 2.1. 

Chapter 3 / Paper 1 Chapter 4 / Paper 2 Chapter 5 / Paper 3 
Echocardiography
Exercise stress echocardiography*
Cardiopulmonary exercise test/
VO2max/peak test
HRmax
Weight
Height
BMI
WC
DXA
Blood sample
Resting HR
Resting Blood pressure
FMD
Self-reported physical activity*
Self-reported energy intake, food
diary*

Echocardiography (i.e.
LV twist by speckle-
tracking method) *
Resting HR
Resting blood pressure

Echocardiography
Cardiopulmonary exercise
test/ VO2max/peak test
HRmax
Weight
Height
BMI
WC
Blood sample
Resting HR
Resting blood pressure
Self-reported energy intake*

Table 2.1. Clinical measurements for Chapters 3, 4, and 5. Abbreviations: BMI, Body mass index; DXA, dual 
energy x-ray absorptiometry; HR, heart rate; FMD, flow mediated dilatation of the brachial artery; LV, left 
ventricular; VO2max, Maximal oxygen uptake; WC, waist circumference. * This methodology will be 
discussed in the respective chapter only. 

2.1.1.1 Echocardiography 

Today, echocardiography plays a central part in the medical diagnosis of cardiac abnormalities, 

and is considered one of the most important noninvasive tools to evaluate cardiac function.   

By echocardiography, the dynamics of cardiac function are commonly assessed by two 

dimensional (2D) echocardiography in combination with Doppler techniques as well as 

speckle-tracking imaging (i.e. regional deformation and twist/untwist), all of which will be 

outlined in this section. 

In this thesis, echocardiography was performed according to the American Society of 

Echocardiography and European Society of Echocardiography (ASE/EAE) recommendations 

(Lang et al., 2015; Nagueh et al., 2009). Blood flow Doppler recordings were completed 

according to the ASE/EAE recommendations (Quinones et al., 2002).   
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Echocardiographic examinations were performed using the Vivid 7 scanner (phased array M4S 

and M3S transducers; GE Vingmed Ultrasound AS, Horten Norway). All of the recordings 

were performed by the same experienced clinician (CBI) in Chapter 3, as well as in Chapter 4 

(CBI examined the type 2 diabetes (T2D)-group and HD examined the healthy controls). In 

Study 2, the majority of examinations were performed by either CBI or VM, but a few 

examinations were performed by other clinicians due to the complicated logistics of the project 

presented in Chapter 5.   

Offline data echocardiographic analyses were performed using commercially available 

software (EchoPAC PC version 112/BT12; GE Medical Systems, Milwaukee, WI). All 

analyses were performed blinded to exercise group allocation and time point. Analyses of 

conventional echocardiographic diastolic measures as well as twist parameters were performed 

as previously described (Ingul et al., 2010; Molmen et al., 2012; Notomi et al., 2005) and are 

also described in the respective Chapters 3–5. 

Before performing echocardiography, the participants had to go at least 36 hours without 

exercise.  

Left ventricular (LV) diastolic function by echocardiography 

Diastolic function can be divided into measurements of: (1) LV relaxation; (2) LV compliance; 

and (3) filling pressure. A detailed description of the measurements that have been used in 

Studies 1–2 (Chapters 3–5) will follow under “Echocardiographic measurements of diastolic 

function.” 

1) Estimation of LV relaxation 

LV relaxation (See “Definitions and explanations”) can be estimated directly by isovolumic 

relaxation time (IVRT) (Figure 2.1). In the normal heart, LV pressure falls rapidly during IVRT. 

When myocardial relaxation is impaired, however, the time before the LV pressure falls below 

the left atrial (LA) pressure is prolonged; thus, the mitral valve opening is delayed and IVRT is 

prolonged.  

Surrogate measurements of LV relaxation are mitral inflow velocities (Figure 2.1) and tissue 

Doppler annular velocities (Figure 2.2) (see “Echocardiographic measurements of diastolic 

function” in the following section). Another measurement used was the peak late mitral inflow 

velocity (A)-wave duration. 
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When the myocardial relaxation is markedly delayed, there will be a reduction in the ratio 

between peak early mitral inflow velocity (E) and peak late mitral inflow velocity (A) (E/A 

ratio (< 1)) as well as prolongation of the deceleration time (DT) (> 220 ms) (Figures 2.3–2.4).

An increase in the filling pressure can mask the changes in mitral velocities. 

Peak early diastolic tissue Doppler velocity (e’) is less load dependent compared to mitral 

inflow velocities, and therefore it serves as a more sensitive parameter for abnormal myocardial 

relaxation than mitral inflow velocity variables. Impaired myocardial relaxation is found in 

most patients with e’ (lateral) < 8.5 cm/s or e’ (septal) < 8 cm/s. At the time of planning for 

Study 1, there were no large studies reporting normal values. However, the current 

recommendation is to use normal values for tissue Doppler velocities. Furthermore, the e’ that

is less than the mean minus two standard deviations of the age group of the patient should be 

used as a marker of abnormal myocardial relaxation. 

2) Estimation of LV compliance

Estimation of LV compliance or inversely LV stiffness (see “Definitions and explanations”)

can be estimated directly or by surrogate measurements such as DT of E, abbreviated mitral A-

wave duration, reduced a’, and prolonged atrial reversal (Ar) duration in pulmonary venous

flow. The compliance of the LV is determined by the structural properties of the cardiac muscle

as well as the end-diastolic pressure and end-diastolic volume (non-linear relation). DT will

shorten with an increase in LV stiffness (Figure 2.3).

3) Estimation of LV filling pressures

The E/e’ ratio has been correlated with pulmonary capillary wedge pressure and can be used to

predict LV filling pressures (Nagueh et al., 1997).

In patients with reduced ejection fraction (EF), indicators of early diastolic LV and LA 

pressures are increased E/e’ ratio, shortened DT, and to some extent LA enlargement, which 

reflects chronic rather than acute pressure changes. The mitral inflow pattern can be used to 

estimate filling pressures with the use of additional Doppler parameters when E/A ratio is 

between 1 and 2. The patients included in the projects of this thesis, however, had preserved 

EF. 

The estimation of LV filling pressures in patients with preserved EF is more challenging than 

in patients with reduced EF. In patients with normal EFs the E/e’ ratio can be a useful

measurement; an E/e’ ratio < 8 indicate normal LA pressure whereas a ratio of > 15 indicate 
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increased LA pressure. However, E/e’ ratio between 9 and 14 requires further diagnostics 

including evaluation of LA volume, peak atrial reversal velocity (Ar)–A duration, Valsalva and 

pulmonary artery systolic pressure. Doppler velocities and time intervals reflect filling 

pressures at the time of measurement. LA volume reflects the effects of filling pressures over 

time. 

Indisputably, there are severe limitations of the E/e’ ratio in estimating atrial pressure and E/e’ 

ratio has been recently challenged in patients with either very advanced heart failure (HF) or 

preserved LV EF (Bhella et al., 2011; Mullens et al., 2009; Park and Marwick, 2011). 

E/e’ ratio increases by age (Dalen et al., 2010). 

Echocardiographic Doppler measurements of diastolic function 

Mitral inflow velocities 

In this thesis, mitral inflow velocities were obtained by pulsed-wave (pw) Doppler in the apical 

four-chamber view with a 2 mm to 3 mm sample volume placed between the mitral leaflet tips 

during diastole. Spectral gain and wall filter were set to optimize the signal and clearly display 

the onset and cessation of LV inflow.  

IVRT was defined as the interval from the closure of the aortic valve to the opening of the mitral 

valve. IVRT was derived by placing the cursor of pw Doppler between the LV outflow tract 

and the mitral inflow, in proximity to the anterior mitral valve, to simultaneously display the 

outflow signal and the onset of the inflow signal. 

Measurements of mitral inflow velocities included the E, A, the E/A ratio and the time intervals 

of early filling velocity, DT and IVRT (Figure 2.1). The mitral A-wave duration (obtained at 

the level of the mitral annulus) was also measured. Three cardiac cycles were averaged when 

measuring mitral inflow velocities and IVRT. 

Limitations for the mitral variables occur during sinus tachycardia, conduction system disease, 

and arrhythmias. Sinus tachycardia and first-degree AV block can result in partial or complete 

fusion of the mitral E and A waves. However, in our material no patient with conduction system 

disease or arrhythmia were included. The E-wave is affected by preload and alterations in LV 

relaxation, the A-wave by LV compliance and LA contractile function, IVRT by preload and 

DT by LV relaxation and LV compliance (i.e. the relationship between LV pressure and 

volume). Alterations in LV end-systolic, end-diastolic volumes, LV elastic recoil, and LV 

diastolic pressures directly affect the early mitral inflow velocity, DT and IVRT. During E/A 
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fusion, DT cannot be measured, but IVRT should be unaffected. A total E/A fusion measures 

the combination of ventricular relaxation and atrial systole. Also the E/A estimates the peak 

pressure during atrial systole and not the mean pressure. 

Valsalva maneuver 

Valsalva maneuver was used to distinguish between normal and pseudonormal mitral inflow 

patterns. The Valsalva maneuver was performed by asking the participant to perform a forceful 

expiration against a closed nose and mouth to increase the intrathoracic pressure.  

The Valsalva maneuver decreases preload and a pseudonormal mitral inflow changes to a 

pattern of impaired relaxation with a decrease of the E-wave, a prolongation of DT and an 

unchanged or increased A-wave. 

Pulmonary Venous Flow  

Pw Doppler of pulmonary venous flow was performed in the apical four-chamber view and 

color flow imaging was used to guide a correct location of the sample volume in the right upper 

pulmonary vein. A 2 to 3mm sample volume was placed 5mm into the pulmonary vein. To 

display the onset and cessation of the Ar velocity wave wall filter settings were kept low.  

Figure 2.1. Conventional Doppler echocardiography of the LV mitral inflow velocity in an 
individual with normal cardiac function. E, peak early diastolic mitral inflow velocity. A, 
late diastolic mitral inflow velocity (atrial contribution). Red lines represent the time 
interval of isovolumic relaxation (IVRT). The orange dotted line represents deceleration 
time (DT) 

E 

A 
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Measurements of pulmonary venous waveforms include peak systolic (S) velocity, peak 

anterograde diastolic (D) velocity, the S/D ratio, the peak and duration of the Ar velocity, as 

well as the time difference between Ar wave and mitral A-wave duration. 

One of the limitations of the pulmonary venous flow is the difficulty in obtaining high-quality 

recordings, especially for Ar velocity. 

Tissue Doppler Annular Velocities 

In tissue Doppler imaging (TDI), the velocity of blood flow is assessed by quantifying the 

higher-amplitude, lower-velocity signals of the myocardial tissue motion (mitral annulus). TDI 

can be performed in pulsed-wave (pwTDI) and color modes (cTDI). During resting images 

pwTDI mitral annular velocities were acquired from the apical four- and two-chamber views. 

The pwTDI mitral annular velocities were acquired from the base of the septal, lateral, inferior, 

and anterior walls. Sample volume was positioned within 10 mm of septal, lateral, inferior, and 

anterior insertion sites of the valve leaflets, and adjusted to cover the longitudinal excursion in 

both systole and diastole. The pwTDI was measured as maximal values, with a low gain setting. 

An angle deviation less than 20 degrees was kept between the ultrasound beam and the plane 

of cardiac motion.  

Primary measurements included the peak systolic (S’), e’, and peak late diastolic (a’) tissue 

Doppler velocities (Figure 2.2.).  

Even though TDI velocities are less load dependent compared to traditional Doppler velocities, 

there are limitations. For preload, LV filling pressures have little effect on e’ if impaired LV 

relaxation is present, but with normal or enhanced LV relaxation, preload increases e’. If LA 

contractility increases, a’ increases, and decreases with an increase in LV end diastolic pressure. 

Normal values of TDI velocities are influenced by age and sex. Increased age decreases annular 

S’ and e’ and increases a’ (Dalen et al., 2010).  

Color TDI measures average velocities and pwTDI measures a wider spectrum of velocities 

including peak velocities. In a study by Dalen et al. cTDI resulted in 20% lower systolic 

velocities and 23% lower diastolic mitral annular velocities compared to pwTDI (Dalen et al., 

2010). 
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The average of three consecutive cardiac cycles was used for the measurements and a mean of 

the four sites was used. ASE/EAE recommend averaging indices from at least the septal and 

lateral sites. We used an average from four instead of two walls, which will increase the test-

retest reproducibility (Thorstensen et al., 2010). 

In the studies of this thesis (Studies 1–2), e’ was the primary outcome measure. Our research 

group has previously reported the inter- and intraobserver variability for e’; by averaging the 

septal, lateral, inferior, and anterior walls, the mean error was reduced from 15% to 8%. E’ had 

the lowest inter- and intraobserver variability of all the diastolic indexes (E, A, IVRT, DT, a’) 

(Thorstensen et al., 2010). 

Pulmonary Artery Systolic and Diastolic Pressures 

An increase in pulmonary artery pressure may be used to indicate elevated LV filling pressure 

(in the absence of pulmonary disease). To derive pulmonary artery systolic pressure, the peak 

velocity of the tricuspid regurgitation jet by continuous wave Doppler, together with systolic 

right atrial pressure were used. The estimation of right atrium pressure can be derived using 

inferior vena cava diameter and its change with respiration. Pulmonary artery diastolic pressure 

can be derived from the end-diastolic velocity of the pulmonary regurgitation jet. 

Limitations of Doppler measurements 

Important limitations include the fact that TDI measures only motions parallel to the direction 

of the ultrasound beam and cannot discriminate passive motion (tethering) from active motion. 

e’ a’

S’

Figure 2.2. Illustration of a pulsed wave tissue Doppler image with sample size placed at septum. A: 
Echocardiogram of healthy individual with normal diastolic function. B: Echocardiogram of type 2 diabetes 
individual with diastolic dysfunction participating in Study 1.Abbreviations: a’, late diastolic tissue Doppler 
velocity; e’, peak early diastolic tissue Doppler velocity; S’ peak systolic tissue Doppler velocity. 

S’

e’ 
a’ 

e’ = ~14 cm/s 
e’ = ~6 cm/s 

B A 
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Misalignment of the ultrasound beam will cause underestimation of the tissue velocity. Sample 

size, gain, and filter setting will also affect the velocity measurements. 

Furthermore, general limitations for Doppler measurements of diastolic function are dependent 

on preload, afterload (see “Definitions and explanations”), and sympathetic tone, which could 

cause individual variability and a day-to-day variation in the same subject. We therefore 

measured blood pressure, blood glucose level and resting heart rate (HR) immediately before 

every echocardiographic examination and if possible the same time of the day (morning, lunch, 

afternoon). 

 

Grading of Diastolic Dysfunction 

The grading of diastolic dysfunction was done according to EAE/ASE recommendations: grade 

I (impaired relaxation pattern); grade II (pseudo normal filling); and grade III (restrictive 

filling), see figures 2.3–2.4. 

Impaired relaxation will nearly always cause diastolic dysfunction. E/A < 1 without any 

additional evidence of diastolic dysfunction can be normal above 60 years of age. Changes in 

LV relaxation should be interpreted with care since the primary effect could be changes in load 

rather than improved intrinsic myocardial function. When assessing diastolic dysfunction, the 

patient’s age and HR should be taken into consideration.  
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Figure 2.4. Scheme for grading diastolic dysfunction modified after Nagueh et al., J Am Soc Echocardiogr
Vol. 10, 2009; 165–193. Blue frames indicate normal diastolic function; orange frames indicate normal 
diastolic function of an athlete’s heart or constriction; red frames indicate diastolic dysfunction, grades I-III.
Abbreviations: A, late diastolic mitral inflow velocity; Av, Average; Ar, peak atrial reversal velocity; DT, 
deceleration time; E, peak early diastolic mitral inflow velocity; e’, peak early diastolic tissue Doppler 
velocity;  LA, left atrium; Val, Valsava.

Figure 2.3. The stages of diastolic dysfunction. William C. Little and Jae K. Oh, Circulation® 2009: 120:802-
809: Reprinted with permission from ADA.  
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Echocardiographic measurements of left atrium volume, LV volumes and dimensions 

LA volume was measured in the apical four-chamber and two-chamber views using the area-

length method. Atrial cavity was traced at end-systole, at its greatest dimension. Foreshortening 

of the left atrium was avoided. LA volume was indexed to body surface area and considered 

enlarged if more than 34 ml/m2.  

Measurements of the left ventricle and its wall dimensions were performed by the use of M-

mode (Figure 2.5 A) in the parasternal long-axis view, perpendicular to the LV long axis and 

just below the level of the mitral valve leaflet tips. Parasternal short-axis was used if the long-

axis view was of poor quality. 

LV volumes, end-diastolic volume (EDV) and end-systolic volume (ESV), were measured from 

the apical four- and two-chamber views using two-dimensional image acquisition. The biplane 

method of disks summation was used (modified Simpson). EF was calculated from EDV and 

ESV, using the formula: EF= (EDV-ESV)/EDV. Attention was paid not to foreshorten the left 

ventricle. 

Echocardiographic measurements of systolic function 

S’ has been described previously in this section (under “Tissue Doppler Annular Velocities”). 

Stroke volume and cardiac output 

Stroke volume (SV) and CO were estimated using the pw Doppler velocity-time integral (VTI) 

method. The LV outflow tract (LVOT) diameter was measured from the aortic annulus in the 

parasternal long-axis view and the LV outflow velocity, VTI, was measured from the apical 

five-chamber. The densest portion of the spectral tracing was traced. The sample volume was 

positioned proximal to the aortic valve, with the closing click of the aortic valve seen. Three 

cardiac cycles were averaged. 

The flow volume passing through the LVOT can be calculated as the product of the VTI and 

the cross-sectional area of the LVOT. SV then represents the product of cross-sectional area 

and VTI. 

SV= π * (LVOT2/2) * LVOT VTI 
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Deformation Measurements  

Strain is a measurement of deformation of an object and is defined as the change in length 

normalized to the original length, expressed in percent. Positive strain is lengthening or thinning 

and negative strain is shortening or thickening in relation to the original length (i.e., reduction 

to half its original length is −50% strain). 

Strain rate is the rate of deformation and the unit of strain rate is /s, or s-1. Strain rate is negative 

during shortening and positive during lengthening. Regional deformation can be assessed for 

each myocardial segment. Peak systolic strain rate is the non-invasive echocardiographic 

parameter that comes closest to measuring local contractile function. Both strain and strain rate 

are load dependent. However, peak systolic strain rate is an early measure of maximum systolic 

shortening and less load dependent than the end-systolic strain (Thorstensen et al., 2011).  

Strain can be calculated from either TDI (Heimdal et al., 1998; Urheim et al., 2000)  and more 

recently from B-mode (2D speckle-tracking) (Amundsen et al., 2006; Langeland et al., 2005; 

Reisner et al., 2004).  

In the projects of this thesis, speckle tracking was used to measure strain at rest (supine position) 

(Chapters 3–5), whereas tissue Doppler strain measurement was used to achieve high enough 

frame rate during stress echocardiography in Chapter 3. The strain and strain rate values from 

these two different methods are thus not comparable. The measurements and acquisition of 

tissue Doppler strain during stress echocardiography is presented in Chapter 3 (Section 3.3.5.2) 

 

 

A B 

Figure 2.5. A: M-mode image, left ventricle. B: B-mode image of the left ventricle, parasternal long axis 

view. 
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2D speckle-tracking echocardiography 

Speckle-tracking echocardiography (STE) is based on two-dimensional (2D) gray scale (B-

mode) ultrasound images (Figure 2.5 B). The gray scale image contains many small elements, 

so called natural acoustic markers, which do not change their pattern significantly between 

adjacent frames. These natural acoustic markers are stable acoustic speckles, STE filters out 

random noise and the small temporally stable speckles remain. By use of STE changes in 

position of the speckles in the myocardium within a region of interest can be followed frame 

by frame throughout the cardiac cycle. During the processing, the software performs spatial and 

temporal smoothing of the distributed motions and deformation given on a quantitative scale 

that can be changed and each marker can be identified and followed accurately during several 

consecutive frames. Strain is then derived by changes in speckles in distance per frame in 

different directions by using different projections as measures of average regional deformation 

within a myocardial segment. STE has been validated, and the results have shown good 

agreements against the use of sonomicrometry in animals and MRI in humans (Behar et al., 

2004; Leitman et al., 2004). 

Speckle tracking is an offline technique that is applied to the acquired 2D images. The 

advantage of STE compared to tissue Doppler imaging is that it can measure motion in any 

direction within the image plane. STE is not completely angle independent, because ultrasound 

images normally have better resolution along the ultrasound beam compared with the 

perpendicular direction. Therefore, STE works better for measurements of motion and 

deformation in the direction along the ultrasound beam than in other directions. A disadvantage 

of STE compared to tissue Doppler imaging is the lower frame rate, which is necessary to 

capture higher HRs or events in the cardiac cycle that lasts shortly (e.g. isovolumic phases). 

The recommended frame rate is at least 50 frames per second. Frame rates lower than this may 

result in a loss of speckles, which may move out of plane or beyond the search area in successive 

frames. The frame rate can become too high by reducing the number of ultrasound beams in 

each frame, thereby reducing the spatial resolution and image quality. Any artifact that 

resembles speckle patterns will influence the quality of speckle tracking (Mor-Avi et al., 2011). 

For assessment of 2D strain by STE, the best-quality 2D image cardiac cycle is selected. It is a 

semiautomatic method that requires manual definition of the myocardium by tracking the 

endocardium manually on a frame with well-defined border. The sampling region of interest 

(ROI) must be adjusted to ensure that most of the myocardium is incorporated in the analysis, 

while avoiding the pericardium. The computer automatically selects suitable stable objects for 
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tracking and then searches for them in the next frame. The 2D strain algorithm automatically 

evaluates the tracking quality, and provides the tracking quality of each segment as either 

acceptable or non-acceptable. Regions of interest must be adjusted manually until optimal 

tracking is achieved. 

In the projects of this thesis 2D strain by STE (longitudinal strain and strain rate at rest) was 

used and digital loops were acquired from the three apical views at a frame rate of at least 50 

frames/s.  The semi-automatic method was used as described above to define the region of 

interest and the internal border of the myocardium was outlined. Segments that failed to track 

were manually adjusted, and segments that subsequently failed to track were excluded. Region 

of interest was adjusted manually if necessary to fit the average of the myocardial thickness. 

The software uses electrocardiogram (ECG) to define end-diastole or the user can define end-

diastole. We defined aortic valve closure (AVC) by placing an event marker in the tissue 

Doppler curve at the end of the negative spike after ejection (Aase et al., 2008). 2D strain and 

strain rate were automatically calculated by the software algorithm at each frame throughout 

the heart cycle as a curve in six different segments for each apical view.  LV global longitudinal 

strain/strain rate were defined as the average of peak longitudinal strains from a 16 LV segments 

model (Lang et al., 2015; Voigt et al., 2015). 

Echocardiographic analyses by STE to calculate twist and twist rate are described in Chapter 4. 

Limitations for 2D strain speckle tracking echocardiography 

2D STE implies some methodological limitations, mostly related to image quality and through-

plane motion of the myocardium since 2D STE cannot track motion occurring out of plane. 

Speckle-tracking is also limited by lower frame rates (as noted previously in this section).  

The quality of the speckle tracking may be suboptimal if regions of the myocardium are poorly 

visualized or if spatial or temporal resolution of the image acquisition is insufficient. All kinds 

of ultrasound noise will reduce the tracking quality, so the 2D strain software has noise 

reduction by applied increased smoothing.  The ultrasound speckle patterns are generated by 

the interference of the ultrasound waves reflected from tissue structures and the accumulation 

of small random errors in detection of speckled patterns along the tracking process can lead to 

inaccurate tracking results. A clear delineation of the endocardial border is also important for a 

reliable tracking. Even though 2D strain software includes an automated measure of tracking 

quality, there is no display to visually check the tracking quality by comparing the underlying 
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image loop with the superimposed tracking results, along with the actual curves derived from 

that tracking.  

For the LV, the reproducibility of 2D-STE strain measurements has shown to be better than that 

of 1D tissue Doppler strain measurements (Ingul et al., 2005). Tissue Doppler strain is more 

sensitive to misalignment between the cardiac axis and the ultrasound beam. Also tissue 

Doppler strain is susceptible to noise. The advantages and disadvantages of using 2D STE 

compared to tissue Doppler strain is discussed in the previous section.

Figure 2.6 2D strain image in a normal case displaying peak longitudinal systolic strain. Top left image 

display parametric color overlay and the global strain (GS) value (-24.1%). Top right image show strain 

traces for each segment and a global value for the 6 segments (white dotted curve). Low left image show 

segmental peak systolic strain values. Low right image show the entire muscle with colorization according 

to a scale where dark red represents high negative peak strain values and blue positive strain values.
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2.1.1.2 Cardiopulmonary Exercise Testing  

The importance of cardiorespiratory fitness in the context of this thesis is discussed in Chapter 

1, section 1.1.5.  

Cardiopulmonary exercise testing (CPX) is considered the most accurate noninvasive 

quantification of maximal aerobic capacity (i.e. VO2max or VO2peak) (Balady et al., 2010; Guazzi 

et al., 2012).  

This method has several advantages beyond the ability to assess cardiorespiratory fitness. 

Among others it allows for the attainment of the three primary parameters: oxygen volume 

(VO2), carbon dioxide volume (VCO2) and minute ventilation (VE), which can be used in the 

diagnosis of, for example, patients with HF (Balady et al., 2010; Guazzi et al., 2012). 

Nonetheless, in the studies comprising this thesis, CPX was carried out to determine the subjects 

VO2max or VO2peak.  

In the projects of this thesis, CPX was performed by using a commercially available mixing-

chamber-gas-analyzer-ergorespirometry: We chose to use the Jaeger Oxycon Pro (LE2000CE, 

Viasys Healthcare, Germany), which has been found valid in measuring VO2max during graded 

exercise and time trial tests (Foss and Hallen, 2005). CPX was carried out by walking/running 

on an inclined treadmill. This allows for the involvement of large muscle groups and slower 

pace for the individual carrying out the test and thus (proposedly) increase the potential of 

reaching VO2max. Another reason for choosing CPX through walking on an inclined treadmill 

was that this was a common mode of exercise in the Studies 1–2. Furthermore, this method is 

widely used and considered an accurate measure of VO2max in the general population, including 

individuals with metabolic disease (Balady et al., 2010; Weston et al., 2014).  

Participants performed maximal treadmill (PPS55 Med, Woodway GmbH, Germany) CPX 

according to a previously described individualized protocol (Rognmo et al., 2004) and the test 

procedure was identical to tests in previous studies carried out at our department (Aspenes et 

al., 2011; Tjonna et al., 2008; Tjonna et al., 2013; Wisloff et al., 2007).  

A trained investigator carried out all tests. The Jaeger Oxycon Pro (LE2000 CE, Viasys 

Healthcare, Germany) was calibrated before testing, according to the recently updated Oxycon 

instruction manual at the time the projects commenced (Erich Jaeger GmbH, Hoechberg, 

Germany). The gas analyzer was calibrated by using the ambient air and a gas mixture of 
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16.0±0.04% O2 and 5.0±0.1% CO2 (Riessner-Gase GnbH & Co, Germany) and the calibration 

of inspiratory flow was performed automatically.  

The subjects were asked not to ingest food within a minimum of two hours before the test and 

to wear comfortable shoes and clothing. Before the test began, the participants received a 

detailed explanation about the test procedure and purpose. They were asked to stop if chest pain 

or other discomfort (beyond what is considered common exercise fatigue) occurred and they 

were encouraged to strive towards their maximum exercise limits. Participants were also 

familiarized with treadmill walking, i.e. to walk steadily and to avoid grasping the handles 

during walking.  

After familiarization with the treadmill, speed and inclination were individually adjusted during 

a 10-minute warm-up. After warm-up, a nose-clip was placed on the nose and a mouthpiece 

(connected to the Jaeger Oxygen Pro) was placed in mouth of the participants. By ventilatory 

expired gas analysis, VE, VO2 and VCO2 was captured through this mouthpiece. During the 

CPX, we aimed to keep the speed constant and to gradually increase the incline by two percent 

every second minute or when oxygen uptake stabilized, until exhaustion (VO2peak) (e.g. leg 

fatigue and shortness of breath) or true VO2max was reached. We also strived to bring the 

subjects to VO2max within eight to 12 minutes (Froelicher, 2006). The average of the three 

highest consecutive 30-s measurements determined VO2max. 

 

In our studies, the criteria for VO2max was considered met at exhaustion, when oxygen uptake 

plateaued  (< 2 ml/kg/min change over the span of three 30-s successive measurements) despite 

increasing speed and/or inclination in combination with a respiratory-exchange-ratio (RER 

=VCO2/VO2)  above 1.05 and subjective volitional exhaustion. There were several barriers to 

achieve true VO2max among our study participants, such as lack of motivation, musculoskeletal 

fatigue, general discomfort, or myocardial ischemia. As not all participants reached VO2max 

criteria in the Studies 1–2, the term VO2peak will be used when referring to achieved maximal 

oxygen uptake in this thesis.  

The results of this method would be limited if failing to meet the requirements listed in the 

former paragraphs.  
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2.1.1.3 Heart rate maximum 

HR increases immediately in response to exercise as vagal tone is reduced and sympathetic 

activity increases (Balady et al., 2010) and  there is a linear relationship between oxygen uptake 

and HR during dynamic work (Balady et al., 2010). The level of HR increase during exercise 

is dependent on a number of factors, such as age, body composition, exercise mode, and 

medication (such as beta-blockers). However, maximum HR (HRmax) can hardly be influenced 

by exercise training in the long term.  

In the studies comprised in this thesis, HRmax was used to calculate the required exercise HR 

during interventions. Thus, to achieve optimal intensities (according to protocol) during the 

interventions (i.e. HIIE, but also the MIE intervention in Chapter 5), it was initially important 

that the participants achieved maximal exertion during the CPX.  

HR was measured continuously during the CPX using HR monitors (Polar Electro, Finland). 

To determine HRmax, the highest achieved HR during the CPX was added by five beats per 

minute, as previously suggested (Ingjer, 1991). The main rationale for adding five beats per 

minute to HRmax was to increase the possibility of meeting the exercise intensity requirements. 

2.1.1.4 Anthropometric measurements 

Weight, height, and body mass index (BMI) 

Obesity is a strong independent risk factor for T2D (Carey et al., 1997; Chan et al., 1994). 

Almost 75-80% of T2D individuals are overweight (body mass index (BMI), > 25 kg/m2) or 

obese (BMI > 30 kg/m2), and even if not overweight, they may have central obesity (defined in 

Table 2.2) (American Diabetes Association, 2013; Evert et al., 2014). There is an exponential 

cardiovascular risk when BMI increases > 27 (Catapano et al., 2011). Indeed, very high waist 

circumference (≤ 120 cm for men, ≤ 110 cm for women) is considered a substantial risk factor 

for mortality in adults, independent of BMI or other risk factors (Jacobs et al., 2010). Moreover, 

high WC has been more strongly associated with diabetes and CVD than BMI; the association 

being independent of BMI (Browning et al., 2010).  

In Chapters 3–5, body weight was measured in the fasted state on the Seca 877 scale (Germany). 

Height was measured with a mechanical telescopic measuring stadiometer (Seca 222, 

Germany). BMI was calculated by dividing body weight (kg) by height squared (m2) and 

expressed as kg/m2.  
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Failure to perform body weight measurements in the fasted state and/or at the same time of day 

or with the same scales that are calibrated would limit the results by using this method. 

Furthermore, as BMI is calculated without taking muscle mass into account, individuals who 

have a large muscle mass can potentially be categorized as overweight or obese by solely 

interpreting BMI results. In the studies comprised in this thesis, the same scales were used at 

all time points and the participants were in the fasted state at baseline and posttest measurements 

(except in the postprandial state in Chapter 5). Furthermore, we also performed WC 

measurements and DXA measurements. 

Waist circumference (WC) 

In the projects of this thesis, WC was measured using a measuring tape at the level of the 

umbilicus after expiration. The measurement was repeated until the same measurement result 

(cm) was found three times. 

This method has its limitations and may vary from measurement to measurement as the level 

of the tape can differ slightly between measurements. Furthermore, the measurements can be 

influenced by factors such as changes in body posture and different breathing between 

measurements. Moreover, the gastrointestinal content of an individual varies from day to day 

and between meals. Thus, a limitation in Chapter 3 is that WC was not tested in the fasted state, 

which could have influenced the results (Fernandez Vazquez et al., 2015) (in Chapter 5, WC 

was tested in the fasted state).  

In the studies comprised in this thesis, the same investigator tested WC at all time points.  

 

 

 

 

Table 2.2. Definition of central obesity, overweight, and obesity. 

Body Mass Index or Waist Circumference 

   Male Female 
≥25 kg/m 2 
overweight 

≥30 kg/m 2 
obese 

 ≥94cm ≥80 cm 

Central obesity defined in Europeans. Modified after the International Diabetes Federation Task Force on 
Epidemiology and Prevention (Alberti et al., 2009). 
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Dual energy X-ray absorptiometry (DXA) 

Although the most common indirect indicator of obesity and CVD risk is BMI, the BMI is 

incapable of distinguishing between fat mass and fat-free mass. Thus, to distinguish between 

these factors, we chose to use the DXA. DXA has emerged as a “gold standard” among body 

composition analysis methods in recent years, as it has generally shown to be more precise than 

other methods, such as underwater weighing and skinfold measurements (Laskey, 1996).

There are, however, several factors that can potentially compromise DXA results (and thus 

validity and reliability of the measurements), such as positioning on the DXA machine, effects 

of food, fluid intake, exercise sessions (Nana et al., 2015) and also age, body size and 

presumptions set in the equations of the DXA machine (Laskey, 1996). For example, if an 

individual is dehydrated, the DXA may underestimate the fat content and vice versa (Laskey, 

1996).

In Chapter 3, DXA (Hologic Discovery A, version 13.3.0.1, USA) was performed to measure

body fat percentage. All anthropometric measurements were performed at all time-points. The 

same trained investigator measured the subjects at all times. 

2.1.1.5 Biochemical analysis 

Poor glycemic control (measured as increased HbA1c) increases the relative risk of dying from 

ischemic heart disease (Dale et al., 2009), and every percentage point increase in HbA1c may 

represent an eight percent increase in risk for developing HF (Iribarren et al., 2001). Also, the 

fasting plasma glucose level has been shown to be a prognostic factor for HF (Held et al., 2007).

Furthermore, postprandial excessive elevations in circulating glucose are associated with an 

increased risk of CVD (Cavalot et al., 2011; Coutinho et al., 1999; Garber, 2012; O'Keefe and 

Bell, 2007). Dyslipidemia associated with insulin resistance is common in T2D and is 

characterized by increased triglyceride levels and low HDL levels (Solano and Goldberg, 2006), 

which increase cardiovascular risk (Castelli et al., 1992; Catapano et al., 2011). Post-meal 

excessive elevations in circulating triglycerides and free fatty acids are also characteristic for 

T2D and associated with an increased risk of CVD (Bansal et al., 2007; Garber, 2012; 

Nordestgaard et al., 2007; O'Keefe and Bell, 2007). Furthermore, chronic inflammation and 

oxidative stress plays a major role in the pathogenesis of T2D and are considered contributors 

to CMR factor clustering and CVD (Dandona et al., 2004; Holt et al., 2010; Pitocco et al., 2013).

C-reactive protein (CRP) is a pro-inflammatory biomarker commonly used in the evaluation of

global cardiovascular risk (Pearson et al., 2003). 
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In the studies (1–2; Chapter 3–5) presented in this thesis, blood was obtained after at least 12 

hours of fasting from food, caffeine, nicotine, and alcohol. (In Chapter 5, blood was also 

obtained in the postprandial state). Vials of EDTA (2x 3 ml), serum (1x5 ml) and LI – heparin 

(3 ml) was obtained in the morning and immediately sent for clinical chemistry analyzation at 

St. Olav's Hospital. In addition, vials were obtained to store (–80°C) for later analysis after 

treated (i.e. centrifuged) at our laboratory; serum (1x5ml vial), EDTA (2x3ml vial), and LI-

heparin plasma (1x3ml vial). 

HbA1c, blood glucose, C-peptide, plasma triglycerides, total cholesterol, HDL, LDL, and high-

sensitive C-reactive protein (hs-CRP) and hemoglobin were analyzed according to standard 

procedures at St. Olav’s University Hospital (Trondheim). Furthermore, serum albumin, serum 

creatinine, potassium, and sodium were analyzed according to standard procedures at St. Olav’s 

University Hospital (Trondheim) to reveal eventual microalbuminuria or renal failure (at study 

baselines only). 

Specifically, blood glucose was measured using photometric hexokinase UV method (Roche 

Modular, Roche Diagnostics, Germany) and C-peptide was measured using chemiluminescence 

method (Immulite 2000, Siemens Medical Solutions, New Jersey, US). The blood lipids were 

measured using photometric, enzymatic colorimetric method (Roche Modular, Roche 

Diagnostics Germany). Hs-CRP was measured using Tina-quant CRPHS immunoturbidimetric 

assay (Roche Modular, Roche Diagnostics, Germany). HbA1c was measured using TINIA 

(Turbidimetric Inhibition immunoassay) (Roche Cobas Integra 400 plus, Roche Diagnostics, 

Germany). Insulin sensitivity was calculated using the HOMA2 calculator (The Homeostasis 

Assessment Model, University of Oxford, UK); fasting blood glucose and c-peptide results 

were plotted into the calculator. Total antioxidant status (TAS) was analyzed at the biochemical 

laboratory of the HUNT Research Center (Levanger, Norway) using currently available Randox 

assay (Randox Laboratories Limited, United Kingdom) according to Manual NX 2332.  

The results of these methods would be limited if failing to follow the protocols of the 

measurements listed, as well as if patients did not follow instructions of being in the fasted state 

at the time of collecting the blood samples.  

2.1.1.6 Resting heart rate  

Increased resting HRs are associated with increased CVD risk and cardiovascular mortality in 

the general population (Nauman et al., 2011). In the studies presented in this thesis, resting HR 

was measured by electrocardiography. The lowest HR registered during (i.e. at the end of) the 
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resting echocardiography measurements was defined as the resting HR in both studies. During 

an echocardiography session (including preparations), the participants rested for approximately 

30–40 minutes. 

Echocardiographic measurements could be experienced as stressful and increase resting HRs, 

thus representing a limitation in this method of measuring resting HRs. However, we did not 

observe any changes in resting HRs from pre- to posttest in Study 1. Furthermore, resting HR 

was measured the exact same way at all time points (Studies 1–2).  

Resting HR can also be dependent on several other factors, such as pre-exercise. The 

requirements of restraining from exercise in the days before echocardiography can eliminate 

this if the individuals participating in the studies followed the instructions given. 

2.1.1.7 Blood pressure 

Resting blood pressure 

Hypertension is an established cardiovascular risk factor, which substantially aggravates T2D 

complications and are associated with ~60% and ~70% increases in cardiovascular events and 

all-cause mortality, respectively (Chen et al., 2011). It is also indicated that the risk of T2D is 

increased in individuals with hypertension (Fukui et al., 2011). 

In addition to T2D, several factors associated with this disease contribute to the development 

of hypertension, including lack of physical activity, unhealthy diet, overweight/obesity, central 

obesity, and older age. In general, hypertension prevalence in T2D are reported to be 75% to 

85% (Mozaffarian et al., 2015), although findings in different populations are diverse (Colosia 

et al., 2013). Reducing blood pressure reduces the risk of major clinical events related to T2D 

(Turnbull et al., 2005). The ESC and the ADA treatment targets for blood pressure in T2D are 

systolic < 135/140 and diastolic < 80/85 mmHg (American Diabetes Association, 2014; Ryden 

et al., 2013).  

We used conventional blood pressure measurements in the studies presented in this thesis. In 

Chapter 3 (Study 1, Paper I), supine blood pressure was measured prior to resting 

echocardiography (minimum 10-minute rest in supine position) using a Tango blood pressure 

monitor (SunTech® Tango® M2 Stress BP Monitor, Morrisville, USA). Supine blood pressure 

was noted as the median of three similar recordings, which did not deviate more than ± 10 

mmHg from each other in regard to systolic blood pressure. The fact that blood pressure was 
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not obtained in a fasted state may be a limitation in this, according to the postprandial findings 

in Chapter 5/Paper III.  

In Chapter 4 (Paper II), blood pressure measurements from Chapter 3 were used for the 

prospective study group (T2D). Blood pressure measurements in the retrospective study group 

(healthy control group) had previously been performed using Dinamap 845XT (GE Healthcare, 

Milwaukee, WI) (Dalen et al., 2011) after two minutes of rest with an arm on the table.  Blood 

pressure was measured three times by trained staff and the average of the second and third blood 

pressure measurement was noted. The difference in blood pressure measuring methods between 

groups is thus a limitation in this paper. 

In Chapter 5 (Study 2) upright blood pressure measurements were performed using Philips 

SureSigns V52 (Andover, Massachusetts, US) after resting in a sitting position for at least 10 

minutes before measurements. In general, blood pressure was noted as the median of three 

recordings, which did not deviate more than ± 10 mmHg from each other in regard to systolic 

blood pressure. 

Indeed, conventional blood pressure measurements can predict cardiovascular events, also after 

adjusting for traditional risk factors (Clement et al., 2003). However, several factors may 

influence blood pressure when taken conventionally as in the studies of the present thesis. For 

example, stress, anxiety or meals can influence the results. Certainly, ambulatory blood pressure 

measurements may offer additional information about future cardiovascular events compared 

to the conventional method (Clement et al., 2003).  

Blood pressure measurement during stress echocardiography 

During exercise, blood pressure is dependent upon peripheral resistance and cardiac output 

(CO). Normally, systolic blood pressure increases, whereas diastolic blood pressure remains 

relatively stable during incremental exercise (Balady et al., 2010). In general, an abnormal rise 

or fall in systolic blood pressure during exercise can indicate cardiac disease (Balady et al., 

2010; Fletcher et al., 2001). For example, an abnormal rise in systolic blood pressure (< 20–

30mmHg) can indicate presence of LV dysfunction, myocardial ischemia, or obstructed aortic 

outflow (Fletcher et al., 2001). However, hypotension during exercise can also occur 

independent of heart disease due to causes of dehydration, anti-hypertensive therapy, or 

prolonged vigorous exercise (Balady et al., 2010).  
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To assess hemodynamic changes during stress echocardiography, blood pressure was measured 

using a Tango blood pressure monitor (SunTech® Tango® M2 Stress BP Monitor, Morrisville, 

USA) at baseline (sitting on the ergometer cycle), at each workload (the last minute of each 

increment) and after cycling, when E and A were separated.  

2.1.1.8 Flow-mediated dilatation of the brachial artery 

T2D is associated with endothelial dysfunction, which is both a precursor and effect of 

atherosclerosis (Reyes-Soffer et al., 2010; Ryden et al., 2013). Thus, endothelial dysfunction is 

strongly linked to cardiovascular risk factors (Celermajer et al., 1994; Neunteufl et al., 1997; 

Schachinger et al., 2000; Suwaidi et al., 2000). However, in individuals with T2D, endothelial 

dysfunction appears to be present, even when presence of atherosclerosis is considered low 

(Johnstone et al., 1993; Nitenberg et al., 1993). Diabetes impairs endothelial function through 

several mechanisms: most CMR factors listed in Figure 1.3 (Chapter 1) are thought to be 

cumulatively damaging to the endothelium (Hurst and Lee, 2003; Meyers and Gokce, 2007). 

Improved endothelial function appears to be a whole-body response to exercise (Hawley et al., 

2014), and has shown to be improved in vessels in skeletal muscles in individuals with T2D 

after exercise training (Montero et al., 2013; Sixt et al., 2010) and exercise training can thus 

have the potential to improve endothelial function in coronary vasculature (Bowles et al., 2000). 

Endothelial function was assessed by the flow-mediated dilatation (FMD) technique, initially 

developed by Celemajer et al. in 1992 (Celermajer et al., 1992) of which guidelines were 

published a decade later (Corretti et al., 2002) and subsequently updated in 2005 (Pyke and 

Tschakovsky, 2005). After this, the FMD technique has been a commonly used research tool 

by endothelial researchers, in particular for studying endothelial function of the brachial artery. 

In general, the FMD technique is based on an ultrasound examination, which assesses the 

vasodilator response by changes in blood vessel diameter and blood flow related to shear stress 

(Thijssen et al., 2011). In this thesis (Chapter 3), changes in brachial artery diameter and blood 

velocity were measured according to guidelines in place at the time of conducting the study 

(Corretti et al., 2002; Pyke and Tschakovsky, 2005), using high-resolution, Vivid 7 ultrasound 

(GE Vingmed Ultrasound, Horten, Norway) with a 12MHz linear echo Doppler probe.  

Several factors are important to ensure a valid FMD measurement (Harris et al., 2010) and 

FMD-results would indeed be limited if failing to follow the requirements listed: 

Before performing FMD measurements (at all time-points), the participants were asked to 

complete at least 48 hours without exercise before performing FMD, according to guidelines 
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recommending at least 12 hours without exercise before performing FMD measurements 

(Harris, 2010). Furthermore, subjects were asked to fast (and thus to also abstain from caffeine, 

c-vitamin supplements, or c-vitamin rich foods, and nicotine) 12-hours prior to the FMD

measurements. In regard to medicines that had to be administrated in some subjects, the subjects 

were asked to repeat the same procedure at every time point prior to FMD measurements.  

The assessment room environment was kept quiet and we strove to keep the temperature at 

~22°C. After placing ECG electrodes at three points of the subject’s truncus (Skaug et al., 

2013)), and after positioning the pneumatic cuff on the arm of the subject, the subjects were 

asked to rest and relax for at least ten minutes in a supine position, with a blanket over their 

legs and chest. 

In the project (Chapter 3) of this thesis, the participants were placed in a supine position, with 

the arm immobilized in a slightly abducted (~30°) position; the shoulder was out-rotated, the

elbow supinated and extended during the whole measurement. The subjects were also asked to 

refrain from talking during the measurements and to keep their head and other extremities as 

still as possible during the whole examination to avoid the probe coming out of position due to 

changes in the subject’s position. The angle of the ultrasound beam is imperative during the 

measurement and even small shifts in the angle of the probe can influence the result of the 

measurement (Gill, 1985), thus the investigator needs to be experienced and the subjects have 

to remain still during the investigation. 

To evaluate peak vasodilatation compared to resting diameters of the brachial artery, an 

adequate baseline measurement is imperative. At rest, before cuff occlusion, we measured 

baseline diameter and blood flow by placing the probe ~4.5 cm above the antecubital fossa. 

Baseline, pre-occlusion images and velocities were measured for three cardiac cycles. 

The magnitude of FMD and blood flow responses are dependent on the placement of the cuff 

(Vogel et al., 2000). We chose to place the cuff on the forearm, distal to the antecubital fossa 

because distal occlusion appear to be mainly NO-dependent and exercise seems to improve 

endothelial function mainly through nitric oxide (NO) bioavailability (Green et al., 2004).

Proximal occlusion (proximal and close to the measurement site) has shown to induce a greater 

and elongated vasodilator response and peak FMD (delay in peak dilatation (~22 sec)) 

compared to distal occlusion (Berry et al., 2000), probably due to: NO being released close to 

the occlusion site (Peretz et al., 2007); NO being released also due to other factors such as 

increased HR due to sympathetic nervous system activation (Doshi et al., 2001). In addition, 
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proximal occlusion can be more challenging than distal occlusion as images can be distorted 

due to brachial artery collapse and movement in soft tissue. Furthermore, distal occlusion 

appears to represent lower levels of discomfort for the subjects and less challenging for the 

researchers (Corretti et al., 2002).  

The occlusion period lasted for five minutes. Indeed, the duration of occlusion affects the FMD 

measurements. However, five minutes’ occlusion yields similar changes in diameter as ten 

minutes of occlusion; thus, five minutes is commonly used in research to avoid prolonged 

discomfort (Corretti et al., 2002). 

The pneumatic cuff (SC10, Hokanson Inc., Bellevue, Washington) was inflated to 250 mm Hg 

(super-systolic pressure) and released after five minutes to create an ischemia-induced 

hyperemia. To produce an increase in shear stress and reactive hyperemia, the cuff was released 

abruptly to produce high blood flow. Post-occlusion images and velocities (diameter and blood 

flow) were subsequently collected continuously for three minutes to measure peak diameter and 

blood velocity.  

HR is crucial when interpreting FMD measurements as timing in the cardiac cycle is important 

because arterial diameter can vary from one cardiac cycle to another, dependent on pulse 

pressure and vascular stiffness. To avoid the confounding effects, which variations in arterial 

compliance represent, we measured FMD at three points of the cardiac cycle (at the R-wave as 

well as the peak and end of the T-wave) (Chuang et al., 2002). 

Flow mediated dilatation analyzes 

The ultrasound images were analyzed automatically in a random order using edge-detection 

software (Vascular Research Tools 5, Medical Imaging Applications LLC, Coralville, IA, 

USA). The investigator was blinded to the patient’s group allocation. An optimal region of 

interest was chosen on the clearest image section of the artery wall. The software tracked the 

anterior and posterior arterial wall, frame by frame (25 frames per second) throughout the 

measurement. The diameter of the brachial artery was reported both from pre-occlusion and 

during reactive hyperemia (post-occlusion). The software was set to automatically reject frames 

if the arterial wall detection was not within 70% of the confidence interval. Doppler image 

frames were manually readjusted by the observer if not adequately interpreted by the software. 

If acceptable tracking could not be obtained, image frames or the whole measurement were 

discarded. 



2-30

Peak diameter was defined as the largest arterial diameter measured throughout the three-

minute post-occlusion period. Flow mediated dilatation (FMD) peak percentage was defined as 

the difference between peak post-deflation diameter and resting vessel diameter (average pre-

occlusion diameter), divided by resting vessel diameter multiplied by 100 (equation 2.1). 

Average blood flow was defined as the average flow value detected during the three-minute 

post-occlusion period. By calculating the area under the curve, the limitation in regard to 

variation in time to peak dilatation could be avoided. Share rate was calculated as the average 

of three minutes of blood flow velocity area under the curve relative to average diameter (mm) 

after deflation (equation 2.2). FMD was normalized to reduce the influence of artery diameter 

on the FMD response. Due to the difficulty in shear stress measurement (viscosity multiplied 

with velocity divided by diameter), shear rate was used as a normalizing factor (Pyke and 

Tschakovsky, 2005).  FMD was normalized for share rate (FMDnorm) by dividing FMD by share 

rate (equation 2.3) as performed in a recent study on HF patients (Tarro Genta et al., 2013).  

(%) ܦܯܨ = (୮ୣୟ୩ ୢ୧ୟ୫ୣ୲ୣ୰ ୮୭ୱ୲ ୢୣ୤୪ୟ୲୧୭୬ (୫୫)ି ୰ୣୱ୲୧୬୥ ୴ୣୱୱୣ୪ ୢ୧ୟ୫ୣ୲ୣ୰(୫୫))୰ୣୱ୲୧୬୥ ୴ୣୱୱୣ୪ ୢ୧ୟ୫ୣ୲ୣ୰ (୫୫) × 100 (eq.2.1) 

ܵℎ݁ܽ(ݏ/1) ݁ݐܽݎݎ = ଷ ୫୧୬୳୲ୣୱ ୠ୪୭୭ୢ ୤୪୭୵ ୴ୣ୪୭ୡ୧୲୷ ୟ୰ୣୟ ୳୬ୢୣ୰ ୡ୳୰୴ୣ (୫୫/ୱ) ୟ୴ୣ୰ୟ୥ୣ ୢ୧ୟ୫ୣ୲ୣ୰ ୮୭ୱ୲ ୢୣ୤୪ୟ୲୧୭୬ (୫୫) (eq.2.2) 

. %) ݉ݎ݋݊ܦܯܨ s) = ୊୑ୈ (%)ୱ୦ୣୟ୰ ୰ୟ୲ୣ (ଵ/ୱ) (eq.2.3) 
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2.1.2 Exercise protocols 

2.1.2.1 High-intensity interval exercise 

In both studies supervised high-intensity interval exercise 

(HIIE) was performed by walking, jogging, or running on 

an inclined treadmill. HIIE sessions lasted 40 minutes all 

together: Following a 10-minute warm-up at 70% of 

HRmax, subjects performed four times four-minutes work 

bouts at 90% to 95% of HRmax with three-minute recovery 

periods between the work bouts at 70% of HRmax; to 

increase the  ability perform at the same high intensity 

during every work bout following a recovery period. The 

subjects were instructed to reach a minimum of 90% of 

HRmax within the last minute of the first interval, 90% to 

95% of HRmax within the first two minutes of the second 

and third interval, and 90% to 95% within the first minute 

of the last interval. After the fourth interval, a five-minute 

cool-down was performed. An illustration of HR during a bout of HIIE is presented in Figure 

2.8.  

2.1.2.2 Moderate-intensity exercise 

In Chapters 3–4, home-based moderate-intensity exercise (MIE) was performed in accordance 

with the exercise guidelines of the Norwegian Directorate of Health at the time as Study 1 

commenced (The Norwegian Directorate of Health, 2005), similar to international guidelines. 

The participants were thus instructed to be physically active at moderate intensity for a total of 

210 minutes per week, divided into optional bouts of  > 10 minutes (The Norwegian Directorate 

of Health, 2005). During the MIE sessions in Chapters 3–4, HR was not monitored. The 

participants were instructed to strive towards moderate breathing and moderately perceived 

effort: “being able to keep a conversation going, but just barely.” The activity mode during the 

MIE was optional: typical physical activity for the MIE group of Study 1 was walking, jogging, 

cycling, and swimming.  

In Chapter 5 (Paper III), supervised continuous MIE was performed by walking or jogging on 

an inclined treadmill at 70% of HRpeak for 47 minutes and HR monitors (Polar RS 400, Polar 

Participants in Chapters 3-5 
performed HIIE by walking, jogging 
or running on an inclined treadmill. 
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Electro, Kempele Finland) were used to ensure required exercise intensity during MIE. An 

example of HR during a typical bout of MIE in Chapter 5 is presented in Figure 2.8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Illustration of heart rate during high intensity interval exercise (HIIE) and moderate-intensity 
exercise (MIE). The red line illustrates heart rate during HIIE and the blue dotted line illustrates heart rate 
during moderate-intensity exercise (MIE) bout. The X-axis represents percentage of maximal heart rate; y-
axis represents duration in minutes. 
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3.1 ABSTRACT 

Background Type 2 diabetes (T2D) is associated with diastolic dysfunction, which represents 

the earliest pre-clinical manifestation of diabetic cardiomyopathy and lacks effective treatment 

strategies. Objectives To compare the effects of moderate-intensity exercise (MIE; 210 

min/week) and high-intensity interval exercise (HIIE; 4x4 minutes, 90-95% HRmax, 3/week) 

on left ventricular diastolic function and cardiovascular risk factors in individuals with T2D 

and diastolic dysfunction.  Methods   Eighty-three individuals with T2D-duration < 10 years 

without known cardiovascular disease were pre-screened for diastolic dysfunction, defined as 

early diastolic tissue Doppler velocity (e’< 8 cm/s). Inclusion criteria were fulfilled by 47 

individuals (55.9 ± 6.0 years; 36 % female) randomized to MIE (n=23) or HIIE (n=24). 

Subjects tested at baseline, 12 weeks (MIE, n=17; HIIE, n=20) and one year (MIE, n=16; HIIE, 

n=16). The primary outcome measure was diastolic dysfunction (e’). Several secondary 

cardiovascular and metabolic end-points were also studied. Results After 12 weeks, HIIE was 

superior to MIE (p≤0.05; test for group difference) in improving diastolic function (e’  

1.8±1.1, p<0.001 vs. 0.5±0.7 cm/s, p=0.02), systolic function (peak systolic tissue Doppler 

velocity, S’  0.9±1.4, p=0.007 vs. -0.1±1.1 cm/s, p=0.76; global strain  -1.0±1.9, p=0.03 vs. 

0.3±1.6 %, p=0.51; global strain rate  -0.10±0.17, p=0.03 vs. 0.06±0.23 s-1, p=0.14), peak 

oxygen uptake (VO2peak  4.1±2.9, p<0.001 vs. 1.2±2.2 ml/kg/min, p=0.04) and flow-mediated 

dilatation (FMD  9.2±11.2, p=0.004, vs. 0.0±6.2 percentage points (pp), p=0.99). Only HIIE 

improved filling-pressure (E/e’) and reduced glycosylated hemoglobin (HbA1c) and body mass 

index (test for group difference n.s.). Compared to baseline, the HIIE group, but not the MIE 

group, sustained improved diastolic function after one year. Conclusions In early stages of 

type 2 diabetes and diastolic dysfunction, high-intensity interval exercise can be an effective 

exercise treatment option.  
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3.2 INTRODUCTION 

Type 2 diabetes (T2D) is associated with cardiomyopathy, which may lead to heart failure (HF)

(Nichols et al., 2004). Early diabetic cardiomyopathy is often characterized by diastolic 

dysfunction (i.e. impaired relaxation and pseudonormal filling), which has been detected in 

20% to 60% of T2D individuals without overt coronary artery disease (Di Bonito et al., 

2005; Fang, Schull-Meade, et al., 2005; Hare et al., 2011; Poirier et al., 2001; Redfield et 

al., 2003; Von Bibra et al., 2005; Zabalgoitia et al., 2001). Compared to people without 

diabetes, individuals with T2D have a two times higher risk of cardiovascular mortality and a 

two- to five times higher risk of developing heart failure (HF) (Go et al., 2014; Kannel et al., 

1974; Nichols et al., 2004). The prevalence of T2D increases rapidly worldwide and it is critical 

to reduce cardiovascular complications and reduce mortality by adequate prevention and 

treatment (Go et al., 2014; Ryden et al., 2013).  

Exercise training is a cornerstone of T2D management, and can improve factors such as 

metabolic control, cardiorespiratory fitness, blood pressure and body composition, but little is 

known about the effect of exercise on diastolic function in T2D (Marwick et al., 2009). 

Numerous public health institutions worldwide recommend that individuals with T2D perform 

at least 150 minutes of moderate (50% to 70% of HRmax) intensity aerobic activity per week, 

for prevention of cardiovascular complications (Alberti et al., 2009; American Diabetes 

Association, 2014; Buse et al., 2007; Colberg et al., 2010; International Diabetes Federation; 

Mendes et al., 2015). However, MIE in accordance with these recommendations seems to be 

insufficient to improve myocardial function in T2D (Hordern et al., 2009).   
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Studies have shown that high-intensity interval exercise (HIIE) reduces cardiovascular risk 

factors more than MIE in patients with cardiometabolic disease, such as metabolic syndrome, 

coronary artery disease and HF (Rognmo et al., 2004; Tjønna et al., 2008; Weston et al., 2014; 

Wisloff et al., 2007) and exercise intensity is found to be of importance for reversing left 

ventricular (LV) remodeling in patients with post-infarction HF (Wisloff et al., 2007). It is 

suggested that HIIE have additional benefits in patients with T2D (Boule et al., 2003), but it is 

still unclear whether HIIE yields more benefit than MIE (Balducci et al., 2012; Hordern et al., 

2009). No intervention study has compared the effect of HIIE and MIE on diastolic function in 

patients with T2D and diastolic dysfunction.  

Aim 

To investigate and compare the effects of HIIE and MIE, in accordance with current exercise 

recommendations, on diastolic function defined as peak early diastolic tissue Doppler velocity 

(e’) in patients with T2D and diastolic dysfunction (defined as e’<8cm/s). Furthermore, to 

compare the effectiveness of HIIE and MIE on other diastolic echocardiographic measures 

(peak late diastolic tissue Doppler velocity, a’; peak early diastolic mitral inflow velocity, E; 

late diastolic mitral inflow velocity, A; filling pressure, E/e’; E/A-ratio; isovolumic relaxation 

time, IVRT; deceleration time, DT), systolic echocardiographic measures (peak systolic tissue 

Doppler velocity, S’; global strain; strain rate) as well as cardiorespiratory fitness (peak oxygen 

uptake, VO2peak), resting heart rate (HR), resting blood pressure, endothelial function 

(measured as flow mediated dilatation [FMD] of the brachial artery), glycemic control 

(measured as glycosylated hemoglobin [HbA1c]), insulin sensitivity (measured by homeostatic 

model assessment [HOMA-ir]), circulating lipids (triglycerides, HDL and LDL-cholesterol), 

chronic inflammation (hs-CRP) and body composition (body mass index [BMI], waist 

circumference and body fat percentage (assessed by dual-energy X-ray absorptiometry [DXA]) 

in patients with T2D and diastolic dysfunction.  

Hypothesis 

a. HIIE is more effective than MIE in improving diastolic function (measured as e’)

in T2D individuals with diastolic dysfunction (defined as e’< 8cm/s) (at rest and

during exercise).

b. HIIE is more effective than MIE in improving other measures of diastolic function

as well as systolic function (at rest and during exercise), cardiorespiratory fitness,

resting HR, blood pressure, glycemic control, insulin sensitivity, circulating lipids,
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chronic inflammation and body composition in T2D individuals with diastolic 

dysfunction. 
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MIE group was encouraged to continue home-based unsupervised exercise, as performed 

during the first 12 weeks, for the following 40 weeks.  

Exercise intensity control 

During the supervised HIIE sessions, all participants exercised with HR monitors (Polar RS 

400, Polar Electro, Kempele Finland) to ensure that the required exercise intensity was 

achieved and maintained. Instructions in HR monitoring were given during HIIE before the 

participants started exercising and throughout the 12-week intervention period, when needed. 

If the target HR was not achieved, the treadmill speed or incline was increased to reach it. Most 

participants were self-administered after the first couple of exercise sessions, but a trained 

exercise physiologist was present during all exercise sessions.  

During the unsupervised home-based MIE sessions, HR was not monitored as we did not have 

equipment available to save HRs recorded at home. The MIE participants were instructed to 

strive towards moderate breathing and moderately perceived effort: “being able to keep a 

conversation going, but just barely” as instructed in the guidelines (The Norwegian Directorate 

of Health, 2005).  

After 12 weeks, exercise intensity was not monitored in any of the exercise groups. 

3.3.4 Outcome measures 

The primary outcome measure was change in LV peak early diastolic tissue Doppler velocity 

(e’). The secondary outcome measures were changes in other measures of diastolic function 

(a’; E; A; E/e’; E/A-ratio; IVRT; DT) and systolic function (S’; global strain; global strain rate) 

as VO2peak, resting HR, blood pressure, FMD (of the brachial artery), HbA1c, insulin sensitivity 

(HOMA-ir), triglycerides, HDL-cholesterol, LDL-cholesterol, hs-CRP, BMI, waist 

circumference and body fat percentage (dual-energy X-ray absorptiometry, DXA). 

Although lipid profile (triglycerides, LDL and HDL-cholesterol) was initially a secondary 

endpoint measure in this study, these measures were not reported in Paper I due to the word 

limit of the research letter in JACC (see attachments: Paper I). These measures are, however, 

presented and discussed in this chapter. 

The choice of primary outcome measure (diastolic dysfunction defined as e’) (i.e. < 8 cm/s) 

was based on the findings of von Bibra et al. who reported that T2D individuals (n=43; 60.6±7 

years; both with and without evidence of coronary artery disease) had compromised relaxation 
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measured as mean e’ (in septal, anteroseptal, anterior, lateral, posterior and inferior walls) 

compared to healthy controls at rest (8.5+1.7 vs. 9.6+1.9 cm/sec, respectively; p < 0.02) (Von 

Bibra et al., 2005). At the time this study commenced, no other study had to our knowledge 

presented reference data such as this, although an increasing amount of evidence showed a high 

prevalence of reduced e’ in T2D individuals (further discussed in Chapter 1, section 1.1.3.3). 
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Figure 3.1. Flow chart of intervention and participants described in Chapter 3.
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3.3.5 Clinical measurements 

Detailed protocols of the main clinical measurement methods in this study are presented and 

discussed further in Chapter 2. 

3.3.5.1 Pre-screening 

Before inclusion, all subjects underwent a pre-screening by a medical doctor (CBI), including 

patient history, auscultation of the lung and heart, resting blood pressure, resting 

electrocardiogram (ECG) and echocardiography. After pre-screening, it was stated to the 

participant whether or not the inclusion criteria were met, including diastolic dysfunction 

(mean e’< 8cm/s). 

3.3.5.2 Echocardiography 

All participants obtained an echocardiogram at rest and during exercise at baseline, at 12 weeks 

and after one year.  

We used a Vivid 7 scanner (GE Vingmed, Horten, Norway) with a phased array transducer 

(M4S and M3S probe). Images were digitally stored on a hard disk for offline analysis using 

commercially available software (EchoPAC version BT12, GE Vingmed Ultrasound, Horten, 

Norway). Echocardiographic recordings were performed by CBI only.  

Resting echocardiography 

Resting echocardiography was performed with 

subjects in the left lateral decubitus position as 

described previously (Ingul et al., 2010; Molmen 

et al., 2012) as well as in Chapter 2 (Section 

2.1.1.1).  

Three consecutive cycles in B-mode (brightness 

mode; 2D echocardiography) acquisitions and 

color tissue Doppler imaging (TDI) were 

recorded from the three apical views (four 

chambers, two chambers and long axis) and B-mode from the parasternal view (short axis). 

The loop with the best quality was chosen for analysis.  

LV mitral inflow velocity was measured by conventional Doppler echocardiography, including 

E, A, IVRT and DT (Figure 2.1). E, A and DT measures were obtained with the sample volume 

between the tips of the mitral leaflet. IVRT was measured with the sample volume between the 

CBI performing resting echocardiography on a 
study participant, lying in the left lateral 
decubitus position. 
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aortic and the mitral annulus, imaging the aortic valve click and the start of the mitral inflow. 

LV volumes and ejection fraction (EF) were calculated from apical four- and two-chamber 

recordings by biplane modified Simpson’s method (Lang et al., 2006). 

Pulsed wave (pw) tissue Doppler velocities were measured with the sample volume placed in 

four sites of the mitral ring in the four-chamber and two-chamber view: The septal and lateral 

in the four-chamber view and inferior and anterior in the two-chamber view. The mean velocity 

of the four mitral annular points was used for S’, e’ and a’ (Figure 2.2). The E/e’ was calculated 

as an estimate of LV filling pressure (Ommen et al., 2000).  

The grading criteria for classifying diastolic dysfunction by Doppler techniques are presented 

in Chapter 2 (Figure 2.4) (Nagueh et al., 2009). 

Echocardiographic measurements obtained, as well as calculations of LV mass and relative 

wall thickness, are in accordance with standard procedures recommended by the American 

Society of Echocardiography (Nagueh et al., 2009). Indexation of the LV mass was made to 

the body surface area, and left ventricular hypertrophy was defined as > 95g/m2 for women and 

> 115g/m2 for men.  

Before performing echocardiography, the participants had to have at least 36 hours without 

exercise.  

Stress echocardiography 

Stress echocardiography was performed on a cycle 

ergometer in upright position as described in detail in a 

previous study (Ingul et al., 2010). 

The echocardiography was first obtained at rest (sitting on 

the cycle ergometer). Then, the participants started cycling 

at 25 watt and workload was increased by 25 watt every 

three minutes, until the subject was not able to cycle harder 

(90–95 % of HRmax). Recordings were performed at 

baseline, at each workload (the last minute of each 

increment) and at rest when E and A were separated. Apical 

four-chamber and two-chamber in B-mode and color TDI 

and mitral/aortic flow were assessed. Color TDI was used to 

record myocardial tissue velocities and analyses were done 

CBI performing stress 
echocardiography on participant 
bicycling on an ergometer cycle. 
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post-processing. Global strain rate and strain were calculated as the mean of 12 segments using 

TDI.  

No subjects were excluded due to ischemia during stress echocardiography. 

To assess hemodynamic changes during stress echocardiography, blood pressure was measured 

using a Tango blood pressure monitor (SunTech® Tango® M2 Stress BP Monitor, Morrisville, 

USA) at baseline, at each workload (the last minute of each increment) and after cycling, when 

E and A were separated.  

Echocardiographic analyses 

Off-line data analyses were performed by using commercially available software (Echopac PC, 

Version 112, GE Medical Systems). All analyses were performed blinded for group allocation. 

Analyses of conventional echocardiographic diastolic measures were performed as described 

in Chapter 2 and as published previously (Ingul et al., 2010; Molmen et al., 2012).  

3.3.5.3 Cardiopulmonary Exercise Testing 

The VO2peak test used is described in detail in Chapter 2 (section 2.1.1.2) and was performed 

according to a previously described individualized protocol (Rognmo et al., 2004). The Jaeger 

Oxycon Pro (LE2000CE, Viasys Healthcare, Germany) was used to measure VO2peak. Absolute 

and relative VO2peak is reported: Both absolute body weight (mL/min/kg) and body weight 

exponent 0.75 (mL/min/kg0.75) were used to assess relative VO2peak. The rationale for reporting 

the latter was to take disproportional increase in muscle mass with body size into consideration 

when comparing relative VO2peak within and between the groups (Åstrand, 2003).  

At baseline, 12-lead ECG was recorded during the VO2peak test at baseline to detect ischemia 

or arrhythmia during the test. Two subjects developed ischemia at ECG during VO2peak test and 

was sent for coronary angiography.   

HR was measured continuously during the VO2peak test using HR monitors (Polar, Finland), 

and HRmax was determined by adding five beats to the highest HR observed during the VO2peak 

test (see Chapter 2, section 2.1.1.3). 

The fact that only the HIIE participants, but not all participants in the MIE-group, performed 

exercise training on treadmill could have influenced the results as the MIE-group might not 

have been as familiarized with the treadmill as the HIIE-group at post-test. Furthermore, even 

though the VO2peak tests were performed by the same person at all time points, the investigator 

was not blinded to group allocation. 
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3.3.5.4 Resting heart rate and blood pressure 

Resting heart rate (HR) and blood pressure was measured according to Chapter 2 (sections 

2.1.1.7-2.1.1.8).  

Resting HR was measured by ECG. The lowest HR observed during resting echocardiography 

was noted as resting HR.  

Blood pressure was measured by oscillometry using a Tango blood pressure monitor 

(SunTech® Tango® M2 Stress BP Monitor, Morrisville, USA). Supine blood pressure was 

measured prior to resting echocardiography. After a minimum 10-minute rest in supine 

position, supine blood pressure was noted as the median of three similar recordings, which did 

not deviate more than ± 10 mmHg from each other in regard to systolic blood pressure.   

The fact that resting heart rate and blood pressure measurements were not obtained in the fasted 

state, represent a limitation in this thesis due to the postprandial findings of Chapter 5 (Paper 

III). 

3.3.5.5 Flow mediated dilatation of the brachial artery 

Brachial artery diameter and blood velocity were measured according to guidelines in place at 

the time of conducting this study (Corretti et al., 2002; Harris, 2010), using high-resolution 

Illustration of a VO2 test situation with one of the study participants. 
Photo: Adresseavisen 2011. 



3-18 
 

Vivid 7 ultrasound (GE Vingmed Ultrasound, Horten, Norway) with a 12MHz linear echo 

Doppler probe (see Chapter 2, section 2.1.1.8) 

A pneumatic cuff (SC10, Hokanson Inc., Bellevue, Washington) was placed on the forearm, 

distal to the antecubital fossa, where it was inflated to 250 mm Hg and released abruptly after 

five minutes to create an ischemia-induced hyperemia. Baseline, pre-occlusion images and 

velocities were measured for three cardiac cycles before deflation of the occlusion cuff. Post-

occlusion images and velocities were collected continuously for three minutes to measure peak 

diameter and blood velocity. The ultrasound images were analyzed using edge-detection 

software (Vascular Research Tools 5, Medical Imaging Applications LLC, Coralville, IA, 

USA).  

All ultrasound images were analyzed in a random order by the same investigator blinded to 

patient’s group allocation. The software was set to automatically reject frames if the arterial 

wall detection was not within 70% of the confidence interval. Doppler image frames were 

manually readjusted by the observer if not adequately interpreted by the software. If acceptable 

tracking could not be obtained, image frames or the whole measurement were discarded. 

Peak diameter was defined as the largest arterial diameter measured throughout the three-

minute post-occlusion period. Flow mediated dilatation (FMD) was defined as the difference 

between peak post-occlusion diameter and average pre-occlusion diameter, divided by average 

pre-occlusion diameter (multiplied by 100). Average blood flow was defined as the average 

flow value detected during the three-minute post-occlusion period. Share rate was calculated 

as average blood flow relative to average diameter (mm) after deflation. FMD was normalized 

for share rate (FMDnorm) by dividing FMD by share rate. 

Before performing FMD measurements (at all time-

points), the participants had to fast from food 

(including caffeine, nicotine and alcohol) for at least 

12 hours and to have at least 48 hours without exercise 

before performing FMD, according to guidelines 

recommending at least 12 hours without exercise 

(Harris, 2010; Thijssen et al., 2011). 
SMH performing FMD measurement. 
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3.3.5.6 Biochemical analysis 

Blood was obtained after at least 12 hours of fasting. The following analyses were performed 

at St. Olav’s University Hospital with standard procedures as described in Chapter 2 (section 

2.1.1.5): HbA1c, blood glucose, insulin C-peptide, plasma triglycerides, total cholesterol, HDL-

cholesterol, LDL, high-sensitive C-reactive protein (hs-CRP). At baseline, hemoglobin, serum 

albumin, serum creatinine, potassium and sodium was also measured to reveal eventual 

microalbuminuria or renal failure. 

Insulin resistance was calculated from fasting blood glucose and insulin C-peptide (HOMA2 

calculator, The Homeostasis Assessment Model, University of Oxford, UK).  

3.3.5.7 Anthropometric measurements 

Anthropometric measurements were performed as described in Chapter 2 (section 2.1.1.4). 

BMI was calculated as weight in kilograms divided by height in meters squared (kg/m2). Waist 

circumference was measured by the same investigator at all time-points using a measuring tape 

at the level of the umbilicus after expiration. The measure that could be reproduced three times 

was noted as waist circumference.  

In the present study, DXA (Hologic Discovery A, version 13.3.0.1, USA) was performed to 

measure body fat percentage. All anthropometric measurements were performed at all time-

points. The same, trained investigator measured the subjects at all times. However, the 

participants were not asked to abstain from eating or drinking nor exercising prior to the DXA 

measurements, which represents a potential for both false conclusions (Type I error) or failure 

to identify real differences (Type II error) in regard to body composition in this study.  

3.3.5.8 Self-reported physical activity and energy intake 

Physical activity diary 

Both exercise groups (HIIE and MIE) kept a diary during the 12-week intervention to register 

all physical activities characterized as “a little strenuous”, “strenuous” and “very strenuous” as 

well as duration of the different activities (walking, running, bicycling, swimming, strength 

training and “other”). Potential limitations when interpreting physical activity diaries are the 

variation between subjects in regard to perceived effort as well as the potential for over- or 

underreporting physical activity. 
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Four-days food diary 

Subjects filled out a four-day food diary representing their eating habits of three weekdays and 

one day of the weekend. They were asked to register on days characterized as “normal days” 

at all time-points. Energy intake was analyzed using a nutrition software program (Mat på Data 

5.1, the Norwegian Food Safety Authority, Norway). Self-reporting (over- or underreporting), 

the limited days of registering food intake; using household measures instead of weighed food 

measurements; and translation of the registrations into the nutrition software program 

represents some limitations which has to be taken into account when interpreting the results of 

these food diaries.   

3.3.6 Statistical analysis 

The analyses were carried out using a standard statistical software program (IBM SPSS 

Statistics version 21.0; SPSS Inc., Chicago, Illinois). Statistical differences were considered 

significant at p<0.05. 

Analysis of variance (ANOVA) with repeated measurements was used to analyze the mean 

change in cardiac function and other physiological, anthropometrical and biochemical 

variables during the 12-week intervention period. The number of subjects with complete 

information is reported in the papers tables as well as in the results section of the present thesis. 

An interaction term between time (baseline, 12 weeks) and group (MIE, HIIE) was included in 

the statistical model to examine whether potential change in the outcome measures differed 

between the MIE and HIIE groups. To assess subsequent changes at one-year follow-up, and 

also compare with initial baseline values, additional analyses with time (baseline, 12 weeks, 

one year) defined as categorical variable, were carried out. The analyses were performed by 

means of the general linear model (GLM) and linear mixed model (LMM) modules in SPSS. 

Pearson’s correlation coefficient (r) was calculated to evaluate associations between changes 

in the different measurements during the 12-week intervention (total sample).  

The chi-square test was used to compare the two intervention groups with respect to 

demographic characteristics (Table 3.3, not reported in Paper I). In table 3.3, the variables 

presented are mainly categorical and hence the choice of chi-square test. As Table 3.3 had 

several categorical variables, we also chose to present age, T2D duration and BMI as 

categorized variables in this table. However, mean baseline values for the latter variables are 

also presented this Chapter 3 (sections 3.4.1-3.4.2). 
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Sample size calculations 

Sample size was calculated a priori from the primary outcome variable e’. We anticipated that 

to assess a clinically significant overall increase in e’ (1.1 cm/s) in patients with T2D with a 

power of 0.80 and an α of 0.05, 38 patients would be needed in total. In the expectation of a 

15% dropout or failure to exercise adequately, we aimed to recruit 22 patients for each group 

(n=44). 
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3.4 SUMMARY OF RESULTS 

3.4.1 Baseline characteristics and compliance 

Participants in the MIE group were younger (mean 54.7±5.3 versus 58.6±5.0 years, p=0.02), 

had a better systolic function (S’ and LV strain rate), higher HR at rest and lower hs-CRP 

compared to the HIIE group (Table 3.3). There was no difference between groups in regard to 

severity of diastolic dysfunction (chi-square test) (Table 3.3). Diastolic dysfunction (as defined 

in Figure 2.4) grade 1 was found in 16%, grade 2 in 81% and grade 3 in 3% of the individuals 

(Table 3.3).  

All participants complied with their medical treatment regimen during the 12-week 

intervention period. Medical agents are presented in Table 3.3 and the concomitant 

antihypertensive medication subclass is presented in Textbox 1. 

The HIIE group performed 93.7% of the scheduled exercise sessions. In the MIE group, 16 of 

17 (94%) reported physical activity to be 210 minutes/week.
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3.4.2 Clinical measurements 

3.4.2.1 Diastolic and systolic function at rest  

After 12 weeks exercise intervention, 19 (51%) individuals had grade 1 and 18 (49%) had 

grade 2 diastolic dysfunction.  

Individuals with T2D and diastolic dysfunction improved diastolic function (e’) after both MIE 

and HIIE, but HIIE was superior to MIE (p<0.001) in improving e’. Only HIIE improved other 

diastolic measurements (E, E/e’ and E/A) and systolic function (S’, global strain, global strain 

rate) (Table 3.4). Figure 3.2 illustrates a baseline and 12-week post-test echocardiogram (pw-

TDI) with exercise-induced improvements. 

 

 

 

 

e’ a’ 

S’ S’ 

e’ a’ 

Figure 3.2. Echocardiographic image from baseline (left panel) and 12-week post-test (right panel) 
measurement of one of the participants of the present study. Abbreviations: S’, peak systolic tissue Doppler 
velocity; e’, peak early diastolic tissue Doppler velocity; a’, peak late diastolic tissue Doppler velocity. 

e’≈ 7 cm/s 
e’≈ 9 cm/s 
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3.4.2.2 Diastolic and systolic function during exercise 

Only HIIE improved diastolic and systolic function during stress echocardiography: E at 75 

watt and global strain rate at wattpeak improved significantly after HIIE, but not after MIE 

(p<0.01, Table 3.4). In addition, the HIIE group also improved E at 25 and 50 watt, global 

strain rate at 0 watt, as well as SV and cardiac output (CO) at all workloads, but there was no 

significant group difference (p > 0.4, Table 3.5). No significant change in other diastolic or 

systolic measures, blood pressure or HR during stress echocardiography was found from 

baseline to 12-week post-test.  

 

The strain and strain rate values from supine resting values and stress echocardiographic values 

are not comparable due to different techniques used (see Chapter 2, Section 2.1.1.1 

Echocardiography), hence they are not compared. 

3.4.2.3 Cardiorespiratory fitness 

Individuals with T2D and diastolic dysfunction had reduced cardiorespiratory fitness 

(measured as VO2peak) compared to previous findings in healthy counterparts from the HUNT 

Study (Aspenes et al., 2011). HIIE and MIE both improved VO2peak, but HIIE was superior to 

MIE (p=0.002) (Table 3.6).  

3.4.2.4 Heart rate and blood pressure 

There was no change in resting blood pressure, resting HR or in HRmax in either group (Table 

3.6).  

3.4.2.5 Endothelial function 

HIIE was superior to MIE in improving endothelial function (FMD) in T2D individuals with 

diastolic dysfunction (Table 3.6). However, FMD results were incomplete due to errors that 

occurred while transferring ultrasound images to CD/DVD, and results must thus be interpreted 

with caution.  
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Hs-CRP 

Only the HIIE group improved hs-CRP over 12 weeks (p=0.04) (Table 3.7).  

Diverse baseline analysis 

Biochemical measurements only performed at baseline (hemoglobin, serum albumin, serum 

creatinine, potassium and sodium) were considered normal in all the participants, but two 

(MIE, n=1; HIIE, n=1) had microalbuminuria, i.e. a slightly elevated urine albumin/creatinine 

ratio. In addition, we had five missing urine samples.  

3.4.2.7 Body composition  

Body composition (BMI, WC and DXA) was measured according to Chapter 2 (section 

2.1.1.4). At baseline, the majority of the T2D participants were overweight (~40%) or obese 

(~50%). Only HIIE improved BMI in 12 weeks, whereas both HIIE and MIE improved waist 

circumference. Twelve weeks of exercise did not modulate fat percentage measured by DXA. 

Self-reported energy intake 

There was no significant difference between the MIE group (n=13) and the HIIE group (n=19) 

in average reported energy intake at baseline, and no significant difference from baseline to 

post-test was found in either group (Figure 3.3). The macronutrient composition in the diet was 

on average in accordance with current recommendations (Protein, 10–20% of total energy 

intake (E%); Fat, 25–40 E%; Carbohydrate, 45–60 E%) (The Norwegian Directorate of Health, 

2014). However, total energy intake from fat was on average at the upper range of what is 

recommended, and reported saturated fat intakes were on average >10 E%. Proportions of 

mono- and polyunsaturated fat intakes were reported to be in the low range of current 

BL Posttest BL Posttest
0

2000
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K
ca

l

HIIE
MIE

Figure 3.3. Average self-reported total daily dietary energy intake of participants in the present study. 
Abbreviations: BL, baseline; HIIE, high-intensity interval exercise group; kcal, kilocalories; MIE, moderate-
intensity exercise group. 
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recommendations (monounsaturated fat, 10–20 E%; polyunsaturated fat, 5–10 E%). There was 

no significant change in dietary intake during intervention, except for a significant increase in 

energy intake from protein (19±4 at baseline vs. 21±4 E% at 12-week post-test, p=0.02) and a 

proposedly compensatory decrease in energy intake from carbohydrate intake (39±7 at baseline 

vs. 36±8 E% at 12-week post-test, p=0.03) in the HIIE group. However, there was no 

significant difference in change from baseline to 12 weeks in any of the macronutrients 

between the HIIE and MIE group. Analysis of fiber, salt and added sugar intake was discarded 

due to the limitations in the method used to analyze dietary intake.

3.4.2.8 Correlation between outcome measures 

There was a correlation between changes in S’ and e’ (r=0.54, p=0.001), E (r=0.38, p=0.026), 

A (r=0.53, p=0.001) and IVRT (r=-0.44, p=0.01). There was also a correlation between changes 

in global strain and IVRT (r=0.38, p=0.03). No other correlations were seen between diastolic 

and systolic variables.  

Improvement in diastolic function (e’) correlated significantly (p<0.05) with improvements in 

HbA1c (r=-0.39, p=0.009) and diastolic blood pressure (r=-0.40, p=0.02), but with less of an 

increase in HDL (r=-0.40, p=0.02).  

3.4.2.9 One-year follow-up

After one year, the HIIE group had sustained improvements in cardiac function, 

cardiorespiratory fitness, body composition and biochemical measurements, in contrast to the 

MIE group.  

Individual changes in e’ during the year are presented in Figure 3.4. The HIIE group, but not 

the MIE group, had on average better e’ after one year compared to baseline. The initial 

improvements (baseline to post-test) in E, S’ and the strain rate were sustained after one year 

in the HIIE group. In the MIE group, the 12-week exercise-induced improvements in cardiac 

function had returned to baseline levels. No significant difference from baseline was seen for 

other variables describing cardiac function.  
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Furthermore, the HIIE group sustained improvement in VO2peak, BMI, waist circumference and 

hs-CRP, whereas improvements in FMD and HbA1c were lost after one year. Body fat 

percentage had decreased from baseline to one year and HDL improved slightly and differed 

significantly from baseline at the one-year follow-up (mean increase of 0.09 mmol/L). In the 

MIE group, waist circumference was increased from the 12-week post-test to the one-year 

follow-up and HDL returned to baseline-levels after one year. 

 

 

 

 

 

 

 

 

Figure 3.4. Individual changes in diastolic function during one year in the present study. Lines represent 
diastolic function (e’) at baseline, post-test and one-year follow-up.  Grey area represents diastolic dysfunction 
(e’ < 8 cm/s). Results from statistical tests on mean change (between two time points) within each group are 
shown. *p<0.05; **p<0.001 Abbreviations: e’, peak early diastolic tissue Doppler velocity; HIIE, high-
intensity interval exercise; MIE, moderate-intensity exercise; n.s. not significant at 5% level. 
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3.5 DISCUSSION  

3.5.1 Effect of exercise on cardiac function in T2D  

3.5.1.1 Diastolic function 

The improvement in diastolic function (e’) of 1.8 cm/s (~26% increase from baseline) in the 

HIIE group compared to 0.5 cm/s (~7% increase from baseline) in the MIE group, as well as 

significant differences between groups in improvement in E and E/e’, reflects the importance 

of exercise intensity for improving diastolic function.  

Although it is not yet known whether or not exercise can prevent the development of diastolic 

dysfunction in T2D over time (Hare et al., 2011), the findings suggest it may be possible to 

slow down the progression of diastolic dysfunction if performing regular MIE in general or 

HIIE in particular.  

This study is one of the very first to investigate the effect of high intensities at 90 to 95% of 

HRmax on diastolic function in T2D. Continuous exercise training at moderate intensities has 

been more frequently used to investigate the effect of exercise on diastolic function in T2D. 

The few previous studies reporting the effect of exercise on diastolic function have conflicting 

results (Brassard et al., 2007; Friis Schmidt et al., 2013; Hare et al., 2011; Hordern et al., 2009; 

Loimaala et al., 2007; Ofstad et al., 2014). Due to different characteristics of diastolic 

dysfunction, different measurement methods and exercise modalities, it is hard to compare 

studies. However, one study observed improvements in diastolic function (E/A-ratio) of similar 

magnitude to our MIE group (E), and better than our HIIE group after 12 weeks MIE at 60 to 

70% of VO2max (corresponding to 70 to 80% of HRmax) in subjects with a slightly older age 

(58±5 years), longer T2D duration (5±7 years), and poorer baseline E/A-ratio (0.76±0.11) than 

the participants of the present study (Brassard et al., 2007). Another study performed a one-

year intervention program, including MIE according to current guidelines, and observed 

improvements in diastolic function after intervention, but only in a subgroup that had a larger 

exercise volume or exercised at greater intensities (Hordern et al., 2009). Only one, non-

randomized, study (Friis Schmidt et al., 2013) has, to our knowledge, investigated the effect of 

high-intensity intermittent exercise (soccer; twice weekly) on diastolic function. Subjects 

(n=12) in that study (Friis Schmidt et al., 2013) exercised 43% 22% of the exercise time 

above 85% of HRmax (average intensity of 82% 6% of HRmax) and showed improvements in 

diastolic function (e’, E/e’, E/A) during a 12-week period, similar to our HIIE group. The 
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soccer playing group of Friis Schmidt et al. (Friis Schmidt et al., 2013) improved e’ by 18% in 

24 weeks, giving approximately the same average results as the HIIE group of the present 

study, which improved e’ by 26% in 12 weeks. In the soccer study (Friis Schmidt et al., 2013),

the subjects seem to have had the largest exercise impact from baseline to 12 weeks, while less 

change happened from 12 weeks to 24 weeks. The lack of substantial improvement from 12 to 

24 weeks in the study by Friis Schmidt et al. (Friis Schmidt et al., 2013) might have been a 

result of reduced relative exercise intensity during the course of intervention. 

Even though both intervention groups improved diastolic function (e’), the HIIE group also 

improved several other measures of diastolic function during 12 weeks of exercise. On average, 

these parameters were still significantly different from the healthy control group in Chapter 4 

at the 12-week post-test. This suggests that 12 weeks of MIE or HIIE is not sufficient to 

normalize diastolic function in middle-aged T2D individuals with T2D for less than 10 years. 

This calls upon future research to further investigate whether increased exercise volume, 

frequency, or longitude can achieve normalization (under supervision; either done as in the 

present studies, or e.g. via telemedicine approaches incorporating more specific and long-term 

exercise programs in apps, such as diabetesdagboka.no, that have been shown to improve 

attitudes in regard to disease management in individuals with T2D (El-Gayar et al., 2013)).  

Indeed, it may be argued that the selection criterion for the major outcome measure (e’ < 8

cm/s) in this study gives a significant potential for regression to the mean. It is acknowledged 

that the selected individuals in this study had e’ values in the lower range of the distribution 

for the population of interest, and an increase in e’ after intervention might be (partly) due to 

regression to the mean. However, the same issue exists for both the HIIE and the MIE group, 

but since the individuals were randomized into one of two interventions, the comparison of the 

mean change from baseline for HIIE and MIE will in any case demonstrate the effect of interest. 

In addition, the HIIE group had more individuals with grade II diastolic dysfunction at baseline, 

which can potentially explain group differences as one might speculate whether these patients 

(with grade II) have a greater capacity for improvement. 

Long-term adherence to 12-week exercise intervention 

The lack of additional improvement in diastolic function (e’) after 12 weeks is consistent with 

previous observations (Friis Schmidt et al., 2013; Hare et al., 2011; Hordern et al., 2009). This 

may reflect difficulties with long-term adherence to exercise in people with T2D (Schneider et 

al., 1992), but it may also be due to the absence of supervision from 12 weeks to one year 
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(Colberg et al., 2010). We did not control exercise after 12 weeks in any of the groups, and our 

observations of reductions in improved parameters (from 12 weeks to 12 months) may reflect 

the lack of motivation to exercise in this particular patient group. It was previously reported 

that up to two-thirds of patients with T2D attend no regular physical activity at all (Thomas et 

al., 2004), and few achieve the recommended amount of weekly exercise (Egan et al., 2013; 

Nelson et al., 2002; Thomas et al., 2004). However, the improved diastolic function in the HIIE 

group after one year (compared to baseline) indicates that continued home-based HIIE could 

be more achievable. The HIIE group sustained improved diastolic function to some extent in 

the long term, but the sustained improvements may also have been due to the significant 

superior improvements in the HIIE group compared to the MIE group, which may have allowed 

for sustained results in spite of assumed lower volumes of exercise. To our knowledge, only 

Hordern et al. (Hordern et al., 2009) observed improvements in diastolic function over one year 

of exercise, but only in a subgroup that increased moderate or vigorous activity. The present 

study supports those findings (Hordern et al., 2009) if we presume that both exercise groups 

kept exercising to some extent (as reported verbally to the exercise physiologist by phone and 

after one year).  

The reason for the adaptations in diastolic function due to exercise is not fully understood as 

the development of diastolic dysfunction is complex (see Chapter 1, sections 1.1.3-1.1.4). 

However, due to the short duration of diabetes in the participants of this study, structural 

changes in the myocardium (fibrosis) might not have come far. Even though this was not tested, 

we could expect the exercise-induced improvements to partially reflect an improved calcium 

homeostasis in the cardiomyocytes (Loganathan et al., 2007; Stolen et al., 2009), improving 

contractility and elastance and thus improved recoil and suction in early diastole (also reflected 

by the improved time to untwist rate [UTR] discussed in Chapter 4). However, the 

improvements in systolic measures (strain rate and S’) reflecting improved contractile function 

were only evident after HIIE. Nevertheless, this additional effect to systolic function may also 

partially explain the superior effect of HIIE in improving diastolic function (e’). Earlier studies 

have shown an association between diastolic and systolic function by a correlation (~0.6) 

between S’ and e’ in healthy subjects (n=1266) (Dalen et al., 2010). 

Even though HIIE seems to be superior to MIE in improving diastolic function in the short 

term (Hordern et al., 2009), it is unclear which is more effective to achieve adherence to 

exercise and potentially prevent the development of diastolic dysfunction in T2D in the long 

term. Although individuals who have exercised throughout adulthood have better diastolic 
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function than those who have been less physically active, the development of diastolic 

dysfunction due to aging does not seem possible to prevent. A recent invasive study measuring 

LV distensibility and compliance in healthy seniors showed that a high dose of exercise 4-5 

times per week throughout adulthood can slow down age-related LV stiffness (Bhella et al., 

2014). More research in warranted to determine whether exercise can slow down the 

development of diastolic dysfunction in T2D, and which exercise regimen is the most effective 

in the long run.  

3.5.1.2 Systolic function  

Our findings suggest that MIE is not sufficient to improve systolic function. The observed 

improvements in systolic function in the HIIE group (S’, global strain, and strain rate) are in 

line with previous observations in exercise studies of asymptomatic T2D patients with normal 

LV EF (Friis Schmidt et al., 2013; Nakai et al., 2009). Abnormal myocardial deformation in 

systole (LV strain) is associated with reduced cardiorespiratory fitness and has recently been 

found to be a potentially important diagnostic marker for ACC/AHA stage B HF (i.e. diastolic 

dysfunction) (Kosmala et al., 2015). Due to the putative additive effect of increased systolic 

function to improve diastolic filling properties (Støylen), our findings strengthen the 

importance of performing exercise at higher intensities to also affect systolic function when 

aiming to achieve cardiac remodeling in individuals with T2D and diastolic dysfunction. 

Furthermore, global strain was lower in the T2D group of the present study compared to normal 

values reported in a previous study using the same speckle tracking method for analysis and 

might serve as another early marker of cardiomyopathy.   

A recent study has suggested a reduction in systolic strain to be an even earlier marker of 

diabetic cardiomyopathy than diastolic dysfunction (Ernande et al., 2011) and has recently been 

introduced as a possible important marker for stage B HF (Kosmala et al., 2015).  

3.5.1.3 Stress echocardiographic measurements 

We also observed improved CO and SV from baseline to 12 weeks post-test during exercise 

(stress echocardiography) as well as at rest (sitting upright on the bicycle without pedaling) 

after HIIE but not MIE. Thus, our findings indicate that HIIE is superior to MIE in improving 

contraction (global strain rate) at maximum effort and work rates (independent of the Frank-

Starling relationship). This superior effect of HIIE is confirmed by the finding of improved 

filling velocity with incremental exercise as well as the substantial improvement of VO2peak 

after HIIE compared to MIE (as discussed in the next section 2.5.2.1). 
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3.5.2 The effect of aerobic exercise on cardiometabolic risk factors 

3.5.2.1 Cardiorespiratory fitness  

This study confirms previous findings showing that T2D subjects have reduced 

cardiorespiratory fitness compared to healthy individuals (Aspenes et al., 2011). Our findings 

are also in line with previous studies reporting that diastolic dysfunction is associated with 

reduced cardiorespiratory fitness (Edelmann et al., 2011; Kosmala et al., 2015; Poirier et al., 

2000).  

The lack of a strong correlation between change in diastolic function and change in VO2peak 

supports a recent study finding that aerobic capacity is relatively independent of diastolic 

function (Gurdal et al., 2015). However, previous studies also suggest that improvement in 

VO2peak may be due to improved diastolic function (Edelmann et al., 2011; Poirier et al., 2000). 

This relation has to be further investigated to better understand the mechanisms mediating 

improved diastolic dysfunction in relation to improved VO2peak. 

As in this study, several randomized controlled trials (RCT) have shown improvements in 

VO2peak following aerobic exercise in T2D (Belli et al., 2011; Bjorgaas et al., 2005; Cuff et al., 

2003; Kadoglou et al., 2007). The observed superior effect of HIIE (~13% increase in VO2peak; 

Δ4.1 ml/kg/min) compared to MIE (~4% increase in VO2peak; Δ1.2 ml/kg/min) in improving 

VO2peak is also in line with findings in several patient populations, such as HF and metabolic 

syndrome (Tjonna et al., 2008; Wisloff et al., 2007). Our findings also support the meta-

analysis of Boulé et al. (Boule et al., 2003), reporting VO2peak increase up to 11.8% following 

aerobic exercise for at least eight weeks in T2D. Indeed, a recent meta-analysis found that when 

compared to MIE, HIIE produced a significantly higher increase in VO2peak (9.1%; 3.03 

mL/kg/min difference, 95% CI 2.00 to 4.07). 

The increase in VO2peak in the HIIE group, in particular, can be considered a substantial and 

clinically significant increase, which may translate into a decrease in risk of morbidity and all-

cause mortality. Cardiorespiratory fitness has been characterized as a more powerful predictor 

of mortality than other established risk factors for CVD; both Meyers et al. (Myers et al., 2002) 

and Nes et al. (Nes et al., 2014) have reported that a ~3.5 ml/kg/min (1 MET) higher VO2peak 

level represents a substantial risk reduction in all-cause and CVD mortality. Meyers et al. 

(Myers et al., 2002) showed a 12% increase of survival in men with 1 MET higher 

cardiorespiratory fitness, whereas Nes et al. (Nes et al., 2014) reported a 21% reduction in CVD 
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mortality risk in both genders as well as 15% and 8% all-cause mortality risk in men and 

women, respectively. The persistent excess cardiovascular and overall mortality risk seen in 

T2D, in spite of aggressive cardiovascular risk-factor prevention (Pi-Sunyer et al., 2007), may 

thus be due to reduced cardiorespiratory fitness.  

Resting heart rate 

HR at rest did not change in either exercise group in spite of improved VO2peak. This is 

consistent with the findings of Friis Schmidt et al. (Friis Schmidt et al., 2013), and may be 

explained by CAN, a common form of autonomic dysfunction associated with diastolic 

dysfunction in T2D (Mythri, 2015; Poanta et al., 2011) (Chapter 1, section 1.1.3.4) 

On average, the participants had relatively high resting HRs, which is associated with reduced 

cardiorespiratory fitness and is considered a predictor for CVD (Nauman et al., 2012). CAN in 

T2D leads to increased resting HR (Tang et al., 2014), reduced HR variability, and reduced HR 

recovery after exercise (Sacre et al., 2012), the last of which has also been associated with 

reduced cardiorespiratory fitness in T2D (Fang, Sharman, et al., 2005). Although not tested, it 

is possible that the relatively high resting HRs and the inability to reduce resting HR can be 

indications of CAN. However, Sacre et al. (Sacre et al., 2014) found reduced resting HRs after 

six months of exercise intervention with improved VO2peak in T2D individuals with reduced 

tissue Doppler velocities despite a lack of exercise induced improvement in other CAN 

measures such as HR variability, baroreflex sensitivity, and exercise recovery HR. The 

difference in findings may be due to differences in study populations, severity of diastolic 

dysfunction, or exercise modalities, among other factors. Future studies should include 

measures of CAN when assessing the effect of exercise in this patient group to better 

understand the relationship between diastolic cardiomyopathy and CAN as well as the potential 

modifying effects of exercise on the variables affecting HR. 

The fact that the improvement in diastolic function (e’) from baseline to 12 weeks and one year 

was present without a change in resting HR indicates that there were mechanisms mediating 

improvements in e’ other than exercise training induced changes in HR. 

3.5.2.2 Glycemic control 

Glycosylated hemoglobin (HbA1c) 

The improvements in glycemic control after HIIE were similar to, or somewhat smaller than, 

previous studies (Boule et al., 2001; Marwick et al., 2009). The relatively good mean baseline 
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metabolic control (American Diabetes Association, 2014; Ryden et al., 2013) in the study 

participants of the present study may explain the modest changes observed in HbA1c. 

The mean HbA1c reduction in the HIIE group may not be of great clinical significance. 

However, improvements were clinically significant on an individual level in ~43% of the 

participants with HbA1c ≥ 7%, reaching treatment target goals during the 12-week intervention. 

The improved glycemic control in individuals with HbA1c levels above target for CVD 

prevention in T2D (HbA1c > 7%) in this study coincides with previous exercise studies (Boule 

et al., 2001). The observed reductions in HbA1c may be transferred into risk reduction as even 

relatively small reductions in HbA1c have been shown to yield cardiovascular and all-cause 

mortality risk reduction (Advance Collaborative Group: Patel, 2008; ten Brinke et al., 2008; 

Zhang et al., 2012). Every percentage point increase in HbA1c has been shown to represent an 

8% increase in risk for developing HF (Iribarren et al., 2001) and fasting plasma glucose levels 

have been shown to be a prognostic factor for HF (Held et al., 2007). Moreover, poor glycemic 

control (measured as increased HbA1c) increases the relative risk of dying from ischemic heart 

disease (Dale et al., 2009). On the contrary, improved HbA1c levels are associated with reduced 

risk of CVD and mortality in T2D (Dale et al., 2009; Gerstein et al., 2008; Zhang et al., 2012).  

The lack of change in HbA1c in the MIE group is partly in line with Umpierre et al. (Umpierre 

et al., 2011), who concluded that supervised exercise reduces HbA1c more than exercise advice 

alone, which is also stated by the ADA (Colberg et al., 2010). In a recent systematic review 

with meta-regression analysis (Umpierre et al., 2013), an association was also observed 

between exercise volume and change in glycemic control. However, the MIE group had 

increases in VO2peak in line with previous interventions with supervised MIE, which indicates 

that exercise volume was sufficient. Thus, volume or lack of supervision is probably not the 

main reason for lack of improvements in glycemic control in this group, but rather exercise 

intensity.  

This study indicates that intensity plays an important role in improving glycemic control in 

T2D, which is in line with a previous meta-analysis (Boule et al., 2003) concluding that 

exercise at higher intensities could have additional benefits in regard to HbA1c in T2D (Mourier 

et al., 1997). Our findings also support the few available trials that have compared high-

intensity exercise with MIE in T2D, which show beneficial results of high-intensity exercise 

on glycemic control (HbA1c) as well as on other CMR factors (Backx et al., 2011; Mitranun et 

al., 2013; Terada et al., 2013); for example, Karstoft et al. (Karstoft et al., 2013) showed greater 
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effect on glycemic control with HIIE at 70 to 85% of VO2peak compared to continuous walking 

at lower intensities. It has also been speculated that the concept of intermittent exercise 

protocols of intensities higher than 75% of VO2peak could be more effective in improving 

cardiovascular risk factors in T2D than current recommendations of moderate-intensity 

exercise (Balducci et al., 2012; Hansen et al., 2009). Nevertheless, our findings in regard to 

glycemic control indicate that higher intensities can compensate for a reduced use of time when 

aiming to improve glycemic control.  

The observation of greater improvements in subjects with HbA1c ≥ 7% compared to subjects 

with HbA1c < 7% contrasts with previous findings; Solomon et al. (Solomon et al., 2013) 

predicted that every 1% increase in pre-exercise HbA1c above 6.2% would induce a 0.2% loss 

of exercise improvement in HbA1c. Furthermore, the Look AHEAD study found that diabetes 

remission due to exercise and diet intervention is more likely in individuals with short T2D 

duration and lower pre-HbA1c (Gregg et al., 2012). However, our findings are in line with a 

recent pilot performed at our lab where even extremely short bouts of high-intensity exercise 

improved HbA1c in individuals with HbA1c > 7% (Revdal et al., 2016). Due to this and previous 

studies showing the effectiveness of HIIE on insulin sensitivity, one might speculate whether 

intensity plays a role in this.  

Although a group of individuals with T2D in the HUNT study (Dale et al., 2009) had an overall 

increased risk of dying from coronary artery disease compared to individuals without T2D, the 

individuals with the poorest glycemic control (HbA1c ≥ 8.21) were at a particularly increased 

relative risk (hazard ratio 4.2) of dying from coronary artery disease (Dale et al., 2009). This 

underlines the importance of exercise to improve glycemic control in T2D individuals with 

HbA1c > 7% in particular and indicates that the potential of higher-intensity exercise to reduce 

glycemic control in this group should be further investigated.  

Insulin sensitivity 

Although not tested, several mechanisms could have contributed to the improved glycemic 

control observed in the HIIE group, such as increased muscle blood flow, improved capillary 

density, and increased glycogen storage (Colberg et al., 2010). The fact that the HIIE group 

reduced BMI more than the MIE group may also explain the additional effect on glycemic 

control in the HIIE group (Pi-Sunyer et al., 2007). However, we failed to detect expected 

improvements in insulin resistance measured by the homeostasis model assessment (HOMA-

ir).  
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The reason for this inconsistent finding (improved HbA1c without improvements in insulin 

sensitivity) is not clear. Indeed, exercise induced improvements in insulin sensitivity and β-cell 

function are suggested to be due to enhanced skeletal muscle glucose transport capacity, which 

is partially mediated by the protein GLUT4 (Gibala et al., 2012; Koval et al., 1999). The

HOMA-ir, however, mostly reflects hepatic insulin resistance, as opposed to the 

hyperinsulinemic-euglycemic clamp technique, which to a greater extent reflects peripheral 

(skeletal muscle) insulin sensitivity (Bonora et al., 2000; DeFronzo, 1999). Thus, potential 

exercise-induced improvements in insulin sensitivity in muscle tissue or in β-cell function do 

not necessarily need to be entirely reflected by this assessment method. However, HOMA-ir

was found to correlate significantly to the clamp technique in T2D patients and is considered a 

useful method for evaluating insulin sensitivity in this patient group (Katsuki et al., 2001).

Nevertheless, we might have missed true changes in insulin sensitivity due to the choice of 

assessment model.  

Our findings contrast with several previous studies investigating the effect of moderate or high-

intensity exercise of relatively high volume on insulin sensitivity (Bruce et al., 2006; Houmard 

et al., 2004; O'Donovan et al., 2005; Tjønna et al., 2008). Indeed, using the same HIIE protocol 

as in the present study, Tjønna et al. found HIIE to improve insulin sensitivity (measured by 

HOMA-ir) and fasting blood glucose more than MIE in individuals with metabolic syndrome 

(Tjønna et al., 2008). Furthermore, insulin sensitivity has been shown to be improved by 35% 

(measured by HOMA-ir) during only two weeks (six sessions a week) of low-volume HIIE in 

middle-aged sedentary adults (n=7) (Hood et al., 2011). Furthermore, Little et al. demonstrated 

improved GLUT4 content, reduced 24 h blood glucose concentration, and postprandial glucose 

excursion after two weeks (six sessions a week) of low-volume HIIE in T2D individuals (n=8) 

(Little et al., 2011), indicating that HIIE is a time-efficient method to improve insulin 

sensitivity in this patient group. However, the latter studies were of small sample size and the 

mechanism for improved insulin action induced by HIIE is not entirely clear. Thus, further 

research in larger studies is warranted to investigate the role of intensity in this context.  

Finally, the participants in the present study had relatively good mean baseline metabolic 

control (American Diabetes Association, 2014; Ryden et al., 2013) and most of the participants 

used metformin or other oral anti-diabetic agents, which may also partly explain the lack of 

change in insulin sensitivity (Giannarelli et al., 2003).
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3.5.2.3 Body composition 

The sustained reduction in BMI and waist circumference from baseline to one year and 

reduction in body fat percentage from 12 weeks to the one-year follow-up in the HIIE group 

indicate that HIIE yields an additional effect on body composition compared to MIE. There 

has been conflicting evidence regarding whether or not exercise can contribute to reduced BMI 

and waist circumference (Boule et al., 2003; Chudyk and Petrella, 2011; Thomas et al., 2006), 

but the present study supports the findings of the meta-analysis of Hayashino et al., which 

concluded that exercise has the potential to improve body composition (Hayashino et al., 2012).  

The exercise volumes applied in this study were substantially lower than what is suggested to 

contribute to weight reduction when only relying on physical activity (~60 min/day) (Ross et 

al., 2000; Ross et al., 2004). Our findings thus suggest that higher intensities can compensate 

for less use of time when aiming to reduce weight in T2D. Although not tested, the mechanisms 

explaining the excess weight loss in the HIIE group may be an increased excess post-oxygen 

consumption (EPOC) due to HIIE compared to MIE. Larsen et al. (Larsen et al., 2014) showed 

that the same HIIE protocol used in the present study gave a significantly greater EPOC than 

47 minutes of MIE (Larsen et al., 2014). One may also speculate whether an effective increase 

in VO2peak could increase total energy expenditure due to increased capacity to perform daily 

activities. Another speculation is whether HIIE and MIE induce different appetite controls, 

which subsequently can explain the weight loss favoring HIIE; however, a recent study 

conducted on obesity indicates that this might not be the case (Martins et al., 2015). 

The reduced waist circumference in the MIE group without reduction in BMI may be explained 

by reduced intra-abdominal fat. This assumption supports previous studies showing that intra-

abdominal fat (Cuff et al., 2003; Lehmann et al., 1995; Mourier et al., 1997) and waist 

circumference (Chudyk and Petrella, 2011) can be reduced even though weight was sustained 

through exercise interventions in T2D.  

The observed reduction in BMI together with reduced HbA1c in the HIIE group confirms what 

was previously observed: even modest weight reductions, including reductions in waist 

circumference, in T2D are associated with improved glycemic control (Catapano et al., 2011; 

Pi-Sunyer et al., 2007). However, the role of weight reduction in cardiovascular health is 

unclear as reduced weight has not yet been shown to reduce cardiovascular events in adults 

with T2D (Wing et al., 2013). 
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3.5.2.4 Blood pressure  

The lack of improvement in blood pressure in this study is both in contrast to (Friis Schmidt et 

al., 2013; Hayashino et al., 2012; Marwick et al., 2009; Pi-Sunyer et al., 2007; Wing et al., 

2013) and in line with previous observations in T2D (Sigal et al., 2007; Wycherley et al., 2008). 

This may be explained by the fact that 35% of our subjects were on anti-hypertensive 

medication.  

In contrast to our findings, Friis Schmidt et al. (Friis Schmidt et al., 2013) observed reduction 

in both systolic and diastolic blood pressures, which were closely associated with increases in 

VO2peak. The authors (Friis Schmidt et al., 2013) suggested that reduction in blood pressure 

contributed to improved diastolic function. This may be a partial explanation, but our study 

shows that other mechanisms, independent of HR and blood pressure, mediate improvement in 

diastolic function in T2D.  

3.5.2.5 Dyslipidemia 

The effects of MIE on HDL-cholesterol and the similar pattern in the HIIE group are in line 

with previous small, randomized trials involving T2D (Kadoglou et al., 2007; Ronnemaa et al., 

1988), but most have found no effect of exercise on lipids (Gordon et al., 2008; Sigal et al., 

2007; Tudor-Locke et al., 2004; Vanhees et al., 2012). Weight reduction has also been shown 

to reduce HDL with 0.01 mmol/L per kg reduction in body mass (Catapano et al., 2011), which 

may partly explain the slight increase in HDL after exercise. Nevertheless, neither HIIE nor 

MIE improved lipid levels to a clinically significant level.  

3.5.2.6 Chronic inflammation  

The participants, and the HIIE group in particular, had chronic inflammation (measured as hs-

CRP) that only HIIE reduced. In general, the mean hs-CRP levels in light of the lipid profiles 

in both the HIIE and MIE group represent high and average cardiovascular risk (Pearson et al., 

2003). Thus, the decrease in this cardiovascular risk marker in the HIIE group represents a 

reduction in cardiovascular risk category from high to average (Pearson et al., 2003), whereas 

the MIE group sustained hs-CRP levels (average risk category) throughout the exercise period.  

Indeed, the significant improvement in the HIIE group may be due to the fact that this group 

had substantially higher hs-CRP at baseline, and the improvements may thus be an effect of 

regression to the mean. However, the improved hs-CRP in the HIIE group supports previous 

studies finding that exercise can play a role in reducing CRP in T2D (Hayashino et al., 2014) 

and hs-CRP in overweight individuals (when improved cardiorespiratory fitness) (Pathak et al., 
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2015), and that higher intensities (i.e. MIE) play a role over low-intensity exercise in improving 

inflammatory biomarkers (Abd El-Kader et al., 2013; Balducci et al., 2010; Krause et al., 

2014).  

Overall, our findings indicate that higher hs-CRP levels are more susceptible to exercise 

response than average levels and/or that HIIE is more effective in reducing chronic 

inflammation. However, the impact of exercise on chronic inflammation in T2D is uncertain 

(Krause et al., 2014). 

3.5.2.7 Endothelial function 

Mean FMD was substantially greater in our participants at both baseline and post-test compared 

to the normal FMD distribution reported in the HUNT3 fitness study (n=4739; Total mean 

FMD=4.8±4.2%) (Skaug et al., 2013). However, the analyzing method in HUNT3 did not 

involve continuous measurements, making findings difficult to compare. Whether the 

participants of the present study had endothelial dysfunction is thus also uncertain. However, 

previous studies have shown that exercise training has little effect on endothelial function when 

function is normal at baseline (Moyna and Thompson, 2004), which may indicate that the 

participants in the present study had endothelial dysfunction due to the response observed in 

the HIIE group.  

The improved FMD in the HIIE group conforms to a recent meta-analysis (Montero et al., 

2013) concluding that exercise has the potential to improve endothelial function in T2D. 

Furthermore, the magnitude of change observed after HIIE is similar to previous findings on 

individuals with metabolic syndrome in our department (Tjønna et al., 2008). However, in 

contrast to the findings in the meta-analysis of Montero et al.  (Montero et al., 2013) and the 

findings of Tjønna et al. (Tjønna et al., 2008), we did not observe any significant effect of MIE 

on FMD. HIIE has also been shown to be superior to MIE in improving FMD in HF (Wisloff 

et al., 2007).  

The reason for the potential differences in response to exercise training intensities in regard to 

FMD is not fully understood. It might, however, be speculated whether the different responses 

in shear stress on the walls of the blood vessels (and thus different molecular responses) 

induced by different exercise intensities can be an explanation. Consistent with this, HIIE but 

not MIE improved blood glucose levels (measured as HbA1c), which directly influence NO 

bioavailability (Davignon and Ganz, 2004). Moreover, the improvements in FMD may partly 

explain the observed improvements in cardiorespiratory fitness (Reusch et al., 2013).  
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Nevertheless, the observed mean improvements in FMD are greater than what was observed in 

previous studies in T2D (Barone Gibbs et al., 2012; Kwon et al., 2011; Montero et al., 2013; 

Okada et al., 2010). However, studies investigating the effect of exercise on FMD have 

different exercise protocols, mostly at lower intensities than in the present HIIE group, and are 

difficult to compare. Although there are strong indications of intensity being important to 

achieve an exercise response in FMD, there is wide diversity in the findings, and further studies 

are needed to determine the effects of exercise on FMD in T2D (Hwang and Kim, 2014). 

3.5.3 Improved diastolic function and cardiovascular outcomes 

Although diastolic function might be an early marker of future CVD in T2D individuals, it is 

not known whether improvement in this parameter can reduce cardiovascular outcomes. 

However, mortality benefits have been observed in individuals who demonstrated improved 

diastolic function compared to those whose diastolic function remained the same or worsened 

(Halley et al., 2011). On the other hand, the Look AHEAD study found that reduction of 

traditional cardiovascular risk factors after lifestyle intervention (minimum 175 minutes of 

MIE per week) did not reduce the risk of cardiac events in T2D subjects (Wing et al., 2013).

Further research is thus necessary to investigate whether HIIE is more effective than MIE in 

reducing cardiac events in general in T2D patients, but also to investigate the effect of exercise 

modes on the development of cardiomyopathy and the development of HF, in particular. 

3.5.4 Study limitations and strengths 

Results from this study are based on a relatively low number of subjects, and our study 

participants were generally physically fit compared to participants of similar age and T2D 

duration in other studies (Hare et al., 2011). Thus, our results need to be confirmed in larger 

studies. 

The classification of diastolic dysfunction is complicated due to the many parameters that must 

be considered (Nagueh et al., 2009). Although e’ might seem like a simple inclusion criteria 

for reduced diastolic function, which could potentially represent a limitation in the present 

study, it was appropriate since the majority of the included subjects had diastolic dysfunction 

grade 2 or 3 according to the guidelines (Nagueh et al., 2009). The American Society of 

Echocardiography (ASE) and European Association of Cardiovascular Imaging (EACVI) have

recently published new guidelines for diastolic function assessment to simplify the approach 

(Nagueh et al., 2016).
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It might be argued that including patients with diastolic dysfunction solely based on e’-

measurements was a simple approach that represents a limitation of this study. However, after 

the patients were included, the grade of diastolic function was analyzed according to the 

guidelines and it was confirmed that all included patients (with e’ < 8 cm/s) had diastolic 

dysfunction, with the majority having diastolic dysfunction grade II.  

The effect of MIE might have been better if all subjects had received supervised exercise, and 

closer follow-up after 12 weeks in both groups might have influenced results at the one-year 

follow-up. Although all study participants reported partial adherence to the exercise protocol 

from the 12-week post-test to the one-year follow-up, no registration of compliance to the 

exercise protocol was conducted after 12 weeks and the results of the one-year follow-up must 

be interpreted with caution.   

FMD results must also be interpreted with caution because of incomplete data due to impaired 

ultrasound image quality and lost recordings. The missing rate was higher in the MIE group 

than the HIIE group. Indeed, the FMD improvements observed in the HIIE group are of greater 

magnitude than expected and may be due to a type I error.  

Even though the groups in this study were randomized, the age difference between groups was 

not considered in the statistical analysis. However, the analysis performed in Chapter 4 showed 

that, when adjusting for age in regard to diastolic measures relevant for this chapter, a 

significant decrease with age was found for e’ as expected, but age could not explain all 

variability between groups in the material of Chapter 4. Thus, it is not likely that the relatively 

small difference in age between groups in the present study can be expected to have a major 

impact on the results.  

The strengths of this study include the prospective study design with pre-specified and 

controlled exercise training and test regimens in addition to the comprehensive physiological 

evaluations and a clearly defined T2D patient group. We also performed blood pressure 

measurements and blood glucose measurements before every echocardiographic measurement 

to control for hemodynamic status variation and other loading conditions that could potentially 

contribute to variations in echocardiographic measurements.  
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3.6 CONCLUSION 
HIIE was superior to MIE in improving diastolic function (e’) in T2D individuals with diastolic 

dysfunction. The findings of the present study emphasize the importance of targeting exercise 

guidelines towards higher intensities particularly when aiming to improve diastolic and systolic 

function; cardiorespiratory fitness (VO2peak); glycemic control (HbA1c), and body composition 

(BMI, waist circumference, and body fat percentage) in T2D individuals with diastolic 

dysfunction. 
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4.1 ABSTRACT 

Background There is limited information regarding the role of left ventricular (LV) twist and 

the effect of exercise in patients with type 2 diabetes (T2D). Objectives To compare LV twist 

parameters in patients with T2D versus healthy control subjects and the effects of high-intensity 

interval exercise (HIIE) and moderate-intensity exercise (MIE) on LV twist in T2D patients 

with diastolic dysfunction. Methods This study, which included both prospective and 

retrospective components, included 47 patients with T2D and diastolic dysfunction and 37 

healthy individuals. Patients with T2D were randomized to HIIE (4 x 4 min at 90%–95% of 

maximal heart rate (HRmax), three times a week, 120 min/week; n=24) or MIE (210 min/week; 

n=23) for 12 weeks and examined with echocardiography (LV twist by speckle-tracking 

method) at baseline and post-test. The control subjects received no intervention and were 

matched according to age, gender, and body mass index to those completing the intervention. 

Results In total, 37 subjects completed 12 weeks of MIE (n=17) or HIIE (n=20). The LV peak 

untwist rate (UTR) was similar in patients with T2D and control subjects (p˃0.05). At baseline, 

LV peak UTR, relative to total diastolic period, occurred 5.8later in patients with T2D 

compared with control subjects (p=0.004). Time to peak UTR was shortened by 6.5 percentage 

(p=0.002) and 7.7 percentage points (p<0.001) after MIE and HIIE, respectively. Time to peak 

UTR was similar to that in control subjects after exercise interventions. Conclusions In patients 

with T2D and diastolic dysfunction, LV peak UTR was similar, but time to peak LV UTR was 

delayed compared with control subjects. Twelve weeks of endurance exercise normalized the 

timing of UTR. 
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4.2 INTRODUCTION 

Type 2 diabetes (T2D) is associated with cardiomyopathy, which ultimately can lead to heart 

failure (HF) (Nichols et al., 2004). Early diabetic cardiomyopathy is often characterized by 

diastolic dysfunction, which has been detected in 20% to 60% of individuals with T2D without 

overt coronary artery disease (Di Bonito et al., 2005; Fang et al., 2005; Hare et al., 2011; Poirier 

et al., 2001; Redfield et al., 2003; Von Bibra et al., 2005; Zabalgoitia et al., 2001).  

Although not commonly evaluated, a fundamental component in normal diastolic function is 

left ventricular (LV) untwist in early diastole, which contributes to LV relaxation and suction 

(Notomi et al., 2006; Notomi et al., 2007).The sequence of twisting and untwisting events 

establishes the peak early diastolic blood flow velocity across the mitral valve (Notomi et al., 

2007). 

LV twist and untwist (see Definitions and explanations) is the wringing and unwringing motion 

of the LV around the long axis of the ventricle, induced by contraction and active relaxation of 

myofibers in the LV wall, respectively. Untwisting is the earliest mechanical manifestation of 

diastole. It starts in late systole, but most of the untwisting occurs during the isovolumetric 

relaxation period and is largely completed at the time of mitral valve opening (Rademakers et 

al., 1992). When released, the recoil created during systole (due to the elastic energy stored in 

the collagen matrix and cytoskeletal proteins [titin] during contraction) causes a rapid untwist 

during isovolumic relaxation period (Notomi et al., 2006; Rademakers et al., 1992). This elastic 

recoil/untwisting and active myocardial relaxation generate active suction of blood from the 

atria (Arts et al., 1982; Bell et al., 2000; Rademakers et al., 1992; Sengupta et al., 2008; Wu 

and Kovacs, 2006); creating a rapid LV pressure fall during the isovolumetric relaxation period, 

which promote early LV filling (Oh et al., 2006; Quinones, 2005). Untwisting appear to be most 

important for the early diastolic LV filling, not later diastolic events (Burns et al., 2009). Indeed, 

the recoil mechanism is a major determinant of myocardial compliance (see Definitions and 

The following manuscript (Paper II) is based on this chapter: 

Hollekim-Strand, S.M.; Høydahl, S.F.; Follestad, T.; Dalen, H.; Bjørgaas, M.R.; Wisløff, U; Ingul, C.B. 
Exercise training normalizes timing of left ventricular untwist rate, but not peak untwist rate, in individuals 
with type 2 diabetes and diastolic dysfunction: A pilot study. J Am Soc Echocardiogr. 2016. 29(5): p.421–
430.
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explanations) and links systolic contraction to diastolic filling (Dong et al., 2001; Notomi et al., 

2006; Rademakers et al., 1992).

Overall, the physiological role of LV twist and untwist are well established and the LV 

untwisting and untwisting rate may provide additional insight and promising indexes into early 

diastolic function (Burns et al., 2009; Opdahl et al., 2012); especially since the untwisting 

occurs before the myocardial and blood flow changes.

A reduction in LV untwisting has been associated with attenuation or loss of diastolic suction; 

contributing to diastolic dysfunction in diseased hearts (Bell et al., 2000; DeAnda et al., 1995; 

Fuchs et al., 2004). Furthermore, worsening of diastolic relaxation and reduced early diastolic 

suction has been associated with reduction in the rate and magnitude of untwist (Burns et al., 

2009; Notomi et al., 2006).

Peak LV systolic twist and twist rate have shown to be greater and peak UTR similar between 

T2D patients (with diastolic dysfunction and normal ejection fraction [EF]) and controls; 

indicating impaired relaxation in the T2D patients (Fonseca et al., 2004). It can be speculated 

whether an increase in LV twist represents a compensatory mechanism for reduced myocardial 

relaxation or whether it is a consequence of reduced filling in the early stage of diastolic 

dysfunction. However, there is limited information regarding the role of LV twist in T2D.

Furthermore, there is limited data on the clinical application of the UTR for the assessment of 

LV diastolic function and more research is needed as well as more robust techniques.  

The accuracy of two-dimensional (2D) speckle tracking echocardiography (STE) for the 

measurements of LV twist parameters has been validated in several studies (Helle-Valle et al., 

2005) and allows for a more accessible, less expensive, and less time consuming measurements 

compared to MRI; the gold standard for LV twist evaluation (Lorenz et al., 2000).

Exercise training is a cornerstone in T2D management to reduce CV disease and mortality 

(Hordern et al., 2009; International Diabetes Federation, 2012, 2013; Mitka, 2013) and several 

studies, including Paper I (Chapter 3),  have shown that high-intensity interval exercise (HIIE) 

is superior to moderate-intensity exercise (MIE) according to current exercise guidelines in 

reducing CV risk factors (Boule et al., 2003; Rognmo et al., 2004; Rognmo et al., 2012; Tjonna 

et al., 2008; Weston et al., 2014). Furthermore, twelve weeks of endurance exercise training 

has previously shown to increase apical rotation and peak early diastolic untwisting rate in male 

rowers (Weiner et al., 2010). Moreover, competitive athletes (cyclists, soccer players and 
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basketball players) have increased twist compared to non-athletes (De Luca et al., 2011). This 

suggests that LV twist and UTR augmentation might contribute to exercise-induced cardiac 

remodeling (Weiner et al., 2015). However, to our knowledge, no study has investigated the 

effects of exercise on LV untwist and UTR in patients with T2D and diastolic dysfunction.  

Aims  

The aims of this study were (1) to determine the effect of HIIE and MIE on LV untwist and 

UTR as well as time to peak UTR in individuals with T2D (duration <10 years) and diastolic 

dysfunction, and; (2) to compare these twist variables with those of healthy individuals with 

no exercise intervention.  

Hypothesis 

The hypothesis of this article was based on the initial finding in Paper I (Chapter 3) where 

exercise improved early diastolic filling. We therefore sought to investigate if even earlier 

diastolic events where affected by exercise using LV untwist that occurs mainly during the 

isovolumetric relaxation period: 

a. Exercise training (HIIE and MIE) improves LV peak UTR.

b. Exercise training (HIIE and MIE) improves time to LV peak UTR, LV peak twist

rate, LV peak twist.

c. Individuals with T2D and diastolic function have reduced untwist variables

compared to healthy controls.
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4.3 MATERIALS AND METHODS 

4.3.1 Study design 

The T2D group was recruited prospectively, and the healthy controls were recruited 

retrospectively (Figure 4.1).   

4.3.2 Participants 

The T2D study population in this chapter is also described in Chapter 3 and was recruited 

through a local newspaper and from the outpatient population at St. Olav’s Hospital, 

Trondheim, Norway (August 2010-March 2013). The healthy individuals were selected from 

the Echocardiography substudy in Nord-Trøndelag Health study (HUNT 3) (Dalen et al., 2010) 

to serve as a control group. These were selected based on age, sex and body mass index (BMI), 

and they were matched to the extent that was possible with the baseline records of the T2D 

group reporting for the 12-week post-test.  

The study population, inclusion and exclusion criteria are presented in Table 4.1 and 

characteristics for the included participants are presented in Table 4.2. 

Table 4.1. Inclusion and exclusion criteria for the participants in Paper II/Chapter 4. 
Paper/ 
Chapter 

Study population N Eligibility criteria Exclusion criteria 

II/4 T2D individuals 
with diastolic 
dysfunction 
(e’<8cm/s) 

47 Same as in Chapter 
3/Paper I:  
Age 20-65, T2D duration 
< 10 yrs. Diastolic 
dysfunction (e’< 8 cm/s) 

-Overt CVD
-Atrial fibrillation or other significant
cardiac arrhythmia
-Untreated hypertension
-LV EF <40%
-BMI >35 kg/m2

-Diabetic retinopathy and/or neuropathy
-Albuminuria
-Drug or alcohol abuse
-Pregnancy
-Unable to exercise
-Habitual exercise > guidelines for patients
with T2D.

Age, gender and 
BMI matched 
healthy controls 

37 HUNT3 Study 
participants 

Diabetes 
Hypertension 
Known CVD  
Arrhythmias  
Valvular pathology 
Any kind of myocardial pathology 

Abbreviations: BMI, Body mass index; CVD, cardiovascular disease; HUNT3, Echocardiography substudy  in 
Nord-Trøndelag Health study; LV, left ventricular; T2D, Type 2 diabetes. 
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4.3.4 Outcome measures 

The primary outcome measure was LV peak UTR. Secondary outcome measures were time to 

LV peak UTR, LV peak twist rate and LV peak twist. 

The primary outcome variable (LV UTR) were chosen since studies suggest that LV UTR best 

reflects the link between systolic compression and early diastolic recoil.  

The secondary variables, time to peak UTR, was chosen because in several studies pathologies 

have shown either no change, a decrease or an increase in untwisting, but all of them 

consistently show delayed time to peak untwist (Mor-Avi et al., 2011). Time to peak UTR 

during early diastole has also been suggested to be a valuable parameter in identifying diastolic 

dysfunction in hypertensive and hypertrophic ventricles (Salehi et al., 2014). 

 

Figure 4.1. Flow chart of intervention and participants described in Chapter 4 (Paper II). 
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4.3.5 Clinical measurements 

All clinical measurements performed at baseline and 12-week post-test on the T2D subjects are 

also described in Chapter 2. 

4.3.5.1 Resting echocardiography 

The T2D participants obtained an echocardiogram during rest at baseline and at the 12-week 

post-test. In addition, echocardiogram from the healthy controls from the HUNT Study was 

utilized for analysis.  

The same operator (CBI) performed the echocardiographic recordings at both time points for 

the T2D population and the same operator (HD) performed the echocardiographic recordings 

in the healthy control group. 

As also described in Chapter 2 (section 2.1.1.1), full resting echocardiography was performed 

using a Vivid 7 scanner with a phased-array matrix (M4S and M3S transducers, GE Vingmed, 

Horten, Norway) at baseline and 12 weeks posttest for the MIE and HIIE group. The same 

method and equipment was used for the controls, who were examined only once (Dalen et al., 

2010). A detailed description of the echocardiographic recordings has previously been 

published (Ingul et al., 2010; Molmen et al., 2012).  

The images were obtained in parasternal and three standard apical views (4-chamber, 2-

chamber and apical long axis), both in B-mode and with color tissue Doppler imaging, and three 

loops were acquired for each image. The images were digitally stored on a hard disk for offline 

analysis.  All recordings were performed with the individuals in left lateral supine position 

during breath holds at end expiration. Basal and apical LV short axis levels were recorded for 

the analysis of twist and standardized to two anatomical landmarks. The basal level was 

recorded from parasternal position, using the mitral valve leaflets location in the middle of the 

LV cavity as the landmark. The apical level was recorded more distal towards the apex, just 

proximal to the level with luminal closure at end systole. All loops were recorded with the LV 

cross sections as circular as possible to obtain. To optimize image quality, the sector depth and 

width were adjusted in each subject resulting in a mean frame rate of 69±13 frames/s (range 

51-113 frames/s). To determine the timing of cardiac events, tissue Doppler velocity curves 

with the sample volume at the basal septum were conducted immediately before the acquisition 

of the short-axis images, to minimize differences in HR. Aortic valve closure (AVC) was set at 

the end of the negative spike after ejection (Aase et al., 2008).  
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Echocardiographic analyses by speckle tracking  

Off line data analyses were performed using commercially available two-dimensional strain 

software (Echopac PC, Version 112, GE Medical Systems). All analyses were performed 

blinded to exercise group allocation as well as baseline- and posttest. Analyses of conventional 

echocardiographic diastolic measures were performed as previously published (Ingul et al., 

2010; Molmen et al., 2012).  

The analyses of the twist parameters have been described previously (Notomi et al., 2005). To 

analyze twist parameters, one cardiac cycle from the basal and apical short axis data set with 

the best-quality 2D images and a well-defined endocardial border during late systole were 

selected. Regions of interest of the LV were adjusted to include most of the myocardium, but 

not the pericardium. The endocardial borders of the apical and basal short axis plane in end 

systole were manually traced and subsequently tracked by the software. When the software or 

the observer signaled poor tracking quality, the observer readjusted the region of interest until 

an acceptable tracking was obtained. The computer automatically selected suitable stable 

objects for tracking and then searched for them in the next frame using the sum of absolute 

differences algorithm (Leitman et al., 2004). For the twist analysis, default spatial and temporal 

smoothing was used. If this was not adjustable, the segment of poor tracking was discarded. 

The twist variables are presented in Tables 4.3-4.6. In addition, the timing of AVC and the 

length of cardiac cycle (i.e. time interval between the R waves on the electrocardiogram) were 

measured. LV rotation, twist and twist rates were automatically calculated by the software 

algorithm at each frame throughout the heart cycle as a curve in six different segments in each 

short-axis view.   

LV twist was calculated (Excel, Microsoft Corporation, Redmond, Washington) as apical LV 

rotation relative to the base. Counterclockwise rotation as viewed from the LV apex was 

expressed as a positive value, whereas clockwise rotation as a negative value (Figure 4.2). Peak 

UTR was defined as the first negative peak after AVC. 

To adjust for intra and inter subject differences in HR, the time sequences from AVC to peak 

UTR were normalized to the percentage of total diastolic duration. Diastole was expressed as a 

percentage of the total duration of diastole and the diastolic period was defined from 0% (AVC) 

to 100% (end-diastole) (Figure 4.2) (Nakai et al., 2006). Time to peak UTR was measured from 

time of AVC (0%) to peak UTR in percentage of length of diastole (100%) (Figure 4.2).  
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Diastole 

Time to peak UTR 

Peak UTR 

Peak TR 

A 

B 

C 

Figure 4.2. Left ventricular basal and apical rotation, twist and untwist rate. 
A. Apical counterclockwise rotation expressed as a positive value. Six
curves in different colors represent different myocardial segments. White
dashed line is the average value of the six segments. B. Basal rotation
expressed as a negative value. C. Curves showing peak twist rate (TR) and
untwist rate (UTR). Time to peak UTR is measured from time of aortic
valve closure (AVC) to peak UTR (yellow arrow) in percentage of length
of diastole (orange arrow).



4-16 
 

Variability of echocardiographic measurements 

In total, 15 individuals were used for measurements of intra- and interobserver variability, five 

randomly selected from each group (five T2D baseline, five T2D posttest and five nondiabetic 

subjects) of LV twist parameters. Intraobserver variability was performed by a single 

investigator by blinded assessment on two separate occasions. Interobserver variability was 

assessed by two investigators who were unaware of each other’s measurements and of the study 

time point.  

The percentage of diastole was used in the analysis of reproducibility. The reproducibility data 

is expressed by the coefficients of variation, and as the mean percent error (mean error). 

Coefficient of variation was calculated as the ratio of the standard deviation of the repeated 

measurements for each individual to the mean. Mean error was derived as the absolute 

difference between the two sets of observations, divided by the mean of the observations 

(Thorstensen et al., 2010). The average values of the 15 individuals are presented. 

4.3.5.2 Resting heart rate and blood pressure 

Resting heart rate (HR) and blood pressure was measured according to Chapter 2 (sections 

2.1.1.7-2.1.1.8). Resting HR was measured by electrocardiography at the end of the resting 

echocardiography measurement in both groups. Blood pressure was measured by oscillometry 

using SunTech® Tango® M2 Stress BP Monitor (USA) and Dinamap 845XT (GE Healthcare, 

Milwaukee, WI) in the T2D group and controls, respectively, as previously described (Dalen et 

al., 2011; Hollekim-Strand et al., 2014).   

4.3.6 Statistical analyses 

The measurements are presented as mean ± standard deviation unless otherwise stated. 

Differences between the HIIE and MIE intervention groups, and within-group effects of 

intervention, were analyzed using linear mixed models (LMMs). Within subject correlations 

were taken into account by using a random intercept in the LMM. The baseline means were 

restricted to be equal for the two interventions, due to randomization to intervention group.  

Tests for between-group and within-group differences were performed as post-hoc t-tests for 

the appropriate pairs of model parameters. Differences between the T2D group and the healthy 

controls were analyzed using two-sample t-tests for the full T2D group at baseline and for the 

MIE and HIIE groups separately after intervention. Given the limited population available for 

matching, the matching of the control group aimed for no significant differences between 
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groups with respect to age, gender and BMI. Therefore, the T2D individuals and healthy 

controls were treated as independent groups, and not paired, in the statistical analysis. 

For all tests a significance level of 0.05 was used. No formal adjustments for multiple testing 

due to the number of variables were made, but the risk of incidental findings was kept in mind 

when interpreting the results.  

The analyses were carried out using SPSS version 21.0 (IBM SPSS Inc., New York) and the R 

statistical package (R Core Team, 2014). 

Sample size calculations 

Sample size of the healthy control group was set from the exercise group completing the 12-

week post-test in Paper I, described in Chapter 3. 
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4.4 SUMMARY OF RESULTS 

In this chapter, the results for the LV twist parameters, isovolumic relaxation time (IVRT) and 

the analysis comparing T2D baseline values as well as HIIE and MIE posttest variables with 

healthy controls, will be presented.  

Data from 37 T2D participants were available for posttests; 17 in MIE and 20 in HIIE. In total 

10 subjects withdrew from different reasons (Figure 4.1). In total 8.4% of the segments in basal 

and apical short-axis views were discarded, because of inadequate tracking.  

Before intervention six of the T2D participants were classified as having diastolic dysfunction 

grade 1, 30 were classified as having diastolic dysfunction grade 2 and one participant had 

diastolic dysfunction grade 3 (Chapter 3; Table 3.3). After exercise intervention, 18 T2D 

participants had diastolic dysfunction grade 2, and 19 had diastolic dysfunction grade 1. 

4.4.1 Subject characteristics 

At baseline, the participants in the T2D group were significantly older than the control group 

(56.5 versus 51.0 years, p<0.004) and BMI was higher in the T2D group compared to the control 

group (29.9 versus 27.0 kg/m2; p<0.001). As reported in Chapter 3, there was no significant 

difference in age, gender distribution or BMI between the MIE and HIIE group. The use of 

medication was similar in the MIE and HIIE groups (Chapter 3; Table 3.3).  

4.4.1.1 Exercise compliance 

As reported in Chapter 3, the HIIE group performed 94 % of the scheduled training sessions 

and 94% of the MIE subjects reported (by activity diary) physical activity to be ≥ 210 minutes/ 

week.  

4.4.2 Clinical measurements 

4.4.2.1 Left ventricular twist parameters 

LV twist results at baseline and 12-week posttest are described in Table 4.3. Comparison 

between the exercise intervention groups (at baseline and 12-week posttest) and the healthy 

controls are given in Table 4.4.  The effects of HIIE and MIE are shown in Table 4.5.  

There were no differences between T2D and controls in LV peak UTR, peak twist rate or peak 

twist, except for basal twist rate (p=0.02) (Table 4.4). 
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At baseline, time to peak LV UTR relative to total diastolic period occurred 5.8 percentage 

points (pp) later in T2D than in controls (p=0.004) (Table 4.4, Figure 4.3a-c). When normalized 

for resting HR, time to peak UTR from AVC in the T2D group was significantly delayed 

compared to controls at baseline (mean difference 0.53 ms/beat, 95% CI: 0.20 to 0.86, p=0.002). 

Twelve weeks of HIIE and MIE, respectively, reduced time to peak UTR by 7.7 pp (p<0.001) 

and 6.5 pp (p=0.002) (Table 4.5, Figure 4.3b). When normalized for resting HR HIIE and MIE 

reduced time to peak UTR by 0.41 ms/beat (95% CI: 0.13 to 0.69, p=0.006) and 0.46 ms/beat 

(95% CI: 0.16 to 0.77, p=0.004), respectively. 

Time to peak apical UTR was reduced on average with 10.0 pp after MIE (p<0.001) and 8.8 pp 

after HIIE (p<0.001) (Table 4.5). Time to peak basal UTR was reduced by 4.6 pp after MIE 

(p=0.02) and 5.5 pp after HIIE (p=0.003), and time to peak UTR was reduced by 6.5 pp after 

MIE (p=0.002) and 7.7 pp after HIIE (p<0.001) (Table 4.5). There were no significant changes 

after MIE or HIIE for other twist variables (Table 4.5). At follow-up after 12 weeks, there were 

no significant differences between the exercise groups and controls for any twist variables 

(Table 4.4, Figure 4.3c).  

At baseline, peak UTR occurred during IVRT in 27% of the T2D participants, whereas it 

occurred after IVRT in 73% of the T2D participants. After intervention, peak UTR occurred 

during IVRT in 85.5% and after IVRT in 13.5% of the T2D individuals. Peak UTR occurred 

during IVRT in all participants in the control group.  

4.4.2.2 Conventional left ventricular diastolic and systolic echocardiographic variables 

Conventional and tissue Doppler LV diastolic and systolic variables are presented in Chapter 3 

(section 3.4.2.1). Diastolic dysfunction grade I was found in 16% (n=6), grade II in 81% (n=30) 

and grade III in 3 % (n=3) of these subjects (measured according to Chapter 2, section 2.1.1.1) 

At baseline, the values for e’, peak early diastolic mitral inflow (E), and E/A-ratio were lower, 

while filling pressure (E/e’-ratio), and late diastolic mitral inflow (A) were higher in the T2D 

group compared to the controls (all p<0.001) (Table 4.6).  

Both exercise groups, but HIIE significantly more than MIE, improved diastolic function 

measured by e’ from baseline to posttest by 1.8±1.1 cm/s (p<0.001) and 0.5±0.7 cm/s (p=0.02), 

respectively, (difference between exercise groups, p<0.001). At 12-week posttest, there were 

still significant differences in diastolic function between the MIE group and the controls (e’, E, 
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E/e’, A and E/A) and the HIIE group and the controls (e’, E/e’, A, E/A and IVRT), but not 

between the HIIE group and the controls for E (Table 4.6).

There was no significant difference in IVRT between the T2D group and the control group at 

baseline (p=0.11) (Table 4.6).  IVRT reduced from baseline to posttest in the HIIE group (-9.5 

ms, 95% CI: -18.2 to -0.9; p=0.03), but not in the MIE group (-4.7 ms, 95% CI: -14.3 to 5.0; 

p=0.33), but there was no difference in change between groups (MIE vs. HIIE: -4.9 ms, 95% 

CI: -16.1 to 6.2; p=0.37). 

At baseline, the peak systolic tissue Doppler velocity (S’) was significantly lower in the T2D 

group than in the control group (p<0.001) and was still reduced compared to controls in the 

MIE group (p=0.005) and HIIE group (p=0.04) after intervention (Table 4.6). The HIIE group, 

but not the MIE group, significantly improved systolic function (S’) from baseline to posttest 

(0.9 ± 1.4 cm/s versus -0.1 ± 1.1 cm/s, respectively; p=0.03). 

4.4.2.3 Left ventricular dimensions and volumes 

Left interventricular septum (IVS) and posterior wall (PW) were significantly thicker both in 

diastole (d) and systole (s) among the individuals with T2D vs. controls at baseline (IVSd 

1.07±0.17 vs. 0.89±0.15 cm; p=0.001), (IVSs 1.62±0.31 vs. 1.29±0.21 cm, respectively; 

p<0.001), (PWd 1.10±0.15 vs. 0.88±0.16 cm; p<0.001), and (PWs 1.79±0.28 vs.1.52±0.22 cm; 

p=0.001). There was no difference in LV internal dimension between the controls and T2D 

individuals. Intervention did not change LV dimensions. Left atrium volume index was 35.1 ± 

9.9 ml/m2 in T2D individuals at baseline and remained similar after intervention (p=0.09).  

At baseline, the end diastolic volume (EDV) was lower in the control group than in the T2D 

group (122.7 ml vs. 155.6 ml, respectively; p<0.001) whereas there was no significant 

difference in end systolic volume (ESV) between groups (67.3 ml vs. 68.8 ml, respectively).  

EDV and ESV did not change after exercise in the T2D group (155.6 vs. 153.1 ml and 68.9 vs. 

68.8 ml, respectively). The left atrial volume index decreased from baseline to posttest in the 

T2D group by 4.3 ml/m2 (p<0.001).

4.4.2.4 Resting heart rate and blood pressure 

At baseline, the mean resting HR was significantly higher in the T2D group than in the control 

group (p=0.008; Table 4.6). The diastolic blood pressure was higher in T2D than controls at 

baseline (4.6 mmHg 95% CI: 0.7 to 8.5; p=0.02), but systolic blood pressure was not (4.8 

mmHg, 95% CI: -1.7 to 11.4; p=0.15).  
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At 12-week posttest, there was no significant difference in resting HR between the HIIE group 

and controls, whereas HR was still higher in the MIE group (p=0.007; Table 4.6). There was 

no significant difference between the intervention groups and controls in systolic or diastolic 

blood pressure at posttest (Table 4.6). 
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Figure 4.3. Effect of endurance exercise training on time to left 
ventricular (LV) peak untwist rate (UTR). A. Mean and SD for 
time to peak UTR for the healthy control group (Control) and the 
T2D group (T2D) at baseline. B. Mean and SD for the moderate-
intensity exercise (MIE) and high-intensity interval exercise 
(HIIE) group at posttest, and controls. C. Estimated mean 
difference between T2D and controls at baseline, and between 
the MIE and HIIE group and controls at posttest, and 95% CI for 
the differences.  
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4.5 DISCUSSION 

The main findings of the present study were that individuals with T2D and diastolic dysfunction 

had normal LV peak UTR, twist rate and peak twist, but delayed time to peak UTR at rest, when 

compared to healthy individuals. Furthermore, we found that 12 weeks MIE and HIIE 

normalized time to peak UTR in T2D subjects. This is to our knowledge the first study to 

evaluate the effect of exercise training on LV twist parameters in T2D individuals with diastolic 

dysfunction.  

4.5.1 Untwist and twist rate 

The lack of difference between the control and T2D group in regard to LV rotation, twist and 

UTR are in accordance with Wang et al. (Wang et al., 2007)  who found reduced LV twist and 

UTR in patients with LV systolic dysfunction and depressed EF, but not in those with diastolic 

dysfunction and normal EF. The onset of LV untwisting and the magnitude of peak untwisting 

velocities either remained normal or reduced and were significantly delayed (Wang et al., 

2007). Our results also support Fonseca et al. (Fonseca et al., 2004) who compared healthy and 

T2D subjects (with abnormal filling pattern) with MRI and echocardiography; and found no 

difference in peak UTR between groups [34].  

In the present T2D study population (also presented in Chapter 3), the majority of participants 

had moderate diastolic dysfunction.  These findings of apparently normal LV twist and UTR in 

T2D support Park et al. (Park et al., 2008) who found that diastolic untwisting is increased in 

mild diastolic dysfunction, but normalized or reduced in individuals with more severe diastolic 

dysfunction. 

4.5.2 Time to peak untwist rate 

The finding of reduced time to peak UTR in the present study is consistent with several previous 

studies observing delayed early diastolic untwisting in states associated with worsened LV 

relaxation, such as in diastolic dysfunction with normal EF (Wang et al., 2007), diastolic 

dysfunction due to aortic stenosis  (Stuber et al., 1999), severe LV hypertrophy (Takeuchi et 

al., 2007), and age (Nakai et al., 2006). Thus, the present study also support the suggestion of 

delayed untwist reflecting an ineffective relaxation of the ventricle (Notomi et al., 2007). 

However, due to different assessment modes and point of time in which timing is measured (i.e. 
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onset of untwist or time to peak UTR), and different patient groups, results are difficult to 

compare.  

Nevertheless, timing seems to be important in diastolic dysfunction as delayed diastolic 

untwisting may be caused by less radial displacement during early diastolic period (Nakai et 

al., 2006). Wang et al. (Wang et al., 2007) also found that a subgroup of patients with diastolic 

dysfunction, preserved EF and delayed onset of untwisting also had delayed peak untwisting. 

Furthermore, Park et al. found that patients with HF, preserved systolic function and normal 

peak untwist may have delayed onset of untwist (Park et al., 2008; Wang et al., 2007). This 

indicates that time to peak UTR also reflects the onset of untwisting, which coincides with the 

onset of relaxation, preceding suction due to elastic recoil (Notomi et al., 2007). Furthermore, 

in individuals with diastolic dysfunction, preserved EF and delayed peak untwisting, peak 

untwist happened almost simultaneously with peak early mitral inflow velocity (E) (Wang et 

al., 2007). This indicate that time to peak UTR is a useful marker of early diastolic function, 

which potentially can serve as a therapeutic target for improving diastolic function.   

The observation that exercise normalizes time to peak UTR is novel and highlights the 

usefulness of exercise training as an effective tool in secondary prevention in T2D individuals. 

The fact that time to peak UTR was the only diastolic variable measured, which became 

normalized after exercise training in T2D patients with diastolic dysfunction also indicate that 

time to peak UTR might be a more sensitive parameter than LV UTR to evaluate early diastolic 

changes. The magnitude of UTR is dependent on many factors such as change in preload, 

afterload and contractility (Sengupta et al., 2008), which makes it difficult to compare studies. 

For example, the magnitude of twist and untwist can substantially increase after short term 

exercise (Neilan et al., 2006) but can be reduced at rest in endurance-trained individuals after 

long-term exercise (Zocalo et al., 2007). The end-diastolic volume was larger among the 

diabetes group compared to the controls, but there was no difference in end-systolic 

volume. There was no change in end-diastolic or end-systolic volume after intervention, but 

both global strain rate  and S’ increased significantly after intervention indicating an increased 

contractility (Hollekim-Strand et al., 2014). An increased contractility would contribute to an 

increase in recoil and suction, and therefore, an increased relaxation rate that would contribute 

to an earlier onset of untwist. However, the effect of load is unknown. 

Time to peak UTR has not been extensively used in the evaluation of diastolic function and 

other indices such as  negative torsion acceleration incorporating UTR has been proposed to be 



4-30 
 

as useful and might be more reliable than time to peak UTR (Burns et al., 2008). However, this 

needs to be tested in future studies. Furthermore, the present results indicate that time to apical 

UTR has higher reproducibility than basal UTR. The differences in HR or frame rate between 

apical and basal short-axis images could result in an incorrect value of LV twist, which could 

be avoided by only using the apical short-axis images. Apical rotation by STE has earlier been 

suggested as a simplified index of LV twist, since apical rotation is the dominant contributor to 

LV twist (Opdahl et al., 2008). 

Reduced diastolic function can be reversible, but early identification and treatment intervention 

is essential in order to prevent the development of HF. The time to peak, apical UTR appears 

to be sensitive, not only for identification, but also for follow-up after exercise training 

intervention.  

LV UTR and time to peak UTR can be useful in studying the effects of suction on LV filling 

and the link between LV systolic and diastolic function and should be further studied. 

4.5.3 Study limitations and strengths 

Limitations include the relatively small sample size, and information bias due to self-reporting 

of exercise in the MIE group. Supervised exercise only in the HIIE group could have implied 

better compliance in this group. However, the improvement of diastolic function in the MIE 

group is in line with previous MIE studies (Brassard et al., 2007).  

The control group had lower BMI than the exercise groups and was significantly younger than 

the HIIE group. However, there was no difference between groups in gender distribution and 

the difference in BMI was relatively small between groups (2.9 kg/m2). According to Aljaroudi 

et al. (Aljaroudi et al., 2012) the severity of diastolic dysfunction increases more with BMI >30 

kg/m2 compared to 25-29.9 kg/m2. Thus, the relatively small difference in BMI between groups 

in the present paper can only be expected to have minor impact on results.  

Nevertheless, the matching between the T2D group and controls is considered suboptimal in 

relation to age. Aging is associated with an increase in LV twist, mainly because of a gradual 

increase in apical rotation with age (Notomi et al., 2006). The increase in LV twist angle can 

be explained by less opposed apical rotation, resulting from a gradual decrease in 

subendocardial function with aging. Aging also reduce and delay diastolic untwisting (Takeuchi 

et al., 2006), and increasing age delays the onset of UTR (Lumens et al., 2006; Takeuchi et al., 

2006), which might be associated with decreased myocardial compliance. However, 
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controversy exists regarding the observed reduction in untwist with aging (Hees et al., 2004; 

Oxenham et al., 2003). The reduction in early diastolic filling occurring with aging is thought 

to be partly a result of the presence of a partially rotated LV that impairs blood flow into the 

LV during early diastole. When adjusting for age for diastolic variables (e’, E, A, IVRT, UTR 

and time to peak UTR) and S’, using controls and baseline data for T2D, a significant increase 

with age was found for A (p<0.001) and decrease with age for e’ (p<0.001) and S’ (p=0.001). 

However, after adjusting for age, significant differences between groups (T2D vs. controls) 

were still found (mean differences -3.3, and -1.1 for e´ and S’, respectively (p<0.001), and 0.1 

for A (p=0.01)). Thus, suboptimal age matching does not explain all variability between groups 

for these variables. Furthermore, a previous study has shown no significant change with age in 

LV twist in healthy individuals between 31 and 60 years old (Kim et al., 2007). 

Two-dimensional STE implies some methodological limitations, mostly related to image 

quality and through-plane motion of the myocardium since 2D STE cannot track motion 

occurring out of plane (see also Chapter 2, section 2.1.1.1). To ensure accuracy and 

compatibility of the echocardiographic recordings, the same operator conducted the recordings 

within each group, the levels of the basal and apical short axis views were well defined, equal 

frame rate and HR were used within each patient. Twist obtained in 2D echocardiography is 

imperfectly defined since the exact position of the image planes relative to the left ventricle and 

relative to each other is unknown and this off-plane limitation is critical in the short axis views 

(Saito et al., 2009). According to the latest task force recommendations both twist and torsion 

are poorly defined in 2D echocardiography and caution is urged in their use (Voigt et al., 2015). 

Furthermore, reverberations (stationary image artifacts) can impair the speckle recognition and 

if tracked they will interfere with the frame-by-frame tracking, resulting in drift or incorrect 

calculation of twist parameters (Ferferieva et al., 2009). The image quality of basal LV short-

axis recordings can also be a limitation, because of acoustic problems related to the depth of 

the basal part of the ventricle and to the wide sector angle that is necessary to visualize the 

entire LV base. Measurements are also complicated by out-of-plane motion when the base 

descends toward the apex in systole.  

LV UTR will be affected by changes in LV contractility, end systolic volume and LV preload 

(Bell et al., 2000; Moon et al., 1994; Wang et al., 2007). Exercise can affect both LV preload 

and afterload and we could not control for this variable without invasive measurements of 

loading conditions before and after intervention. Preload and afterload affect LV twist and 

untwist because of the changes in LV end-diastolic volume and end-systolic volume. For 



example, increased preload reduces early UTR, while increased afterload delays the onset of 

UTR (Dong et al., 1999; Hansen et al., 1991; MacGowan et al., 1996). Furthermore, an increase 

in contractility will increase early UTR (Gibbons Kroeker et al., 1995; Hansen et al., 1991; 

Moon et al., 1994).   

Optimal image quality and acquisition of standardized image planes are essential for a low 

inter- and intraobserver variability. To ensure a high reproducibility, interobserver variability 

in imaging acquisition (test-retest) should have been provided in this study. Temporal 

normalization and interpolation of the raw data were not performed and could have influenced 

the calculation of twist and twist rates since basal and apical images are acquired at different 

cardiac cycles. However, time to apical UTR would not have been affected. During the 

acquisition, the recordings of the basal and apical short-axis images were repeated until the 

same heartrate was achieved and a difference in HR of more than five beats was detected in 

only four individuals.  

In four individuals there was a difference in HR of more than five beats between the apical 

and basal recordings, which may have led to inaccuracy of the final results. 

Strengths of this study are the prospective study design of the intervention, high compliance to 

exercise, blinded data analysis and a high reproducibility for major LV twist variables. 

4.6 CONCLUSION 

In individuals with T2D and diastolic dysfunction, LV twist parameters were similar to 

healthy subjects except for time to peak UTR, which was delayed at baseline. Both MIE 

and HIIE normalized time to peak UTR after 12 weeks in individuals with T2D and diastolic 

dysfunction. 
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5.1 ABSTRACT 
Background Type 2 diabetes (T2D) aggravates the postprandial metabolic effects of food, 

which contributes to reduced glycemic control and increased cardiovascular risk, including risk 

of heart failure. Fluctuating excessive elevations in circulating glucose, triglycerides and free-

fatty acids throughout the day is highly prevalent in T2D, but there is a lack of knowledge 

about how excess postprandial circulating glucose and triglycerides levels induced by a single 

meal acutely influence postprandial cardiac workload. Objectives To study the acute effects 

of an energy-dense meal rich in processed carbohydrates and saturated fats (fast food) on 

postprandial left ventricular (LV) workload and to investigate whether a single bout of pre-

exercise can modulate potential fast-food induced changes in postprandial cardiac workload in 

T2D individuals. Methods This crossover study includes 10 T2D individuals (7 males and 3 

females; 53.4±8.1 years; 28.3±3.8 kg/m2; T2D duration 3.1±1.8 years) and 10 controls (7 

males and 3 females; 52.8±10.1 years; 28.5±4.2 kg/m2) performing high-intensity interval 

exercise (HIIE; 40 min, 4 × 4 min work bouts, 90–95% HRmax), moderate-intensity exercise 

(MIE; 47 min, 70% HRmax), and no exercise (NE) in a random order 16–18 hours prior to fast 

food ingestion. Baseline echocardiography, blood pressure, and biochemical measurements 

were recorded prior to and 16–18 hours after exercise, and 30 minutes, two hours, and four 

hours after fast food ingestion. Results LV diastolic (peak early diastolic tissue Doppler 

velocity [e’], peak early diastolic mitral inflow velocity [E]), and systolic workload (global 

strain rate, peak systolic tissue Doppler velocity [S’], rate pressure product) increased after 

consumption of fast food in both groups. In contrast to controls, the T2D group had prolonged 

elevations in resting heart rate (HR) and indications of prolonged elevations in diastolic 

workload (e’) as well as reduced systolic blood pressure after fast food consumption. No 

significant modifications due to exercise in the postprandial phase were seen in any group. 

Conclusions Our findings indicate that fast food induces increased postprandial cardiac 

workload in both T2D individuals and body mass index and age-matched controls. The 

postprandial increase in resting HR was prolonged in T2D individuals versus controls. Exercise 

16–18 hours pre-meal had no acute effects on the postprandial phase. The acute interaction of 

food on cardiac workload and the effect of acute exercise in T2D need further study.  
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5.2 INTRODUCTION 

Most of the day is spent in the postprandial state and frequent ingestion of energy-dense food 

that is rich in processed carbohydrates and saturated fats (fast food) increases the risk of 

cardiometabolic diseases (Cavalot et al., 2011; Eberly et al., 2003; Pereira et al., 2005).  

Type 2 diabetes (T2D) aggravates the postprandial metabolic effects of food (Stephenson et 

al., 2014). Fluctuating excessive elevations in circulating glucose, triglycerides, and free-fatty 

acids (hereafter referred to as postprandial dysmetabolism), which is associated with an 

increased risk of cardiovascular disease, is thus highly prevalent in T2D (Bansal et al., 2007; 

Cavalot et al., 2011; Cavalot et al., 2006; Ceriello et al., 2008; Coutinho et al., 1999; Garber, 

2012; Meigs et al., 2002; Monnier et al., 2006; Nordestgaard et al., 2007; O'Keefe and Bell, 

2007; van Dijk et al., 2011). Furthermore, postprandial hyperglycemia contributes to the 

overall glycemic control in T2D individuals (Monnier et al., 2003), which when increased 

(measured as glycosylated hemoglobin, HbA1c) is associated with increased risk of heart failure 

(HF) (de Simone et al., 2010; Iribarren et al., 2001). Consequently, postprandial dysmetabolism 

is considered an important treatment target in T2D, although treatment-target guidelines in 

regard to these factors in T2D have not been fully addressed (Boren et al., 2014; Ryden et al., 

2013). Indeed, long-term improvements in postprandial metabolic control (induced by anti-

diabetic medication) have been shown to reduce cardiovascular risk in individuals with 

impaired glucose tolerance (Chiasson, 2006). Thus, there is a need for exercise physiologists 

to search for an exercise prescription (i.e. timing in relation to meals, duration, and intensity) 

to produce improved postprandial metabolic control in T2D. Furthermore, there is a need to 

better understand the acute consequences of postprandial dysmetabolism in regard to the 

cardiovascular system, to target exercise prescriptions to modify these potential consequences 

in every single exercise bout, and thus possibly add to the effect of chronic exercise training.  

Indeed, there is a lack of knowledge concerning the direct role of postprandial dysmetabolism 

on cardiac workload in T2D. Interestingly, von Bibra et al. (2009) observed improved diastolic 

function (measured as peak early diastolic tissue Doppler velocity, e’) and improved vascular 

The following manuscript (Paper III) is based on this chapter: 

Hollekim-Strand, S.M.; Malmo, V.; Follestad, T.; Wisløff, U.; Ingul, C.B.  
Fast food increases postprandial cardiac workload in type 2 diabetes independent of pre-exercise: A pilot 
study. Nutr J, 2015. 14(1): p. 79-90. 
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function in T2D individuals when postprandial glycemic control was improved (after insulin 

administration) in the long term (von Bibra et al., 2009). The few studies that have investigated 

acute postprandial cardiac function have shown that diastolic function can be altered in the 

postprandial phase after carbohydrate ingestion in T2D individuals (von Bibra et al., 2013), 

and that acute elevations in circulating triglycerides can give compensatory increase in left 

ventricular (LV) systolic workload in healthy individuals (Holland et al., 2011). 

Previous studies have also reported acute effects of fast food on vascular function. These 

studies indirectly indicate that cardiac workload can be affected acutely by a meal. It has been 

shown that endothelial function can be impaired due to acute increases in circulating glucose, 

triglycerides, or elevated oxidative stress (Ceriello et al., 2004; Gill et al., 2004; Ikeda et al., 

2015; Kobayashi et al., 2015; Tyldum et al., 2009). For example, postprandial hyperglycemia 

has been shown to reduce coronary microvascular function in T2D individuals (Ikeda et al., 

2015) and increased arterial stiffness has been observed after glucose ingestion in untrained 

men (Kobayashi et al., 2015). Furthermore, an excessive increase in circulating triglycerides 

has been associated with reduced endothelial function in the hours after a fast food meal (Gill 

et al., 2004; Tyldum et al., 2009). 

Regular exercise has the potential to improve cardiac function (Chapters 3-4), and even single 

bouts of exercise can reduce postprandial glucose elevations in patients with T2D and improve 

endothelial function, triglycerides, and/or oxidative stress in healthy individuals (Gillen et al., 

2012; Karstoft et al., 2014; Tyldum et al., 2009). For example, a single bout of exercise 

undertaken in conjunction with meals can impact blood glucose and insulin sensitivity in the 

short term, which may even last into the next day (Colberg et al., 2010; Francois et al., 2014; 

Gillen et al., 2012; Little et al., 2011). The molecular mechanism for the improvements in 

glucose metabolism after acute exercise is not entirely understood, but exercise before a meal 

may promote glucose transporter (GLUT4) translocation to the surface of the myocytes to 

increase glucose uptake and thus reduce the levels of circulating glucose (Holloszy, 2003) (see 

Chapter 1; section 1.1.6.2). Interestingly, high-intensity interval exercise (HIIE) appears to be 

a time efficient method to reduce postprandial glucose excursions and improve insulin 

sensitivity compared to moderate-intensity exercise (MIE) (Francois et al., 2014; Gillen et al., 

2012; Hawley and Gibala, 2009). Furthermore, acute exercise may modify postprandial lipemic 

response (Burns et al., 2015; Gill et al., 2003; Petitt and Cureton, 2003), which appears to last 

at least 16 hours post-exercise and may prevent fatty acid induced insulin resistance even the 

day after exercise (Schenk, 2007). Furthermore, a single bout of MIE and HIIE 16-18 hours 
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pre-meal has been previously shown to induce improvements in total antioxidant status (TAS) 

and endothelial function rather than reduce the circulating glucose or triglycerides (Tyldum et 

al., 2009). In this setting, HIIE was more effective in improving postprandial endothelial 

function than MIE (Tyldum et al., 2009). However, no study has investigated whether a 

potential fast-food induced change in cardiac function can be modified by pre-exercise as 

observed for endothelial function.  

The purpose of this study was thus to explore whether a single fast food meal affects LV 

function in the four-hour postprandial phase and whether exercise (HIIE or MIE) 16-18 hours 

prior to a single fast food meal could modulate LV workload, resting heart rate (HR), blood 

pressure, circulating glucose, triglycerides, and other biochemical measures in individuals with 

T2D.  

Aim 

To investigate the acute effects of fast food on LV diastolic function (peak early diastolic tissue 

Doppler velocity, e’; peak late diastolic tissue Doppler velocity, a’; peak diastolic early mitral 

inflow velocity, E; late diastolic mitral inflow velocity, A; filling pressure, E/e’; E/A-ratio; 

isovolumic relaxation time, IVRT; deceleration time, DT), systolic function (peak systolic 

tissue Doppler velocity, S’; global strain; strain rate), HR, and blood pressure, and to explore 

whether pre-exercise of high intensity or moderate intensity could modulate putative effects to 

these outcome measures and to biochemical measures (circulating glucose; triglycerides; total 

cholesterol; low density lipoprotein, LDL; high density lipoprotein, HDL; c-peptide; TAS; high 

sensitive c-reactive protein, hs-CRP) in T2D individuals versus nondiabetic counterparts. 

Hypotheses 

a. Fast food induces greater diastolic workload in the postprandial phase in T2D

individuals than in controls.

b. Fast food induces a greater systolic workload in the postprandial phase in T2D

individuals than in controls.

c. A single bout of HIIE or MIE 16 to 18 hours before fast food ingestion modulates

postprandial cardiac response in T2D individuals and controls.

d. A single bout of HIIE or MIE 16 to 18 hours before fast food ingestion modulates

postprandial response in biochemical measures in T2D individuals.
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5.3 MATERIAL AND METHODS 

5.3.1 Study design 

This study was a two-group crossover trial that investigated the acute effects of fast food on 

LV cardiac workload, blood pressure, HR, and biochemical measurements in T2D versus 

healthy counterparts. This study also investigated the potential effects of pre-exercise to the 

postprandial state after fast food ingestion.  

5.3.2 Participants 

The participants were recruited through the local newspaper (Adresseavisen, Trondheim) and 

advertisement at St. Olav’s University Hospital, Trondheim, Norway. The study was 

performed from February to June 2012. The inclusion and exclusion criteria are presented in 

Table 5.1 and characteristics for the included participants are presented in Table 5.2. 

5.3.3 Study intervention 

The intervention protocol was based on the study of Tyldum et al. (Tyldum et al., 2009). 

The participants performed one exercise bout of HIIE, MIE, or no exercise (NE) with at least 

one week of wash out between the three intervention periods. In addition, the participants 

ingested a fast food meal 16 to 18 hours after exercise (Figure 5.1).  
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5.3.3.1 The exercise protocols 

High-intensity interval exercise 

HIIE was performed by walking, jogging, or running on an inclined treadmill at our laboratory. 

The HIIE session comprised a 10-minute warm up at 70% of HRmax, four 4-minute work bouts 

at 90-95% of HRmax with three minutes active recovery between work bouts at 70% of HRmax. 

The HIIE bout lasted 40 minutes and is described in detail in Chapter 2 (section 2.1.2.1). The 

participants were instructed not to perform any moderate intensity or strenuous physical 

activity or exercise 48 hours prior to the exercise bout performed on Day 2 (Figure 5.1). 
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Figure 5.1. Flow chart of intervention and participants described in Chapter 5. 
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Moderate-intensity exercise (MIE) 

MIE was performed by walking or jogging on an inclined treadmill (at our laboratory) at 70% 

of HRmax and the MIE bout lasted for 47 minutes. The participants were instructed not to 

perform any moderate intensity or strenuous physical activity or exercise 48 hours prior to the 

exercise bout performed on Day 2 (Figure 5.1). 

The exercise protocols were designed to be approximately isoenergetic according to the 

calculation procedure previously explained by Rognmo et al. (Rognmo et al., 2004). When 

using the mean baseline VO2peak values of the present study (~3.40 L/min) in the calculations 

(Rognmo et al., 2004), the participants consumed ~3.06 liters of O2 per minute at 90% of 

VO2peak and ~2.04 liters of O2 per minute at 60% of VO2peak. Considering that every liter of O2 

consumed approximates the expenditure of 5 kcal (McArdle et al., 2010), the total kcal 

expenditure for the HIIE bout (including warm up, work bouts, active recovery, and cool down) 

would amount to ~490 kcal and the total kcal expenditure for the 47-minute continuous MIE 

bout at 60% of VO2peak would amount to ~480 kcal. So, in theory, we can assume that the 

exercise protocols were approximately isoenergetic, as stated in Paper III. 

Participants in performed HIIE and MIE by walking, jogging 
or running on an inclined treadmill in our training laboratory. 
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Exercise intensity control 

During the HIIE and MIE sessions, participants exercised with HR monitors (Polar RS 400, 

Polar Electro, Kempele Finland) to ensure that the required exercise intensity was achieved 

and maintained. Participants were continuously supervised by a trained exercise physiologist 

to ensure that target HRs were achieved at all times. 

No exercise (NE) 

In particular, participants were instructed not to perform any physical activity in the period 16-

18 hours prior to fast food ingestion. In this period, they were encouraged to watch TV, read a 

book, or to perform other activities that do not require anything but sitting or lying down. The 

participants were instructed not to perform any moderate intensity or strenuous physical 

activity or exercise at all 48 hours prior to Day 2 (Figure 5.1).   

No intensity control was performed to ensure that these requirements were met, except self-

reporting on Day 2 (Figure 5.1).  

5.3.3.2 Fast food ingestion 

The participants ingested a pizza previously used in a trial using the same protocol with healthy 

individuals of normal weight (Tyldum et al., 2009). The vegetarian mozzarella pizza (Dr. 

Oetker) consisted of: 335g (874kcal/ 3655kJ), 83.4g carbohydrates, 44.2g fat, and 34.8g protein

(5.6g fiber and 1.4g sodium; salt equivalent 3.5g). The meal in the evening on day 1, prior to 

fasting before fast food ingestion on day 2 (Figure 10), had the same content (energy and 

composition) before every intervention. 

The pizza ingested by the participants on Day 2.
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5.3.4 Outcome measures 

The primary outcome measure was LV e’. Secondary outcome measures were other measures 

of LV diastolic (a’, E, A, E/e’, E/A, DT, and IVRT) and LV systolic function (S’, global strain, 

and strain rate) as well as resting HR, blood pressure, circulating glucose, triglycerides, total 

cholesterol, LDL, HDL, c-peptide, total antioxidant status, and hs-CRP. 

The primary outcome measure was chosen on the basis of the findings of von Bibra et al. being 

the only paper that, to our knowledge, had reported postprandial effects of a carbohydrate meal 

on cardiac function (Δ e’) in T2D individuals at the time when this study commenced (von 

Bibra et al., 2009). Tissue Doppler velocities are sensitive to changes and have high 

reproducibility, are easy to measure, and are less load dependent than other traditional diastolic 

variables.  

5.3.5 Clinical measurements 

5.3.4.1 Pre-testing 

All participants conducted a VO2peak test (as described in Chapter 2, section 2.1.1.2) to estimate 

HRmax, the latter to be able to achieve the exercise intensity levels prescribed in the protocol. 

The Jaeger (LE2000CE, Hochberg, Germany) was used to measure VO2peak. HR was measured 

continuously during the VO2peak test using HR monitors (Polar, Finland), and HRmax was 

determined by adding five beats to the highest HR observed during the VO2peak test (Ingjer, 

1991). 

5.3.4.2 Resting echocardiography 

All participants obtained an echocardiogram at each time-point (before and after fast food 

ingestion) using a Vivid 7 scanner (GE Vingmed, Horten, Norway) with a phased array 

transducer (M4S and M3S probe). Images were digitally stored on a hard disk for offline 

analysis using commercially available software (EchoPAC version BT12, GE Vingmed 

Ultrasound, Horten, Norway).  

Echocardiographic recordings were performed mainly by two operators (CBI and VM). 

However, due to the challenging logistics, a few single recordings had to be performed by 

cardiologists at St. Olav’s University Hospital, Trondheim, Norway to obtain all recordings.  

Resting echocardiography was performed with subjects in the left lateral decubitus position as 

described previously (Ingul et al., 2010; Molmen et al., 2012).  
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Three consecutive cycles in B-mode acquisitions (mean frame rate 53/sec) and color tissue 

Doppler imaging (TDI) (mean frame rate 159.9/sec) were recorded from the three apical views 

(four-chamber, two-chamber, and long-axis) and B-mode from the parasternal view.  

Measurements included E, A, IVRT, and DT. Pulsed wave tissue Doppler velocities were 

measured at the four mitral annular sites in the four-chamber and two-chamber views. The 

mean of these points was used for S’, e’, and a’ (Thorstensen et al., 2010). The E/e’ was 

calculated as an estimate of LV filling pressure (Ommen et al., 2000). Global strain and strain 

rate were calculated from 2-dimensional strain echocardiography (Reisner et al., 2004). 

Measurements obtained in this study were in accordance with standard procedures 

recommended by the American Society of Echocardiography (Lang et al., 2005), and no 

subjects were excluded because of impaired echocardiographic image quality. Images were 

analyzed offline using EchoPAC version BT12 (GE Vingmed Ultrasound, Horten, Norway). 

The observer was blinded to group participation, trial, and point in time during ultrasound 

analysis. 

Before performing echocardiography at baseline 1, the participants had to have at least 36 hours 

without exercise.  

5.3.4.3 Resting heart rate and blood pressure 

The lowest HR observed during echocardiography was defined as the resting HR. Upright 

blood pressure measurements were performed using Philips SureSigns V52 (Andover, 

Massachusetts, US). Before measuring baseline 1 and baseline 2, participants rested in a sitting 

position for at least 10 minutes. Blood pressure at these time points was noted as the median 

of three recordings. At the remaining time points, upright blood pressure was measured only 

once. Rate pressure product (RPP; HR x systolic blood pressure) was calculated to determine 

myocardial workload.  

5.3.4.4 Biochemical analysis 

At baselines 1 and 2, blood was obtained after at least 12 hours of fasting from food, caffeine, 

nicotine, and alcohol. The remaining blood samples were selected in the postprandial state, 

after ingesting pizza. The participants had a right peripheral intravenous catheter inserted upon 

arrival at the laboratory on day two to avoid the discomfort of taking multiple blood samples. 

Blood was collected after blood pressure measurements and before echocardiography. Blood 

glucose, C-peptide, plasma triglycerides, total cholesterol, HDL, LDL, and high-sensitive C-
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reactive protein (hs-CRP) were analyzed according to standard procedures at the St.Olavs 

University Hospital (Trondheim) at all time points (Chapter 2, section 2.1.1.5). HbA1c and 

hemoglobin was measured only at baseline 1. Insulin sensitivity was calculated using the 

HOMA2 calculator (The Homeostasis Assessment Model, University of Oxford, UK). Total 

antioxidant status (TAS) was analyzed as previously described (Wisloff et al., 2007). 

5.3.4.5 Anthropometric measurements 

Anthropometric measurements were performed as described in Chapter 2 (section 2.1.1.4). 

BMI was calculated as weight in kilograms divided by height in meters squared. Waist 

circumference was measured by the same investigator at all time-points using a measuring tape 

at the level of the umbilicus after expiration. The anthropometric measurements were 

performed only at inclusion.  

5.3.4.6 Self-reported meals 

The subjects registered their afternoon meals before fasting overnight. This was necessary to 

ensure that they ate similar amounts and content (food composition) before every intervention. 

If a subject reported eating differently from the agreed upon standardized meal in the afternoon 

before baseline tests, the intervention was terminated and the subject was asked to come back 

another day to restart the intervention. This happened twice during the project. 

5.3.5 Statistical analysis 

Statistical analysis was performed with linear mixed models (LMMs). Within-subject 

correlations were considered using a random intercept in the LMM. A full model included 

group (T2D or controls), trial (HIIE, MIE, or NE), and time (baseline 1, baseline 2, and 30 

minutes, two hours, and four hours post-meal). Models with two levels of the trial factor (HIIE 

and MIE combined or NE) were also considered. Tests for overall effects of factors and factor 

interactions were done by likelihood ratio tests using a significance level of 0.05. Post hoc 

comparisons specified and tested appropriate linear combinations (contrasts) of the estimated 

model parameters for the selected models. In all models, the baseline means (baseline 1) for 

each group were restricted to be equal for the three exercise trials due to randomization to trials 

within each group (Fitzmaurice, 2004). Outcome variables not meeting the normal assumptions 

of the LMM were log transformed prior to the statistical analysis in cases where this 

transformation improved the approximation to the normal distribution. The analyses were 

performed with the R statistical package (R Core Team, 2014).  
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This study is explorative rather than confirmative, and thus we did not perform any formal 

adjustment for multiple testing. The results were considered statistically significant at p<0.01. 

Sample size calculations 

Sample size was not calculated as this study was considered a pilot study. 

The research environment at the research unit (Forskningsposten) where this study was performed. 
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Although not significant (see section 5.3.5), the T2D group, in contrast to controls (p=0.10), 

showed a tendency towards increased diastolic workload as measured by e’ that persisted four 

hours after the meal (p=0.02). Late diastolic filling (a’) remained elevated four hours after fast 

food in both groups. 

Filling pressure (E/e’) was reduced and isovolumic relaxation time (IVRT) shorter within two 

hours after the meal in the T2D group; this was not significantly different after fast food in the 

controls. Limitations in regard to the use of E/e’ in this context are discussed in Chapter 2, 

section 2.1.1.1. Although not significant, there was a tendency towards differences between 

groups in change from baseline 2 to two hours post-meal for IVRT (p=0.03), but not for filling 

pressure (p=0.08). No effect of time was observed for the E/A ratio because both E and A 

increased. Supernormal filling is associated with vigorous recoil of the ventricle during early 

diastole with an increase of negative pressure in the ventricle and evacuation of blood from the 

atrium. This causes a high E wave, shortening of the IVRT, and normal deceleration time. The 

shortened IVRT and lack of changes to deceleration time might be due to the same mechanism. 

Pre-exercise did not influence postprandial early diastolic velocity (e’) (Figure 5.2 E) or any 

other diastolic echocardiographic variables (Figure 5.2 F-H). 

Systolic measures 

The LV systolic responses to fast food are illustrated in Figure 5.3 A-B. In general, systolic 

workload (global strain rate and S’) increased 30 minutes after the meal in both groups. Systolic 

workload was subsequently reversed, but remained significantly elevated (global strain rate 

and S’) versus baseline 2 after four hours in both groups (Figure 5.3 A-B). Pre-exercise did not 

affect systolic function (Figure 5.3 C-D).
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Figure 5.2 Effects of fast food (left panel; all trials combined) and exercise (right panel; high-
intensity interval exercise+moderate-intensity exercise vs. no exercise) on left ventricular diastolic 
function. Abbreviations: BL, baseline; C, control group; e’, peak early diastolic tissue Doppler velocity; 
E/e’, filling pressure; E, peak early filling velocity; HIIE, high-intensity interval exercise; HIIE+MIE, 
exercise combined; IVRT, isovolumic relaxation time; MIE, moderate-intensity exercise; NE, no 
exercise; T2D, type 2 diabetes group. Estimated means and 95% CIs from LMMs with the factors time, 
group, and their interaction (left panel, figures A-D), and with the factors time, group, trial, and their 
interactions (right panel, figures E-H). In the left panel, significant (p<0.01) time differences are indicated 
by * (from BL1), † (from BL2), ‡ (from food+30min), and § (from food +2h). For peak early filling 
velocity (E), there is no significant time and group interaction, and the indicated significant time 
differences refer to the main effect of time for both groups.  
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5.4.2.2 Resting heart rate and blood pressure 

The HR, blood pressure, and RPP responses to fast food are illustrated in Figure 5.4 A-D.  

The T2D group had an increased HR versus controls (p<0.01 or p<0.05) at all time points 

except 30 minutes after ingesting fast food (p=0.06). Resting HR increased within 30 minutes 

after the meal and subsequently decreased in both groups; it decreased to a larger extent in the 

controls than in the type 2 diabetes individuals. Only the controls regained baseline resting HR 

after four hours (Figure 5.4 A).  

From baseline 1 to baseline 2, systolic blood pressure decreased in T2D, but not in controls. 

Within 2 hours after fast food, the mean systolic blood pressure in the T2D group decreased 

and subsequently reversed within four hours post-meal. In contrast, systolic blood pressure in 

the controls did not change after ingestion of fast food (Figure 5.4 B).  

Figure 5.3 Effects of fast food (left panel; all trials combined) and exercise (right panel; high-intensity 
interval exercise+moderate-intensity exercise vs. no exercise) on left ventricular systolic function. 
Abbreviations: BL, baseline; C, control group; high-intensity interval exercise, HIIE; HIIE+MIE, exercise 
combined; moderate-intensity exercise, MIE; NE, no exercise; S', peak systolic tissue Doppler velocity; T2D, 
type 2 diabetes group. Estimated means and 95% CIs from LMMs with the factors time, group and their 
interaction (left panel, figures A-B), and with the factors time, group, trial, and their interactions (right panel, 
figures C-D). In the left panel, significant (p<0.01) time differences are indicated by * (from BL1), † (from 
BL2), ‡ (from food+30min), and § (from food +2h). For S' and global strain rate, there is no significant time 
and group interaction, and the indicated significant time differences refer to the main effect of time for both 
groups.  



5-23 
 

Overall, RPP was higher in the T2D group than in the controls (baseline 1 and four hours, 

p<0.01; baseline 2 and two hours: p<0.05; 30 min, p=0.05). The RPP was increased post-meal 

in both controls and T2D (p<0.01 and p<0.05, respectively). It subsequently reduced within 

two hours (p<0.01 and p<0.05, respectively), but returned to baseline 2 levels after four hours 

only in the controls (Figure 5.4 D). Pre-exercise did not influence HR, blood pressure response, 

or RPP (Figure 5.4 E-H). 

5.4.2.3 Biochemical analysis 

The response of circulating glucose, C-peptide, triglycerides, and TAS to fast food is illustrated 

in Figure 5.5 A-D, respectively. Fast food increased the glucose levels within 30 minutes after 

the meal in both groups. The subsequent drop in mean glucose levels was delayed in the T2D 

group versus the control group. This was indicated by the fact that the difference of two hours 

versus 30 minutes post-meal is significant for controls (p<0.001) but not for the T2D group 

(p=0.5); only the controls returned to baseline glucose levels four hours post-meal (Figure 5.5 

A). Concurrently, the C-peptide levels peaked at 30 minutes post-meal in controls versus two 

hours post-meal in the T2D individuals (Figure 5.5 B).  

The T2D group had a higher overall triglyceride level than the controls (p<0.05, Figure 5.5 C). 

The effect of fast food on triglyceride levels was similar in both groups. The TAS response to 

fast food was similar for the two groups—TAS decreased within four hours in both the control 

and T2D group (p<0.01 and p<0.05, respectively; Figure 5.5 D). The hs-CRP, HDL, and LDL 

did not change in the postprandial phase in either group. Pre-exercise did not influence any 

biochemical variables measured at any time-point (Figure 5.5 E-H). 
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Figure 5.4 Effects of fast food (left panel; all trials combined) and exercise (right panel; high-
intensity interval exercise+moderate-intensity exercise vs. no exercise) on resting heart rate 
and blood pressure. Abbreviations: BL, baseline; BP, blood pressure; C, control group; HIIE, high 
intensity exercise; HIIE+MIE, exercise combined; HR, resting heart rate; MIE; moderate-intensity 
exercise; NE, no exercise; RPP, rate pressure product; T2D, type 2 diabetes group. Estimated means 
and 95% CIs from LMMs with the factors time, group, and their interaction (left panel, figures A-
D), and with the factors time, group, trial, and their interactions (right panel, figures E-H). In the 
left panel, significant (p<0.01) time differences are indicated by * (from BL1), † (from BL2), ‡ 
(from food+30min), and § (from food +2h). For diastolic BP, there is no significant time and group 
interaction, and the indicated significant time differences refer to the main effect of time for both 
groups. For RPP, the means and CIs are shown as back-transformed values, computed by direct 
exponentiation of the means and CIs from the LMM based on log-transformed data. 
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Figure 5.5 Effects of fast food (left panel, trials combined) and exercise (right panel; high-
intensity interval exercise+moderate-intensity exercise vs. no exercise) on blood glucose, C-
peptide, triglycerides, and total antioxidant status. Abbreviations: BL, baseline; C, control group; 
high intensity exercise, HIIE; moderate-intensity exercise; HIIE+MIE, exercise combined; TAS, total 
antioxidant status; T2D, type 2 diabetes group. Estimated means and 95% CIs from LMMs with the 
factors time, group, and their interaction (left panel, figures A-D), and with the factors time, group, 
trial, and their interactions (right panel, figures E-H). In the left panel significant (p<0.01) time 
differences are indicated by * (from BL1), † (from BL2), ‡ (from food+30min), and § (from food 
+2h). For triglycerides, there is no significant time and group interaction, and the indicated significant 
time differences refer to the main effect of time for both groups. Except for TAS, the means and CIs 
are shown as back-transformed values, computed by direct exponentiation of the means and CIs from 
the LMMs based on log-transformed data. 
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5.5 DISCUSSION  

The findings of this study show that a fast food meal can induce increased cardiac workload 

(increased cardiac function and resting HR) in both T2D individuals and healthy, BMI- and 

age-matched controls. Furthermore, this study indicates that fast food interacts with LV 

diastolic function to a greater extent in T2D individuals than BMI- and age-matched controls. 

Pre-exercise did not modify fast-food induced changes in LV function, resting HR, blood 

pressure, blood glucose, triglycerides, or total antioxidant status. 

5.5.1 Effects of fast food  

5.5.1.1 Cardiac function 

The observed postprandial increase in diastolic workload in both T2D and healthy overweight 

individuals is novel. Our data contrasts with the few previous studies that investigated the 

effects of lipid infusions or a carbohydrate-rich meal on cardiac function (Holland et al., 2011; 

von Bibra et al., 2013). Further study is needed to determine whether this is a result of the 

“combined meal” used here. The other studies (Holland et al., 2011; von Bibra et al., 2013) 

might also have missed an initial increase in diastolic workload due to measuring postprandial 

response one or two hours after infusion or ingestion, respectively. In contrast to our finding 

of increased diastolic workload (measured as e’) after the meal, von Bibra et al. (von Bibra et 

al., 2013) observed a significantly reduced diastolic workload (e’) 2 hours after ingesting a 

pure carbohydrate meal (48 g). Nielsen et al. (Nielsen, Norrelund, Kampmann, Botker, et al., 

2013) found no changes in diastolic function after short-term hyperglycemia by insulin 

discontinuation in insulin-dependent patients with T2D. However, these participants (Nielsen, 

Norrelund, Kampmann, Botker, et al., 2013; von Bibra et al., 2013) had longer history of T2D 

and were insulin-dependent. The systolic responses to fast food have been observed previously 

after lipid infusions (Holland et al., 2011; Nielsen, Norrelund, Kampmann, Botker, et al., 

2013). However, previous findings are diverse, probably due to the diversity in protocols 

(Dencker et al., 2011; Holland et al., 2011; Nielsen, Norrelund, Kampmann, Botker, et al., 

2013; von Bibra et al., 2013).  

In general, the mechanisms causing the change in cardiac function after a meal are not fully 

understood. It is, however, reasonable to think that the changes observed in cardiac function 

are partly due to changes in HR and loading conditions. The indications of fast food interacting 

with LV diastolic function to a greater extent in T2D individuals than in controls could be 
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explained by the prolonged postprandial increase in HR in the T2D group. An increased HR 

increases diastolic function (E, e’) and shortens IVRT. The decrease in filling pressure in the 

T2D group within two hours post-meal could be explained by the indication of sustained 

increase in e’ at this time point in this group while E is reduced. In young, healthy individuals, 

alterations in CO within 30 minutes post-meal have shown to increase flow (E, A) and tissue 

velocities (S’, a’) and to reduce DT, with no change in E/A, e’, or E/e’ (Dencker et al., 2011). 

Moreover, food ingestion has been shown to increase ventricular wall stress during the hours 

after a meal in healthy individuals, which indicates increased load (Gardinger et al., 2014).  

We could speculate whether the postprandial diastolic compensations observed in the T2D 

group is an early sign of diastolic dysfunction. However, further research is needed to 

investigate the progress and interaction of food ingestion and diastolic compensations in T2D 

across different disease stages.  

The increased LV systolic workload after fast food ingestion is in line with Holland et al. 

(Holland et al., 2011), who demonstrated increased systolic workload (LV global strain rate) 

induced by increased circulating triglycerides after intravenous administration of a fat emulsion 

in healthy individuals, and Nielsen et al. (Nielsen, Norrelund, Kampmann, Botker, et al., 2013), 

who observed increased systolic workload (S’ and strain rate) due to hyperglycemia in T2D 

individuals with and without HF. However, our data contrasts with von Bibra et al. (von Bibra 

et al., 2013), who observed no postprandial change in systolic function (S’) in insulin-

dependent T2D individuals with a longer duration after ingesting carbohydrates. The diverse 

findings may be due to different measurement times or differences in the methods used to 

increase circulating glucose and/or triglycerides. 

Indeed, the postprandial alterations in cardiac function observed are in contrast with 

observations in healthy individuals (Dencker et al., 2011). The difference between middle aged 

T2D and overweight individuals in this study versus young healthy individuals may be due to 

several factors, such as: age, meals ingested, metabolic status (T2D duration, level of 

hyperglycemia), antidiabetic drug treatment, and exercise/physical activity status (Solomon, 

Malin, Karstoft, Haus, et al., 2013). Furthermore, many of these factors may explain 

differences between groups in the present study, even within subjects, but they may also 

explain the similarity between the groups. 
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5.5.1.2 Heart rate, blood pressure, and rate pressure product 

The higher HR at rest and prolonged increases in resting HR after fast food consumption by 

T2D individuals relative to controls may be due to several factors including CAN that can cause 

abnormalities in HR control by reduced vagal activity and/or high sympathetic activity (Valensi 

et al., 2013). The postprandial increase in HR is in line with previous findings. It has been 

suggested that the HR increase after meals is due to increased blood flow to the gastrointestinal 

system (Dencker et al., 2011; Gardinger et al., 2014; Waaler et al., 1991). Although increased 

HR is commonly observed during euglycemic clamp in this patient group as well as those with 

metabolic syndrome (Valensi et al., 2013), von Bibra et al. (von Bibra et al., 2013) observed 

no particular increase in resting HR two hours after a carbohydrate-rich meal in insulin-

dependent patients with T2D. This may be due to the long standing T2D (von Bibra et al., 

2013), which increases the possibility of depressed sympathetic activity (Valensi et al., 2013).

Nielsen et al. (Nielsen, Norrelund, Kampmann, Kim, et al., 2013) observed an increased HR

(p=0.08) due to high levels of lipid infusion versus low lipid infusion controls, which indicates 

that fast food may increase HR more than healthy foods. Furthermore, both glucose ingestion 

(Paolisso, Manzella, Rizzo, Barbieri, et al., 2000) and elevated plasma fatty acid concentrations 

(Paolisso, Manzella, Rizzo, Ragno, et al., 2000) may stimulate the cardiac autonomic nervous 

system with a possible increase in catecholamines. Thus, the LV effects of fast food seen here 

may be due to catecholamine-induced increases in inotropy that result in increased contractility

of the cardiac muscle as well as increased dromotropic and chronotropic effects that increase 

the HR. Furthermore, circulating glucose and insulin levels, as well as glucagon-like peptide-

1 (GLP-1) and ghrelin seem to influence cardiac activity (Baron, 1994; Hlebowicz et al., 2011).

Due to the characteristics of T2D, it is thus also reasonable to think that differences in 

postprandial hormonal response could contribute to differences in postprandial cardiac function 

between T2D and healthy counterparts. However, although this study measured postprandial 

c-peptide levels, it did not investigate the effect of fast food or pre-exercise on hormonal

changes (i.e. insulin, GLP-1, or catecholamines) or the presence of CAN in the participants. 

The observed postprandial response in systolic blood pressure in the T2D group contrasted 

with healthy counterparts in the present study as well as with young, fit, and healthy individuals 

in a previous study (Dencker et al., 2011). The postprandial reduction in systolic blood pressure 

in the T2D group might be an early stage of postprandial systolic hypotension, which is a 

common hemodynamic condition in patients with diabetes (Jansen and Lipsitz, 1995) and is 

associated with an increased risk of cerebrovascular disease (Tabara et al., 2014). The 
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mechanisms mediating postprandial reductions in blood pressure are not fully understood, but 

food-induced neurohormonal changes leading to reduced vascular resistance in the splanchnic 

vasculature as well as cardiovascular autonomic neuropathy (CAN) resulting in impaired 

sympathetic nervous activity has been suggested (Lipsitz et al., 1993; Luciano et al., 2010; 

Parati and Bilo, 2014). Nevertheless, due to the low number of subjects participating in this 

study and the fact that only one blood pressure measurement was performed in the postprandial 

state, further study is needed to confirm these findings. 

The reduced postprandial diastolic blood pressure observed in both groups in the postprandial 

state was in line with previous findings in healthy individuals (Dencker et al., 2011). Diastolic 

blood pressure decrease within 30 minutes, whereas systolic blood pressure seem to be 

unaffected in the postprandial state in healthy individuals (Dencker et al., 2011; Gardinger et 

al., 2014).  

The RPP differences seen between groups suggest that the T2D group had greater stress to the 

cardiac muscle than the controls. However, the change in RPP after ingesting fast food was the 

same for both groups. Hence, there was no difference in postprandial stress to the cardiac 

muscle in response to fast food.  

5.5.1.3 Biochemical measures 

Gudmundsdottir et al. (Gudmundsdottir, 2012) investigated the postprandial changes after a 

healthy meal versus a junk food meal and found small changes in blood lipids and hsCRP with 

no differences between meals. The present study supports these findings with no changes in 

cholesterol and hsCRP. 

In the present study, pre-exercise did not modify TAS in T2D or controls. This is in contrast to 

Tyldum et al. (Tyldum et al., 2009), who observed a significant exercise-induced improvement 

in TAS associated with improvements in endothelial function in healthy normal weight men 

(42±4 years) using the same protocol as described here. This indicates that the participants in 

the present study had a poorer response to exercise than lean and healthy individuals (Tyldum 

et al., 2009). This may possibly be due to central obesity and poorer metabolic control in our 

study participants versus normal weight individuals. 

The lack of exercise-induced improvements in postprandial TAS in the present study may be 

explained by a lack of exercise-induced postprandial changes in circulating glucose and 

triglyceride levels. Although the lack of exercise-induced TAS changes contrasts with the 
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findings of Tyldum et al. (Tyldum et al., 2009), the lack of exercise induced changes in glucose 

and triglyceride levels did concur. Nevertheless, exercise-induced changes have previously 

been observed due to acute exercise on postprandial triglyceride levels and hyperglycemia (Gill 

et al., 2004; van Dijk et al., 2012; Zhang et al., 2004).  

However, studies are difficult to compare due to different measurement methods; meal 

composition and size; timing of exercise; exercise mode; intensity; and duration. Inadequate 

energy expenditure (Peddie et al., 2012) and/or inadequate exercise timing relative to the meal 

may explain the lack of exercise-induced reductions in postprandial glucose (Poirier et al., 

2000), and/or triglyceride excursion (Zhang et al., 1998), etc. The acute effect of different 

exercise modes and the timing of these on the postprandial response of the LV certainly 

needs to be further investigated in patients with T2D as the time course of adaptation may 

be different in the heart/endothelium than normal body weight persons.  

5.5.2 Effects of exercise to the postprandial phase 

Pre-exercise did not influence any of the changes observed in the postprandial phase. Our 

findings thus indicate that T2D and overweight individuals do not respond to pre-exercise in 

the same way as healthy, lean, younger individuals with better aerobic capacity do (Tyldum et 

al., 2009). There may be several reasons for this, such as factors mentioned in the previous 

section, as well as the timing of exercise, exercise mode, intensity, and duration. Furthermore, 

it may be speculated whether the lack of exercise response can be explained by metabolic status 

(Knudsen et al., 2015; Solomon, Malin, Karstoft, Haus, et al., 2013); i.e. there are indications 

of fasting glucose levels, HbA1c, and antidiabetic drug being determinants of pancreatic 

endocrine response to acute aerobic exercise (MIE) in T2D, favoring subjects with low-fasting 

glucose and subjects who do not use antidiabetic drugs (even when antidiabetic drug use is 

paused) (Knudsen et al., 2015). There is increasing evidence to suggest that metabolic status 

(i.e. degree of hyperglycemia, β-cell dysfunction, and antidiabetic drug use) determines 

exercise effect (Dela et al., 2004; Malin et al., 2012; Solomon, Malin, Karstoft, Haus, et al., 

2013; Solomon, Malin, Karstoft, Kashyap, et al., 2013). The lack of pre-exercise effect in the 

present study may thus be due to the potential of large inter-subject variability in exercise 

responses due to the relatively heterogeneous groups as well as the small sample size in this 

study. Further research is thus warranted to investigate the potential of exercise to improve 

postprandial cardiac function in T2D. 
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5.5.3 Study limitations and strengths  

This study was explorative, rather than confirmative, and was intended to lay the groundwork 

for a more complete research study in the future. An important limitation in this study is the 

small sample size and results must thus be interpreted with caution. In future studies, the study 

sample must be expanded to ensure that the potential flaws due to the small study sample are 

overcome.  

The choice of meal is also an important limitation in this study. The meal represents a different 

relative energy and macronutrient intake between subjects: For example, as it is, the glycemic load for each subject is different, making comparisons between the exercise bouts difficult.  The meal should have been normalized to give the same relative energy to each 

subject (i.e., as grams of macronutrients per kg body mass or even better, per kg lean body 

mass). Furthermore, the choice of having self-reported meals, after the exercise bout prior to 

day 2 (Figure 5.1), is a weakness in this study; and pre-prepared meals should have been given 

at least on day 1 (Figure 5.1), if not also the day prior to day 1. 

Several factors were tested in this study and the problem of multiple comparisons is 

acknowledged. However, multiple testing was to some extent accounted for by considering the 

results to be statistically significant at p<0.01. Overall, we found few significant interactions 

between time and group (the presence of T2D), indicating that the effect of fast food is the 

same for both groups. Nonetheless, due to the explorative character of this study, we chose to 

include apparently reasonable time-trends, which did not reach statistical significance due to 

the small sample size and the small effects relative to the standard deviations. Future studies 

are required to investigate whether healthy food induces the same postprandial changes as fast 

food and to better understand the role of postprandial cardiac function changes in the 

development of cardiovascular disease in T2D.  

In an attempt to account for important factors that could have been unevenly distributed 

between groups, and thus could influence the results, the T2D individuals available for testing 

were matched with a group of individuals with the same gender, age, and BMI distribution. 

However, factors other than BMI and age, such as muscle mass versus body fat mass as well 

as cardiorespiratory fitness, could have influenced the results. In regard to the effects of 

interventions within groups, the crossover design of this study represents a strength, as 

variability tends to be smaller within-subjects than between-subject (Machin, 2010). 
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Furthermore, the similarity (BMI and WC) between groups may represent a limitation as the 

similarity in BMI and WC between groups excludes potentially confounding effects of 

adiposity. Moreover, three of the self-reported healthy participants had HbA1c ≥ 5.7% at, at 

least, one of the three baseline-1 measurements during the trial. According to Chapter 1 (Table 

1.1), HbA1c ≥ 5.7% is characterized as impaired fasting glucose/prediabetes. Another three of 

the self-reported healthy participants also had HbA1c of 5.6% at one or more of the three 

baseline 1 measurements. A more thorough pre-examination of the healthy participants could 

have avoided this important limitation, preferably by performing an oral glucose tolerance test 

at pre-test.  

In this study, three participants did not reach the required RER levels for the test to be 

considered a VO2max-test (RER < 1.05) at pre-testing and the RER values of four participants 

were lost (due to a technical error hindering us from saving and printing the VO2max test results 

after testing. Although the results were written down manually, the RER values were not 

noted). The HRmax was calculated from this test to set the intensity level during MIE and HIIE, 

meaning that some participants might not have exercised according to the intensity 

requirements in the protocol. Although the exercise physiologists supervising the exercise 

sessions increased intensity levels if they observed that the participants did not perceive the 

expected effort, this is an important potential limitation in the present study.  

The choice of exercise intensities during intervention and the timing of exercise relative to the 

meal influenced the results. Indeed, several research projects have investigated the effect of 

acute exercise on postprandial glucose levels and triglycerides, but timing and exercise 

interventions are diverse, making it challenging to pick a protocol. The choice of protocol in 

this study was based on a previous research project performed at our department (Tyldum et 

al., 2009), in which the rationale for the exercise intervention timing and intensity was to affect 

circulating lipids and thus endothelial function, not circulating glucose. Although insulin 

sensitivity has been shown to be affected between 2-72 hours after an exercise session, most 

intervention studies investigating the effect of exercise on postprandial circulating glucose in 

T2D individuals have been performed closer to the meal (within hours before or after). The 

lack of exercise effects might have been due to this, and the fact that we investigated the second 

meal after exercise rather than the meal subsequent to the exercise bout. Further studies should 

investigate different exercise strategies and exercise timing relative to meals. For example, 

low-volume HIIE has been shown to be particularly time efficient in reducing excessive 

postprandial elevations in circulating glucose. However, further research is required to 
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investigate whether the acute effects on circulating glucose has an impact on cardiac workload 

as well.  
The logistics and the many outcome measures in this study represent potential limitations. Even 

though the study environment was well controlled and calm, the stress produced during the fast 

and effective measurements taken at the exact time points, for example, might have stressed 

the participants more at the first intervention than the last (e.g. when performing blood pressure 

measurements or resting HR measurements during echocardiography). The logistics were strict 

and the timing was imperative, and even though the measurements were taken within the time 

limits at most of the time points, some of the measurements might have been slightly delayed 

or postponed in time, which could represent failure to properly compare between groups and 

interventions.  

This study evaluated the effect of fast food on LV function, so the individual effects of 

carbohydrates, fat, and salt cannot be evaluated. A recent study demonstrated no effect on 

diastolic function in normotensive healthy men after one week of high dietary sodium intake 

(Mak et al., 2013). However, a previous study found that one week of high dietary sodium 

intake impaired myocardial relaxation (Tzemos et al., 2008). This study used a mixed meal to 

simulate reality rather than separating the macronutrients to study their separate effects, though 

a separation might have been useful to better understand the role of the macronutrients. 

However, the most important priority would be to study a healthy meal as opposed to the fast 

food meal in the future to reveal whether there is a clinical significant difference in cardiac 

workload after fast food compared to healthy food according to nutritional guidelines.  

The strengths of this study include the strictly controlled study environment during Day 2 and 

supervised exercise interventions on Day 1. However, in this study, the energy intake and meal 

composition the day prior to baseline 1 and baseline 2; the exercise and physical activity 

performed 48 hours before baseline 2; and the sedate behavior in the NE intervention-arm of 

the trial were self-reported. This could not be independently verified and the participants had 

to be trusted to tell the truth. Potential sources of bias in this concern are indeed present. A 

future study should monitor HRs or use activity monitors prior to the intervention. Furthermore, 

the participants should be provided with a standardized evening meal, and perhaps provided all 

meals for the three days prior to baseline 2. However, this study did not have the equipment or 

funding to make this possible. The optimal situation would have been to monitor the 
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participants at the laboratory throughout the intervention or to perform continuous blood 

glucose measurements, but this was not practically possible to carry out at the time.

The fact that several medical doctors, with diverse levels of experience in performing 

echocardiography, performed the measurements is a limitation in this study. Ideally, only one, 

experienced investigator should have performed these measurements, but again, this was not 

logistically possible.  

5.6 CONCLUSION 

The findings of this study indicate that fast food induces increased postprandial cardiac 

workload in both T2D individuals and BMI- and age-matched controls. The postprandial 

increase in resting HR was more prolonged in T2D individuals than in controls. Pre-exercise 

had no acute effects to the postprandial phase. The acute interaction of food on cardiac function 

in T2D needs further study. More research is also needed on the effects of other exercise 

methods and exercise timing on postprandial cardiac function and other cardiovascular risk 

markers in this patient group. 
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6.1 THESIS SUMMARY 
This thesis has contributed to important areas relevant to exercise training and cardiac function 

in patients with type 2 diabetes (T2D). 

Chapter 1 addressed the global burden of T2D, the high prevalence of cardiovascular disease 

risk (cardiometabolic risk), and the increased risk of heart failure in the T2D population in 

general. In particular, diabetic cardiomyopathy was addressed by discussing proposed 

pathogenesis of this entity. Furthermore, the high prevalence of diastolic dysfunction in 

asymptomatic T2D individuals was identified through previous studies. Few studies have 

investigated the effect of aerobic exercise on cardiac function in general, and on diastolic 

function in particular, in patients with T2D, but trials performed on other groups with 

cardiometabolic disease (i.e. heart failure) clearly indicate that aerobic exercise training can 

induce cardiac remodeling. However, no randomized controlled trial (RCT) had investigated 

the effects of exercise intensity, particularly HIIE, on cardiac function in T2D individuals with 

pre-identified reductions in diastolic function. Moreover, Chapter 1 addressed the reduced 

cardiorespiratory fitness observed in trials of T2D patients and patients with diastolic 

dysfunction and discussed the increased cardiovascular risk and the risk of overall mortality or 

premature death that low cardiorespiratory fitness represents. Exploring previous reviews, 

meta-analysis, and exercise trials in T2D patients identified that aerobic exercise training has 

the potential to significantly improve cardiorespiratory fitness in this patient group. Two 

different exercise intensities and the potential effects of these intensities on cardiac function 

and cardiorespiratory fitness were discussed. Based on positive findings in studies reviewed, it 

seems likely that aerobic exercise training, and high intensity exercise (HIIE) in particular as 

compared to traditional, moderate intensity exercise (MIE; as the recommended approach in 

global guidelines), play an important role when addressing improved cardiac function as a 

treatment target in patients with T2D and diastolic dysfunction. However, a lack of information 

in regard to the effect of exercise intensities on individuals with T2D was identified and it was 

noted that further research is required to investigate the effect of intensity on diastolic function 

in T2D individuals. Finally, Chapter 1 (section 1.2) introduced the studies comprised in this 

thesis; Study 1 investigated the effect of HIIE and MIE training (12 weeks and one year follow 

up) on diastolic function and cardiorespiratory fitness and Study 2 explored the effect of acute 

HIIE and MIE in the postprandial state after fast food ingestion on cardiac workload. Study 1 

is presented in Chapters 3-4 and forms the basis for Papers I-II, while Study 2 is presented in 
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Chapter 5 and forms the basis for Paper III. Chapter 2 discusses the methods used in Chapters 

3-5.

The main study of this thesis (Study 1) was an RCT, of which the results are reported in Chapter 

3. This was the first study to our knowledge to assess the effect of HIIE versus MIE on a group

of T2D individuals with pre-identified diastolic dysfunction. This study contributes

significantly to the area of exercise training in patients with T2D; in particular by finding that

exercise intensity is important to improving diastolic function when diastolic dysfunction is

present in T2D individuals (Chapter 3). This study also conformed to previous studies showing

that HIIE is highly effective compared to lower intensities in improving cardiorespiratory

fitness in T2D (see Chapter 1). Finally, the one-year follow up described in Chapter 3 indicates

that the HIIE group managed to sustain positive findings (improved diastolic function and

cardiorespiratory fitness) more than the MIE group. Overall, the findings from this study

(Chapter 3) provide insight into the potential for more targeted exercise guidelines for T2D

patients with reduced diastolic function. Furthermore, this study provides support for the newer

global exercise guidelines (published after commencing Study 1), implicating that high

intensity exercise can compensate for reduced use of time to improve cardiometabolic risk

factors, such as reduced cardiorespiratory fitness and glycemic control as well as central

obesity.

The sub-study generated from Study 1 (described in Chapter 4) investigated the effect of 

exercise on cardiac untwist and twist parameters. This pilot study compared the T2D

individuals described in Chapter 3 with healthy individuals, which had previously participated 

in the Echocardiography in Nord-Trøndelag Health study (HUNT3) (Dalen et al., 2010).

Chapter 4 conforms to previous studies showing that patients with diastolic dysfunction and 

normal ejection fraction have similar LV twist parameters (i.e. LV rotation, twist, untwist rate 

[UTR], and peak UTR) to healthy subjects. Furthermore, this study confirms that early diastolic

untwisting, which is considered imperative for optimal suction in the early stages of diastole,

is delayed when LV relaxation is altered. Chapter 4 indicated that delayed time to peak UTR 

is common in well-controlled, asymptomatic T2D individuals with diastolic dysfunction as 

compared with healthy counterparts (Chapter 4) and confirms previous studies observing 

delayed peak UTR in a number of cardiometabolic diseases, such as heart failure; coronary 

artery disease; and hypertension (Mor-Avi et al., 2011). Second, this pilot study indicated that 

exercise training (both HIIE and MIE) can normalize the timing of untwist in T2D individuals 

with diastolic dysfunction, a novel observation that highlights the potential usefulness of 
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exercise training as an effective tool in secondary prevention in T2D individuals. Overall, time 

to peak UTR was the only diastolic variable measured in this thesis that normalized after 12 

weeks of exercise training in T2D patients with diastolic dysfunction. This indicates that time 

to peak UTR might be a more sensitive parameter to evaluate early diastolic changes than LV 

UTR, not only for identification, but also for follow-up after exercise intervention. This study 

thus indicated that time to peak UTR is a useful marker of early diastolic function, which 

potentially can serve as a therapeutic target for improving diastolic function. However, the 

clinical value of this observation is not known and needs future exploration. Chapter 4 thus 

provided implications for further research to investigate the role of time to peak UTR in 

diastolic dysfunction. 

Finally, Study 2 (Chapter 5) assessed the effect of acute exercise (HIIE and MIE) as opposed 

to NE (sedate behavior) on postprandial cardiac function after ingesting fast food in T2D 

individuals and healthy counterparts. No study has to our knowledge previously investigated 

the effect of exercise on the postprandial alterations in cardiac function. This pilot study 

confirms previous studies showing that cardiac workload is altered in the postprandial phase in 

T2D as well as in healthy individuals. Furthermore, the findings of this study indicated that 

patients with T2D have a tendency towards greater cardiac workload in the postprandial phase 

(after fast food) than matched counterparts without T2D. However, this study is too small to 

draw conclusions. Indeed, the clinical importance of a potential increased cardiac workload 

due to food, in the context of increased cardiovascular risk due to postprandial dysmetabolism, 

needs to be further investigated in the T2D population. Nonetheless, it is necessary for exercise 

physiologists to define exercise prescriptions that will produce the desired effect on individuals 

with postprandial dysmetabolism (i.e. to reduce oscillating excessive elevations in circulation 

glucose throughout the day) for preventing the development of cardiovascular disease in 

individuals with T2D. Even though this study indicated that pre-exercise cannot modify 

postprandial changes in cardiac function, heart rate (HR), blood pressure, or biochemical 

measures in T2D, this study implicates grounds for further research in this field. 
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6.1.1 Key thesis discoveries 

6.1.1.1 Chapter 3 (Paper I) 

In individuals without traditional signs of CVD and T2D, ~57% had diastolic

dysfunction (measured as e’ < 8 cm/s).

In individuals with T2D and diastolic dysfunction: 

Twelve weeks exercise intervention: 

Both HIIE and MIE improved diastolic function (e’) at rest, but HIIE was superior to

MIE.

Only HIIE improved other diastolic variables (E, E/e’, E/A) at rest.

Only HIIE improved early filling velocity (E) during stress echocardiography.

Only HIIE improved systolic function (S’, global strain, global strain rate) at rest. HIIE

was superior to MIE in improving S’ and global strain rate.

Only HIIE improved systolic function (global strain rate) during stress

echocardiography.

Both HIIE and MIE improved cardiorespiratory fitness (VO2peak), but HIIE was

superior to MIE.

Only HIIE improved endothelial function (FMD), glycosylated hemoglobin (HbA1c),

and body mass index (BMI).

Both HIIE and MIE reduced waist circumference (WC).

At one year follow up: 

Only the HIIE group sustained improved diastolic function (e’) at rest compared to

baseline.

Only the HIIE group sustained improvement in VO2peak, despite a significant decrease

in cardiorespiratory fitness from 12 weeks to one year in both the HIIE and MIE groups.

The HIIE group sustained reduced WC, and the MIE-group increased WC from 12

weeks to one year.

Body fat percentage was reduced over one year in the HIIE group only.

HbA1c-levels and FMD returned to baseline in the HIIE group at one-year post-test.

No significant changes from the 12-week post-test to one year were seen for other

variables.
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6.1.1.2 Chapter 4 (Paper II) 

In patients with T2D and diastolic dysfunction (measured as e’ < 8 cm/s): 

 LV peak UTR, peak twist rate, and peak twist were similar to healthy counterparts. 

 Time to peak UTR was delayed at baseline compared to healthy counterparts. 

 Twelve weeks of exercise training significantly shortened the time to peak UTR. At the 

12-week post-test, the time to peak UTR was normalized as compared to healthy

counterparts, independent of exercise intensity.

6.1.1.3 Chapter 5 (Paper III)  

In patients with T2D compared to BMI and age-matched individuals (controls): 

 Diastolic and systolic workload (e’ and E, global strain rate, and S’) increased after fast 

food ingestion in both groups.  

o The diastolic workload was subsequently reduced within four hours post-meal,

but an indication of sustained increase in diastolic workload, as measured by e’,

was observed in the T2D group four hours after the meal.

o Systolic workload (global strain rate and S’) remained elevated (compared to

baseline) within four hours post-meal in both groups.

 Both groups increased resting HR within 30 minutes after the meal. 

o HR subsequently decreased in both groups, but only the controls regained

baseline resting HR four hours after the meal.

 In contrast to the controls, the mean systolic blood pressure in the T2D group dropped 

within two hours after fast food and reversed within four hours post-meal in the T2D 

group.  

 Neither exercise program (HIIE or MIE) 16-18 hours pre-meal influenced cardiac 

function, HR, blood pressure response, or biochemical measures in the postprandial 

phase. 
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6.2 FUTURE RECOMMENDATIONS 

Future studies need to provide optimal lifestyle prescriptions to both treat and prevent the 

development of diabetic cardiomyopathy in particular and CMR in general. Indisputably, 

further studies are necessary to extend the findings of the present thesis and previous research. 

Only a small number of studies have been conducted in the area of exercise training and cardiac 

function in T2D and important questions still remain. Arguably, there are several important 

future areas to be investigated. 

6.2.1 Future exercise approaches for improved cardiac function and 

cardiometabolic risk reduction in type 2 diabetes  

6.2.1.1 Individualized lifestyle (i.e. exercise and dietary) interventions 

Future exercise intervention studies should include individual analysis of the risk profile of the 

patient, as one size does not fit all. Study 1 in this thesis performed exercise intervention on a 

clearly defined T2D group by selecting individuals with diastolic dysfunction, whereas Study 

2 included a less defined group of T2D individuals. This might have affected the results and 

the interpretation of results.   

As for the general population, more and more evidence is accumulated in the field of 

cardiometabolic disease (included T2D) that engaging in physical activity and exercise training 

are important components in reducing the severity of CMR factors, such as low 

cardiorespiratory fitness, poor glycemic control, obesity and central obesity. Nonetheless, it is 

still not entirely clear what kind of physical exercise/exercise training (aerobic exercise 

training; resistance exercise training; combined resistance and aerobic endurance training) or 

what intensity, frequency, duration, time and volume that can yield the optimal benefit for each 

separate risk factor.  

Indeed, the T2D population is a heterogenic group presenting with a variety of micro- and 

macrovascular complications in addition to CMR-factors such as obesity, poor glycemic 

control, poor cardiorespiratory fitness and diastolic dysfunction; or a more severe presence of 

cardiomyopathy. More research is warranted to develop methods to categorize T2D subgroups; 

to make sure the researchers actually compare individuals that can be compared. Moreover, 

future research should strive to develop exercise intervention programs designed for optimal 

health benefits in each and every T2D subgroup. For example, it can be expected that an obese 
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person with T2D and poor glycemic control have a somehow different exercise (or lifestyle) 

intervention requirement to enhance health than a lean person with T2D and relatively well 

controlled glycemic control. Nonetheless, it is indisputable that both individuals would benefit 

from regular exercise.  

Consequently, future research should also strive to better understand the heterogeneity 

previously observed in the adaptive response to exercise in individuals with T2D (Bouchard et 

al., 2012; Osler et al., 2015; Solomon et al., 2013). Identifying the predictors of these individual 

responses and how to modify them will provide the foundation for personalized exercise 

prescription. This will ultimately allow the design of optimal exercise programs that target 

skeletal muscles and the nervous system to improve cardiac function and cardiorespiratory 

fitness in particular, and CMR in general on the individual level in patients with T2D. In this 

context, an implementation of exercise-nutrient protocols in future research that considers the 

timing and type (i.e. carbohydrate, protein, or fat) of nutrients the study participant ingests 

either before or after acute exercise is also needed to maximize health benefits (Zierath and 

Wallberg-Henriksson, 2015). 

6.2.1.2 Adherence to exercise 

Indeed, the primary goal in T2D management should be sustained lifestyle changes in terms of 

increased physical activity (i.e. exercise training) and nutritional changes, together with the 

promotion of knowledge and awareness of the benefits of lifestyle changes in regard to health

(Eriksson and Lindgarde, 1991; Knowler et al., 2002; Pan et al., 1997; Tuomilehto et al., 2001).

Future research should investigate which exercise method or strategy is best for achieving 

adherence to exercise training in the long-term in T2D population. The importance of an 

exercise intervention and its long-term benefit is dependent on the adherence to the exercise 

training program. Indeed, it appears as if whatever endurance exercise program is carried out, 

it is the exercise training that is carried out throughout life (consistently several times a week) 

that makes a difference to cardiac health (Bhella et al., 2014; Carrick-Ranson et al., 2014).  

One obstacle, which often is suggested as a barrier to exercise training when health 

professionals are asked, is low motivation (Vanhees et al., 2012), which experience from 

administrating the projects of this thesis confirms. To carry out exercise training throughout 

life, a central factor is enjoyment in regard to the activity that is prescribed. Although individual 

preferences must be taken into consideration, an HIIE bout represents a somehow greater 

variation (i.e. pace and HR variation) throughout the exercise session compared to a traditional 
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MIE bout, and might thus be more motivating to carry out. Indeed, Bartlett et al. found that 

HIIE was perceived as more enjoyable than MIE (Bartlett et al., 2011).  

Furthermore, lack of time is one of the most commonly cited barriers to physical activity or 

exercise training (Kimm et al., 2006; Stutts, 2002; Trost et al., 2002; Vanhees et al., 2012) and 

further research in regard to the potential of HIIE (including low-volume HIIE) as an 

achievable exercise strategy in daily life is important from a public health perspective. Even 

though a large body of evidence demonstrates the effectiveness of endurance training (and 

lifestyle interventions in general) to improve health markers in cardiometabolic disease, 

individuals fail to translate current exercise guidelines into action (Olsen et al., 2008). This

thesis support previous studies in metabolic disease suggesting that HIIE is a potent, time-

efficient therapeutic intervention that is more effective in improving cardiac function and 

cardiorespiratory fitness than traditional MIE in the short term as well as over a one-year 

perspective (Hordern et al., 2009; Weston et al., 2014). This thesis thus supports previous 

studies showing that incorporating HIIE into rehabilitation programs, both in the short- and 

long-term, may be more achievable for individuals with T2D to reach exercise levels that can 

yield health benefits.  

Another important area concerning adherence to exercise is the contrast between supervised 

versus unsupervised exercise programs. Lack of help from professionals and lack of 

education/knowledge about physical activity have also been listed as barriers to physical 

activity (Vanhees et al., 2012).  Indeed, previous studies state that supervised exercise training 

are associated with greater improvements in CMR than less strict strategies, such as exercise 

counselling alone (Balducci et al., 2010; Umpierre et al., 2011; Vanhees et al., 2012). 

According to Study 1 in this thesis, it seems reasonable to suggest that HIIE is the most 

effective exercise regimen to improve diastolic function in T2D individuals, however it is not 

yet known whether it is the most applicable to home-based exercise prescription. Previous 

research suggests that HIIE, as performed in this thesis, is a feasible activity to be performed 

independently (i.e. home-based). For instance, participants in a study by Wisloff et al. 

adequately performed HIIE (as performed in the present study) without HR monitors and still 

managed to reach required HRs according to the HIIE protocol (Wisloff et al., 2007). This 

indicated that HIIE can be translated into real world situations after familiarization with an 

exercise physiologist present. Furthermore, Moholdt et al. confirmed these findings by 

demonstrating adherence to HIIE during home-based exercise training in individuals with 

coronary artery disease (Moholdt et al., 2012). Nonetheless, future research should determine 
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whether HIIE is sustainable in a non-supervised setting (i.e. home-based). Moreover, future 

studies should consider the potential difference in effect between supervised versus 

unsupervised exercise programs when planning exercise interventions comparing HIIE and 

MIE. Furthermore, in light of the apparent difficulty to achieve adherence to exercise in the 

long term in individuals with T2D, it is imperative that studies apply exercise programs that 

can be applied to real-life settings in the future.  In the context of exercise interventions and 

supervision, telecommunication, such as mobile applications for diabetes self-management, 

should be considered as long-term options (El-Gayar et al., 2013).  

Future studies should also investigate whether varying between training modalities is central 

to exercise adherence. It would also be interesting to include cognitive behavioral therapy into 

future long-term exercise and/or diet interventions (over 24 months) to investigate whether this 

additional intervention could promote a greater adherence to exercise in the long-term in 

individuals with T2D. However, the efficacy of behavioral counseling is uncertain (U. S. 

Preventive Services Task Force, 2002). 

6.2.1.3 Long term effects of HIIE versus MIE  

The findings of this thesis emphasize the importance of exercise guidelines recommending 

vigorous activity several days a week. However, much more work is needed to determine 

whether the recommendations indicated by this thesis provide the optimal exercise approach 

to prevent or slow down the development of diastolic dysfunction in individuals with T2D in 

the long term.  

Furthermore, it remains to be determined whether HIIE protocols (either high-volume or low-

volume) can confer all benefits associated with prolonged exercise training regimens. Studies 

that comprised HIIE regimens have been of relatively low volume and short duration and future 

research must establish whether the early adaptations observed after these interventions are 

similar to interventions of lower intensity when sustained over a longer time period (i.e. years). 

The time course of exercise adaptations is different between exercise training protocols and the 

HIIE regimen can yield rapid response, whereas traditional, moderate, continuous intensity 

exercise can occur more slowly. However, which exercise regimen yields the greatest clinical 

improvements over time has yet to be determined and requires further investigation. 

Comparisons between current recommendations for exercise prescription and HIIE are still 

warranted in this setting. Indeed, the prescription of HIIE represents a practical strategy with 

the potential to be incorporated into daily living. However, future work involving long-term 
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interventions in a variety of clinical cohorts is required to better understand how manipulating 

the exercise stimulus impacts cardiac remodeling, cardiorespiratory fitness, and other health 

markers in people with T2D.  

6.2.1.4 The optimal exercise training protocol 

Further studies are needed to establish the optimal HIIE protocol for the T2D population. Based 

on the findings of Weston et al., it appears that high-volume HIIE is required to achieve greater 

health outcomes (i.e. cardiac remodeling, VO2peak) than MIE for individuals with 

cardiometabolic disease (Gibala et al., 2012; Gibala and McGee, 2008; Weston et al., 2014). 

However, less is known about the effect of low-volume HIIE and more research is needed to 

compare low-volume HIIE with high-volume HIIE and traditional MIE, and the combination 

of these in regard to cardiac remodeling in the long-term. Future research should strive to 

establish whether low-volume HIIE could yield similar cardiac remodeling in T2D as observed 

for high-volume HIIE or MIE in the present thesis. The prescription of HIIE (low-volume and 

high-volume) represents a practical and time-efficient strategy that appears to be easily 

incorporated into daily life and that can subsequently reduce the economic burden associated 

with physical inactivity at both an individual and population level. As noted previously, the 

primary goal in T2D management should be sustained lifestyle changes in terms of increased 

physical activity (i.e. exercise training) and nutritional changes, together with the promotion of 

knowledge and awareness of the benefits of these lifestyle changes in regard to health. The 

potential of HIIE to promote important health benefits in T2D, as demonstrated in this thesis 

and previous research, indicates that future exercise guidelines should include HIIE strategies 

and different timings of exercise in concordance with meals that allow T2D individuals to 

choose an exercise strategy that is optimal to their medical needs; as well as to their lifestyle, 

habits, daily time restraints, and personal goals.  

Indeed, HIIE and traditional endurance-based exercise are not mutually exclusive, and perhaps 

instead of comparing them directly, the incorporation of both types of exercise intensities could 

be an effective solution. Optimal ratios of combined HIIE and MIE, and also high-volume HIIE 

and low-volume HIIE, are also relevant matters to investigate as it is realistic to assume that 

most people will combine exercise intensities and work-bout durations (when performing 

interval training) over longer periods of time. Moreover, few studies have investigated 

combination programs with HIIE and resistance training. Further studies should strive to 

establish whether there is an interaction between these two and which ratios of these yields 

optimal benefits in regard to diabetic cardiomyopathy and CMR. Moreover, further research 
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should establish the importance of dietary interventions in concord with exercise training 

interventions in regard to cardiac function, considering the fact that it is the metabolic 

disturbances that indirectly affect the cardiac function in patients with T2D (Hafstad et al., 

2015). 
6.2.2 The effect of exercise on cardiac function in T2D 

A substantial amount of research remains to better understand the relationships between 

metabolic disturbances and diabetic cardiomyopathy. Indeed, the changes observed in cardiac 

function due to exercise training are suggested to be due to both indirect effects through 

systemic changes as well as through direct effects due to the increased contractile activity 

during endurance training (Hafstad et al., 2015). Future studies should investigate the 

molecular mechanisms resulting in the beneficial cardiac effects of exercise training to achieve 

new and evidence-based treatment strategies. In regard to the effect of exercise due to increased 

contractile activity during endurance training, large scale trials are required to better understand 

the role of the timing of cardiac untwist in the context of improved diastolic function induced 

by endurance exercise in general, and whether intensity plays a role in improving the timing of 

cardiac untwist in particular.  

6.2.3 The clinical importance of diastolic dysfunction and the effect of 

exercise intensity on cardiovascular outcomes. 
The effect of long-term HIIE interventions versus MIE on the development of diabetic 

cardiomyopathy and HF mortality is an important area of investigation. Although diastolic 

function might be an early marker of future CVD in patients with T2D, it is not known whether 

improvement in this parameter can contribute to reduce cardiovascular outcomes. However, 

mortality benefits have been observed in individuals with improved diastolic function 

compared to those whose diastolic function remained the same or worsened (Halley et al., 

2011). On the other hand, recent large-scale trials investigating HIIE versus MIE have failed 

to find a difference between these exercise intensities in CVD and HF populations (Conraads 

et al., 2015; Stoylen et al., 2012), so the role of intensity in HF has not yet been established. 

Furthermore, even though enhanced cardiorespiratory fitness can improve CMR (i.e. by 

reduced hyperglycemia) in T2D (Jakicic et al., 2013), there are no randomized controlled trial 

data on the effects of change in aerobic capacity on mortality in the T2D population. Moreover, 

the Look AHEAD study found that reduction of traditional cardiovascular risk factors after 

lifestyle intervention (minimum 175 minutes of MIE per week) did not reduce the risk of 
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cardiac events in T2D subjects (Wing et al., 2013). Thus, more research of a variety of exercise 

strategies are warranted in this area; future exercise recommendations for the T2D population 

should be based on large scale randomized controlled trials investigating the effect of different 

exercise approaches on cardiac function, cardiorespiratory fitness, and traditional 

cardiovascular risk factors and definite health outcomes over the long-term (i.e. years). 

Furthermore, due to the heterogeneity of the T2D population and the diverse response to 

exercise observed in exercise intervention studies; it is required that future studies are more 

critical in regard to selecting T2D individuals into subgroups by grading level of disease and/or 

organ system that is most affected making sure that the exercise intervention is targeted. Of 

course, this requires that researchers become better at identifying subgroups and targeting the 

right exercise prescription.  

6.2.3.1 Future assessment of diastolic dysfunction 

If the diagnosed diastolic dysfunction should be considered important for T2D patients, we 

need a less complex grading system for the clinician to use and for follow-up. The guidelines 

have recently changed (Nagueh et al., 2016), but are probably still too concise to be used in 

“real life”. Certainly, future research should target individuals at risk of developing heart 

disease using early markers of myocardial dysfunction; one potential early marker in the future 

could be time to UTR, if the methods are improved, automated and all limitations overcome. 

Furthermore, future studies should include cardiac function during exercise and stress tests, 

which can reveal cardiac dysfunction and should be included in a risk analysis of T2D patients.  

UTR occurs during the diastolic isovolumic period before blood flow or wall motion begins, 

and measurement of untwists and UTR could constitute novel early markers for the assessment 

of LV relaxation. Whether untwist and UTR can be more sensitive than other diastolic function 

parameters require more investigation. Further research is warranted to understand the role of 

time to peak UTR in diastolic dysfunction. Further studies are necessary to establish the most 

practical and reliable parameters to identify the early stage of diastolic dysfunction. 

STE has facilitated the measurement of LV twist and has provided important knowledge about 

cardiac mechanics both in experimental settings and during some cardiac diseases. However, 

several issues concerning the technique must be further developed such as the lack of 

standardization of imaging planes as well as the use of different speckle-tracking algorithms. 

The development of 3D STE can track motion of speckles within the scan volume, irrespective 
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of its direction, and is likely to allow standardization of LV planes. However, 3D STE is limited 

by relatively low temporal and spatial resolution. 

In future guidelines, it might also be important to consider adding recommendations in regard 

to the timing of the echocardiographic measurement as the effect of a meal may influence the 

echocardiographic results and interpretation, according to Chapter 5.  

6.2.4 Postprandial dysmetabolism and diabetic cardiomyopathy  

Finally, future studies should determine the role of postprandial dysmetabolism in the context 

of diabetic cardiomyopathy. Although cardiac workload is increased in the postprandial state, 

it is not known whether this is clinically relevant in the context of diabetic cardiomyopathy or 

whether targeting postprandial dysmetabolism in exercise programs can contribute to 

preventing or slowing down the development of diabetic cardiomyopathy or reduce 

cardiovascular outcomes in T2D. However, postprandial hyperglycemia and dyslipidemia have 

been associated with increased cardiovascular risk, and improvements have shown to reduce 

cardiovascular risk (see Chapter 5). The effect of strategic exercise timing in concordance to 

meals (i.e. to reduce fluctuating postprandial hyperglycemia throughout the day) versus 

traditional exercise training (according to exercise guidelines; i.e. exercise at least every second 

day) on the development of diabetic cardiomyopathy and cardiometabolic risk factors in T2D 

individuals should thus be further investigated.  

Further studies are also warranted to determine whether food in general, and fast food in 

particular, in fact induces greater stress to the myocardium in patients with T2D compared to 

healthy counterparts. If this is confirmed, this may have implications for food choices in T2D. 

In addition, future investigations should address potential differences between metabolically 

fit individuals versus individuals with metabolic risk factor clustering when addressing 

postprandial cardiac function in this context. Moreover, future studies should investigate the 

effect of acute exercise of various intensities and volumes, as well as timing in concordance to 

meals in this setting. Even though it was out of the scope for this thesis, the hypoglycemic 

spikes on end-organ function using continuous blood sugar measurements should also be 

considered.  
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6.3 MAIN CONCLUSIONS 

The results of this thesis demonstrate that exercise intensity is important to improving 

subclinical LV diastolic function and cardiorespiratory fitness in patients with T2D and 

diastolic dysfunction in both the short- (three months) and long-term (one year). The results 

emphasize the importance of targeting exercise guidelines towards higher intensities 

particularly when aiming to improve diastolic and systolic function, cardiorespiratory fitness 

(VO2peak), glycemic control (HbA1c), and body composition (BMI, waist circumference, and 

body fat percentage) in T2D individuals with diastolic dysfunction. However, after one year,

several positive adaptations to HIIE and MIE were reduced or returned to baseline levels, which 

possibly reflects a lack of adherence to exercise over time (i.e. months and years) in this patient 

group. This points to the potential need for a multifactorial and more individualized approach 

in future research to target optimal exercise training to prevent or delay the development of 

CMR in general and diabetic cardiomyopathy in particular.  

This thesis also demonstrates that patients with T2D and diastolic dysfunction have a delayed 

timing of untwist (time to peak UTR) compared to healthy counterparts. Furthermore, this 

thesis provides new insights by demonstrating that the timing of LV UTR, which is imperative 

to the magnitude of cardiac suction in early diastole, might be sensitive to endurance exercise 

in patients with T2D, independent of intensity. Although this positive finding indicates that the 

timing of cardiac untwist represents a suitable pathophysiological target for the treatment of 

diastolic dysfunction, this is not yet clear and needs further investigation.  

This thesis also demonstrates that fast food induces increased cardiac workload in both T2D 

individuals and their BMI- and age-matched healthy counterparts, which cannot be modified 

by acute pre-exercise. Furthermore, this thesis indicates that fast food interacts with cardiac 

workload to a greater extent in T2D individuals than in healthy counterparts. However, this 

needs to be confirmed in future RCTs before conclusion. Future research in this field should 

include echocardiography to better understand the effects of food to the heart in T2D; and strive 

to identify optimal time, model, intensity, volume, and frequency for exercise prescription to 

reduce direct and indirect effects of fluctuating metabolic disturbances in individuals with T2D. 

Thus, exercise-nutrient protocols in future research should consider a diversity of timing and 

type of acute exercise either before or after ingesting food (i.e. carbohydrate, protein, or fat) to 

optimize future exercise programs to achieve health benefits. 
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Letters

High-Intensity Interval
Exercise Effectively
Improves Cardiac
Function in Patients With
Type 2 Diabetes Mellitus
and Diastolic Dysfunction

A Randomized Controlled Trial

Left ventricular diastolic dysfunction (DD) may lead
to heart failure and is found in approximately 50% of
asymptomatic patients with type 2 diabetes mellitus
(T2DM). Little is known about the effect of exercise
on DD in T2DM (1), but moderate-intensity exercise
(MIE) seems insufficient to improve myocardial
function. Studies indicate that high-intensity interval
exercise (HIIE) is more effective than MIE in reducing
cardiovascular risk factors in T2DM and in reversing
left ventricular remodeling in patients with post-
infarction heart failure. The aim of this study was to
compare the effect of HIIE (4 � 4–min interval, 90% to
95% maximal heart rate, 40 min/bout, 3/week) and
MIE according to current guidelines ($10 min/bout,
210 min/week) on DD, defined as peak early diastolic
tissue Doppler velocity (e0) <8 cm/s (2), and other
cardiovascular risk factors in patients with T2DM and
DD. Our hypothesis was that HIIE, more than MIE,
would improve these measures.

We prescreened 83 patients for DD who had T2DM
for <10 years and no known cardiovascular disease. A
total of 47 patients (55.9 � 6.0 years; 36% female;
duration of T2DM: 3.6 � 2.5 years) met the inclusion
criteria (e0 <8 cm/s). The subjects were randomized to
home-based MIE (n ¼ 23) and supervised HIIE (n ¼ 24)
and tested at baseline, 12 weeks (MIE, n ¼ 17; HIIE, n ¼
20), and 1 year (MIE, n ¼ 16; HIIE, n ¼ 16). The patients
in the MIE group were younger than those in the HIIE
group (mean 54.7 � 5.3 vs. 58.6 � 5.0 years) but did not
differ by sex (35.3% vs. 40.0% female) or duration of
T2DM (3.0 � 2.6 vs. 4.2 � 2.3 years). After 12 weeks,
exercise was home based in both groups.

Repeated-measures analysis of variance models
(generalized linear model, linear mixed model) were
applied to compare intervention groups with respect

to mean change in outcome variables. Results from
baseline to 12 weeks are shown in Table 1.

Both groups showed improved diastolic function
(e0) at rest, but HIIE showed more improvement than
MIE. Only HIIE improved transmitral peak early dia-
stolic velocity (E), diastolic filling pressure (E/e0), and
E/A ratio. A higher proportion of patients in the HIIE
group had improved diastolic function to e0 >8 cm/s
during the 12-week period (80.0% vs. 41.2%; p ¼ 0.02,
chi-square test). During exercise, only HIIE improved
diastolic function (E). Lack of improvement in e0

during exercise may be explained by the use of
different echocardiographic methods at rest and
during exercise.

A nonsignificant decrease in e0 at rest was seen
from 12 weeks to 1 year (�0.45 and �0.24 cm/s for
HIIE and MIE, respectively). However, in contrast to
the MIE group, the HIIE group still had improved
diastolic function (e0) compared with baseline.
Improvement in E was sustained in the HIIE group
after 1 year.

After 12 weeks, HIIE but not MIE improved systolic
function at rest (peak systolic tissue Doppler velocity,
S0; global strain and global strain rate) and during
exercise (global strain rate).

At baseline, mean peak oxygen consumption
(VO2peak) (n ¼ 37) was approximately 16% lower
compared with a healthy population (the Nord-
Trøndelag Health Study [HUNT] study). Both inter-
vention groups increased VO2peak, but HIIE did so more
thanMIE. The improvement inVO2peakwas sustained at
1 year in the HIIE group, but not in the MIE group,
despite a significant decrease from 12 weeks to 1 year
(�1.68 vs. �0.19 ml/kg/min, respectively).

After 12 weeks, waist circumference was reduced in
both groups, whereas only HIIE reduced body mass
index. From 12 weeks to 1 year, the MIE group, but not
the HIIE group, had increased waist circumference
(2.01 vs. �0.12 cm) and tended toward increased body
mass index (0.58 vs. �0.12 kg/m2). Body fat percent
did not improve after 12 weeks but was reduced in
the HIIE group after 1 year (mean change �1.31%).
Twelve weeks of HIIE improved flow-mediated dila-
tion (incomplete data due to impaired ultrasound
image quality), hemoglobin A1c, and high-sensitivity
C-reactive protein level. Improved flow-mediated
dilation and hemoglobin A1c were not sustained
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after 1 year. No significant changes were seen for
other variables.

Limitations of this study include the small size,
significant dropout rate (albeit similar to other
studies in this arena), lack of a control group without
exercise, and supervised exercise in only the HIIE
group, which could introduce better compliance.

This pilot evaluation, one of the first randomized
studies to assess the effect of exercise intensity on DD
in patients with T2DM, shows that HIIE may modify
the natural history of diabetic cardiac dysfunction. In
patients with T2DM and DD, HIIE was more effective
than MIE in improving diastolic and systolic function

as well as VO2peak. This indicates that exercise in-
tensity is an important factor in improving cardiac
function in early stages of T2DM and DD. Larger
studies in the future should explore whether this is an
effective and low-cost intervention in these patients
with few other good therapeutic options.

Siri M. Hollekim-Strand, MSc
Marit R. Bjørgaas, MD, PhD
Grethe Albrektsen, PhD
Arnt E. Tjønna, PhD
Ulrik Wisløff, PhD
*Charlotte B. Ingul, MD, PhD

TABLE 1 Baseline and 12-Week Post-Test Results for Diastolic Echocardiographic Variables at Rest

MIE (n ¼ 17)

p Value*

HIIE (n ¼ 20)

p Value*

MIE vs. HIIE

N Baseline 12 Weeks Difference n Baseline 12 Weeks Difference p Interaction†

DD classification

Mild (grade I) 17 5 (29.4) 20 1 (5.0)

Moderate (grade II) 17 12 (70.6) 20 18 (90)

Severe (grade III) 17 0 (0.0) 20 1 (5.0)

Diastolic function, supine

E, cm/s 14 63.4 � 9.5 64.4 � 13.4 1.0 � 14.0 0.78 20 64.8 � 10.7 75.1 � 15.8 10.3 � 12.7 0.002 0.05

e0, cm/s 17 7.1 � 0.7 7.6 � 1.1 0.5 � 0.7 0.02 20 7.0 � 0.7 8.8 � 1.2 1.8 � 1.1 <0.001 <0.001

E/e0 14 9.1 � 1.8 8.6 � 1.9 �0.5 � 1.6 0.28 20 9.3 � 1.7 8.6 � 1.9 �0.7 � 1.5 0.05 0.67

E/A, ratio 14 0.92 � 0.18 0.99 � 0.21 0.07 � 0.23 0.28 20 0.93 � 0.21 1.07 � 0.26 0.13 � 0.18 0.003 0.36

Systolic function, supine

S0, cm/s 14 7.7 � 1.2‡ 7.6 � 1.0 �0.1 � 1.1 0.76 20 6.8 � 0.8‡ 7.8 � 1.5 0.9 � 1.4 0.007 0.03

Global strain, % 15 �16.7 � 2.2 �16.4 � 2.1 0.3 � 1.6 0.51 20 �17.2 � 1.9 �18.2 � 2.2 �1.0 � 1.9 0.03 0.05

Global strain rate, s�1 16 �1.00 � 0.15‡ �0.95 � 0.10 0.06 � 0.23 0.14 20 �0.87 � 0.11‡ �0.97 � 0.13 �0.10 � 0.17 0.03 0.009

VO2peak

ml/kg/min 16 33.2 � 7.4 34.4 � 7.7 1.2 � 2.2 0.04 20 31.5 � 6.1 35.6 � 6.3 4.1 � 2.9 <0.001 0.002

ml/kg0.75/min 16 102.0 � 23.8 105.2 � 23.9 3.2 � 6.1 0.06 20 98.6 � 17.7 110.4 � 20.0 11.8 � 9.5 <0.001 0.003

l/min 16 2.96 � 0.81 3.0 � 0.79 0.06 � 0.17 0.17 20 2.96 � 0.57 3.29 � 0.68 0.33 � 0.29 <0.001 0.003

FMD

FMD, % 10 13.0 � 9.8 13.0 � 9.9 0.0 � 6.2 0.99 17 9.2 � 9.6 18.5 � 9.6 9.2 � 11.2 0.004 0.03

FMDnorm, % 10 13.7 � 12.6 14.6 � 19.3 1.0 � 10.0 0.76 16 8.9 � 11.4 22.8 � 15.1 13.9 � 18.5 0.009 0.05

Heart rate, beats/min

Rest 16 74 � 10‡ 72 � 8 �2 � 8 0.39 19 68 � 8‡ 66 � 9 �1 � 8 0.48 0.84

Maximal 16 168 � 17 170 � 14 2 � 4 0.10 20 167 � 10 169 � 10 2 � 4 0.08 0.85

Blood pressure, mm Hg

Systolic 17 135.4 � 11.9 134.9 � 14.8 �0.5 � 11.9 0.87 20 142.1 � 18.3 142.5 � 20.6 �0.5 � 15.8 0.90 0.85

Diastolic 17 80.9 � 7.1 80.8 � 6.6 �0.1 � 5.8 0.97 20 81.7 � 6.9 78.3 � 9.0 �3.4 � 9.3 0.12 0.21

Biochemical values

HbA1c, % 16 6.7 � 0.7 6.5 � 0.6 �0.2 � 0.7 0.30 20 7.0 � 1.2 6.6 � 0.9 �0.4 � 0.5 0.007 0.36

HbA1c, mmol/mol 16 50.0 � 5.2 48.0 � 4.4 �2.0 � 7.0 0.30 20 53.0 � 9.1 49.0 � 6.7 �4.0 � 5.0 0.007 0.36

HOMA-IR 15 2.6 � 1.0 2.5 � 0.9 �0.1 � 0.5 0.32 20 2.7 � 0.7 2.7 � 1.0 0.0 � 0.8 1.0 0.61

hs-CRP, mg/l 16 1.6 � 1.2‡ 1.6 � 1.2 �0.1 � 1.3 0.86 19 3.7 � 2.8‡ 2.1 � 1.3 �1.6 � 2.6 0.02 0.04

Anthropometric values

BMI, m/kg2 17 29.7 � 3.7 29.4 � 3.8 �0.3 � 0.8 0.13 20 30.2 � 2.8 29.7 � 2.4 �0.5 � 0.7 0.009 0.52

WC, cm 17 106.5 � 8.7 104.5 � 7.3 �2.0 � 2.5 0.005 20 108.6 � 7.7 106.0 � 6.8 �2.6 � 2.9 0.001 0.55

Body fat, % 15 27.5 � 7.3 27.2 � 6.7 �0.3 � 2.1 0.58 19 27.9 � 7.7 27.6 � 8.5 �0.3 � 1.3 0.36 0.97

Values are n (%) or mean � SD. *p value: within-group difference. †p value: difference in mean change between groups. ‡Difference between groups at baseline, p < 0.05.

A ¼ transmitral late diastolic velocity; BMI ¼ body mass index; DD ¼ diastolic dysfunction; E ¼ transmitral peak early diastolic velocity; e0 ¼ peak early diastolic tissue Doppler velocity; FMD ¼ flow-
mediated dilation of the brachial artery; FMDnorm ¼ FMD normalized, FMD/shear rate (mean flow/mean diameter); HbA1c ¼ glycosylated hemoglobin; HIIE ¼ high-intensity interval exercise; HOMA-IR ¼
homeostatic model assessment of insulin resistance; hs-CRP ¼ high-sensitive C-reactive protein; MIE ¼ moderate-intensity exercise; S0 ¼ peak systolic tissue Doppler velocity; VO2peak ¼ peak oxygen
consumption; WC ¼ waist circumference.
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Prevention and Control
of Atherosclerosis

Why Are Exercise and Physical Activity Not

Getting the Respect They Deserve?

The role of regular exercise and/or adequate amounts
of physical activity in the prevention and control
of cardiovascular diseases and its risk factors has
been firmly established by a variety of epidemiolog-
ical and interventional studies (1). However, with
respect to the primary prevention and management
of atherosclerosis, there has been little attention to
the effects of exercise on plaque size, stability, and
regression. There are published data on the potential
benefits of exercise on atherosclerotic plaque and
its regression (2); however, despite such evidence,
statins continue to monopolize atherosclerosis pre-
vention programs.

Robinson and Gidding (3) recently published a re-
view recommending that curing atherosclerosis
should be the next goal of cardiovascular prevention.
We agree with the authors that this is definitely
an important goal, but is initiating statins at such
early ages the best approach? The authors provide
compelling evidence that suggest the benefits of
early initiation of statins on various atherosclerotic
progression pathways. Even though this suggests
that there could be benefits in high-risk groups
with statins, it is important to realize that there is
still a strong need to promote active lifestyles

among children. A recent report by Palmefors et al.
(2) found significant evidence supporting the bene-
fits of physical activity on tumor necrosis factor a

levels, C-reactive protein levels, endothelial pro-
genitor cells, and, with aerobic exercise, intercel-
lular adhesion molecule 1 levels. However, these
findings have not found their way into prevention
guidelines.

In an accompanying report, Daniels (4) also sug-
gested the need for lifestyle interventions to help
control the atherosclerotic cascade. As currently
understood, the risk of cardiovascular disease
cannot be attributable to only dyslipidemia (espe-
cially elevated low-density lipoprotein levels, which
is the target for statins) but also involves a host of
other risk factors. Therefore, effective prevention
strategies cannot target only one dimension (i.e.,
increased low-density lipoprotein levels) but should
focus on other modifiable risk factors that, in our
opinion, can be addressed best through lifestyle in-
terventions. Regular exercise and physical activity
produce numerous health benefits (e.g., antiathero-
sclerotic, antithrombotic, anti-ischemic, antiar-
rhythmic, and psychological effects), thereby acting
as a “polypill”. In fact, these benefits supersede the
effects obtained through pharmacotherapy and are
also cost-effective and free from adverse events (5).
In this regard, we would like to emphasize a few
steps in working toward the prevention and/or
management of atherosclerosis through exercise and
physical activity.

1. Promoting high-energy expenditure through pro-
per diet and structured exercise training and
physical activity to promote plaque stability (1,500
kcal/week) and reversal (>2,000 kcal/week)

2. Promoting an active lifestyle at home
a. Moving away from video games and the Internet

to playing outdoors in parks, walking, and using
stairs

3. Promoting an active lifestyle at school
a. Improving participation in physical education

and tailoring programs to suit the needs and
interests of children for optimal health benefits

b. Emphasizing the need for excellence in sports in
addition to academic excellence

4. Promoting healthy food habits at home, school,
and public places

It is our opinion that encouraging such healthy be-
haviors early in life will facilitate improvements
with regard to cardiovascular-related events and help
curb the rise in the incidence of childhood obesity and
type 2 diabetes mellitus. There is, however, a strong
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Exercise Training Normalizes Timing of Left Ventricular
Untwist Rate, but Not Peak Untwist Rate, in Individuals

with Type 2 Diabetes and Diastolic Dysfunction:
A Pilot Study

Siri Marte Hollekim-Strand, MSc, Sigve Fredrik Høydahl, MD, Turid Follestad, PhD, H�avard Dalen, MD, PhD,
Marit Rokne Bjørgaas, MD, PhD, Ulrik Wisløff, PhD, and Charlotte Bj€ork Ingul, MD, PhD,

Trondheim and Levanger, Norway

Background: There is limited information regarding the role of left ventricular (LV) twist and the effect of exer-
cise in type 2 diabetes (T2D). The aim of this study was to compare LV twist parameters in patients with T2D
versus healthy control subjects and the effects of high-intensity interval exercise (HIIE) andmoderate-intensity
exercise (MIE) on LV twist in patients with T2D with diastolic dysfunction.

Methods: This study, which included both prospective and retrospective components, included 47 patients
with T2D and diastolic dysfunction and 37 healthy individuals. Patients with T2D were randomized to HIIE
(4 � 4 min at 90%–95% of maximal heart rate, three times a week, 120 min/wk; n = 24) or MIE (210 min/
wk; n = 23) for 12 weeks and examined with echocardiography (LV twist by speckle-tracking method) at base-
line and posttest. The control subjects received no intervention and were matched according to age, gender,
and body mass index to those completing the intervention.

Results: In total, 37 subjects completed 12weeks ofMIE (n = 17) or HIIE (n = 20). LV peak untwist rate (UTR) was
similar in patients with T2D and control subjects (P ˃ .05). At baseline, LV peak UTR, relative to total diastolic
period, occurred 5.8 percentage points later in patients with T2D compared with control subjects (P = .004).
Time to peak UTR was shortened by 6.5 percentage points (P = .002) and 7.7 percentage points (P < .001) after
MIE and HIIE, respectively. Time to peak UTR was similar to that in control subjects after exercise interventions.

Conclusions: In patients with T2D and diastolic dysfunction, LV peak UTRwas similar, but time to peak LVUTR
was delayed compared with control subjects. Twelve weeks of endurance exercise normalized the timing of
UTR. (J Am Soc Echocardiogr 2016;29:421-30.)

Keywords: Speckle-tracking echocardiography, Type 2 diabetes, Diastolic dysfunction, Left ventricular twist,
Exercise training

Type 2 diabetes (T2D) is associated with cardiomyopathy, whichmay
lead to heart failure.1 Early diabetic cardiomyopathy is often charac-
terized by diastolic dysfunction (DD), which has been detected in

about 50% of asymptomatic and normotensive subjects with well-
controlled T2D.2,3

Although not commonly evaluated, a fundamental component in
normal diastolic function is left ventricular (LV) untwist, which con-
tributes to LV relaxation and suction.4,5 LV twist and untwist are the
wringing and unwringing motion of the left ventricle around the
long axis of the ventricle. The sequence of twisting and untwisting
events establishes the peak early diastolic blood flow velocity across
the mitral valve.4 Twist during systole contributes with storage of en-
ergy, and the subsequent recoil releases the restoring forces, which
contributes to LV diastolic relaxation and early filling.6 Assessment
of LV untwisting has thus been introduced as a promising index in
the evaluation of early diastolic function.7,8 However, there is
limited information regarding the role of LV twist in T2D.

Exercise training is a cornerstone in T2D management to reduce
cardiovascular disease and mortality,9-12 and several studies have
shown that high-intensity interval exercise (HIIE) is superior to
moderate-intensity exercise (MIE) according to current exercise
guidelines in reducing cardiovascular risk factors.13-17 We recently
reported that HIIE is superior to MIE in improving diastolic
function measured by peak mitral annular early tissue Doppler

From the K. G. Jebsen Centre of Exercise in Medicine at the Department of

Circulation and Medical Imaging (S.M.H-S., S.F.H., U.W., C.B.I.), the

Department of Public Health and General Practice (T.F.), the Department of

Circulation and Medical Imaging (H.D.), and the Department of Cancer Research

and Molecular Medicine (R.B.), Faculty of Medicine, Norwegian University of

Science and Technology, Trondheim, Norway; the Department of Medicine,

Levanger Hospital, Nord-Trøndelag Health Trust, Levanger, Norway (H.D.); and

the Department of Endocrinology, St Olav’s Hospital, Trondheim, Norway (R.B.).

This study was funded by the Liaison Committee between the Central Norway

Regional Health Authority and the Norwegian University of Science and Technol-

ogy, and the K. G. Jebsen Foundation for Medical Research.

Reprint requests: Charlotte Bj€ork Ingul, MD, PhD, Department of Circulation and

Medical Imaging, Norwegian University of Science and Technology, Postbox

8905, NO-7491 Trondheim, Norway (E-mail: charlotte.b.ingul@ntnu.no).

0894-7317/$36.00

Copyright 2016 by the American Society of Echocardiography.

http://dx.doi.org/10.1016/j.echo.2016.01.005

421



velocity (e0) in patients with T2D
and DD.17 However, to our
knowledge no study has investi-
gated the effects of exercise on
LV untwist and untwist rate
(UTR) in patients with T2D
and DD. Thus, the aims of this
study were to (1) determine
the effects of HIIE and MIE on
LV untwist and UTR in patients
with T2D (duration < 10 years)
and DD and (2) compare these
with healthy individuals with
no exercise intervention.

METHODS

Study Population

A total of 84 subjects, 47 pa-
tients with T2D and DD and

37 healthy individuals, were enrolled in the study. The T2D group
was recruited prospectively, and the control subjects were recruited
retrospectively.
The T2D study population studied has been described previ-

ously17 and was recruited through a local newspaper and from the
outpatient population at St Olav’s Hospital, Trondheim, Norway
(August 2010 to March 2013). Inclusion criteria for the individuals
with T2D included age 20 to 65 years, diagnosis with T2D within
10 years, no use of insulin, and reduced diastolic function, defined
as e0 < 8 cm/sec,18 at baseline testing. Exclusion criteria included
overt cardiovascular disease, atrial fibrillation or other significant car-
diac arrhythmia, untreated hypertension, diabetic retinopathy or
neuropathy, albuminuria, LV ejection fraction (EF) < 40%, body
mass index (BMI) > 35 kg/m2, ischemia on exercise stress echocar-
diography on a stationary bicycle, pregnancy, inability to exercise,
drug or alcohol abuse, and physical activity level above minimum
guidelines for T2D.9

The T2D study participants were stratified according to gender and
randomized to either HIIE (n = 24) or MIE (n = 23) (Figure 1). The
Unit of Applied Clinical Research at the Norwegian University of
Science and Technology performed the randomization procedures.
The trial (ClinicalTrials.gov identifier NCT01206725) was approved
by the Regional Committee for Medical and Health Research Ethics
of Central Norway in September 2010.
The healthy control subjects (n = 37) were recruited from the

Nord-Trøndelag Health Study database, consisting of 1,266 complete
echocardiograms from healthy individuals free of known cardiac dis-
ease, diabetes, and hypertension.19 They were matched, to the extent
possible, according to age, gender, and BMI with the final 37 partici-
pants with T2D performing posttest measurements. Age and BMI dif-
ferences between the T2D group and control group of 5 years and
5 kg/m2, respectively, were accepted. The control group had no ex-
ercise intervention. Informed consent was obtained from all partici-
pants, and all were insured.

Outcome Measures

The primary outcome measure was LV peak UTR. Secondary
outcome measures were time to peak LV UTR, peak LV twist rate,
and peak LV twist.

Intervention and Exercise Training Protocols

T2D Group. The MIE group performed home-based exercise
training for 12 weeks in accordance with guidelines from the
Norwegian Diabetes Association (2005), recommending MIE for
210 min/wk (exercise bouts $10 min in duration),20 similar to the
guidelines of the International Diabetes Federation.9 At 4 and 8weeks
of the intervention period, the MIE group was contacted by phone or
e-mail to motivate to continue with MIE as prescribed.
The HIIE group performed supervised exercise training by

walking or jogging on an inclined treadmill three times a week for
12 weeks (120 min/wk). Following 10 min of warmup at 70% of
maximal heart rate, the HIIE group performed 4-min work bouts
four times at 90% to 95% of maximal heart rate with 3-min recovery
periods between work bouts at 70% ofmaximal heart rate and 5min
of cool-down (altogether 40 min). During the HIIE sessions, heart
rate monitors (Polar RS 400; Polar Electro, Kempele, Finland)
were used to ensure that the required exercise intensity was
achieved and maintained. The individuals in the MIE and HIIE
groups recorded daily physical activity.

Echocardiographic Recordings

Echocardiographic examinations (Vivid 7 scanner, phased-array
[M4S and M3S transducers]; GE Vingmed Ultrasound AS, Horten,
Norway) were performed at baseline and 12 weeks posttest for the
MIE and HIIE groups.17 The control subjects were examined only
once.19 A detailed description of the echocardiographic recordings
has previously been published.21,22

The same operator (C.B.I.) performed the echocardiographic re-
cordings at both time points for the T2D population and the same
operator (H.D.) for the healthy control group. The images were ob-
tained in parasternal and three standard apical views (four chamber,
two chamber, and apical long-axis), both in B-mode and with color
tissue Doppler imaging, and three loops were acquired for each im-
age. The images were digitally stored on a hard disk for offline anal-
ysis. All recordings were performed with the individuals in the left
lateral supine position during breath holds at end-expiration. Basal
and apical LV short-axis levels were recorded for the analysis of twist
and standardized to two anatomic landmarks. The basal level was re-
corded from the parasternal position, using the mitral valve leaflet
location in the middle of the LV cavity as the landmark. The apical
level was recorded more distally toward the apex, just proximal to
the level with luminal closure at end-systole. All loops were re-
corded with the LV cross-sections as circular as possible. To optimize
image quality, the sector depth and width were adjusted in each sub-
ject, resulting in a mean frame rate of 69 6 13 frames/sec (range,
51–113 frames/sec). To determine the timing of cardiac events, tis-
sue Doppler velocity curves with the sample volume at the basal
septum were conducted immediately before the acquisition of the
short-axis images, to minimize differences in heart rate. Aortic valve
closure (AVC) was set at the end of the negative spike after
ejection.23

Echocardiographic Analyses

Offline data analyses were performed using commercially available
two-dimensional strain software (EchoPAC PC version 112; GE
Medical Systems, Milwaukee, WI). All analyses were performed
blinded to exercise group allocation as well as baseline and posttest.
Analyses of conventional echocardiographic diastolic measures
were performed as previously described.21,22

Abbreviations

AVC = Aortic valve closure

BMI = Body mass index

DD = Diastolic dysfunction

EF = Ejection fraction

HIIE = High-intensity interval

exercise

IVRT = Isovolumic relaxation

time

LV = Left ventricular

MIE = Moderate-intensity

exercise

pp = Percentage points

T2D = Type 2 diabetes

UTR = Untwist rate
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The analyses of the twist parameters have been described previ-
ously.24 To analyze twist parameters, one cardiac cycle from the
basal and apical short-axis data set with a well-defined endocardial
border during late systole was selected for analyses. Regions of in-
terest of the left ventricle were adjusted to include most of the
myocardium, but not the pericardium. The endocardial borders
of the apical and basal short-axis plane at end-systole were manu-
ally traced and subsequently tracked by the software.24 When the
software or the observer signaled poor tracking quality, the
observer readjusted the region of interest until acceptable tracking
was obtained. If nonadjustable, segments with poor tracking were
discarded. For the twist analysis, default spatial and temporal
smoothing was used.
The twist variables are presented in Tables 1 to 3. In addition, the

timing of AVC and the length of the cardiac cycle (i.e., the time
interval between the R waves on the electrocardiogram) were
measured. Curves of basal and apical LV rotation, twist, and twist
rates were automatically generated by the software. LV twist was
calculated (Excel; Microsoft Corporation, Redmond, WA) as apical
LV rotation relative to the base. Counterclockwise rotation as
viewed from the LV apex was expressed as a positive value and
clockwise rotation as a negative value (Figure 2). Peak UTR was
defined as the first negative peak after AVC.

To adjust for intra- and intersubject differences in heart rate, the
time sequences from AVC to peak UTR were normalized to the per-
centage of total diastolic duration. Diastole was expressed as a per-
centage of the total duration of diastole, and the diastolic period
was defined from 0% (AVC) to 100% (end-diastole) (Figure 2).25

Time to peak UTR was measured from time of AVC (0%) to peak
UTR as a percentage of the length of diastole (100%) (Figure 2).

Resting Heart Rate and Blood Pressure

Resting heart rate was measured by electrocardiography at the end
of the resting echocardiographic measurement in both groups. Blood
pressure was measured by oscillometry using a SunTech Tango M2
Stress BP Monitor (SunTech Medical, Morrisville, NC) and a
Dinamap 845XT (GE Medical Systems) in the T2D group and con-
trol subjects, respectively, as previously described.17,26

Variability of Echocardiographic Measurements

In total, 15 individuals were used for measurements of intra- and
interobserver variability, and five for each group were randomly
selected (five patients with T2D at baseline, five with T2D posttest,
and five subjects without diabetes) for LV twist parameters.

n=84 
Individuals included

n=23
Moderate intensity exercise 

according to guidelines (MIE)
Home based

n=24
High intensity interval exercise 

(HIIE)
Supervised

n=4
Lost to follow up

(1 health reason, 1 personal reason, 1 
failed to attend exercise, 1 moved)

n=6
Lost to follow up
(All personal reasons)

Matched 
(age, gender 

BMI)

No 
intervention

n=37
(MIIE n=17; HIIE n=20)

12 week posttest analysis. 

n=37
Healthy 

individuals

n=47 
Type 2 diabetes individuals

Baseline analysis

Randomized

Figure 1 Flowchart of the study.
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Table 1 Summary of the LV twist and untwist data for the healthy control subjects and intervention groups

Variable

Control T2D, baseline MIE, baseline MIE, posttest HIIE, baseline HIIE, posttest

n Mean 6 SD n Mean 6 SD n Mean 6 SD n Mean 6 SD n Mean 6 SD n Mean 6 SD

LV base

Heart rate basal (beats/min) 37 66 6 11.3 36 71.2 6 9.8 17 72.9 6 10.3 15 72.1 6 9.1 19 69.8 6 9.3 19 65.2 6 9.3

Peak basal rotation 37 �5.2 6 2.7 36 �5.5 6 3.2 17 �5.3 6 3.8 15 �4.3 6 2.5 19 �5.6 6 2.7 19 �4.2 6 2.2

Basal TR (deg/sec) 37 �42.1 6 17.2 36 �54.2 6 26.1 17 �54.4 6 24.8 15 �54 6 23.1 19 �54.1 6 27.9 19 �45.4 6 17.8

Basal UTR (deg/sec) 37 52.3 6 16.4 36 57.2 6 25.6 17 60.9 6 29.6 15 52.3 6 28.4 19 54 6 21.8 19 47.4 6 23.6

Time to peak basal UTR

(% of diastole)

37 8 6 4.7 35 13.9 6 7.2 16 14.4 6 6 15 9.4 6 4.8 19 13.5 6 8.3 19 8.4 6 4.6

LV apex

Heart rate apical (beats/min) 37 64.8 6 10.5 36 70.2 6 9.6 17 73.2 6 10.2 15 71.7 6 9.7 19 67.5 6 8.4 19 65.7 6 9.1

Peak apical rotation 37 8.5 6 3.5 36 8.5 6 3.6 17 8.9 6 3.7 15 8.2 6 4.2 19 8 6 3.6 19 9.2 6 4

Apical TR (deg/sec) 37 40.8 6 11.9 36 49.3 6 24.1 17 52 6 29.6 15 52.9 6 24.3 19 46.9 6 18.3 19 45.7 6 23.4

Apical UTR (deg/sec) 37 �61.4 6 18.5 36 �59.8 6 25.3 17 �56.9 6 28.1 15 �76 6 27.1 19 �62.5 6 23 19 �61.9 6 23.4

Time to peak apical UTR

(% of diastole)

37 8.8 6 6.3 35 19.4 6 9.4 16 21 6 9.2 16 9.7 6 8.5 19 18.1 6 9.6 19 10.2 6 5

LV twist

Peak twist 37 13.1 6 3.6 36 12.3 6 5.1 17 12.5 6 5.7 15 10.5 6 4.7 19 12.2 6 4.7 19 11.3 6 4.2

Peak TR (deg/sec) 37 65.4 6 20.9 36 72.7 6 31.8 17 72 6 33.8 15 67.9 6 26.2 19 73.3 6 30.9 19 70.1 6 29.4

Peak UTR (deg/sec) 37 �92.8 6 23.4 36 �83.2 6 33.4 17 �86.5 6 34.9 15 �89.4 6 33.8 19 �80.2 6 32.6 19 �77.5 6 25.1

Time to peak UTR
(% of diastole)

37 10.5 6 7.4 35 16.3 6 8.9 16 16.1 6 9 15 10.2 6 7.7 19 16.5 6 9 19 8.8 6 4.1

TR, Twist rate.
Data are expressed as mean 6 SD.

Table 2 Results for comparison of the T2D groups with the healthy control subjects for LV twist and untwist variables

Variable

T2D vs control, baseline MIE vs control, posttest HIIE vs control, posttest

95% CI 95% CI 95% CI

Estimate Lower Upper P Estimate Lower Upper P Estimate Lower Upper P

LV base

Heart rate basal (beats/min) 5.2 0.3 10.2 .04 6.1 0.0 12.2 .05 �0.8 �6.5 4.9 .78

Peak basal rotation �0.2 �1.6 1.2 .74 0.9 �0.6 2.5 .23 1.0 �0.3 2.3 .13

Basal TR (deg/sec) �12.1 �22.5 �1.7 .02 �11.9 �25.6 1.9 .09 �3.3 �13.4 6.7 .51

Basal UTR (deg/sec) 5.0 �5.1 15.1 .33 0.0 �16.4 16.4 .99 �4.9 �17.3 7.5 .43

Time to peak basal UTR (% of diastole) 5.9 3.0 8.9 <.001 1.5 �1.6 4.5 .33 0.5 �2.2 3.1 .72

LV apex

Heart rate apical (beats/min) 5.4 0.7 10.1 .03 6.9 0.7 13.2 .03 1.0 �4.5 6.4 .73

Peak apical rotation �0.1 �1.7 1.6 .94 �0.3 �2.9 2.2 .79 0.7 �1.5 2.9 .52

Apical TR (deg/sec) 8.5 �0.5 17.4 .06 12.1 �1.8 25.9 .08 4.9 �6.9 16.7 .40

Apical UTR (deg/sec) 1.6 �8.8 12.0 .76 �14.6 �30.5 1.4 .07 �0.6 �13.2 12.1 .93

Time to peak apical UTR (% of diastole) 10.6 6.8 14.4 <.001 0.9 �4.0 5.7 .72 1.4 �1.7 4.5 .38

LV twist

Peak twist �0.7 �2.8 1.3 .47 �2.6 �5.4 0.2 .07 �1.8 �4.1 0.5 .12

Peak TR(deg/sec) 7.3 �5.3 20.0 .25 2.5 �13.3 18.3 .74 4.8 �10.8 20.3 .53

Peak UTR (deg/sec) 9.6 �3.9 23.1 .16 3.4 �16.5 23.3 .73 15.2 1.2 29.3 .03

Time to peak UTR (% of diastole) 5.8 1.9 9.7 .004 �0.3 �5.1 4.5 .91 �1.7 �4.8 1.4 .27

Estimate, Estimated mean difference; TR, twist rate.

The table shows results from two-sample t tests for comparing the T2D group and control subjects at baseline and the HIIE and MIE groups after

the intervention to controls for resting heart rate and the variables describing diastolic and systolic function.
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Intraobserver variability was performed by a single investigator by
blinded assessment on two separate occasions. Interobserver vari-
ability was assessed by two investigators who were unaware of each
other’s measurements and of the study time point.
The percentage of diastole was used in the analysis of reproduc-

ibility. Reproducibility data are expressed as coefficients of variation
and as the mean percentage error (mean error). The coefficient of
variation was calculated as the ratio of the SD of the repeated mea-
surements for each individual to the mean. Mean error was derived
as the absolute difference between the two sets of observations,
divided by the mean of the observations.27 The average values of
the 15 individuals are presented.

Statistical Analyses

The measurements are presented as mean 6 SD unless other-
wise stated. Differences between the HIIE and MIE intervention
groups and within-group effects of intervention were analyzed us-
ing linear mixed models. Within-subject correlations were taken
into account by using a random intercept in the linear mixed
model. The baseline means were restricted to be equal for the
two interventions, because of randomization to intervention group.
Tests for between-group and within-group differences were per-
formed as post hoc t tests for the appropriate pairs of model pa-
rameters. Differences between the T2D group and the healthy
control subjects were analyzed using two-sample t tests, for the
full T2D group at baseline and for the MIE and HIIE subgroups
separately after the intervention. Given the limited population
available for matching, the matching of the control group aimed
for no significant differences between groups with respect to age,
gender, and BMI. Therefore, the patients with T2D and healthy

control subjects were treated as independent groups, not paired,
in the statistical analysis.
For all tests, a significance level of .05 were used. No formal adjust-

ments for multiple testing because of the number of variables consid-
ered were made. However, the risk for incidental findings was kept in
mind when interpreting the results.
The analyses were carried out using SPSS version 21.0 (IBM,

Armonk, NY) and the R statistical package.28

RESULTS

Data from 37 participants with T2Dwere available for posttests, 17 in
the MIE group and 20 in the HIIE group (Figure 1). In total, 8.4% of
the segments in basal and apical short-axis views were discarded
because of inadequate tracking.

Before intervention, six of the participants with T2D were classified
as having DD grade 1, 30 were classified as having DD grade 2, and
one participant had DD grade 3.17 After exercise intervention, 18 par-
ticipantswith T2DhadDDgrade 2 and the remaining hadDDgrade 1.

Clinical Characteristics

The participants in the T2D group were older than control subjects
(56.5 vs 51.0 years, P = .004) and had higher BMIs (29.9 vs
27.0 kg/m2, P < .001). There was no difference in gender distribution
between the T2D group and control subjects.

There were no significant differences in age, gender distribution, or
BMI between theMIE andHIIE groups.17 The use of medications was
similar in the MIE and HIIE groups (Table 4).

Table 3 Estimated exercise intervention effects on twist and untwist variables

Variable

MIE, posttest vs baseline HIIE, posttest vs baseline HIIE vs MIE

95% CI 95% CI 95% CI

Estimate Lower Upper P Estimate Lower Upper P Estimate Lower Upper P

LV base

Heart rate basal (beats/min) �0.1 �4.8 4.6 .96 �5.3 �9.5 �1.1 .02 �5.2 �11.1 0.6 .08

Peak basal rotation 1.2 �0.6 2.9 .19 1.2 �0.4 2.9 .13 0.1 �1.9 2.1 .94

Basal TR (deg/sec) 0.2 �14.3 14.7 .98 8.8 �4.6 22.1 .19 8.6 �8.0 25.1 .30

Basal UTR (deg/sec) �5.9 �20.6 8.8 .42 �9.0 �22.4 4.3 .18 �3.2 �20.7 14.4 .72

Time to peak basal UTR (% of diastole) �4.6 �8.4 �0.8 .02 �5.5 �9.0 �2.0 .003 �0.9 �5.2 3.4 .67

LV apex

Heart rate apical (beats/min) �0.8 �4.6 2.9 .65 �2.5 �5.9 0.8 .13 �1.7 �6.5 3.1 .48

Peak apical rotation �0.4 �2.3 1.4 .64 1.0 �0.7 2.7 .25 1.4 �0.9 3.8 .23

Apical TR (deg/sec) 2.8 �11.1 16.8 .68 �3.1 �15.9 9.7 .63 �5.9 �22.5 10.6 .47

Apical UTR (deg/sec) �16.8 �31.5 �2.0 .03 �1.6 �15.1 11.9 .81 15.1 �2.3 32.6 .09

Time to peak apical UTR (% of diastole) �10.0 �14.5 �5.6 <.001 �8.8 �12.9 �4.7 <.001 1.2 �4.1 6.6 .64

LV twist

Peak twist (deg) �1.9 �4.1 0.4 .10 �1.0 �2.9 1.0 .33 0.9 �1.9 3.7 .52

Peak TR (deg/sec) �4.5 �22.3 13.2 .61 �2.7 �18.9 13.6 .74 1.8 �19.0 22.7 .86

Peak UTR (deg/sec) �4.1 �19.7 11.4 .59 4.3 �9.8 18.3 .54 8.4 �11.0 27.8 .39

Time to peak UTR (% of diastole) �6.5 �10.6 �2.5 .002 �7.7 �11.3 �4.1 <.001 �1.2 �6.1 3.8 .64

Estimate, Estimated mean difference; TR, twist rate.

The table shows estimated effects of the HIIE and MIE interventions on the basis of linear mixed models.
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Figure 2 LV basal and apical rotation, twist, and UTR. (A) Apical counterclockwise rotation expressed as a positive value. Six curves
in different colors represent different myocardial segments. The white dashed line is the average value of the six segments. (B) Basal
rotation expressed as a negative value. (C)Curves showing peak twist rate (TR) and UTR. Time to peak UTR is measured from time of
AVC to peak UTR (yellow arrow) as a percentage of the length of diastole (orange arrow).
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Exercise Compliance

The HIIE group performed 94% of the scheduled training sessions,
and 94% of the MIE subjects reported physical activity to
be $210 min/wk.17

LV Twist Parameters

LV twist results at baseline and 12-week posttest are described in
Tables 1 and 2. The effects of HIIE and MIE are shown in Table 3.
Comparison between the exercise intervention groups (at baseline
and 12-week posttest) and the healthy control subjects are given in
Table 2.

There were no differences between patients with T2D and control
subjects in LV peak UTR, peak twist rate, or peak twist, except for
basal twist rate (P = .02) (Table 2).

At baseline, time to peak LV UTR relative to total diastolic
period occurred 5.8 percentage points (pp) later in patients with
T2D compared with control subjects (P = .004) (Table 2,
Figures 3A–3C). When normalized for resting heart rate, time to
peak UTR from AVC in the T2D group was significantly delayed
compared with control subjects at baseline (mean difference,
0.53 msec/beat; 95% CI, 0.20–0.86 msec/beat; P = .002).

Twelve weeks of HIIE andMIE, respectively, reduced time to peak
UTR by 7.7 pp (P < .001) and 6.5 pp (P = .002) (Table 3, Figure 3B).
When normalized for resting heart rate, HIIE and MIE reduced time
to peak UTR by 0.41 msec/beat (95% CI, 0.13–0.69 msec/beat;
P = .006) and 0.46 msec/beat (95% CI, 0.16–0.77 msec/beat;
P = .004), respectively.

Time to peak apical UTR was reduced on average by 10.0 pp after
MIE (P< .001) and 8.8 pp after HIIE (P< .001) (Table 3). Time to peak
basal UTR was reduced by 4.6 pp after MIE (P = .02) and 5.5 pp after
HIIE (P = .003), and time to peak UTR was reduced by 6.5 pp after
MIE (P = .002) and 7.7 pp after HIIE (P < .001) (Table 3). There
were no significant changes after MIE or HIIE for other twist variables
(Table 3). At follow-up after 12 weeks, there were no significant differ-
ences between the exercise groups and control subjects for any twist
variables (Table 2, Figure 3C). At baseline, peak UTR occurred during
isovolumic relaxation time (IVRT) in 27% of the participants with
T2D, whereas it occurred after IVRT in 73% of the participants with
T2D. After intervention, peak UTR occurred during IVRT in 85.5%
and after IVRT in 13.5% of the patients with T2D. Peak UTR occurred
during IVRT in all participants in the control group.

A summary of the comparison between the T2D group and control
subjects on other echocardiographic variables (peak early diastolic
transmitral flow velocity [E], peak late diastolic transmitral flow velocity
[A], E/A ratio, e0, E/e0 ratio, IVRT, peak systolic tissue Doppler velocity
[S0]), LV dimensions and volumes, resting heart rate, and blood pressure
is available in the online supplement (see Supplemental Material).
Traditional echocardiographic variables for the T2D group only have
recently been published.17

Intraobserver and Interobserver Variability for
Echocardiographic Measurements

Intra- and interobserver variability was low for most twist variables,
especially for time to apical UTR (Table 5).

Table 4 Medication use in the control group, MIE group, and
HIIE group

Medication

Control group

(n = 37)

T2D MIE

(n = 17)

T2D HIIE

(n = 20)

Antidiabetic 0 12 (71%) 18 (85%)

Antihypertensive 0 6 (35%) 7 (35%)

Antiplatelet 0 3 (18%) 4 (20%)

Statins 0 7 (41%) 4 (20%)

Control MIE HIIE

HIIE vs. Control
Posttest

MIE vs. Control
Posttest
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Figure 3 Effect of endurance exercise training on time to LV
peak UTR. (A)Mean and SD for time to peak UTR for the healthy
control group and the T2D group at baseline. *P < .01. (B)Mean
and SD for the control subjects, MIE and HIIE group at posttest.
(C) Estimated mean difference between patients with T2D and
control subjects at baseline andbetween theMIE andHIIE group
and control subjects at posttest and 95% CI for the differences.
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DISCUSSION

The main findings of the present study were that patients with T2D
and DD had normal LV peak UTR, twist rate, and peak twist, but de-
layed time to peak UTR at rest, compared with healthy individuals.
Furthermore, we found that 12 weeks of MIE and HIIE normalized
time to peak UTR in subjects with T2D. This is to our knowledge
the first study to evaluate the effect of exercise training on LV twist
parameters in patients with T2D and DD.

Untwist and Twist Rate

The lackof differencebetween the control andT2Dgroupswith regard
to LVrotation, twist, and UTR is in accordancewith the results ofWang
et al.29 who found reduced LV twist and UTR in patients with LV sys-
tolic dysfunction and depressed EFs, but not in those with DD and
normal EFs. The onset of LV untwisting and themagnitude of peak un-
twisting velocities either remained normal or were reduced and were
significantly delayed.29 Our results also support those of Fonseca
et al.,30 who compared healthy subjects and patients with T2D (with
abnormal filling patterns) usingmagnetic resonance imaging and echo-
cardiography and found no difference in peak UTR between groups.

In our T2D study population, the majority of participants hadmod-
erate DD.17 Our findings of apparently normal LV twist and UTR in
T2D support the findings of Park et al.,31 who found that diastolic un-
twisting is increased inmild DD but normalized or reduced in patients
with more severe DD.

Time to Peak UTR

Our finding of reduced time to peak UTR is consistent with the results
of several previous studies observing delayed early diastolic untwisting
in states associated with worsened LV relaxation, such as DD with
normal EF,29 DD due to aortic stenosis,32 severe LV hypertrophy,33

and age.25 Thus, the present study also supports the suggestion of de-

layed untwist reflecting an ineffective relaxation of the ventricle.4

However, because of different assessment modes and point of time
at which timing is measured (i.e., onset of untwist or time to peak
UTR), and different patient groups, results are difficult to compare.

Nevertheless, timing seems to be important in DD as delayed dia-
stolic untwisting may be caused by less radial displacement during
early diastolic period.25 Wang et al.29 also found that a subgroup of
patients with DD, preserved EFs, and delayed onset of untwisting
also had delayed peak untwisting. This indicates that time to peak
UTR also reflects the onset of untwisting, which coincides with the
onset of relaxation, preceding suction due to elastic recoil.4

Furthermore, in patients with DD, preserved EFs, and delayed peak
untwisting, peak untwist happened almost simultaneously with early
transmitral filling (E).29 This indicates that time to peak UTR is a useful
marker of early diastolic function, which potentially can serve as a
therapeutic target for improving diastolic function.

The observation that exercise normalizes time to peak UTR is novel
and highlights the usefulness of exercise training as an effective tool in
secondary prevention in patients with T2D. The fact that time to peak
UTR was the only diastolic variable measured (see Supplemental
Table 1), which became normalized after exercise training in patients
with T2D and DD, also indicates that time to peak UTR might be a
more sensitive parameter to evaluate early diastolic changes
compared with LV UTR. The magnitude of UTR depends on many
factors, such as changes in preload, afterload, and contractility,6 mak-
ing it difficult to compare studies. For example, the magnitude of twist
and untwist can substantially increase after short-term exercise34 but
can be reduced at rest in endurance-trained individuals after long-
term exercise.35 End-diastolic volumes were larger in the diabetes
group compared with control subjects, but there was no difference
in end-systolic volume. There was no change in end-diastolic or
end-systolic volume after intervention (see Supplemental Material).
However, both global strain rate and S0 increased significantly after
intervention, indicating increased contractility.17 Increased contrac-
tility would contribute to increases in recoil and suction and therefore
an increased relaxation rate that would contribute to an earlier onset
of untwist. However, the effect of load is unknown.

Time to peak UTR has not previously been extensively used in the
evaluation of diastolic function, and other indices, such as negative
torsion acceleration incorporating UTR, have been proposed to be
useful and might be more reliable than time to peak UTR.36

However, this needs to be tested in future studies. Furthermore, our
results indicate that time to apical UTR has higher reproducibility
compared with basal UTR. The differences in heart rate or frame
rate between apical and basal short-axis images could result in an
incorrect value of LV twist, which could be avoided by using only
the apical short-axis images. Apical rotation by speckle-tracking
echocardiography has been suggested as a simplified index of LV
twist, because apical rotation is the dominant contributor to LV
twist.37

Reduced diastolic function can be reversible, but early identifica-
tion and treatment intervention are essential to prevent the develop-
ment of heart failure. The time to peak apical UTR appears to be
sensitive not only for identification but also for follow-up after exer-
cise training intervention. Further research is warranted to understand
the role of time to peak UTR in DD.

Study Limitations and Strengths

Limitations include the relatively small sample size and information
bias due to self-reporting of exercise in the MIE group. Supervised

Table 5 Intraobserver and interobserver variability of LV
twist variables

Variable

Mean

COV

(%)

Mean

error

(%) Bias

Lower

LoA

(�2 SDs)

Upper

LoA

(+2 SDs)

Intraobserver

Time to apical UTR 2.45 3.46 �2.27 �60.11 55.47

Time to basal UTR 0.89 1.26 1.27 �17.82 20.35

Time to peak UTR 2.21 3.13 4.00 �38.72 46.72

Peak twist 7.50 10.61 0.77 �2.28 3.82

Peak UTR 11.62 16.43 0.80 �33.15 34.76

Interobserver

Time to apical UTR 1.45 2.05 �1.33 �26.77 24.11

Time to basal UTR 6.82 9.65 26.73 �72.13 125.60

Time to peak UTR 2.36 3.34 �0.93 �42.28 40.41

Peak twist 7.38 10.44 0.97 �2.04 3.99

Peak UTR 6.41 9.07 0.36 �19.48 20.19

Bias, Mean of the differences measured between the two repeated

measurements (intra- and interobserver); COV, coefficient of varia-

tion; LoA, 95% limit of agreement; mean error, mean of the errors
in each patient.

The percentage of diastole was used in the analysis of reproducibility

for time to peak UTR.
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exercise only in the HIIE group could have resulted in better compli-
ance in this group. However, the improvement of diastolic function in
the MIE group is in line with previous MIE studies.38

The control group had lower BMIs than the exercise groups and
was significantly younger than the HIIE group. However, there was
no difference between groups in gender distribution, and the differ-
ence in BMI was relatively small between groups (2.9 kg/m2).
According to Aljaroudi et al.,39 the severity of DD increases more
with BMI > 30 kg/m2 compared with 25 to 29.9 kg/m2. Thus,
the relatively small difference in BMI between groups in the pre-
sent study can be expected to have only a minor impact on our re-
sults. Nevertheless, the matching between the T2D group and
control subjects is considered suboptimal in relation to age.
When adjusting for age for diastolic variables (e0, E, A, IVRT,
UTR, and time to peak UTR) and S0, using control subjects and
baseline data for T2D, a significant increase with age was found
for A (P < .001) and decreases with age for e0 (P < .001) and S0

(P = .001). However, after adjusting for age, significant differences
between groups (patients with T2D vs control subjects) were still
found (mean differences of �3.3 and �1.1 for e0 and S0, respec-
tively [P < .001] and 0.1 for A [P = .01]).Thus, suboptimal age
matching does not explain all variability between groups for these
variables.

Furthermore, a previous study showed no significant change with
age in LV twist in healthy individuals between 31 and 60 years of age.40

Two-dimensional speckle-tracking echocardiography has some
methodologic limitations, mostly related to image quality and
through-plane motion of the myocardium. To ensure accuracy and
compatibility of the echocardiographic recordings, the same operator
conducted recordings within each group, the levels of the basal and
apical short-axis views were well defined, and equal frame rates
were used within each patient. However, to ensure high reproduc-
ibility, interobserver variability in imaging acquisition (test-retest)
should have been assessed.

Temporal normalization and interpolation of the raw data were not
performed and could have influenced the calculation of twist and
twist rates, because basal and apical images are acquired at different
cardiac cycles. However, time to apical UTR would not have been
affected.

In four subjects, there was a difference in heart rate of more than
five beats between the apical and basal recordings, which may have
led to inaccuracy in the final results.

Strengths of this study are the prospective study design of the inter-
vention, high compliance to exercise, blinded data analysis, and high
reproducibility for major LV twist variables.

CONCLUSIONS

In individuals with T2D and DD, LV twist parameters were similar to
those in healthy subjects except for time to peak UTR, which was de-
layed at baseline. Both MIE and HIIE normalized time to peak UTR
after 12 weeks in patients with T2D and DD.
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SUPPLEMENTARY MATERIAL

Comparison between the T2D group and the control group in other
LV echocardiographic variables, LV dimensions and volumes, resting
heart rate, and blood pressure.

At baseline, e0, peak early diastolic mitral inflow (E), and the E/A
ratio were lower, and filling pressure (E/e0 ratio) and late diastolic
mitral inflow (A) were higher in the T2D group compared with the
control subjects (P < .001 for all) (Table 1). There was no significant
difference in IVRT between the T2D group and the control group
at baseline (P = .11) (Supplemental Table 1).

IVRT was reduced from baseline to posttest in the HIIE group
(�9.5 msec; 95% CI, �18.2 to �0.9 msec; P = .03) but not in the
MIE group (�4.7 msec; 95% CI, �14.3 to 5.0 msec; P = .33), but
there was no difference in change between groups (MIE vs HIIE:
�4.9 msec; 95% CI, �16.1 to 6.2 msec; P = .37).

At 12-week posttest, there were still significant differences in dia-
stolic function between the MIE group and the control subjects (e0,
E, E/e0 ratio, A, and E/A ratio) and theHIIE group and the control sub-
jects (e0, E/e0 ratio, A, E/A ratio, and IVRT), but not between the HIIE
group and the control subjects for E (Supplemental Table 1).

At baseline, peak systolic tissue Doppler velocity (S0) was signifi-
cantly lower in the T2D group than in the control group (P < .001)
and was still reduced compared with control subjects in the MIE
group (P = .005) and HIIE group (P = .04) after intervention
(Supplemental Table 1).

LV Dimensions and Volumes

The left interventricular septum and posterior wall were significantly
thicker in both diastole and systole in patients with T2D compared

with control subjects at baseline (interventricular septal thickness in
diastole 1.07 6 0.17 vs 0.89 6 0.15 cm [P = .001] and in systole
1.62 6 0.31 vs 1.29 6 0.21 cm [P < .001]; posterior wall thickness
in diastole 1.10 6 0.15 vs 0.88 6 0.16 cm [P < .001] and in systole
1.79 6 0.28 vs1.52 6 0.22 cm [P = .001]). There was no difference
in LV internal dimension between the control subjects and patients
with T2D. Intervention did not change LV dimensions. Left atrial vol-
ume index was 35.1 6 9.9 mL/m2 in patients with T2D at baseline
and remained similar after intervention (P = .09).

At baseline, end-diastolic volume was lower in the control group
compared with the T2D group (122.7 vs 155.6 mL, respectively,
P < .001), whereas there was no significant difference in end-
systolic volume between groups (67.3 vs 68.8 mL, respectively).
End-diastolic and end-systolic volumes did not change after exercise
in the T2D group (155.6 vs 153.1 mL and 68.9 vs 68.8 mL, respec-
tively). Left atrial volume index decreased from baseline to posttest
in the T2D group by 4.3 mL/m2 (P < .001).

Resting Heart Rate and Blood Pressure

At baseline, mean resting heart rate was significantly higher in the
T2D group than in the control group (P = .008; Supplemental
Table 1). Diastolic blood pressure was higher in patients with T2D
than control subjects at baseline (4.6 mm Hg; 95% CI, 0.7 to
8.5 mm Hg; P = .02), but not systolic blood pressure (4.8 mm Hg;
95% CI, �1.7 to 11.4 mm Hg; P = .15).

At 12-week posttest, there was no significant difference in resting
heart rate between the HIIE group and control subjects, whereas
heart rate was still higher in the MIE group (P = .007;
Supplemental Table 1). There was no significant difference between
the intervention groups and control subjects in systolic or diastolic
blood pressure at posttest (Supplemental Table 1).
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Supplemental Table 1 Results for comparison between the T2D groups and control subjects for LV longitudinal diastolic and
systolic function as well as resting heart rate and blood pressure

Variable

T2D vs control, baseline MIE vs control, posttest HIIE vs control, posttest

95% CI 95% CI 95% CI

Estimate Lower Upper P Estimate Lower Upper P Estimate Lower Upper P

Resting HR (beats/min) 6.4 1.7 11.1 .008 8.8 2.6 15.1 .007 1.3 �3.9 6.4 .62

Systolic BP (mm Hg) 4.8 �1.7 11.4 .15 2.9 �5.8 11.7 .50 10.5 �0.0 21.1 .05

Diastolic BP (mm Hg) 4.6 0.7 8.5 .02 4.6 �0.1 9.3 .06 2.0 �3.2 7.3 .44

E (cm/sec) �11.7 �17.8 �5.6 <.001 �9.6 �18.3 �0.9 .03 �0.6 �9.4 8.2 .89

A (cm/sec) 0.1 0.1 0.2 <.001 0.1 0.1 0.2 .003 0.2 0.1 0.3 .001

E/A ratio �0.4 �0.6 �0.3 <.001 �0.4 �0.6 �0.2 <.001 �0.3 �0.5 �0.1 .005

e0 (cm/sec) �4.0 �4.8 �3.1 <.001 �3.4 �4.4 �2.4 <.001 �2.2 �3.1 �1.2 <.001

E/e0 ratio 2.6 1.7 3.5 <.001 2.2 1.0 3.4 .001 2.0 0.9 3.1 .001

IVRT (msec) �8.2 �18.2 1.8 .11 �13.2 �23.8 �2.7 .02 �18.1 �30.1 �6.1 .004

S0 (cm/sec) �1.4 �1.9 �0.8 <.001 �1.0 �1.6 �0.3 .005 �0.8 �1.6 �0.1 .04

BP, Blood pressure; Estimate, estimated mean difference; IVRT, isovolumic relaxation time; HR, heart rate.

The table shows results from two-sample t tests for comparing the T2D group and controls at baseline and the HIIE andMIE groups after the inter-

vention to control subjects for the variables describing diastolic and systolic function and resting HR.
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Fast food increases postprandial cardiac
workload in type 2 diabetes independent
of pre-exercise: A pilot study
Siri Marte Hollekim-Strand1, Vegard Malmo1,2, Turid Follestad3, Ulrik Wisløff1 and Charlotte Björk Ingul1*

Abstract

Background: Type 2 diabetes aggravates the postprandial metabolic effects of food, which increase cardiovascular
risk. We investigated the acute effects of fast food on postprandial left ventricular (LV) function and the potential
effects of pre-exercise in type 2 diabetes individuals.

Methods: We used a cross-over study including 10 type 2 diabetes individuals (7 male and 3 females; 53.4 ± 8.1 years;
28.3 ± 3.8 kg/m2; type 2 diabetes duration 3.1 ± 1.8 years) and 10 controls (7 male and 3 females; 52.8 ± 10.1 years; 28.5 ±
4.2 kg/m2) performing high intensity interval exercise (HIIE; 40 min, 4 × 4min intervals, 90–95 % HRmax), moderate intensity
exercise (MIE; 47 min, 70 % HRmax) and no exercise (NE) in a random order 16–18 hours prior to fast-food ingestion.
Baseline echocardiography, blood pressure and biochemical measurements were recorded prior to and 16–18 hours after
exercise, and 30 minutes, 2 hours and 4 hours after fast food ingestion.

Results: LV diastolic (peak early diastolic tissue velocity, peak early diastolic filling velocity), and systolic workload (global
strain rate, peak systolic tissue velocity, rate pressure product) increased after consumption of fast food in both groups. In
contrast to controls, the type 2 diabetes group had prolonged elevations in resting heart rate and indications of prolonged
elevations in diastolic workload (peak early diastolic tissue velocity) as well as reduced systolic blood pressure after fast food
consumption. No significant modifications due to exercise in the postprandial phase were seen in any group.

Conclusions: Our findings indicate that fast-food induces greater and sustained overall cardiac workload in type 2 diabetes
individuals versus body mass index and age matched controls; exercise 16–18 hours pre-meal has no acute effects to the
postprandial phase.

Trial registration: ClinicalTrials.gov: NCT01991769.

Background
Most of the day is spent in the postprandial state and
frequent ingestion of energy dense food, rich in proc-
essed carbohydrates, saturated fats and salt (fast-food),
increases the risk of cardiometabolic diseases [1–3].
Type 2 diabetes aggravates the postprandial metabolic

effects of food because it impairs the transport, delivery
and/or storage of carbohydrates and fats [4]. Although
type 2 diabetes is an accepted cause of heart failure [5]
and approximately 50 % of asymptomatic individuals with
well-controlled type 2 diabetes show signs of diastolic

dysfunction [6], little is known about the acute effects of
food in the view of cardiac function in this population.
Endothelial function is impaired after fast food inges-

tion, which is related to increases in circulating glucose,
triglycerides and/or elevated oxidative stress [7, 8]. How-
ever little is known about the acute consequence of exces-
sive elevations in circulating glucose and/or triglycerides
after a meal on cardiac function in type 2 diabetes.
Although few studies have investigated the acute effects

of fast food on cardiac function, it is observed that food-
induced elevation of circulating glucose and oxidative
stress reduce diastolic function in insulin-treated type 2
diabetes patients [9], and that acute elevations in circulat-
ing triglycerides yield compensatory increases in systolic
function of the left ventricle in healthy individuals [10].
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Chronic exercise improves cardiac function [6] and even
single bouts of exercise can improve endothelial function,
triglycerides and oxidative stress in healthy and reduce
postprandial glucose elevations in type 2 diabetes individ-
uals [8, 11, 12]. Exercise 16–18 hours pre-meal has previ-
ously shown to induce improvements in total antioxidant
status (TAS) and endothelial function, rather than reduce
the circulating glucose or triglycerides [8]. In this setting,
high intensity interval exercise (HIIE) was more effective
in improving postprandial endothelial function compared
to moderate intensity exercise (MIE) [8].
No study has investigated whether fast food inges-

tion induces an acute increase in cardiac workload, or
whether this may be modified by pre-exercise as
observed for endothelial function [8].
The purpose of this study was thus to explore whether

a single fast food meal affects left ventricular (LV) dia-
stolic and systolic function in the four hour postprandial
phase, and whether exercise (HIIE or MIE) 16–18 hours
prior to a single fast food meal could affect LV function,
resting heart rate, blood pressure and/or other biochem-
ical measures in type 2 diabetes patients.

Methods
Study participants
Type 2 diabetes individuals and healthy controls were
recruited through a local newspaper and from advertisement
at St. Olav’s University hospital, Trondheim, Norway. The
study was performed from February to June 2012.
The inclusion criteria included: age 40 to 65 years

and type 2 diabetes within the past 10 years with no use of
insulin. Exclusion criteria included: known cardiovascular
or lung disease, uncontrolled hypertension, orthopaedic or
neurological restrictions, body mass index (BMI) >35 kg/
m2, pregnancy, inability to exercise, smoking, drug or al-
cohol abuse, planned surgery during the trial period, ser-
ious eating- and/or personality disorders, reluctance to
sign informed consent form, or more physical activity than
today’s recommendations [13].
Ten type 2 diabetes individuals and 10 healthy age and

BMI matched controls were included. The protocol was
approved by the Regional Committee for Medical and Health
Research Ethics and registered in the Clinical Trials Registry
(ClinicalTrials.gov identifier: NCT01991769). Informed con-
sent was obtained from all participants.

Design
A minimum of one week before the first trial, peak oxy-
gen uptake (VO2peak) was assessed (Jaeger LE2000CE,
Hochberg, Germany) as previously described [14]. Each
of the 20 subjects participated in all trials (HIIE, MIE
and no exercise (NE)), in a randomized order with a
minimum of one week between trials. The timeline
representing each trial is illustrated in Figs. 1, 2, 3

and 4. Baseline-1 measurements were performed on
the day prior to fast-food ingestion in a resting
(sedate behavior/refrained from exercise, ≥48 hours)
and fasting (≥12 hours) state that abstained from caf-
feine, citrus and alcohol (16–18 hours). During the
16–18 hour period after HIIE, MIE or NE, the sub-
jects were instructed to abstain from exercise, caf-
feine, citrus and alcohol and to report for baseline-2
in a fasting (≥12 hours) state the following morning.
Before overnight fasting commenced, prior to all
baseline-1 and baseline-2 measurements, subjects
ingested a mixed meal at the same time and of the
same content (same manufacturer, same amount) as
they did before baseline-1 in their first trial. This
meal was typically a standard Norwegian supper (i.e.,
whole grain sandwich with butter/margarine and
meat/egg/fish/cheese and milk or water). Following
baseline-2, fast food was ingested and measurements per-
formed 30 minutes, 2 hours and 4 hours after the meal.
The participants remained inactive in the laboratory after
fast-food ingestion until end of the protocols.

Outcome measures
The primary outcome measure was LV diastolic function
measured as peak early diastolic tissue velocity (e’). Sec-
ondary outcome measures were LV late diastolic tissue
velocity (a’), LV early diastolic filling velocity (E), LV late
diastolic filling velocity (A), LV filling pressure (E/e’), E/A-
ratio, deceleration time (DT), isovolumic relaxation time
(IVRT), LV global strain and strain rate, LV peak systolic
tissue velocity (S’) as well as resting heart rate, blood pres-
sure, circulating glucose, triglycerides, total cholesterol,
LDL-cholesterol, HDL-cholesterol, C-peptide, total anti-
oxidant status (TAS) and high sensitive c-reactive protein
(hs-CRP).

Exercise training protocols
All exercise trials were supervised. HIIE was performed
by walking or running on an inclined treadmill. Follow-
ing 10 min warm up at approximately 70 % of maximal
heart rate obtained at exercise testing (HRmax), the
HIIE-group performed four intervals at 90-95 % of
HRmax with 3 minutes recovery periods between inter-
vals at 70 % of HRmax and 5 minutes cool down; 40 min
altogether. The MIE protocol consisted of 47 minutes
exercise at 70 % of HRmax to achieve approximately
similar total energy expenditure as for HIIE.

Fast food
The fast food consisted of a vegetarian mozzarella pizza
(Dr. Oetker); 335 g (874 kcal/ 3655 kJ), 83.4 g carbohy-
drates, 44.2 g fat, and 34.8 g protein. A previous study indi-
cated that this pizza induces a marked postprandial
increase in circulating glucose, triglycerides, C-peptide and
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Fig. 1 (See legend on next page.)

Hollekim-Strand et al. Nutrition Journal  (2015) 14:79 Page 3 of 11



a decrease in TAS as well as a transient impairment in
endothelial function in healthy individuals [8].

Clinical and laboratory examinations
Resting echocardiography
Three consecutive cycles in B-mode acquisitions (mean
frame rate 53/sec) and color tissue Doppler imaging
(TDI) (mean frame rate 159.9/sec) were recorded from
the 3 apical views (four-chamber, two-chamber, and
long- axis) and B-mode from the parasternal view. Mea-
surements included E, A, IVRT and DT. Pulsed wave
tissue Doppler velocities were measured at the four mi-
tral annular sites in the four-chamber and two-chamber
views. The mean of these points was used for S’, e’ and
a’ [15]. The ratio E/e’ was calculated as an estimate of
LV filling pressure [16]. Global strain and strain rate
were calculated from 2-dimensional strain echocardiog-
raphy [17]. Measurements obtained in this study are in
accordance with standard procedures recommended by
the American Society of Echocardiography [18], and

no subjects were excluded because of impaired echocar-
diographic image quality. Images were analyzed off line
using EchoPAC version BT12 (GE Vingmed Ultrasound,
Horten, Norway). The observer was blinded to group par-
ticipation, trial and point in time during ultrasound
analysis.

Resting heart rate and blood pressure
The lowest heart rate observed during echocardiog-
raphy was defined as the resting heart rate. Upright
blood pressure measurements were performed using
Philips SureSigns V52 (Andover, Massachusetts, US).
Before baseline-1 and baseline-2, participants rested
in a sitting position for at least 10 minutes before
measurements. Blood pressure at these time points
was noted as the median of three recordings. At the
remaining time points, upright blood pressure was
measured only once. Rate pressure product (RPP;
heart rate x systolic blood pressure) was calculated to
determine myocardial workload.

Fig. 2 Effects of fast food (left panel; all trials combined) and exercise (right panel; high intensity interval exercise +moderate intensity exercise
vs. no exercise) on left ventricular systolic function. Abbreviations: BL, baseline; C, control group; HIIE, high intensity exercise; HIIE+MIE, exercise
combined; MIE, moderate intensity exercise; NE, no exercise; S' , peak systolic tissue Doppler velocity; T2D, type 2 diabetes group. Estimated
means and 95 % CIs from LMMs with the factors time, group and their interaction (left panel, figures a-b), and with the factors time, group, trial
and their interactions (right panel, figures c-d). In the left panel significant (p < 0.01) time differences are indicated by *(from BL1), † (from BL2), ‡
(from food+30 min) and § (from food +2 h). For S' and global strain rate there is no significant time and group interaction, and the indicated
significant time differences refer to the main effect of time for both groups

(See figure on previous page.)
Fig. 1 Effects of fast food (left panel; all trials combined) and exercise (right panel; high intensity interval exercise +moderate intensity exercise vs.
no exercise) on left ventricular diastolic function. Abbreviations: BL, baseline; C, control group; e’, peak early diastolic tissue Doppler velocity; E/e’ ,
filling pressure; E, peak early filling velocity; HIIE, high intensity interval exercise; HIIE+MIE, exercise combined; IVRT, isovolumic relaxation time; MIE,
moderate intensity exercise; NE, no exercise; T2D, type 2 diabetes group. Estimated means and 95 % CIs from LMMs with the factors time, group
and their interaction (left panel, figures a-d), and with the factors time, group, trial and their interactions (right panel, figures E-H). In the left panel
significant (p < 0.01) time differences are indicated by *(from BL1), † (from BL2), ‡ (from food +30 min) and § (from food +2 h). For peak early filling
velocity (e) there is no significant time and group interaction, and the indicated significant time differences refer to the main effect of time for both groups
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Biochemical analysis
Blood was collected after blood pressure measurements and
before echocardiography. Blood glucose, C-peptide, plasma tri-
glycerides, total cholesterol, high density lipoprotein (HDL)
and low density lipoprotein (LDL) and high-sensitive C-
reactive protein (hs-CRP) were analyzed according to standard
procedures at the St. Olavs Hospital (Trondheim) at all time-
points; HbA1c was measured at baseline-1. Blood glucose was
measured using photometric hexokinase UV method
(Roche Modular, Roche Diagnostics, Germany) and C-

peptide was measured using chemiluminescence
method (Immulite 2000, Siemens Medical Solutions,
New Jersey, US). The blood lipids were measured using
photometric, enzymatic colorimetric method (Roche
Modular, Roche Diagnostics Germany). Hs-CRP was
measured using Tina-quant CRPHS immunoturbidimetric
assay (Roche Modular, Roche Diagnostics, Germany). HbA1c

was measured using TINIA (Turbidimetric Inhibition
immunoassay) (Roche Cobas Integra 400 plus, Roche
Diagnostics, Germany). Insulin sensitivity was calculated using

Fig. 3 Effects of fast food (left panel; all trials combined) and exercise (right panel; high intensity interval exercise+moderate intensity exercise vs.
no exercise) on resting heart rate and blood pressure. Abbreviations: BL, baseline; BP, blood pressure; C, control group; HIIE, high intensity exercise;
HIIE+MIE, exercise combined; HR, resting heart rate; MIE; moderate intensity exercise; NE, no exercise; RPP, rate pressure product; T2D, type 2 diabetes
group. Estimated means and 95 % CIs from LMMs with the factors time, group and their interaction (left panel, figures a-d), and with the factors time,
group, trial and their interactions (right panel, figures e-h). In the left panel significant (p < 0.01) time differences are indicated by *(from BL1), † (from
BL2), ‡ (from food +30 min) and § (from food +2 h). For diastolic BP there is no significant time and group interaction, and the indicated significant
time differences refer to the main effect of time for both groups. For RPP, the means and CIs are shown as back-transformed values, computed by
direct exponentiation of the means and CIs from the LMM based on log-transformed data
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the HOMA2 calculator (The Homeostasis Assessment
Model, University of Oxford, UK). Total antioxidant status
(TAS) was analyzed as previously described [19].

Statistical methods
The statistical analysis was performed by linear mixed
models (LMMs). Within-subject correlations were consid-
ered using a random intercept in the LMM. A full model
included group (type 2 diabetes or controls), trial (HIIE,
MIE, or NE), and time (baseline-1, baseline-2, and

30 minutes, 2 hours and 4 hours post-meal). Models with
two levels of the trial factor (HIIE and MIE combined or
NE) were also considered. Tests for overall effects of fac-
tors and factor interactions were done by likelihood ratio
tests using significance level 0.05. Post hoc comparisons
specified and tested appropriate linear combinations (con-
trasts) of the estimated model parameters for the selected
models. In all models, the baseline means (baseline-1) for
each group were restricted to be equal for the three exer-
cise trials due to randomization to trials within each group

Fig. 4 Effects of fast food (left panel, trials combined) and exercise (right panel; high intensity interval exercise+moderate intensity exercise vs. no exercise)
on blood glucose, C-peptide, triglycerides and total antioxidant status. Abbreviations: BL, baseline; C, control group; HIIE, high intensity exercise; HIIE+MIE,
exercise combined; MIE, moderate intensity exercise; NE, no exercise; TAS, total antioxidant status; T2D, type 2 diabetes group. Estimated means and 95 %
CIs from LMMs with the factors time, group and their interaction (left panel, figures a-d), and with the factors time, group, trial and their interactions
(right panel, figures e-h). In the left panel significant (p < 0.01) time differences are indicated by *(from BL1), † (from BL2), ‡ (from food +30 min)
and § (from food +2 h). For triglycerides there is no significant time and group interaction, and the indicated significant time differences refer
to the main effect of time for both groups. Except for TAS, the means and CIs are shown as back-transformed values, computed by direct
exponentiation of the means and CIs from the LMMs based on log-transformed data
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[20]. Outcome variables not meeting the normal assump-
tions of the LMM were log transformed prior to the statis-
tical analysis in cases where this transformation improved
the approximation to the normal distribution. The ana-
lyses were performed in the R statistical package [21].
This study is explorative rather than confirmative, and

thus we did not perform any formal adjustment for mul-
tiple testing. However, if nothing else is explicitly stated,
the results presented and discussed here are statistically
significant at p<0.01.

Results
Subject characteristics
Subject characteristics are reported in Table 1. Twenty
participants completed all trials (HIIE, MIE, NE), and
exercised according to prescribed exercise heart rates
and followed instructions of sedentary behavior during
the NE trial. No adverse events were reported. Since no
statistically significant effects of pre-exercise were found,
the results discussed below are from LMMs including
the factors group and time.

Effect of pre-exercise
Since no statistically significant effects of pre-exercise
were found, the results discussed below are from LMMs
including the factors group and time.

Cardiac function
The LV diastolic responses to fast food are illustrated in
Fig. 1a-d.

The type 2 diabetes group had an overall poorer dia-
stolic function (e’) and higher filling pressure (E/e’)
versus controls (Fig. 1a-b).
In general, diastolic workload increased (higher e’, a’, E

and A) within 30 minutes after the meal in both groups.
Subsequently, diastolic workload reversed towards
baseline-2 levels, but in contrast to controls (p = 0.10),
the type 2 diabetes group showed an indication of in-
creased diastolic workload as measured by e’ that per-
sisted 4 hours after the meal (p = 0.02). Late diastolic
filling (a’) remained elevated 4 hours after fast food in
both groups.
Filling pressure (E/e’) and isovolumic relaxation time

(IVRT) were reduced within 2 hours after the meal in
the type 2 diabetes group; this was not significantly dif-
ferent after fast food in the controls. The difference be-
tween groups in change from baseline-2 to 2 hours post-
meal was almost significant for IVRT (p = 0.03) but not
for filling pressure (p = 0.08). No effect of time was
observed for E/A ratio because both E and A increased.
Supernormal filling is associated with vigorous recoil of
the ventricle during diastole with an increase of negative
pressure in the ventricle and evacuation of blood from
the atrium. This causes a high E wave, shortening of the
IVRT and normal deceleration time. We found that the
shortened IVRT and lack of changes to deceleration time
might be due to the same mechanism.
Pre-exercise did not influence postprandial early dia-

stolic velocity (e’) (Fig. 1e) or any other diastolic echo-
cardiographic variables (Fig. 1f-h).
The LV systolic response to fast food are illustrated

in Fig. 2a-b. In general, systolic workload (global
strain rate and S’) increased 30 min after the meal in
both groups. Systolic workload was subsequently re-
versed, but remained significantly elevated (global
strain rate and S’) compared to baseline-2 after
4 hours in both groups (Fig. 2a-b).
Pre-exercise did not affect systolic function (Fig. 2c-d).

Hemodynamic measurements
The heart rate, blood pressure and RPP responses to fast
food are illustrated in Fig. 3a-d.
The type 2 diabetes group had an increased heart rate

versus controls (p < 0.01 or p < 0.05) at all time-points
except 30 minutes after fast food (p = 0.06). Resting
heart rate increased within 30 minutes after the meal
and subsequently decreased in both groups; it decreased
to a larger extent in controls than in type 2 diabetes.
Only the controls re-gained baseline resting heart rate
after 4 hours (Fig. 3a).
From baseline-1 to baseline-2, systolic blood pressure

decreased in type 2 diabetes, but not in controls. Within
2 hours after fast food, the mean systolic blood pressure
in the type 2 diabetes group decreased and subsequently

Table 1 Subject characteristics

Type 2 diabetes Control p

n 10 10

Male/Female, n (%) 7/3 (70/30) 7/3 (70/30)

Diabetes duration, years 3.1 ± 1.8 -

Age, years 53.4 ± 8.1 52.8 ± 10.1 0.89

Body mass index, kg/m2 28.3 ± 3.8 28.5 ± 4.2 0.91

Waist circumference, cm 107.1 ± 27.5 104.4 ± 13.8 0.78

HbA1c, % (mmol/mol) 6.4 ± 1.0 (46.0 ± 7.0) 5.5 ± 0.2 (36.0 ± 1.5) 0.01

HOMA-ir 2.2 ± 0.7 1.7 ± 0.7 0.10

VO2peak, ml/kg/min 38.8 ± 7.8 36.2 ± 8.8 0.51

VO2peak, L/min 3.39 ± 0.84 3.36 ± 0.92 0.93

Medical agents, n (%)

Anti-diabetic 6 (60) 0 (0)

Statins 1 (10) 1 (10)

Anti-hypertension 6 (60) 1 (10)

Data are means ± SD unless otherwise indicated
Abbreviations: HbA1c glycosylated hemoglobin, HOMA-ir homeostatic
assessment model- insulin resistance, VO2peak peak oxygen uptake
T-tests were used to test for differences between groups at baseline
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reversed within 4 hours post-meal. In contrast, systolic
blood pressure in the controls did not change after inges-
tion of fast food ingestion (Fig. 3b).
Overall, RPP was higher in the type 2 diabetes group

versus to controls (baseline-1 and 4 hours, p < 0.01;
baseline 2 and 2 hours: p < 0.05; 30 minutes, p =
0.05). The RPP was increased post-meal in both controls
and type 2 diabetes (p < 0.01 and p < 0.05, respectively).
It subsequently reduced within 2 hours (p < 0.01 and p <
0.05, respectively), but was changed back to baseline 2
levels after 4 hours only in the controls (Fig. 3d).
Pre- exercise did not influence heart rate, blood pres-

sure response or RPP (Fig. 3e-h).

Biochemistry
The response of circulating glucose, C-peptide, triglycer-
ides and TAS to fast food is illustrated in Fig. 4a-d, re-
spectively. Fast food increased the glucose levels within
30 minutes after the meal in both groups. The subse-
quent drop in mean glucose levels was delayed in the
type 2 diabetes group versus the control group. This was
indicated by the fact that the difference 2 hours versus
30 minutes post-meal is significant for controls (p <
0.001) but not for type 2 diabetes group (p = 0.5)— only
the controls returned to baseline glucose levels 4 hours
post-meal (Fig. 4a). Concurrently, C-peptide levels
peaked at 30 minutes post-meal in controls versus at
2 hours post-meal in the type 2 diabetes group (Fig. 4b).
The type 2 diabetes group had indications of an overall

higher triglyceride level than the controls (p < 0.05,
Fig. 4c). The effect of fast food on triglyceride levels was
similar in both groups.
The TAS response to fast food was similar for the two

groups—TAS decreased within 4 hours in both controls
and type 2 diabetes (p < 0.01 and p < 0.05, respectively;
Fig. 4d). Hs-CRP, HDL and LDL did not change in the
postprandial phase in either group.
Pre-exercise did not influence any biochemical vari-

ables measured at any time-point (Fig. 4e-h).

Discussion
Our findings indicate that fast-food induces greater over-
all cardiac workload in type 2 diabetes individuals than
in BMI and age matched controls. Pre-exercise did not
modify fast food induced changes in LV function, resting
heart rate, blood pressure, blood glucose, triglycerides or
total antioxidant status.
The observed postprandial increase in diastolic work-

load in both type 2 diabetes and healthy overweight indi-
viduals is novel. Our data contrast the few previous
studies that investigated the effects of lipid infusions or
a carbohydrate rich meal on cardiac function [9, 10].
Further study is needed to determine whether this is a
result of the “combined meal” used here. The other

studies [9, 10] might also have missed an initial increase
in diastolic workload due to measuring postprandial re-
sponse 1 or 2 hours after infusion or ingestion, respect-
ively. In contrast to our finding of increased diastolic
workload (e’) after the meal, von Bibra et al. [9] observed
a significantly reduced diastolic workload (e’) 2 hours
after ingesting a pure carbohydrate meal (48 g). Nielsen
et al. [22] found no changes in diastolic function after
short-term hyperglycemia by insulin discontinuation in
insulin dependent type 2 diabetes individuals. However,
these participants [9, 22] had longer history of type 2
diabetes and were insulin dependent.
The present study indicates that fast food interacts

with LV diastolic function to a greater extent in type 2
diabetes individuals compared to controls. This could be
explained by the prolonged postprandial increase in
heart rate in the type 2 diabetes group: An increased
heart rate increases diastolic function (E, e’) and
shortens IVRT. The decrease in filling pressure in the
type 2 diabetes group within 2 h post-meal, could be ex-
plained by the indication of sustained increase in e’ at
this time point in this group while E is reduced.
We could speculate whether the postprandial diastolic

compensations observed in the type 2 diabetes group is
an early sign of diastolic dysfunction. However, further
research is needed to investigate the progress and inter-
action of food ingestion and diastolic compensations in
type 2 diabetes across different disease stages.
The increased LV systolic workload after fast food in-

gestion is in line with Holland et al. [10] who demon-
strated increased systolic workload (LV global strain
rate) induced by increased circulating triglycerides after
intra venous administration of a fat emulsion in healthy
individuals, and Nielsen et al. [22] who observed in-
creased systolic workload (S’ and strain rate) due to
hyperglycemia in type 2 diabetes individuals with and
without heart failure. However, our data is in contrast to
von Bibra et al. [9] who observed no postprandial change
in systolic function (S’) in insulin dependent type 2 dia-
betes individuals with longer duration after ingesting
carbohydrates. The diverse findings may be due to differ-
ent measurement times as well as differences in methods
used to increase circulating glucose and/or triglycerides.
The RPP differences seen here between groups suggest

that the type 2 diabetes group had greater cardiac work-
load compared to controls.
The higher heart rate at rest and prolonged increases in

heart rate after fast food consumption by type 2 diabetes
individuals relative to controls may be due to several
factors including cardiovascular autonomic neuropathy
(CAN) that can cause abnormalities in heart rate control
by reduced vagal activity and/or high sympathetic activity
[23]. Furthermore, both glucose ingestion [24] and ele-
vated plasma fatty acid concentrations [25] may stimulate
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the cardiac autonomic nervous system with a possible in-
crease in catecholamines. Thus, the effects of fast food
seen here may be due to catecholamine induced increases
in inotropy that result in increased contractility of the car-
diac muscle as well as increased dromotropic and chrono-
tropic effects that increases the heart rate.
Although increased heart rate is commonly observed

during euglycemic clamp in this patient group as well as
those with metabolic syndrome [23], von Bibra et al. [9]
observed no particular increase in resting heart rate
2 hours after a carbohydrate-rich meal in insulin
dependent type 2 diabetes individuals. This may be due
to the long standing type 2 diabetes [9], which increase
the possibility of depressed sympathetic activity [23].
Nielsen et al. [26] observed a tendency towards in-
creased heart rate (p = 0.08) due to high levels of lipid
infusion versus low lipid infusion controls—this indi-
cates that fast food may increase heart rate more than
healthy foods.
The postprandial reduction in systolic blood pressure

in the type 2 diabetes group might be an early stage of
postprandial systolic hypotension, which is a common
hemodynamic condition in diabetes [27] and is associ-
ated with an increased risk of cerebrovascular disease
[28]. The mechanisms mediating postprandial reductions
in blood pressure are not fully understood, but food-
induced neurohormonal changes leading to reduced vas-
cular resistance in the splanchnic vasculature as well as
CAN, resulting in impaired sympathetic nervous activity
has been suggested [29–31].
Gudmundsdottir et al. [32] investigated the postpran-

dial changes after a healthy meal versus a fast food meal
and found small changes in blood lipids and hs-CRP
with no differences between meals. Our study supports
these findings with no changes in cholesterol and hs-
CRP.
In the present study, pre-exercise did not modify

TAS in type 2 diabetes or controls. This is in contrast
to Tyldum et al. [8] who observed a significant
exercise-induced improvement in TAS, associated
with improvements in endothelial function in healthy
normal weight men (42 ± 4 years) using the same
protocol as described here. This indicates that our
participants had a poorer response to exercise versus
lean and healthy individuals [8]. This may possibly be
due to central obesity and poorer metabolic control
in our study participants versus normal weight
individuals.
The lack of exercise-induced improvements in post-

prandial TAS in the present study may be explained by a
lack of exercise induced postprandial changes in circu-
lating glucose- and triglyceride levels. Although the lack
of exercise-induced TAS changes contrast with the find-
ings of Tyldum et al. [8], the lack of exercise induced

changes in glucose- and triglyceride levels did concur.
Nevertheless, exercise-induced changes have previously
been observed due to acute exercise on postprandial
triglyceride levels and hyperglycemia [33–35].
However, studies are difficult to compare due to differ-

ent measurement methods, meal composition and size,
timing of exercise, exercise mode, intensity and duration.
Inadequate energy expenditure [36] and/or inadequate
exercise timing relative to the meal may explain the lack
of exercise induced reduction in postprandial glucose
[37] - and/or triglyceride excursion [38], etc. The acute
effect of different exercise modes and timing of these on
the postprandial response of the LV certainly needs to be
further investigated in type 2 diabetes as the time course
of adaptation may be different in the heart/endothelium
than normal body weight persons.

Conclusions
Our findings indicate that fast food induces greater and
sustained overall cardiac workload in the postprandial
phase in type 2 diabetes individuals compared to BMI
and age matched controls. Pre-exercise had no acute ef-
fects to the postprandial phase. The acute interaction of
food on cardiac function in type 2 diabetes needs further
study. More research is also needed on the effects of
other exercise methods and exercise timing on postpran-
dial cardiac function and other cardiovascular risk
markers in this patient group.

Limitations
The limitations of this study include a small sample size
and similarity (BMI and WC) between groups. We eval-
uated the effect of fast-food on LV function, and there-
fore the individual effects of carbohydrates, fat and salt
cannot be evaluated. A recent study demonstrated no ef-
fect on diastolic function in normotensive healthy men
after one week of high dietary sodium intake [39].
However a previous study found that one week of high
dietary sodium intake impair myocardial relaxation [40].
The strengths of this study include the strictly controlled
study environment, supervised exercise interventions as
well as the similarity in BMI and WC between groups as it
excludes potentially confounding effects of adiposity.
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