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Populärvetenskaplig sammanfattning 
 
Hjärtsvikt är en samling av symtom som drabbar 1-2 % av befolkningen i väst. En 
variant av hjärtsvikt, hjärtsvikt med bevarad ejektionsfraktion, har visat sig vara 
svår att diagnosticera, samtidigt som denna variant blivit allt vanligare. 2010 
visade en studie att förhållandet mellan total hjärtvolym och maximalt syreupptag 
skiljde sig mellan friska kontroller och hjärtsviktspatienter. Den nuvarande 
studien visade att detta även gällde för hjärtsviktspatienter med bevarad 
ejektionsfraktion. Detta förhållande föreslogs kunna vara ett verktyg för att kunna 
diagnosticera hjärtsvikt med bevarad ejektionsfraktion.  
 
1-2 % av västvärldens befolkning lider av någon form av hjärtsvikt, och ungefär 5 % av 
alla ambulansutryckningar sker på grund av hjärtsvikt. Hjärtsvikt är en komplex grupp 
med symtom som kännetecknas av att hjärtats pumpfunktion har försämrats. Den 
minskade pumpfunktionen leder till att mindre volymer syresatt blod pumpas ut till 
kroppen, vilket leder till att kroppens behov av syre inte tillgodogörs, och förmågan att 
utföra fysiskt ansträngande aktiviteter minskas. Symtom varierar mellan de olika 
formerna av hjärtsvikt, och varierar från individ till individ, men vanliga symtom är 
bröstsmärtor, andnöd och svullnad av fötter och ben.  
 
En typ av hjärtsvikt kallas för hjärtsvikt med bevarad ejektionsfraktion. Ejektions-fraktion 
visar hur stor del av vänster kammares fyllnadsvolym pumpas ut i varje slag. En sänkt 
ejektionsfraktion kan normalt användas som en markör för att diagnosticera hjärtsvikt. 
Eftersom ejektionsfraktionen är bevarad hos vissa patienter med hjärtsvikt, kan detta 
förhållande inte användas vid diagnostik av dessa. Vidare är många av de symtom som 
kopplats till denna hjärtsviktsvariant inte unika för detta syndrom, vilket vidare försvårar 
diagnostiken. Hjärtsvikt med bevarad ejektionsfraktion har ökat med 1 % per år jämfört 
med andra hjärtsviktsvarianter, och förväntas bli den vanligaste varianten i framtiden. 
Det innebär att det är viktigt att hitta effektiva metoder för att diagnosticera patienter 
med denna hjärtsviktsvariant, så att de kan få rätt behandling i tid.  
 
År 2010 publicerades en studie som visade att förhållandet mellan maximalt syreupptag 
och total hjärtvolym skiljde sig mellan friska kontroller och hjärtsviktspatienter. Ett index 
mellan maximalt syreupptag och total hjärtvolym beskrevs som ett möjligt redskap vid 
diagnosticering av hjärtsviktspatienter. Den nuvarande studien undersökte om samma 
förhållande gällde för hjärtsviktspatienter med bevarad ejektionsfraktion jämfört med 
friska kontroller, och om det föreslagna indexet kunde användas för att diagnosticera 
hjärtsviktspatienter med bevarad ejektionsfraktion.  
 
Åtta friska kontroller och sex hjärtsviktspatienter med bevarad ejektionsfraktion 
genomgick magnetkameraundersökning av hjärtat och ergospirometri, en metod som 
används för att mäta hjärtfunktion och lungfunktion samtidigt under fysiskt arbete. 
Eftersom hemoglobin är den huvudsakliga bärarmolekylen av syre i blodet, undersöktes 
det även om index kunde påverkas av halten hemoglobin. 
Det visade sig att förhållandet mellan maximalt syreupptag och totalhjärtvolym skiljde 
sig mellan kontrollerna och hjärtsviktspatienter även i denna studie, och 



 

 

hjärtsviktspatienterna hade i genomsnitt ett mycket lägre index än kontrollerna. 
Hemoglobinhalten tycktes inte påverka fynden markant. Studien begränsades av 
storleken på de båda grupperna, men fler deltagare skulle kunna ge starkare samband 
än vad som sågs under undersökningen. Förhoppningen är att detta index mellan 
maximalt syreupptag och total hjärtvolym ska kunna användas för att i framtiden hjälpa 
hjärtsviktspatienter få rätt diagnos i god tid.      
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Sammanfattning  

Hjärtsvikt är ett begrepp för en grupp med komplexa symtom och kännetecknas av försämrad 

hjärtfunktion. Ett av dessa syndrom, hjärtsvikt med bevarad ejektionsfraktion (HFpEF), har ökat i 

prevalens jämfört med andra varianter av hjärtsvikt under de senaste åren. Ett problem är de svårigheter 

som finns med att diagnosticera patienter med HFpEF, då nuvarande verktyg inte är tillräckliga. Syftet 

med detta examensarbete var att undersöka maximalt syreupptag (VO2peak) i förhållande till total 

hjärtvolym (THV) bland hjärtsviktspatienter med bevarad ejektionsfraktion (HFpEF, EF >40 %) jämfört 

med friska kontroller. THV erhölls genom att utlinjera bilder tagna med hjälp av magnetisk 

resonanstomografi, medan VO2peak mättes i syrevolymkurvor som registrerats under ergospirometri-

undersökningar. Index beräknades genom att dividera VO2peak med THV. För att undersöka huruvida 

halten hemoglobin i blodet (b-Hb) kunde påverka index justerades index mot b-Hb med hjälp av en 

justeringsfaktor. Medel-THV var nästan 250 ml större hos HFpEF-patienter jämfört med kontroller. Medel-

VO2peak var mer än 1000 ml lägre hos patienterna jämfört med kontroller. Medel VO2peak/THV-index 

som beräknats för patienter var mindre än hälften så högt som index beräknat för kontroller. Att justera 

index mot b-Hb påverkade inte index signifikant. Studien begränsades av mängden deltagare, men 

fynden indikerar att VO2peak/THV-index kan användas för att skilja HFpEF-patienter från friska kontroller. 

Nyckelord 

Hjärtsvikt, Magnetresonanstomografi, kardiovaskulär magnetresonanstomografi, bevarad 

ejektionsfraktion, total hjärtvolym, maximalt syreupptag, VO2peak/THV -index

 

Abstract 

Heart failure is a term for a group of complex symtoms characterized by reduced heart function. One of 

these syndromes, referred to as heart failure with preserved ejection fraction (HFpEF), has increased in 

prevalence compared to other types of heart failures during the recent years. A concern is the difficulty in 

diagnosing patients with HFpEF, since current tools are considered insufficient. The aim of this thesis was 

to examine Peak Oxygen Uptake (VO2peak) in relation to Total Heart Volume (THV) among heart failure 

patients with preserved ejection fraction (HFpEF, EF >40 %) compared to healthy controls. THV was 

acquired by delineating images acquired using cardiovascular magnetic resonance imaging, while 

VO2peak was measured in oxygen curves acquired from cardiopulmonary exercise tests. Ratios were 

calculated by dividing VO2peak with THV. In order to determine if blood hemoglobin concentration (b-Hb) 

could affect the ratio, ratios were adjusted to b-Hb using an adjusting factor. Mean THV was nearly 250 

ml larger in HFpEF patients compared to the controls. Patients’ mean VO2peak was more than 1000 ml 

lower compared to the controls. Mean VO2peak/THV ratio calculated for the patients were less than half 

of that calculated for the controls. Adjusting the ratio to b-Hb did not affect the ratios significantly. The 

study was limited by the size of the test group, but the findings suggest that a VO2peak/THV ratio can be 

used to separate HFpEF patients from healthy controls. 
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VO2peak/THV-ratio differ between heart failure patients with 

preserved ejection fraction and healthy controls  

 

1. Background 

1.1. The normal heart  

Arguably the most important muscle in the body, the heart, is responsible for supplying 

the body with oxygenated blood and to transport deoxygenated blood to the lungs to 

enable disposal of carbon dioxide and refilling of oxygen (Widmaier, Raff & Strang 

2004). Usually about as large as a human fist, the heart is located behind the sternum, in 

between the lungs and the esophagus. The human heart mainly consists of muscles and 

connective tissue, and has three layers: the outer epicardium, the internal myocardium, 

and the endocardium, which faces the heart chambers (Widmaier, Raff & Strang 2004). 

Together with connective tissue, heart muscles forms four distinct chambers: the left and 

right atrium and the left and right ventricle (Widmaier, Raff & Strang 2004). The right 

atrium is connected to the Vena cava superior and Vena cava inferior, and transports 

venous blood to the right ventricle via the tricuspid valve (Widmaier, Raff & Strang 

2004). The right chamber transfer venous blood to the Arteria pulmonalis, which then 

transport blood to the lungs, where an exchange of carbon dioxide and oxygen is 

performed (Widmaier, Raff & Strang 2004). The Vena pulmonales then transfer blood to 

the left atrium, which transfer the blood to the left ventricle via the mitral valve 

(Widmaier, Raff & Strang 2004). The left heart ventricle’s muscle is approximately three 

times thicker compared to other heart walls, and is responsible for supplying the aorta 

with oxygenated blood via the aortic valve (Widmaier, Raff & Strang 2004). The 

oxygenated blood then leaves the aorta to follow the smaller arteries so that the body is 

supplied with oxygen.  The heart is surrounded by a fibrous sack referred to as the 

pericardium. The pericardium also contains pericardial fluids, which improves the heart’s 

motility (Widmaier, Raff & Strang 2004).   
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1.1.1. Cardiac function 

Every minute, our heart pumps blood out to the body and to the lungs. The heart’s 

chambers continuously expand to fill up with blood and contract to dispose of it 

(Widmaier, Raff & Strang 2004). Each cycle of this pumping activity is referred to as a 

heartbeat. In a heart with normal function, this activity is started by the sinus node 

(Widmaier, Raff & Strang 2004). The sinus node is an electrically active area located by 

the right atrium (Widmaier, Raff & Strang 2004). This area is responsible for starting and 

regulating electrical activity in the heart, and emits electrical impulses with regular 

intervals, which is received and transmitted by surrounding muscle tissue in the atriums, 

causing the muscle cells to contract (Widmaier, Raff & Strang 2004). The electrical signal 

is then transmitted via the atrioventricular node and the cardiac conduction system to the 

left and right ventricles, causing the muscle cells in the walls of the ventricles to contract 

(Widmaier, Raff & Strang 2004). After these contractions, the muscle tissue relaxes, and 

undergoes a resting phase, in which the muscle cells prepare for the next contraction, and 

the cycle is repeated. The phase during which the heart contracts is referred to as the 

systolic phase, whereas the relaxation phase is referred to as the diastolic phase 

(Widmaier, Raff & Strang 2004). Blood volumes in the left ventricle in the end of each 

of these cycles are referred to as end systolic volume (ESV), and end diastolic volume 

(EDV) (Widmaier, Raff & Strang 2004). The heart reaches its maximal volume during 

the diastolic phase (Carlsson et al. 2004). Heart frequency is measured by calculating 

number of beats per minute.  

By subtracting ESV from EDV, the stroke volume (SV) can be determined. The stroke 

volume is the volume of blood pumped out from the left ventricle to the body with each 

contraction (Kosaraju & Makaryus 2017). Ejection fraction (EF) is a ratio between SV 

and EDV, and is a measurement of how much of the EDV is converted into SV (see 

equation 1) (Kosaraju & Makaryus 2017). While a low EF is in itself not an indicator of 

reduced cardiac function, factors such as how well the heart walls contract and move can 

reduce the EF.  

Equation 1. 𝐸𝐹(%) =
𝐸𝐷𝑉−𝐸𝑆𝑉

𝐸𝐷𝑉
× 100 =

𝑆𝑉

𝐸𝐷𝑉
× 100. 

Ejection fraction is generally considered to be normal when higher than 52 % for men 

and 54% for women, which means that at least 52 % and 54 % respectively of the EDV 

is pumped out to the body as SV (Kosaraju et al. 2017).  
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The heart’s primary duty is to pump out oxygenated blood to supply the body with 

oxygen. As physical activity increase, demand of oxygen increase in proportion to the 

strain, until peak oxygen uptake (VO2peak) is reached. In humans, heart volume and peak 

oxygen uptake are closely correlated: individuals with larger heart volumes have 

proportionally higher peak oxygen uptake (Steding et al. 2010). 

1.2. Heart failure 

Cardiovascular diseases are responsible for the most fatalities in the western world 

(Pagidipati & Gaziano 2013). Among the cardiovascular diseases, heart failure (HF) is 

perhaps one of the more complex conditions. Chronic heart failure is a collection of 

diseases defined by a reduced heart function. Reports of prevalence vary, with studies in 

the United States of America and Europe reporting a prevalence of between 1-2 % (Pazos-

López et al. 2011). While recent studies has found decreased incidence of most 

cardiovascular diseases, prevalence of heart failure with preserved ejection fraction has 

increased over the recent years with one percent per year compared to heart failure with 

reduced ejection fraction (Oktay & Shah 2015). Patients generally survive between five 

to ten years after being diagnosed with heart failure (Roger 2014). Heart failure is 

responsible for approximately 5 % of all acute hospital admissions in Europe, and total 

costs for care of heart failure patients in the U.S.A. were estimated to represent 

approximately 2% of the U.S healthcare budget in 2010 (Braunschweig et al. 2011). 

Heart failure can be separated into two main groups: heart failure with reduced ejection 

fraction (HFrEF) and heart failure with preserved ejection fraction (HFpEF) (Guha et al. 

2013). Heart failure with reduced ejection fraction is, as the name suggests, characterized 

by a reduced EF. This reduction is caused by a lowered SV, meaning less blood is pumped 

out to the body with each heartbeat (Pazos-López et al. 2011). Heart failure with 

preserved EF is instead limited by needing higher pressures to fill the ventricles (Pazos-

López et al. 2011). Heart failure is usually induced by damages caused by other 

cardiovascular diseases, such as cardiac infarction or ischemia (Pazos-López et al. 2011). 

In order to sustain a sufficient cardiac output, the body can compensate for the heart’s 

reduced functionality in a number of ways. It can activate the Renin-angiotensin-

aldosterone system to increase sodium and water retention, thus increasing blood 

pressure, or it can activate the sympathetic nervous system to sustain cardiac output 

(Jackson et al. 2000). While such systems serve well as temporary means to retain 
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function, constant increased blood pressures and activation of the sympathetic nervous 

system is linked to cardiac hypertrophy and further wear on the heart muscles (Jackson 

et al. 2000). Thus, it is common among heart failure patients to have larger than average 

heart volumes (Heinzel et al. 2015). Symptoms associated with HF include chest pain, 

shortness of breath, high heart frequency, and swelling or feet and ankles from blood 

pooling in the lower vessels (Pazos-López et al. 2011). Symptoms commonly intensify 

while performing physical activities. Intensity of the symptoms vary, with some heart 

failure patients being almost symptom free, whereas some even experience symptoms 

while resting. Currently, there is no cure for heart failure, thus treatment focuses on 

relieving symptoms, ensuring sufficient blood flow to the heart, and on reducing the load 

on the heart. Treatment vary between patients, vasodilators, blood pressure reducing 

ACE-inhibiting drugs and beta receptor-inhibiting drugs are commonly used to treat heart 

failure patients (Millane et al. 2000).  

Heart failure with reduced ejection fraction (HFrEF) is usually diagnosed using 

echocardiography or cardiovascular magnetic resonance imaging (CMR), in combination 

with electrocardiography and analysis of blood count, creatinine and thyroid stimulating 

hormones (Moayedi & Kobulnik 2015). Heart failure with preserved ejection fraction 

(HFpEF) is usually more difficult to diagnose, due to the lack of specific symptoms which 

could be explained by other non-cardiac conditions and a lack of simple parameters like 

EF, but can be detected by for an example measuring blood concentrations of natriuretic 

peptides and echocardiography (Oktay & Shah 2015). At the same time, HFpEF is 

increasingly becoming more common than HFrEF (Oktay & Shah 2015). Earlier studies 

have shown that peak oxygen uptake (VO2peak) and total heart volume (THV) is linearly 

correlated among humans with normal heart function (Steding et al. 2010). Further studies 

showed that a VO2peak/THV ratio can be used to differentiate HFpEF patients from 

healthy controls and athletes (Engblom et al. 2010). This VO2peak/THV ratio may be a 

potential future tool to help diagnose patients with HFpEF (Engblom et al. 2010).     

1.3. Magnetic Resonance Imaging   

1.3.1. Basic Principles 

Magnetic resonance tomographic imaging (MRI) has been a valuable tool for clinicians 

ever since its conception. Originally referred to as nuclear magnetic resonance 
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tomography (NMR), the nuclear component of the name was later dropped due to the 

possible negative connection with nuclear weapons (Pohost, Elgavish & Evanochko 

1986). The NMR phenomenon was described by Bloch, Hansen and Packard in 1947, and 

was developed into an imaging technique (Geva 2006). Since its creation, MRI has 

received several valuable upgrades, such as the ability to gate the imaging process against 

the analyzed individual’s heart frequency and to reduce noise caused by movement (Chia 

et al. 2000). Image 1. depict a four chamber view of a normal heart imaged using MRI.  

  

Figure 1. Four chamber image taken with cardiovascular magnetic resonance imaging (CMR) at 

Skåne´s University Hospital in Lund. 

In MRI, the magnetic properties of hydrogen nuclei are utilized to image tissue. Hydrogen 

nuclei has a property referred to as spin. Spin is a quantum mechanical property of 

hydrogen nuclei, which gives the proton in the hydrogen atom’s nuclei magnetic 

properties. The directions of spins are generally evenly distributed, so that the summed 

signal, called the magnetization vector, is zero. When placed in a magnetic field, as an 

MRI scanner, nuclei with spin will start to precess around the magnetic field lines with a 

specific frequency. There is a small energetic advantage for the nuclei to align with the 

field so there will be a small excess of spins directed along the field, summing up to a 

non-zero magnetization vector from the sample, directed along the magnetic field. Low-

energy radio waves on the precession frequency are emitted by the MRI machine, which 

will resonate with the hydrogen particles and causes them to emit photons. The photons 

can then be detected by the MRI-machine (Hoult et al. 2009).  
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In clinical MRI, the scanner is set to the frequency of the hydrogen-nuclei in water. Water 

is the most abundant molecule in the body, and the proton in water is therefore well suited 

for MRI imaging. Different tissues have different amounts of hydrogen, which will lead 

to varying signal intensity. In addition, exploiting the variation in energy exchange 

properties of different tissues allow for other contrasts than pure water concentration.  

1.3.2. Benefits of MRI 

Using MRI, fully three-dimensional images can be acquired of specific tissue. These 

images can either be still images or time resolved data, cine images. The ability to produce 

three dimensional images has lead to more accurate measurements of ejection fraction 

compared to measuring ejection fraction in the two-dimensional images obtained from 

echocardiogram (Paterson et al. 2013). Compared to computer tomography (CT), MRI is 

superior for imaging soft tissue, but is still not as accurate in depicting bones (Ledermann 

et al. 2000). MRI also does not expose patients for ionizing radiation, a significant 

advantage compared to CT as well as the nuclear medicine methods due to ionizing 

radiation’s carcinogenic properties (Huang, Law, & Khong 2009).   

1.3.3. Signal to noise and contrast to noise ratio 

Signal to noise ratio (SNR) is a ratio between the signal strengths from actual tissue and 

from noise from the surrounding environment (Wieben, Francois & ReederWieben, 

Francois & Reeder 2008). Signal to noise ratio increases proportionally to the strength of 

the magnetic field (Wieben, Francois & Reeder 2008). A greater SNR lead to smoother 

image quality (Barth & Poser 2011). Conversely, a lower SNR often produce grainy, 

artifact rich images. In clinical environments, contrast to noise (CNR) is another ratio that 

can be taken into consideration. This ratio is similar to SNR, with the exception that the 

signal difference between regions is compared to noise instead of signal strength (Geissler 

et al. 2007). A higher CNR lead to greater differentiation between various tissues, and 

also contributes to better detailing changes in a given tissue (Geissler et al. 2007). This 

improves image quality, and helps clinicians with analyzing a region of interest and 

simplifies detection of differences in a given tissue.  
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1.3.4. Field Strength 

The unit utilized for measuring field strength is Tesla (T). In theory, a 3.0 T strong 

magnetic field could generate up to twice as detailed images as a 1.5 T field, although in 

reality this improvement lie within the 30-60 percent range as many other factors also 

play a role (Wieben, Francois & Reeder 2008).  

While MRI-cameras with stronger magnetic fields can shorten imaging time and has the 

potential to produce higher resolution images, the benefits do not come without problems. 

Stronger magnetic fields tend to be more inhomogeneous, and are thus more prone to 

produce artifacts (Wieben, Francois & Reeder 2008). 

1.3.5. Artifacts 

The main sources of noise in MRI are thermally moving particles in tissue, and resistance 

in receiver coils and measurement equipment. As MRI is a magnet-based method, 

magnetic materials like iron can cause severe artifacts (Jungmann et al. 2017). These 

artifacts can be avoided if the metal can be removed, but in patients with internal metals, 

these artifacts are hard to avoid.  

MRI is prone to generate artifacts if the scanned area is moving during the scan. While 

good cooperation from the patient can reduce artifacts caused by movement, artifacts 

caused by heart movement or lung movement were limiting factors for a long time. 

Artifacts from such movements can be eliminated by gating the imaging process to the 

heartbeats and the breathing (Florian et al. 2011). Images will then be taken during set 

intervals during a heartbeat or a breath. Artifacts caused by respiratory movement can 

also be avoided by letting the patient hold its breath during certain imaging sequences 

(Florian et al. 2011).  

1.3.6. Cardiovascular Magnetic Resonance Imaging 

In cardiovascular magnetic resonance imaging, methods utilizing cameras with a 1.5 T 

strong magnetic field are the current golden standard, since that field strength provides 

sufficient detail while allowing a wider variety of images to be produced and produces 

fewer artifacts than the stronger 3.0 T cameras (Wieben, Francois & Reeder 2008). 1.5 T 

cameras also heat up body tissue significantly less than the more powerful 3.0 T or 7.0 T 

cameras, a concern when scanning patients with already high body temperatures (Kim 

2016).  
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1.4. Cardiopulmonary Exercise Testing 

While regular spirometry measurements and electrocardiograms are methods for 

analyzing both lung function and heart function at rest, some symptoms are harder or not 

plausible to detect in a resting patient. Conditions like ischemia might not be detectable 

at all in resting patients, since the heart might have sufficient oxygen supply to maintain 

normal function at rest but insufficient supply during stress (Albouaini et al. 2007). 

Likewise, several patients with interstitial lung diseases might have regular lung function 

at rest, but might suffer from dyspnea while performing physical activities (Datta, 

Normandin & ZuWallack 2015). To monitor such conditions, the patient can perform a 

cardiopulmonary exercise test (CPET). Cardiopulmonary exercise test is a tool to test 

cardiac function and pulmonary function simultaneously. During a CPET, the patient has 

to perform physical activity, such as cycling on an ergometer bicycle, while heart function 

is monitored with an electrocardiogram. At the same time, lung function and the body’s 

metabolism is measured using respiratory gas analysis equipment (Datta, Normandin & 

ZuWallack 2015).  

In exercise tests, it is vital that the patient is sufficiently strained so that heart function 

and pulmonary function can be properly assessed. The main indicator of the level of strain 

a patient has reached during a CPET is the heart frequency. A patient that reaches a heart 

frequency of at least 85% of the expected maximum heart frequency during a CPET is 

considered to be strained. Additional means of determining strain is by looking at the 

anaerobic threshold (AT), respiratory exchange ratio (RER) and by letting the patient 

describe how strenuous the exercise is perceived to be using Borg’s rating of perceived 

exertion (RPE) (Solberg et al. 2005).  

Using CPET, an individual’s peak oxygen uptake can be determined. Peak oxygen uptake 

(VO2peak) is a measurement of how well a person can consume oxygen (Albouaini et al. 

2007), and can be measured from oxygen volume curves as the curve reaches its peak 

(Albouaini et al. 2007). Blood hemoglobin concentrations affect peak oxygen uptake 

among normal subjects as well as heart failure patients since hemoglobin is the primary 

oxygen carrying molecule (Agostoni et al. 2010).  

1.5. Aim 

The aim of this Bachelor Thesis was to examine Peak Oxygen Uptake (VO2peak) in 

relation to Total Heart Volume (THV) among heart failure patients with preserved 



 

12 

 

ejection fraction, (HFpEF, EF >40 %), using images obtained from Cardiovascular 

Magnetic Resonance Imaging (CMR) and data obtained from Cardiopulmonary Exercise 

Testing (CPET), and to compare obtained information with that of individuals with 

normal heart function.  

2. Materials and Methods 

2.1. Participants 

Seventeen individuals, eight suffering from heart failure with preserved ejection fraction 

and nine controls with normal heart function, participated in the study. Ages ranged 

between 49 and 82 years with a mean of 65. Six of the participants were females, and 

eleven were males. Of these individuals, three individuals did not perform the CPET, and 

one of the three had incomplete CMR-images, meaning VO2peak/THV-ratio could not be 

calculated for these four individuals.  

2.2. Cardiovascular Magnetic Resonance Imaging 

Cine short axis images (SAX), two chamber images, three chamber images and four 

chamber images were acquired from each participant using a Siemens Aera MRI-camera 

(Siemens Healthcare GmbH, Tyskland), with a 1.5 T strong magnetic field. The images 

were analyzed in the software Segment 2.1 (Medviso, Sweden.). Depth of each slice was 

8.0 mm. Total Heart Volume was defined as everything inside of the Pericardium (See 

Figure 2), and manual delineations were performed at end-diastole in all short axis slices. 

The software then calculated the total heart volume by multiplying the area of each slice 

with the slice thickness.  

 



 

13 

 

  

Figure 2. Overview image of Segment. The image seen in the software depicts a CINE SAX 

image of a normal functioning heart’s left ventricle (right) and right ventricle (left). The heart’s 

pericardium is outlined (red, dotted line) so that total heart volume can be calculated. Image was 

acquired at Skåne´s University Hospital in Lund. 

2.3. Cardiopulmonary Exercise Tests 

Data from the Cardiopulmonary Exercise Tests were acquired using the Evaluation CPET 

program in the software J-Lab 5.0 (Jaeger, Germany). In the Wassermann tab, the curve 

containing measurements of oxygen and carbon dioxide plotted against time was selected. 

A tangent between the data points was determined. Using the curve average values, peak 

oxygen uptake was acquired by outlining the highest data points following the tangent. 

The software then calculated the mean oxygen volume of the data points inside of the 

outlined peak, which represents the patient’s VO2peak. The measured VO2peak values 

were evaluated by an experienced observer, and were also compared to clinical 

measurements of VO2peak. 

2.4. Hemoglobin 

Blood hemoglobin measurements used in this thesis were measured in venous blood using 

i-STAT CHEM8+ blood gas analysis cartridges (Abbott, U.S.A) before the other 

examinations were performed. In order to determine if blood hemoglobin concentration 

could affect the VO2peak/THV ratios, factors adjusting VO2peak to hemoglobin were 

calculated by dividing the normal values for men (146 g/l) and women (134 g/l) with the 

measured hemoglobin concentrations for each participant. Measured VO2peak values 
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were then multiplied with the calculated factors, and were plotted against measured THV 

in the same way as the unadjusted VO2peak measurements.   

2.5. Statistical Analysis 

In order to determine if the patient group and healthy control group were normally 

distributed, the data was controlled using the histogram tool for Microsoft Office Excel 

(Microsoft, U.S.A) from XLSTAT (Addinsoft, France) and the Kolmogorov-Smirnov 

analysis tool from XLSTAT. The Kolmogorov-Smirnov test and the histograms showed 

that the measured VO2peak/THV ratios were not normally distributed (see Appendix 1). 

The data was thus compared using the non-parametric Mann-Whitney’s U-test.  

2.6. Quality control 

The CMR procedure utilized to acquire the images is not accredited. Delineated images 

were evaluated and approved by an experienced second observer.  

The CPET-method used to measure VO2peak is accredited by SWEDAC under the 

ISO/IEC 17025, accreditation number 1309. In order to ensure accurate CPET results, 

participants had to be as strained as possible. To evaluate strain, maximal heart frequency 

and RER was examined for each participant. Maximal heart frequencies higher than 85 

% of the expected maximum (calculated by subtracting age from 220 beats per minute) 

were considered acceptable. Respiratory exchange ratios were evaluated by controlling 

whether the carbon dioxide measurements exceeded the oxygen measurements near the 

end of the CPET. Measurements of VO2peak were evaluated by a clinical physician, and 

were also compared to clinical measurements.  

2.7. Safety and Environmental aspects 

Before an MRI-scan, patients and controls of the test group had to fill in a survey with 

questions regarding metal objects in their bodies. Patients and normal subjects are also 

controlled for magnetic metals with a metal detector. Metals used in for example surgical 

level Titanium screws are generally non-magnetic and are thus safe for MRI, whereas 

objects like some types of dental bracers and embedded debris from grenades are 

magnetic, and thus not safe. The strong magnets can heat up or even dislodge magnetic 

objects, which can be fatal in a worst-case scenario. The strong magnet field an MRI 

magnet generates can cause non-magnet proof pacemakers to severely malfunction, and 
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such patients are generally not able to undergo an MRI-scan. MRI-examinations may heat 

up the body during the imaging process. While this is generally not a concern, MRI-scans 

can be inadvisable if the patient suffers from fever. Allergy against the Gadolinium 

contrast, while not common, is a concern. Patients are supplied with ear plugs and 

soundproof headphones to reduce inconvenience and potential hearing damage caused by 

the MRI-machine’s loud noise. 

The strain put on the patient during a CPET can potentially induce coronary angina, 

myocardial infarction, or asthmatic attacks in patients. Defibrillators, fast acting 

vasodilators and bronchodilators are stored near the room in which the test is held. The 

rooms are also outfitted with emergency alarm systems, oxygen outlets and suction 

outlets. The status of the defibrillators and outlets is controlled every morning as to ensure 

functionality should they be needed.    

2.8. Ethical aspects 

The project and the usage of data has been reviewed and approved by Lund’s Regional 

Ethical Committee beforehand under the reference number 2015/248. Study group 

participants were randomly chosen from a larger group of healthy individuals and heart 

failure patients. The data used in this thesis has been anonymized. 

3. Results 

Data is presented as means in milliliter (ml) ± standard deviation (ml) unless otherwise is 

stated. Data for patients is presented in Table 1. Measurements of THV, VO2peak and 

THV/VO2peak ratios are presented in Table 2. Mean THV for heart failure patients was 

247 ml larger compared to the controls, and mean VO2peak was 1018 ml/minute lower 

in heart failure patients than in controls (p=0.001). As seen in the diagram with VO2peak 

plotted against THV (see Figure 4), VO2peak is correlated to THV in the healthy controls, 

whereas the heart failure patients follow a different trend.  As seen in Figure 5, this 

difference remains when VO2peak is adjusted for b-HB. Mean THV/VO2peak ratio for 

healthy controls were also larger compared to the patients in both the unadjusted ratios 

(p=0.001) and the adjusted ratios (p=0.012), as can be seen in Table 2, Figure 6 and Figure 

7. The difference in regression between the unadjusted and hemoglobin adjusted was not 

statistically significant (p=0.536).  
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Figure 3. Staple charts detailing age categories for participants. Controls with normal heart 

function are green, and heart failure patients with preserved ejection fraction are black.   

 

Table 1. Data on participating heart failure patients and healthy controls. Data presented includes 

number of participants, amount of each sex, mean age, mean height, mean weight and mean 

heartrate along with standard deviations for the latter four categories.  

 

 

Table 2. ID’s, measured data and hemoglobin levels of the participants who performed the 

cardiopulmonary exercise test and CMR-scan. The Hemoglobin factor was created by dividing 
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the gender specific normal values with the measured values of each participant. This factor was 

then multiplied with the measured VO2peak values. N02 participated in all of the required 

modalities, but the results from the cardiopulmonary exercise test are of debatable accuracy due 

to it having a lower maximum heart frequency than 85 % of the predicted maximum.  

 

 

 

ID THV (ml)
VO2peak 

(ml)
VO2peak/T

HV Index

b-Hb 

(g/l)

Hb Factor

(Normal/M

easured)

Adj 

VO2peak 

(ml)

Adj 

VO2peak/

THV 

HF01 765 1735 2,27

HF02 1470 1685 1,15

HF03 1200 1730 1,44

HF04 730 1295 1,77 133 1,10 1422 1,95

HF05 1095 1480 1,35 133 1,01 1491 1,36

HF06 575 925 1,61 105 1,28 1180 2,05

Mean HF ±  Stdev 973 ± 339 1475 ± 320 1,60 ± 0,39 124 ± 16 1,13 ± 0,14 1364 ± 163 1,79 ± 0,38

N02** 625 2070 3,31 122 1,10 2274 3,64

N03 500 2195 4,39 143 0,94 2057 4,11

N04 975 2860 2,93 153 0,95 2729 2,80

N05 705 2140 3,04 153 0,95 2042 2,90

N06 765 1980 2,59 122 1,20 2370 3,10

N07 620 2270 3,66 167 0,87 1985 3,20

N08 835 3650 4,37 156 0,94 3416 4,09

N09 785 2780 3,54 153 0,95 2653 3,38

Mean N ±  Stdev 726 ± 147 2493 ± 568 3,48 ± 0,65 146 ± 16 0,99 ± 0,11 2441 ± 482 3,40 ± 0,51
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Figure 4. The diagram show measured peak oxygen volumes plotted against the measured total 

heart volumes of the normal controls and the heart failure patients with preserved EF. Included 

participants had participated in both CMR-imaging and CPET.   
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Figure 5. The diagram show hemoglobin adjusted peak oxygen volumes plotted against the 

measured total heart volumes of the normal controls and the heart failure patients with preserved 

EF. Included participants had participated in both the CMR-imaging and the CPET.   
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Figure 6. Parallel dot plot describing the means and standard deviations of the VO2peak/THV 

ratios obtained from the heart failure patients and the healthy controls. A significant difference 

between mean ratios of controls and patients was found (p=0.001). 
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Figure 7. Parallel dot plot describing the means and standard deviations of the HB-adjusted 

VO2peak/THV ratios obtained from the heart failure patients and the healthy controls. A significant 

difference between mean ratios of controls and patients was found (p=0.012) 

4. Discussion 

Results from the measured VO2peak show that the HFpEF group’s mean VO2peak was 

significantly lower compared to the control group’s mean, which is in line with recent 

studies’ findings on VO2peak being a specific indicator of HFpEF (Yogesh et al. 2017). 

The HFpEF patients also had a much larger mean total heart volume compared to the 

controls, which is in line with earlier findings about cardiac hypertrophy among heart 

failure patients (Heinzel et al. 2015). However, the difference in mean volume measured 

in the current study was not statistically significant. While VO2peak and the THV 

correlations differed between the controls and patients, R2 values for the healthy controls 

were worse in the current study compared to earlier studies (Steding et al. 2010). The 

current study received R2 of 0.37 for the unadjusted correlation (n=8) and 0.49 for the 

unadjusted correlation (n=8) in the current study, compared to 0.74 in Steding’s study 

(n=131). This difference might be explained by the size of the current test group. The 

curve received from the measured VO2peak and the measured THV show that the HFpEF 

patients follow different trend compared to the normal controls, with significantly lower 

VO2peak compared to THV. These results are in line with the results of Engblom’s study 

in 2010 (Engblom et al. 2010). Lower R2-values were achieved in this study, and the 
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population was not normally distributed. However, these factors could be due to the small 

size of the study group. While the current study group consisted of nine healthy volunteers 

and eight heart failure patients, of which only eight volunteers and six patients performed 

all of the tests, Engblom’s study group consisted of 60 healthy volunteers, 71 athletes and 

31 heart failure patients. The current study group was also more heterogenous. As the 

plots for the unadjusted and the hemoglobin adjusted VO2peak and THV curves follow 

very similar patterns, adjusting VO2peak to hemoglobin concentrations did not alter the 

ratios to a statistically significant degree (P=0,536). Earlier studies has found correlations 

between reduced Hb and reduced VO2peak (Agostoni et al. 2010). However, adjusting 

VO2peak with the method used in this study might not be necessary. 

In CPET, anaerobic threshold and maximum heart frequency are good indicators on 

whether a patient has been sufficiently strained or not. As the CPET progress and the 

strain on the patient increases, measured carbon dioxide volumes should increase more 

compared to measured oxygen volumes due to an increased lactate production, until the 

measured carbon dioxide volumes exceed the measured oxygen levels. This indicates that 

the patient’s consumption of oxygen exceeds the supply of oxygen, which in turn indicate 

that the patient has been sufficiently strained. Furthermore, a patient is considered to be 

sufficiently strained when the heart rate exceeds 85 % of the maximum expected heart 

rate. This trend was shown in all but one of the tested individuals, who did not reach its 

anaerobic threshold or a heart frequency of 85 % expected maximum frequency. This 

could imply that the individual was not sufficiently strained. The accuracy of the 

measured VO2peak from this individual was questioned, but was still included in the 

thesis.   

4.1. Limitations 

Delineation of MRI-images is a manual task, and measurements of heart volumes can 

vary between different examiners. In this study, every image was evaluated by an 

experienced second observer to ensure data quality. 

Similarly to MRI-image delineation, measurement of peak oxygen volume is a manual 

evaluation, and measurements can differ depending on the analyst performing the 

evaluation. The biggest calculated difference between earlier clinical measurements and 

measurements conducted in this study was still lower than three percent. If a measured 
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volume differed with more than 50 ml compared to the clinical value, the VO2peak was 

remeasured with an experienced clinician.  

The study group used in this thesis only consisted of seventeen individuals, and of these, 

only fourteen performed the CPET and MRI-scan. A larger study group with more equal 

gender ratios and closer matching of age, height and weight of participants could produce 

better results in future studies.  

Blood hemoglobin concentrations were measured in all but three heart failure patients 

before the MRI-scans and the CPET. While clinical measurements were examined for all 

three, the time between the measurements and the modalities were greater than seven 

days in all three cases, meaning these values could not be utilized either, and the three 

patients’ VO2peak and VO2peak/THV ratios were not adjusted to b-Hb. Future studies 

should include b-Hb measurements performed the same day as the other modalities. 

5. Conclusion 

The participants suffering from heart failure with preserved ejection fraction did on 

average have a higher total heart volume compared to healthy controls. Significantly 

lower peak oxygen uptake volumes were measured for the heart failure patients compared 

to the controls. Ratios between peak oxygen uptake and total heart volumes were on 

average significantly lower for the heart failure patients compared to the controls with 

normal heart function. 
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Appendix 1: VO2peak/THV-histograms 

 

 

Figure 8. The histograms display the densities of measured VO2peak/THV ratios. The red line 

describes the pattern followed by normally distributed populations and samples. As the histogram 

do not follow this pattern, measurements were not normal distributed.  
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