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ISBN: 978-952-61-3375-1 (nid.) 
ISSNL: 1798-5706 
ISSN: 1798-5706 
ISBN: 978-952-61-3376-8  (PDF) 
ISSN: 1798-5714 (PDF) 
 
 
ABSTRACT  

Cardiovascular diseases and ischemic heart diseases are the leading global causes of 
death. The most common cardiovascular disease is myocardial infarction (MI), which 
is caused by the occlusion of the coronary arteries preventing the flow of oxygen-rich 
blood to the myocardium. MI also leads to changes in the lymphatic system, which 
collects extracellular fluid from the tissues. The lymphatic system controls tissue 
fluid homeostasis and thus participates in many physiological and pathological 
processes. Surprisingly, the role of the lymphatic system in the development of MI 
has been rarely studied and has remained unclear. However, it has been 
hypothesized that edema increases after the MI in an insufficient lymphatic 
myocardium and therefore, this can be detected with medical imaging devices. 
Potentially, the cardiac lymphatic system may have a much more important role in 
the development of MI than previously believed. 

Magnetic resonance imaging (MRI) is a non-invasive medical imaging modality, 
whose strength is its high soft tissue contrast with high spatial and temporal 
resolution without subjecting the patient to ionizing radiation. There are numerous 
ways to generate good contrast in an MR image. These ways are divided mainly into 
endogenous and exogenous contrasts. MRI is a versatile tool for imaging the heart 
since it can provide anatomical, functional and pathological information of the 
myocardial tissue. Traditionally, these approaches have been achieved by applying 
T1 based anatomical, T2 based edema imaging and the gadolinium-based late 
gadolinium enhancement (LGE) method to determine the presence of scar tissue in 
the myocardium.     

The conventional relaxation times, T1 and T2, differ from rotating frame relaxation 
times (T1 and T2), where the relaxation occurs during the RF excitation. Both T1 and 
T2, have been shown to be more specific than for a fairly narrow range of slow 
microscopic molecular motions compared to T2. However, T1 and T2 suffer from 
high tissue heating, which limits their use in the clinic. 
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A novel rotating frame relaxation time method called relaxation along a fictitious 
field (RAFF) was recently developed. Subsequently, RAFF has been extended into 
higher rotating frames, which is designed as RAFF in the rotating frame of rank n 
(RAFFn). The main reason to adopt higher rotating frames is to reduce tissue heating 
during the imaging by the tens of percents. 

The aim of this thesis was to implement RAFFn in cardiac MRI in vivo and apply 
T1 and RAFFn methods to characterize MI without the need of contrast agents. This 
is the first time that RAFFn has been applied in heart imaging. Additionally, by 
exploiting different mouse models, new knowledge about fibrosis detection, and the 
role of cardiac lymphatic vessels during MI development has been obtained.  

The findings of this thesis demonstrate that the characterization of chronic MI can 
be achieved with T1 mapping. In addition, we demonstrated the feasibility of using 
RAFFn to determine the fibrotic MI area in an MI area close to that measured with 
LGE in mice in vivo. Therefore, RAFFn has the potential to be used in the evaluation 
of MI without administration of contrast agents. Additionally, the cardiac lymphatic 
system was found to have an important role during the development of MI; these 
findings were confirmed by histology. In the future, these new methods may become 
routine in the diagnosis and treatment of myocardial infarction in clinical medicine.  

 
National Library of Medicine Classification: WG 300, WG 310, WH 700, WN 185, WN 180, 
WG 141.5.M2, QY 60.R6  
Medical Subject Headings: Heart; Myocardium; Myocardial Infarction; Lymphatic System; 
Magnetic Resonance Imaging; Diagnostic Imaging/Methods; Disease Models; Mice  
Keywords: RAFFn, T1, T2,  

 
  



 

9 

Ylä-Herttuala, Elias  
Sydäninfarktin karakterisointi uusilla magneettikuvauksen menetelmillä – 
normaalin ja tehottoman lymfaattisen kierron vertaileminen sydänlihaksessa 
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TIIVISTELMÄ 

Sydän- ja verisuonitaudit sekä iskeemiset sydäntaudit ovat suurimpia kuolleisuuden 
aiheuttajia maailmanlaajuisesti. Yleisin sydän- ja versuonitaudeista on sydäninfarkti, 
joka aiheutuu sepelvaltimoiden tukkeutumisesta ja estää hapekkaan veren pääsyn 
sydänlihakseen. Sydäninfarkti aiheuttaa myös muutoksia sydänlihaksen 
lymfaattiseen järjestelmään. Lymfaattinen järjestelmä kokoaa ekstrasellulaarinesteen 
kudoksista ja kontrolloi nestetasapainoa osallistuen moneen fysiologiseen ja 
patologiseen prosessiin. Lymfaattisen järjestelmän rooli sydänlihaksen infarktin 
kehittymisen aikana on kuitenkin jäänyt lähes kokonaan tutkimatta ja epäselväksi. 
On hypotetisoitu, että ödeema lisääntyy sydäninfarktin jälkeen sydänlihaksessa 
missä on vajavainen lymfaattinen järjestelmä ja tämä ödeema on mahdollista havaita 
lääketieteellisten kuvantamislaitteiden avulla. Potentiaalisesti lymfaattisella 
järjestelmällä voi olla paljon merkittävämpi rooli sydäninfarktin patogeneesissä kuin 
mitä aikaisemmin on tiedetty. 

Magneettikuvaus on kudokseen kajoamaton lääketieteellinen 
kuvantamismenetelmä, jonka vahvuutena on erittäin hyvä pehmytkudoskontrasti 
hyvällä spatiaalisella ja temporaalisella resoluutiolla. On monia erilaisia tapoja 
hallita kontrastia, jolla saadaan tuotettua magneettikuva. Kontrastin tuottaminen on 
yleensä jaettu joko sisäisiin tai ulkoisiin kontrasteihin. Useimmat tavat sisältävät 
kuvaustapahtuman parametrien muuttamista. Sydämen magneettikuvaus voidaan 
suorittaa esimerkiksi sydämen anatomian, toiminnan ja sydänlihaksen patologisen 
informaation kuvantamisella. Perinteisiä lähestymistapoja ovat T1 pohjainen 
anatominen, T2 pohjainen ödeeman kuvantaminen ja gadolinium-pohjainen 
kontrastiaine myöhäistehostumakuvaus aprikudoksen havaitsemiseen 
sydänlihaksessa 

Tavanomaiset relaksaatioaikamenetelmät, T1 ja T2 ovat erilaisia kuin pyörivän 
koordinaatiston relaksaatioaikamenetelmät (T1 ja T2), jossa relaksaatio tapahtuu RF 
pulssin aikana. T1 ja T2, ovat spesifisempiä melko kapealle hitaiden 
mikroskooppisten molekulaaristen liikkeiden alueilla verrattuna T2. On kuitenkin 
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osoitettu, että T1 ja T2 aiheuttavat kohdekudoksen lämpenemistä ja näin ollen 
rajoittavat niiden kliinistä käyttöä. 

Uusi pyörivän koordinaatiston relaksaatioaikamenetlmä, nimeltään relaxation 
along a fictitious field (RAFF), on hiljattain kehitetty uusi menetelmä. Tässä 
väitöskirjatyössä RAFF on käytetty korkeamman asteen pyörivänä koordinaatistona, 
joka on nimeltään RAFF in the rotating frame of rank n (RAFFn). Korkeampien 
pyörivien koordinaatistojen käytön perusteena on kohdekudoksen lämpenemisen 
pienentäminen kuvauksen aikana.  

Tämän väitöskirjatyön tavoitteena oli toteuttaa RAFFn hyödyntäminen sydämen 
kuvauksessa in vivo sekä T1 ja RAFFn menetelmien käyttäminen sydäninfarktin 
karakterisoinnissa. Lisäksi tässä väitöskirjassa käytettyjen erilaisten hiirimallien 
avulla on saatu uutta tietoa fibroosin havaitsemisesta sekä lymfasuonten roolista 
sydäninfarktin kehittymisessä. 

Tämän väitöskirjan löydökset osoittavat kroonisen sydäninfarktin 
karakterisoinnin onnistuvan T1 relaksaatioaikakartan avulla. Lisäksi löydökset 
osoittavat luotettavan tarkasti RAFFn toimivan fibroottisen sydäninfarktin 
kuvantamisessa yhtä hyvin kuin kontrastiainepohjainen myöhäistehostumakuvas. 
Näin ollen RAFFn on potentiaalinen menetelmä sydäninfarktin määrittämiseen 
ilman kontrastiaineita. Lisäksi havaittiin, että sydämen lymfaattisella järjestelmällä 
on tärkeä rooli sydäninfarktin kehittymisessä ja nämä löydökset vahvistettiin 
histologian avulla. Nyt kehitettyjä uusia sydämen kuvantamismenetelmiä voitaneen 
tulevaisuudessa käyttää kliinisessä lääketieteessä parantamaan sydäninfarktin 
diagnostiikkaa ja hoitoa.  

 
Luokitus: WG 300, WG 310, WH 700, WN 185, WN 180, WG 141.5.M2, QY 60.R6  
Yleinen suomalainen asiasanasto: sydän; sydäninfarkti; magneettikuvaus 
Avainsanat: Lymfaattinen järjestelmä, RAFFn, T1, T2  
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1 INTRODUCTION  

Cardiovascular disease (CVD) and in particular myocardial infarction (MI) are the 
leading cause of death all around the world (Global Health Estimates 2016, 
Mozaffarian D et al. 2015). MI occurs when coronary artery is completely or partially 
blocked and this leads to arrhythmia, a prolonged absence of perfusion and chronic 
inflammation (Blankesteijn WM et al. 2001; Ertl G et al. 2005). The absence of 
perfusion will mean that the myocardium suffers from a lack of oxygen, which causes 
the loss of myocytes, triggers harmful remodeling of the myocardium including the 
formation of fibrosis and collagen and eventually finally leading to heart failure (Ertl 
G et al. 2005; Virag JL et al. 2003). The prevention of CVD is still challenging since 
major clinical symptoms are lacking during the early phase of CVD progression. 

The lymphatic system collects extracellular fluid from the body and the 
myocardium and thus it has exerts effects on cardiac physiology and pathology such 
as maintaining tissue fluid balance and regulating inflammation (Huang LH et al. 
2017). When the function of lymphatic system is disturbed, e.g. due to a 
malfunctioning vascular endothelial growth factor (VEGF) receptor 3 for VEGF-C 
and VEGF-D ligands, it has effects on the function of myocardium (Yla-Herttuala S 
et al. 2007). However, the effects of the lymphatic system on the pathogenesis of MI 
development have only occasionally been evaluated and these have often consisted 
of assessing the disturbance of fluid balance, which has been changed by the reduced 
carcdiac output (Huang LH et al. 2017; Yla-Herttuala S et al. 2007).  

Magnetic resonance imaging (MRI) is a non-invasive medical imaging method, 
which has excellent soft tissue contrast and high spatial and temporal resolution to 
image anatomy and function of tissue (McRobbie DW et al. 2007; Haacke EM et al. 
1999). Additionally, MRI does not require ionizing radiation, in contrast to computed 
tomography (McRobbie DW et al. 2007) or the administration of radioactive tracers, 
like in positron-emission tomography and single-photon emission computed 
tomography (McRobbie DW et al. 2007; Haacke EM et al. 1999).  The basis of MRI 
was established as nuclear magnetic resonance (NMR) in 1946 (Bolch et al. 1946; 
Purcell et al. 1946) and the first NMR image was collected in 1973 (Lauterbur 1973). 
After these milestones and the development of technologies, MRI has become one of 
the main imaging modalities in clinical use all around the world.  

MRI can be used beneficially with high flexibility in several ways for imaging of 
biological tissues of any age. It is capable for repeated images e.g. for monitoring 
disease development and for assessing therapy outcomes, which are all processes 
which change the detectable contrasts of specific tissue or events. The contrasts 
obtained with conventional MRI rely on proton density, T1 and T2 relaxation time 
(McRobbie DW et al. 2007, Haacke EM at el. 1999). T1 weighted MR image is generally 
referred to as an anatomical image and T2 weighted MR image is sensitive to the 



 

22 

amount of water content in the tissue, which can change due to pathological 
processes, such as inflammation and edema (McRobbie DW et al. 2007). 

Endogenous relaxation methods are used clinically for the assessment of many 
diseases. However, endogenous contrasts for the specific pathologies in vivo have not 
worked effectively, for example in the case of MI. Nonetheless, MRI can reveal in a 
visual manner the differences between disease processes and their surroundings by 
exploiting different kinds of intrinsic contrasts. Novel MRI methods have been 
devised to develop and improve the detection of different pathologies, since it is vital 
to distinguish the diseased area and its structures from its healthy surroundings. MRI 
has a high potential to achieve the differentiation of MI from remote and healthy 
areas in the myocardium. However, it would be even more advantageous to be able 
to reveal different pathological states from each other, e.g. differentiating edema and 
inflammation from fibrosis and necrosis. If one wishes to visualize these different 
pathological states, one needs to have specific and quantitative characterization tools. 
Additionally, diagnostic tools are needed for differentiating the stages of disease 
progression from its earliest state of disease all the way through to clinically severe 
symptoms. Conventional MRI methods, e.g. including T1 and T2 relaxation time 
mappings, are non-specific for the determination of different pathological states. 
Therefore, novel MRI methods have been developed to create new endogenous 
contrasts; these, should provide more detailed information about the different 
pathological states. A longitudinal rotating frame spin-lock relaxation time method 
called T1 has demonstrated the potential to determine the MI area without using 
gadolinium (Gd) based contrast agents (Witschey WR et al. 2010, Stoffers RH et al. 
2017, van Oorschot JWM et al. 2014). Clinically, weak spin-lock pulse powers can be 
applied to improve specificity what can be gained with T2 in MI imaging; however, 
a much higher contrast between the MI area and the myocardium can be obtained if 
stronger spin-lock pulse powers are used (Witschey WR et al. 2010; van Oorschot 
JWM et al. 2015). Nonetheless, one critical limitation of the T1 method in a clinical 
setting is its relatively high specific absorption rate (SAR). SAR describes the energy 
absorbed into tissue i.e. heating of the tissue during the imaging (Witschey WR et al. 
2010; van Oorschot JWM et al. 2015). 

One relaxation time method to reduce SAR in the rotating frame of reference is 
Relaxation Along a Fictitious Field (RAFF) (Liimatainen T et al. 2010). The RAFF in 
the nth rotating frame of reference, called RAFFn, was introduced recently 
(Liimatainen T et al. 2015). It uses amplitude and frequency-modulated 
radiofrequency (RF) pulses in a sub-adiabatic regime. Reduced SAR is obtained with 
RAFF by exploiting the fictitious field as a component of a spin-locking field 
(Liimatainen T et al. 2010). The relaxation time of RAFFn method, called TRAFFn, has 
demonstrated the potential to reveal more detailed information about the different 
myocardium pathologies in comparison with conventional T1 and T2 relaxation times 
and longitudinal rotating frame T1 relaxation time methods. Nonetheless, few 
studies have been done with RAFFn to characterize the properties of the myocardium 
(Ylä-Herttuala E et al. 2019), which include imaging of MI and hypertrophic 



 

23 

myocardium (Khan MA et al. 2018). In the MI study, it was found that TRAFFn was 
increased when edema was present in the myocardium, which is suggesting that 
TRAFFn could be also increased in insufficient lymphatic myocardium after the MI. 

The aim of this thesis was to characterize MI in a normal and an insufficient 
lymphatic myocardium with T1 and RAFFn MRI tools. T1 and RAFFn relaxation 
time mapping was used to investigate MI development at various time points after 
MI in different mouse models in vivo. Comparisons of novel MRI findings to 
conventional MRI tools, contrast agent imaging and histology were also performed.    
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2 REVIEW OF THE LITERATURE 

2.1 MAGNETIC RESONANCE IMAGING, MRI 

2.1.1 Theoretical basis of Nuclear Magnetic Resonance 

The basis of NMR and MRI is in nuclei that have an intrinsic non-zero angular 
momentum and magnetic dipole moment properties e.g. due to mass and charge. 
Rotating nuclei with odd atomic mass numbers, have a spin angular momentum 
vector  (S) that renders as them the source of the NMR signal. From the MRI point of 
view, the most important nuclei is that of hydrogen (1H) in water, fat and other 
organic molecules, which are present in the various environments in different tissues. 
1H has the simplest atomic nucleus with only one proton and no neutrons and its S 
exists in two quantized states, ±1/2ħ, where ħ is the Planks’ constant, ħ = 1.054 · 10-34 
Js, divided by 2π (Levitt MH 2008). In the absence of an external magnetic field (B0), 
1Hs are randomly oriented (Figure 1A). When 1Hs are placed into B0 (Huettel SA et 
al 2004), according to quantum mechanics, 1Hs have 2S+1 = 2 possible energy 
eigenstates, which are depending on B0 (Haacke EM et al. 1999) (Figure 1). Therefore, 
B0 influences the 1H magnetic dipole-dipole condition and moments and causes the 
precession of the 1H about the B0 field direction (Haacke EM et al. 1999). The 
precessing motion of 1H can be understood as a spinning gyroscope that is also 
electrically charged, which is capable of interacting with B0 as well as producing its 
own magnetic field known as the magnetic dipole moment vector (Haacke EM et al. 
1999). Therefore, magnetic dipole moment causes that S is aligned either in parallel 
(+ ½ i.e. lower energy state) or in anti-parallel (- ½ i.e. higher energy state) to the B0 
(Figure 1). The difference between lower and higher energy states (Figure 1B) 
depends linearly on the magnitude of B0 as described 

 
𝛥𝐸 = 𝛾ħ𝐵 , (1) 

 
where γ is the gyromagnetic ratio of nucleus. For 1H, γ = 2.675·108 rad/s/T. Boltzmann 
distribution describes the population ratio of the two states  
 

ష

శ
= 𝑒ି

೩ಶ

ೖ ,  (2) 

 
where n- and n+ are the numbers of S in anti-parallel and parallel states, respectively, 
k = 1.38066 · 10-23 J/K is the Boltzmann constant, and T is the temperature in degrees 
Kelvin. The ratio in Eq (2) is also known as the thermal equilibrium. Although the 
ratio in Eq (2) is close to unity at room temperature since the thermal energy is 
millions of times larger than quantum energy difference (Eq (1)), there is still a 
slightly higher fraction of S in the parallel state than in the anti-parallel state and the 
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difference in spin populations leads to a detectable NMR signal. Since all systems 
have more + ½ Ss than - ½ Ss from all possible 1Hs when B0 is affecting them, at the 
macroscopic level, the sum of all nuclei Ss in a unit volume forms the net 
magnetization M0 = [Mx0, My0, Mz0], which can be thought as the component of the 
magnetic moment vector along the B0 (Figure 1A). M0 is aligned in parallel to B0 and 
precesses around B0 with a specific angular frequency called the Larmor frequency: 
 

𝜔 = − 
ఊ

ଶ·గ 
𝐵 ,  (3) 

 
which is derived from the energy difference between the states (Haacke EM et al. 
1999). 
 

 
 
Figure 1. A schematic view of energy states for spin ±½ particles placed in an external 
magnetic field and the formation of net magnetization (A) and also the energy difference 
between the energy states (B).  
 

The M0 along B0 cannot be detected, so the M0 needs to be perturbed from thermal 
equilibrium z-direction towards the xy-plane with an external burst of energy. The 
perturbation is achieved with electromagnetic radiation at or close to the Larmor 
frequency. The frequency is at radiofrequency (RF) and consequently perturbing 
electromagnetic radiation is called RF. It is produced by the transmit coil, which is 
located nearby (Haacke EM et al. 1999). In the classical way of thinking, the external 
energy burst, or the RF pulse forms magnetic field (B1) that gives the necessary 
energy to M0 to move from the z-direction towards the xy-plane. This phenomenon 
is known as the excitation of the spin population. The B1 field is applied 
perpendicular to B0, and it rotates with the Larmor frequency around the B0. This 
induces the tilting of M0 towards the xy-plane. The magnetic field produced by the 
precessing spin population with the M is changing the magnetic flux and this is 
detected by induction of an electromotive force (emf), as a voltage in the nearby 
receiver coil (Haacke EM et al. 1999). The tilt angle, or flip angle, between M and z-
axis is determined as  
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𝜃 = 𝛾𝐵ଵ𝑡 , (4) 
 

where t is the duration of the RF pulse (Haacke EM et al. 1999; Bernstein MA et al. 
2004).  

The motion of M after the RF pulse can also be described in the rotating frame of 
reference, where the reference frame is rotating around the z-axis with the Larmor 
frequency and M is therefore stationary. When the frequency of B1 does not match 
the Larmor frequency (i.e. it is off-resonance), the components of the effective 
magnetic field H1(t) are the B1 field and the field component from off-resonance 
𝛥𝐵(𝑡) = 𝛾ିଵ · [𝜔 − 𝛥𝜔ோி(𝑡)], given by the difference between the frequency of the 
RF pulse and the Larmor frequency (in rad/s). Then M is precessing and rotating 
around H1, whose amplitude is defined as  

 
𝐻ଵ(𝑡) = ඥ𝐵ଵ

ଶ(𝑡) +  𝛥𝐵ଶ(𝑡)  .   (5) 
 

The B1 field consists of both magnetic and electric field components. The magnetic 
field component interacts with M, while the electric field component creates the 
potential source of energy deposition in the tissue.  

 
 
2.2 RELAXATION IN THE LABORATORY FRAME 

When the RF irradiation is switched off, M starts to relax towards the initial 
equilibrium state while it precesses around the B0. After the RF pulse, excited spin 
populations are returning to the original state releasing the absorbed energy to the 
surroundings. The xy-plane components of M induces an emf, which is detectable 
with a receiver coil nearby. The signal is known as the free induction decay (FID) 
(Nishimura DG 2010). During the relaxation back to thermal equilibrium, we can 
observe a longitudinal spin-lattice (T1) and transversal spin-spin (T2) relaxation. 
These relaxation mechanisms are used to generate MRI contrasts.   
 
2.2.1 Longitudinal Relaxation 

The recovery, or the rate of the regrowth, of component Mz from M to initial thermal 
equilibrium after RF irradiation is called longitudinal relaxation or T1 relaxation. This 
recovery, or relaxation, depends on the interaction between spin populations and 
their atomic surroundings. Thus this relaxation is called the spin-lattice relaxation. 
The recovery of M is described by  

 

𝑀௭(𝑡) = 𝑀௭(0)𝑒
ି



భ + 𝑀 ൬1 − 𝑒
ି



భ൰, (6) 

 
which is a solution of the famous Bloch equation in the direction of z-axis (Haacke 
EM et al. 1999; Nishimura DG 2010). We can see from Eq (6) that the recovery is 
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expressed as exponential growth where the time constant T1 characterizes the growth 
rate.  

At the microscopic level, the spin population in a unit volume and its atomic 
surrounding lattice experiences some molecular motion, for example vibration and 
rotation, which are slightly fluctuating the magnitude and the direction of the local 
magnetic field of S. The origin of T1 relaxation lies in these dipole-dipole interactions 
between the spin population in a unit volume and its atomic surroundings. Thermal 
motion is formed by magnetic moments of molecular lattice in B0 and viscosity 
between adjacent molecular lattices. Interactions between adjacent molecular lattices 
can induce some molecular motion between adjacent molecular lattices, which can 
be described by the spectral density function. The spectral density function shows 
the distribution of correlation times of molecular motions and its form for spin-lattice 
relaxation is (Gadian DG 1995) 

 
𝐽(𝜔) =

ఛ

ଵାఠమఛ
మ 

,                     (7) 

 
where ω is the angular frequency of the motion and  𝜏 is the correlation time, which 
describes the rate of microscopic molecular tumbling. 𝜏 describes the time what it  
takes for a molecule to rotate one radian. 𝜏 is in 9.4 Tesla about 10-6-10-9 s for water 
molecule meaning that the water is loosely bounded as compared to free water  
molecule which 𝜏 is around 10-12. The T1 and 𝜏 are connected by 
 

ଵ

భ்
= 𝐾[𝐽(𝜔) + 4𝐽(2𝜔)],     (8) 

 
where 𝐾 = 3 · 𝜇

ଶ ·  ħଶ ·  𝛾ସ ·  (160 ·  𝜋ଶ ·  𝑟)ିଵ is a constant, which includes the 
information of the local field fluctuations and the average distance between spin 
populations at “fluid” system where there is an assumption of 𝜏 << T1 (Cowan B. 
1997). In the case where molecular motion is close to 𝜔 frequency, the energy level 
transitions and also the energy exhange between the spin populations and the lattice 
is at its most efficient. This causes the M to return to a thermal equilibrium with the 
most rapid rate. Therefore, T1 relaxation is the most sensitive to molecular motions, 
which occur at close to the Larmor frequency.  

Typical MRI pulse sequences to measure T1 relaxation are saturation recovery 
(SR) and inversion recovery (IR) as shown in Figure 2. In the SR sequence, flipping 
of M into the xy-plane is repeated so that Mz is allowed to recover a defined repetition 
time (TR), which leads to partial saturation of the signal. Thus, by varying TR, the 
time between two separate RF pulses in repeated measurements of SR sequence, T1 
relaxation can be quantified. In the IR sequence, a 180° RF pulse first inverts the M 
into the direction of –z. The time between inversion and excitation of 90° RF pulse, 
which is the classical way to conduct IR measurements, is called the inversion time 
(TI) and during this time, the signal is recovering through T1 relaxation. After this 90° 
RF pulse the signal is measured. T1 can be quantified by varying TI values in IR 
sequence.  
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Figure 2. On the left, a schematic view of the start of saturation recovery (SR) sequence and 
on the right, the start of inversion recovery (IR) sequence, which are typically used to 
measure the T1 relaxation time. Mz0: the net M in z-direction. 

 
2.2.2 Transversal Relaxation 

The decay of the transversal component of M (Mxy) after the RF pulse is characterized 
by its T2 relaxation time, or spin-spin relaxation time. The origin of T2 relaxation is a 
spin-spin interaction or energy exchange between the nuclei, not with the 
surrounding lattice as in T1. There are also other processes contributing to T2 
relaxation time such as microscopic and macroscopic interactions including diffusion 
through local field gradients and chemical exchange.  

M consists of a large number of Ss that are precessing independently on their 
Larmor frequencies both during and immediately after the RF irradiation. The 
surroundings of nuclei e.g. intramolecular and intermolecular dipolar interactions 
are slightly different leading to a different local magnetic field for each nucleus. This 
is reflected as differences in their Larmor frequencies. After RF irradiation is turned 
off, the differences in local Larmor frequencies lead to an increase in the phase 
incoherence between spin populations. The surroundings of nuclei and their 
orientation with respect to B0 influence the total magnetic field what they experience. 
This frequency distribution is the key to the loss of the phase coherence, known as 
dephasing, between the spin populations. This will lead to a dispersion of the phases 
and therefore, the disappearance of the Mxy and the detectable signal.  

The time constant T2 describes the rate of the exponential decay of transversal 
component M୶୷ of M (Nishimura DG 2010): 

 

𝑀௫௬(𝑡) = 𝑀௫௬(0)𝑒
ି



మ , (9) 
 
where 𝑀௫௬(0) is the initial transversal component of M. In addition, T2 and 
correlation time has a connection (Levitt 2008)  
 

            ଵ

మ்
=



ଶ
[3𝐽(0) + 5𝐽(𝜔) + 2𝐽(2𝜔)].      (10) 
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Therefore, the transversal relaxation is most effective, or the decay is fastest, when 
the correlation time is long, and the molecular motion is slow (i.e. close to 𝜔). 

T2 relaxation is different in solid and in liquid environments (Nishimura DG 
2010). However, in both solid and liquid environments, all of the possible 
orientations of 1Hs can exist but the distribution of possible orientations are more 
constricted in a solid environment than in liquid environment. In a solid 
environment, the motional interactions between adjacent 1Hs are not averaged away, 
whereas in a liquid environment, 1Hs and molecules are rotating, vibrating, and 
tumbling, and thus experiencing greater motional averaging. Therefore, a solid 
environment supports a more rapid decay of Mxy as compared to a liquid 
environment. Therefore, for example the presence of edema or extracellular fluid in 
a tissue increases the T2 relaxation time. 

Static field inhomogeneities together with spin-spin interactions, induce 
dephasing. For example, sources of static inhomogeneities are magnetic 
susceptibility differences between adjacent samples (i.e. bone vs. air) or B0 
inhomogeneities. The energy exchange between adjacent spin populations is a 
random process where random molecular motion occurs in combination with static 
dephasing and susceptibility differences due to local field gradients, which is known 
as the 𝑇ଶ

∗ mechanism. When there are multiple randomly precessing nuclei next to 
each other, the dephasing effect is increasing; this leads to a decreased signal. For 
example, dynamic dephasing is caused by the proton exchange. Proton exchange 
means that the proton is changing its location and its local magnetic field changes, 
which leads to more signal dephasing and faster relaxation. The net effect of all of 
the factors influencing the signal decay is characterized by 𝑇ଶ

∗ constant  
 

ଵ

మ்
∗ =

ଵ

మ்
+

ଵ

మ்
ᇲ ,   (11) 

 
where 𝑇ଶ

ᇱ includes the net effect of static inhomogeneities.  
There are two typical measurement types to refocus spin populations and 

therefore to measure T2 relaxation. One refocusing method is spin-echo (SE) and the 
other is gradient echo (GE) (Figure 3). In the SE sequence (Hahn 1950), the T2 
measurement starts with RF excitation and after the first RF pulse, Ss next to each 
other lose the coherence of precession and start to dephase. The idea of refocusing is 
that it reverses the effects of static dephasing and it is performed by applying the 180° 
RF pulse. Ss are refocused and then the echo signal is acquired (Figure 3). The time 
between 90° RF pulse and the signal acquisition is called echo time (TE). Therefore, 
the duration of TE affects the intensity of the obtained signal T2 relaxation time is 
calculated based on the data acquired with different TE values. The selection of TE 
values is crucial since TE determines how much the measured signal contains 
dynamic dephasing effects. This is important because a variation of TE values alters 
the sensitivity of measured T2 signal to different relaxation processes such as proton 
exchange and diffusion. T2 can be determined also with the multi-echo sequence (for 
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example Carr HY et al. 1954) where multiple spin-echoes are used, and the data is 
collected after each refocusing pulses. 

GEs are another way to deliberately refocus the neighbouring spin populations 
for spatial encoding purposes. In the GE, instead of a 180° refocusing pulse, the 
refocusing is done with field gradient system (Haacke EM et al. 1999) (Figure 3). 
Here, after the slice selective RF pulse, a gradient with an opposing sign compared 
to the slice selective gradient is turned on, allowing the formation of a readout 
dephase-rephase pair. Generally, it is possible to use shorter TE values in the GE 
sequence as compared to SE sequence. In other words, the relaxation occurring in GE 
sequence is measured as T2*, not as T2 as in the SE sequence.   

 

 

Figure 3. On the left, a schematic view of spin echo (SE) sequence and on the right, gradient 
echo (GE) sequence, which are typically used in MRI. GSS: slice selection gradient, GPE: 
phase encoding gradient, GRO: readout gradient. 
 

 
2.3 ROTATING FRAME RELAXATION 

Relaxation in the rotating frame of reference was introduced in the NMR field 
(Redfield AG. 1955; Ailion DC et al. 1965; Jones GP. 1966) and later in the MRI field 
(Sepponen RE et al. 1985). The rotating frame of reference was developed to simplify 
the analysis and visualization of M by eliminating the rotation of the Larmor 
frequency. The main idea behind the rotating frame of reference is that the reference 
is rotating around the z-axis with the Larmor frequency, which causes M to be 
stationary in this frame of reference. This rotating frame of reference is denoted as x’, 
y’ and z’.  

The component of M, which is parallel to H1 relaxes with the T1 time constant 
during the RF irradiation (Figure 4). If the component of M is perpendicular to H1, it 
relaxes with T2 time constant during the RF irradiation (Figure 4).  

The relaxation time constant T1 is also known as longitudinal or T1 relaxation in 
the rotating frame. The simplest form of T1 measurement is the on-resonance spin-
lock (SL) measurement. In this case, M is first flipped to the xy-plane and Ss are then 
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locked with the RF irradiation for a specific time duration, which is called the time-
spin-lock (TSL). If M has some precessing, transverse M parts in the direction of B1 
field and it is initially along H1 field with the resonance frequency, and then M 
relaxes according to the equation (Cowan E. 1997)  

 

𝑀(𝑡) = 𝑀(𝑡)𝑒
ି

ೄಽ

భಙ  .    (12) 
 

Dipolar interactions affecting the T1 relaxation time at close to the Larmor 
frequency can be described by 

 
ଵ

భ்ഐ
=



ଶ
ൣ3𝐽൫2𝜔ுభ

൯ + 5𝐽(𝜔) + 2𝐽(2𝜔)൧,    (13) 

 
where is 𝜔ுభ

 the angular frequency of the effective SL field (Jones GP. 1966, Cowan 
E. 1997). Since the T1relaxation occurs during the RF pulse, the T1 relaxation is 
sensitive to a slow molecular motion, which is dependent on the used RF pulse power 
with the range of zero to few kHz. This means that 𝜏 is between 10-1-10-5 s and thus 
water molecule is now tightly bounded. Therefore, the fastest T1 relaxation occurs 
when the irradiated SL frequency (𝐻ଵ = 𝛾 · 𝐵ଵ,ௌ) is near to the frequency of this 
phenomenon, which affects the relaxation. However, a higher contrast between the 
MI area and the rest of the myocardium can be obtained by applying stronger SL 
pulse powers in the bigger kHz range than in lower kHz range, which will also cause 
more heat within the tissue (Witschey WR et al. 2010; van Oorschot JWM et al. 2015). 
When the amplitude of 𝐵ଵ,ௌ  reaches zero, the SL reaches zero and the M starts to 
decay as 𝑇ଶ

∗ after RF irradiation. Therefore, when 𝐵ଵ,ௌ approaches zero, T1 relaxation 
approaches to 𝑇ଶ

∗
relaxation.   

 
Figure 4. A schematic view of the first rotating frame during the adiabatic rotation, where 

the effective field H1(t) (rad-1) and both longitudinal, T1, and transversal, T2, relaxations are 
shown. There are also dashed axes (x’’, z’’) rotating around the axis y’ representing the second 
rotating frame.   
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2.3.1 Continuous Wave T1 

The most classical measurement approach to determine T1is the on-resonance 
continuous wave (CW) SL measurement (Figure 5). In CW-SL, M are first flipped to 
the x’ axis followed by CW pulse along the x’ axis (Figure 5). M is locked during the 
specific time period, TSL. After TSL, the reversed 90° RF pulse is used to flip the M 
back to the z-direction, which is used in fast imaging sequences. These steps can be 
repeated with different durations of TSL (i.e. the length of the CW pulse), which 
enables the quantification of T1. The T1relaxation time measurements can be also 
done with off-resonance RF pulses so that the off-resonance field 𝛥𝐵(𝑡) component 
is also created as described in Eq (5).   

The classical on-resonance CW-SL has three main difficulties, i.e. possible damage 
of transmit coil, high SAR and B1 imperfections. To overcome these difficulties, an 
off-resonance “rotary echo”, or 180° pulse (Podkorytov IS et al. 2004), is added during 
the SL pulse (Witschey WR et al. 2007). Off-resonance SL increases the 𝛥𝜔 
component, which decreases the SL RF field strength 𝜔ଵ for the same effective field 
𝜔ா and therefore reduces the SAR and 𝜔ଵ power demands on the RF coil. 
Additionally, a rotary echo is a way of reducing artifacts due to B1 inhomogeneity 
(Witschey WR et al. 2007). This kind of T1 measurement differs intrinsically from on-
resonance T1 measurements by combining both T1 and T1–type contrasts (Witschey 
WR et al. 2007).  

 
 

2.3.2 Adiabatic T1 and T2 

Measuring the T1 relaxation with the CW-SL method is not the only method to 
measure T1relaxation. Time-varying T1 relaxation can be also measured with a train 
of adiabatic pulses (Michaeli S et al. 2006) (Figure 5) or with gradient modulated low-
power adiabatic pulses (Andronesi OC et al. 2014) to reduce the SAR. If H1 is initially 
aligned along the M field, the M follows the H1(t), i.e. M is locked along the H1(t), 
during the adiabatic rotation (Figure 4). The relaxation rate during the adiabatic 
pulse depends on the amplitude and the direction of H1(t) during the pulse and also 
the initial direction of M in relation to H1(t) (Figures 4, 5). M remains aligned with 
H1(t) if the adiabatic condition is fulfilled. The definition of the adiabatic condition is 
|H1| >> |dα1/dt|, where dα1/dt is the angular velocity of H1(t). The adiabatic 
condition can be described so that the amplitude of H1(t) needs to be much greater 
than the rate at which its direction changes.  

The transversal relaxation in the rotating field T2, can be measured when M is 
tilted to x’y’ plane with 90° RF pulse before the train of adiabatic pulses to make M 
perpendicular to the H1 (Figures 4, 5). The following train of adiabatic pulses then 
keeps M perpendicularly locked. Thus, the relaxation of M occurs in the transverse 
plane, with the relaxation time T2.  
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Figure 5. A schematic view of RF pulse modulations used in front of the data acquiring 

sequence (which is not seen in the figure) in measurements of continuous wave (CW) T1, 
adiabatic T1 and adiabatic T2. In adiabatic T1 and T2 pulse sequences, a train of adiabatic 
full passage RF pulses are used. Additionally, the amplitude and frequency modulations of 
HS1 and HS4 RF pulses are shown in the inset (Ellermann J et al. 2013). AHP: adiabatic half 
passage, AFP: adiabatic full passage. 

 
Since adiabatic pulses are created by modulating the amplitude and the frequency 

of the RF pulse, the locking field varies during the SL (Michaeli S et al. 2008). 
Therefore, the source of relaxation differs inherently depending on the method used. 
Time dependency of adiabatic T1 measurement leads to the M to be mostly off-
resonance, and therefore, adiabatic T1 is considered as off-resonance T1. Using the 
time dependent amplitude and frequency modulated adiabatic RF pulse, the sweep 
of H1(t) is produced. This sweep of H1(t) happens in relation to z’-axis (z-axis) with 
an angle of 𝛼ଵ(𝑡): 

 
tan(𝛼ଵ(𝑡)) =

ఠభ(௧)

௱ఠ(௧) 
.       (14) 

 
Adiabatic T1 measurements are usually done by applying an excitation pulse 

followed by a train of adiabatic full passage (AFP) inversion pulses and adiabatic 
T2measurements are usually performed by adding adiabatic half passage (AHP), or 
90° RF pulse, in front of the train of AFP inversion pulses and after the train of AFP, 
inversed AHP is applied (Tannús A et al. 1997) (Figure 5). Generally adiabatic pulses 
in T1 measurements are based on hyperbolic secant (HSn) pulses (Silver MS et al. 
1984), where n (=1, 2, 3,…) is a stretching factor defining the amplitude and frequency 
modulations of the RF pulse (Tannús A et al. 1996; Garwood M et al. 2001) (Figure 
5). Increasing n increases the flatness of pulse amplitude-modulation and the 



 

35 

linearity in frequency sweep (Figure 5). Therefore, n has an important role in the time 
evolution of M, and it can be changed by modifying n during the pulse.  

Time-bandwidth product is also an important property of the adiabatic pulses, 
and it is described as   

 

              R =
 ்

గ 
 ,       (15) 

 
where A is the amplitude of the frequency sweep in rad/s and 𝑇 is the duration of 
the adiabatic pulse (Mangia S et al. 2009). Eq (15) describes that the value of R with a 
given specific 𝑇 determines A. If A’s unit is hertz, then R will be determined as 
R=2·A· 𝑇 and therefore, the bandwidth (BW) of the adiabatic pulse is calculated as 
BW = R/𝑇. 

 
 
 
2.3.3 Relaxation Along a Fictitious Field, RAFF 

Relaxation along a fictitious field, RAFF, is an advanced rotating frame relaxation 
method where the relaxation of M occurs along, fully or partly, a fictitious magnetic 
field. The existence of a fictitious field phenomena was originally detected in low 
frequency NMR experiments by Whitfield & Redfield (1957), and introduced into 
high-field MRI by Liimatainen et al. 2010. The time constant of RAFF relaxation is 
called TRAFF. RAFF exploits sine/cosine amplitude and frequency modulated RF 
pulses, and acts in the subadiabatic regime, which makes TRAFF different from the 
previously described T1and T2. In the subadiabatic regime (Bendall MR et al. 1986), 
the adiabatic condition is intentionally violated, and the frequency sweep changes so 
fast that M is no longer able to follow H1. A fast sweep of H1 into x’z’ plane generates 
a fictitious magnetic field component dα1/dt along the y’ axis. H1 and dα1/dt together 
form a final effective field, which is a geometrical sum of H1 and dα1/dt (Eg 16). M 
keeps locked along this final effective field. When using sine/cosine pulses, a constant 
dα1/dt component can be created (Liimatainen T et al. 2010).  

When M is along the final effective field and the fictitious field is created in the 
second rotating frame with a sine/cosine pulse, the method is called RAFF2. To help 
to understand the concept of RAFF2 method, it is useful to move from the first to the 
second vector analysis (x’’, y’’, z’’) in the rotating frame of reference. Now the rotating 
frame is rotating according to the sine/cosine pulse so that z’’ is along H1 (Figure 6). 
When the frequency sweep in the second rotating frame is performed, the effective 
field in the second frame, H2, is the vector sum of D1 (≡ H1) and the fictitious field 
component C1 = dα1/dt, and therefore, the amplitude of H2 is 

 
𝐻ଶ = ඥ𝐷ଵ

ଶ +  𝐶ଵ
ଶ  ,           (16) 

 
and the angle between H2 and z’’ is 
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tan(𝛼ଶ) =

భ(௧)

భ(௧) 
 .             (17) 

 
The amplitude of H2 is constant when the field components of D1 and C1 are time 

invariant. Modifications of orientation and amplitude of H2 are achievable by altering 
the relationship between field components D1 and CI. Eq (17) demonstrates that 
when sine/cosine pulses α2 > 45° are used in RAFF method, the amplitude of both the 
C1 and H2 are larger than the amplitude of the B1.  

The pulse duration (Tp) for RAFF2 is selected so that the frequency sweep is close 
to the resonance condition of the RF pulse and the RF pulse amplitude is close to its 
maximum value (Liimatainen T et al. 2015, inset in Figure 5). Therefore, Tp for RAFF2 
is defined  

 
T୮ =

ସగ

√ଶ ఠభ
ౣ౮ 

.                  (18) 

When the maximum power of RAFF2 pulse is defined as ఠభ
ౣ౮

ଶగ
= 625 𝐻𝑧, Tp of the 

pulse is calculated as 2.26 ms.  
The complete RAFF2 pulse sequence to measure RAFF2 is shown in Figure 7. 

RAFF2 pulse consists of four segments of RF amplitude and phase modulations, 
which are marked as P (Figure 7). The first P rotates M from the z’’ axis through a 
revolving and evolving cone (defined by the angle of 𝛼2 = 𝜋/4 and H2) around the z’’ 
axis, to the y’’ axis. The second segment, an inversion pulse P-1, brings the M from 
the y’’ axis back to the z’’ axis. The inversion pulse P-1 in the amplitude and phase 
modulation format is done by adding 𝜋 to P phase together with reversing the time 
dependencies of those functions.  

In living tissues, different frequency shifts, for example due to B0 inhomogeneities 
and susceptibility differences, may arise. These frequency shifts can be reversed by 
adding 𝜋 to the phases of P and P-1. The new pulse pair is called PπPπ-1, and it is added 
right after the first two segments containing the segments of PP-1. Therefore, the 
whole RAFF2 pulse is described as PP-1 PπPπ-1 with the total length of TP (Eq (18), 
Figure 7 inset). It is noteworthy that the compensation for frequency shifts in RAFF2 
pulse is the same as that used in adiabatic pulse BIR-4 (Garwood M et al. 1995). Thus, 
RAFF2 is a rotary echo method which refocuses M (Solomon I. 1959). This leads 
RAFF2 to be less sensitive to changes in frequency-offset and also to B0 and B1 
inhomogeneties.  
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Figure 6. The coordinate system of A: 1st (x’, y’, z’) and 2nd (x’’, y’’, z’’) rotating frames and 

B: 2nd and partly 3rd (x’’’, y’’’, z’’’) rotating frames. Notice that z’’ is parallel with H1 and z’’’ is 
along with H2. Additionally, it is noteworthy that TRAFF2 relaxation takes place along the H2. 

 
      The M can be determined, when the M is initially aligned in the z-direction, in the 
RAFF2 measurement with the following equation 
 

        𝑀± = 𝑀±𝑒
ି



ೃಲಷಷమ  − 𝑀ௌௌ𝑒
ି



ೃಲಷಷ  ,  (19) 
 

where 𝑀± is the magnetization before the RAFF2 pulses depending if there is an 
inversion pulse or not, and 𝑀ௌௌ is the steady-state M. Steady-state M is formed in 
RAFF2 due to a periodical pattern of RF irradiation and therefore, 𝑀ௌௌ needs to be 
taken into account in the fitting of the relaxation time (Liimatainen et al. 2010).  

An important detail in the RAFF2 method is that the amplitude of H2 is at least 
the same as in H1 (Liimatainen T et al. 2011). Furthermore, the amplitude of H2 
approaches the maximum level when 𝛼ଶ approaches 90° (Liimatainen T et al. 2011). 
These details allow RAFF2 measurements to achieve a larger SL field without 
increasing the RF power. 

One major advantage of rotating frame methods is that they can be tuned so that 
they can be sensitive to a wide range of slow molecular motions by modifying the 
amplitude and the orientation of the desired effective field. Molecular motions can 
also be studied with the Carr-Purcell-Meiboom-Gill multi-echo method, where the 
repetition rate of 180° pulses, i.e. the time between discrete echoes, allows one to 
determine the sensitivity regime of the molecular motion. The RAFF2 method 
combines both above methods. The tuning of the sensitivity of molecular motional 
regime is done by varying the magnitude and the orientation of the fictitious field 
component and the time between rotary echoes. It has already been shown that the 
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RAFF2 method is sensitive to long rotational correlation times (τc >> ω0-1) 
(Liimatainen et al. 2010). Additionally, the RAFF2 relaxation time and 𝛼ଶ are 
dependent from each other. This is important because dipolar interactions, diffusion 
and proton exchange, which are the major relaxation pathways affecting the in vivo 
contrast, are all within the regime of this dependency (Liimatainen T et al. 2011).  

 

 
 
Figure 7. A schematic view of the RAFF2 pulse sequence with an AFP inversion pulse in 

front of RAFF2 sequence. RAFF2 can be measured also without the AFP inversion pulse. The 
inset describes the amplitude and phase modulations of RAFF2 pulse. 

 
It is possible to continue this transformation of the coordinate system to higher 

ranks (Liimatainen T et al. 2015; Deschamps M et al. 2008). The next transformation 
will be performed around x’’ axis and the next transformation after that around the 
y’’’ axis (Figure 8). The amplitude of the effective field in the nth rotating frame is 
presented as:  

 
𝐻(𝑡) = ඥ𝐷ିଵ

ଶ (𝑡) +  𝐶ିଵ
ଶ (𝑡)  ,     (20) 

 
and the angle between Hn and zn is given by  
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tan(𝛼) =

షభ

షభ 
 .         (21) 

 
When the transformation ranks are added n times, the rotating frame relaxation 

time method is called RAFFn. As n increases in RAFFn, the tolerance for frequency 
alterations due to refocusing of the M increases (Solomon I. 1959), and therefore there 
are increases in the tolerance for both B0 and B1 inhomogeneties. Additionally, 
increasing n lowers the tilt angle in laboratory frame, which increases the bandwidth 
of the pulse. Furthermore, bandwidth remains relatively constant during the increase 
of the length of the RAFFn pulse trains (Liimatainen T et al. 2010), which is able to 
compensate for the inhomogeneity of B0. As the tilt angle of M decreases as n 
increases in the RAFFn pulses and the amplitude of H1 is greater than applied RF 
field, it is possible to produce an increased SL field with a lower RF power 
(Liimatainen T et al. 2010; Liimatainen T et al. 2011; Liimatainen T et al. 2015). This 
leads to remarkably reduced SAR values with the RAFFn method (Liimatainen T et 
al. 2010; Liimatainen T et al. 2011; Liimatainen T et al. 2015). Even though TRAFFn 
differs from T1 and T2, TRAFFn consists of both longitudinal T1 and transversal T2 
relaxation components in that specific nth frame, which might not be the same when 
the frame is transferred to some other frame (Liimatainen T et al. 2010).  

 
 

 
 
Figure 8. A schematic view from the rotating frames of rank n = 1 to 4 used to describe 

RAFFn. 
 
 

2.4 CONTRAST-ENHANCED MRI 

All of the above methods are attempting to create a contrast between adjacent tissues 
without any contrast agents (CA); this is known as endogenous contrast. However, 
obtaining good contrast in MRI images with endogenous contrast methods 
sometimes takes a substantial amount of time. Thus, often it is easier to obtain good 
contrast in MRI images with the help of CAs. An external CA can be used to enhance 
the contrast between adjacent tissues (McRobbie DW et al. 2007). A CA can consist 
of ferro- or paramagnetic ions. The CA introduces a local magnetic field 
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inhomogeneity in the targeted tissue, which then creates a contrast between adjacent 
tissues (Haaf P et al. 2016). This inhomogeneity property is created with ferro- and 
paramagnetic ions, which are shortening the T1 and T2 relaxation times (McRobbie 
DW et al. 2007). In particular, a shortening of the T1 relaxation time shortens the 
imaging time (McRobbie DW et al. 2007).  

 
 

2.4.1 Gadolinium, Gd 

Gadolinium (Gd) is a paramagnetic element at physiological temperatures. The 
atomic number of Gd is 64. For biological applications, Gd ion is attached to a chelate 
molecule, which reduces the toxicity of free Gd ion and makes it possible to inject Gd 
into a living organism. The chelate molecule can be formed so that its surface has 
specific features, which enable the protons of the extracellular water to interact and 
to move easily as close to Gd as possible, either penetrating into the chelate molecule 
or being attached to the outer surface of the chelate. This changes the magnetic 
properties and relaxation times of tissue, especially the T1 relaxation times (Krouse 
W 2002; Laurent S et al. 2006). The chelate has a good mobility in the living organism, 
it is non-specific and it accumulates into extracellular space of the tissue (Laurent S 
et al. 2006). The majority of the chelates are excreted from the body in 24 h through 
the kidneys (Bhave G et al. 2008). If the chelate and Gd attached to it are not excreted 
from the body, for example due to the kidney insufficiency, the Gd ion might 
separate from the chelate molecule and evoke toxicity (Bhave G et al. 2008). This can 
be seen as allergic reactions, which in the worst case scenario, can be fatal. Gd can 
also accumulate in breast milk and therefore it cannot be administreted to pregnant 
patients (McRobbie DW et al. 2007).   

 
 
2.4.2 Late Gadolinium Enhancement, LGE 

The use of Gd chelate in the detection of MI with MRI is achieved by the late Gd 
enhancement (LGE) (Price AN et al. 2011). The use of Gd chelate in MI detection is 
based on a wash-in-wash-out phenomenon. In this situation, the Gd chelate is 
washed through the healthy tissue rather quickly but it does not pass out of the 
structured MI area as rapidly. Therefore, Gd chelates accumulate in the area of MI. 
Since this accumulation of Gd chelates takes some time, LGE is imaged at 
approximately 10 min after the injection of the Gd chelate (McRobbie DW et al. 2007).    

Since Gd especially shortens the T1 relaxation time, the T1 weighted MR image is 
acquired 10 min after the Gd chelate injection in order to acquire hyperintensity in 
the MI area in the MR image. If one wishes a greater contrast between MI and healthy 
myocardium, then one can use the inversion recovery sequence with TI, which can 
be optimized to nullify the signal from normal tissue. In the resulting MR image 
healthy myocardium is visualized as a dark area and the MI as a bright area.   
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2.5 IMAGE FORMATION 

The goal of imaging is to correlate the series of measured signals with different 
spatial locations. This is done by spatially changing the magnetic field across the 
sample, which is producing the measurable signal and this signal has spatially 
varying frequency components (Haacke EM et al. 1999). The basis of locating the 
spatial signal and thus for forming a MRI image lies in three orthogonal magnetic 
field gradients, which are known as slice selection, phase encoding and read-out 
gradients (Haacke EM et al. 1999). These three magnetic field gradients cause a 
distribution of resonance frequencies and phases over the imaged sample, which 
makes it possible to encode the spatial locations of the MR signal by ensuring that 
the Larmor frequency and the spatial location are linearly dependent on each other.    

It is possible to excite the signal from the imaging slice by applying a static slice 
selection gradient together with finite BW RF irradiation centered at the Larmor 
frequency. After this excitation step, two additional orthogonal magnetic field 
gradients are applied to obtain a 2D raw data matrix which contains the frequency 
and phase information, which together is called a k-space (Brown et al. 2003). The 
phase encoding gradient is applied before the signal acquisition to spatially disperse 
the phases in the k-space. This can be detected so that each row in the 2D raw data 
matrix has a unique phase. The dispersion of phases depends on the duration and 
the strength of the applied phase encoding the magnetic field gradient. Measurement 
of a one line of k-space includes RF irradiation and the read-out gradient with a 
specific phase (Haacke EM et al. 1999). This event needs to be repeated at the next 
line and so on. Therefore, the number of phase encoding steps is the same as the 
number of rows in the k-space data matrix and therefore, this determines the time of 
the imaging. The read-out, or frequency encoding, gradient is applied during the 
signal acquisition where the spatial location is encoded in the frequency information 
present in the acquired signal. The read-out gradient is able to form a specific 
resonance frequency for each column in the 2D raw data matrix. After the signal 
acquisition, the acquired frequency and phase information is transferred to the 
spatial, or time, domain with inverse discrete Fourier Transform formula in order to 
form a recognizable image (Haacke EM et al 1999).    

There are numerous ways to collect the k-space data matrix, for example 
Cartesian, radial or spiral acquistions. The most common approach is Cartesian k-
space acquisition where the signal is collected line by line through the whole k-space. 
When the whole k-space is sampled in this way, a Cartesian grid is formed. These 
steps are repeated with different phase encoding gradient strengths in order to gather 
enough phase information. When the whole k-space is collected, Fourier 
transformation is used to transform the data from the frequency space to the spatial, 
or time, space. The non-Cartesian method to sample the data is done by modulating 
the magnetic field gradients, which allows one to collect the k-space points in 
different paths or trajectories (McRobbie et al. 2007). However, the transformation 
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from the frequency space to the spatial, or time, space is usually more challenging 
than in the Cartesian approach. 

The synchronization of three magnetic field gradients and RF irradiation is 
managed by a pulse sequence, which modulates the orientation of M for example by 
applying different weighting methods such as T1, T2, T1 or TRAFF2. After all these 
modifications, the signal is acquired with specific modifications of M. 

 
 
 

2.6 THE HEART 

The heart is a muscle which pumps blood to provide oxygen and nutrients to the 
body (Taber CW et al. 2009). The mouse has a heart rate of around 400-500 beats/min, 
its cardiac output (CO) is about 8-12 ml/min with a stroke volume (SV) of around 20 
μl/beat (Kurtz TW et al. 2014). In humans, the heart rates are much slower, 50-70 
beats/min, cardiac outputs are in a range from 2.3-2.7 (L min-1 m-2) and stroke 
volumes are approximately 38-49 (mL m-2) (Heida M et al. 2019). The heart is located 
in the thoracic cavity between the left and the right lungs.  

 
 

2.6.1 The anatomy of the heart 

Figure 9 shows a cross-sectional image of the heart. The pericardium is the tissue 
around the heart, which connects the heart to its surroundings. Additionally, the 
space between the pericardium and the heart contains pericardial liquid, which 
ensures the low friction movement of the heart. The heart is formed by three specific 
layers, i.e. the epicardium, the myocardium and the endocardium. The epicardium 
is the outermost layer of the heart, and it seals the pericardial fluid within the 
pericardium. The myocardium is composed of elongated and webbed oriented 
cardiomyocytes, whose contractions never cease. The third layer, the endocardium, 
is located inside the heart, forming heart chambers by a seal between the cardiac 
muscle cells and the epicardium. (Hurst JW 2011) 

The heart has four different chambers, which are the left and the right atriums 
and ventricles (Hurst JW 2011). During diastole, blood flows from the atriums into 
the ventricles (Rhoades R et al. 2003). Subsequently, during systole, blood is ejected 
from the ventricles to aorta and pulmonary arteries (Rhoades R et al. 2003). Since the 
ventricles are pushing blood outside the heart, they have more resistance to 
overcome and therefore, the myocardium has thicker muscle layers than the walls of 
the atrium (Rhoades R et al. 2003). The heart has valves between the chambers and 
blood vessels to ensure that blood flows in only one direction. 
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Figure 9. A cross-section image of the human heart (Modified from Hurst JW 2011).  
 
 

2.6.2 The function of the heart 

The function of the heart can be said to have its foundation in electrical impulses 
(Hurst JW 2011). The electrical impulse in humans originates from the sinoatrial node 
(SAN) located in the upper posterior wall of the right atrium near the entrance of the 
superior vena cava (Klabunde RE 2017). The shape of SAN is ellipsoidal in humans; 
it has a triangular planar shape in the mouse (Torrente AG et al. 2015). The cardiac 
conduction system includes SAN, the atrioventricular node, the bundle of His, 
bundle branches and Purkinje fibres (James TN et al. 1971). The conduction system 
is similar in humans and mice (Torrente AG et al. 2015). The electrical impulse travels 
through the cardiomyocytes via the electrical conduction system (Saffitz JE et al. 
2016), which is formed by the sequential activation and inactivation of different 
current-carrying ion channels (Nerbonne JM et al. 2005). The electrical impulse 
travels first through the atria walls inducing the atrias to contract (Rhoades R et al. 
2003). The contraction of the atria only lasts for a small period of time. The electrical 
impulse continues to travel via the cardiac conduction system and ultimately it 
induces the ventricles to contract, i.e. systole. Systole also only lasts for a short period 
of time and then the contraction ends (Hall JE 2011). After systole, there is a time gap, 
which is defined as the relaxation period when the atria become filled with blood. 
This relaxation period is known as diastole (Rhoades R et al. 2003). After diastole, the 
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new electrical impulse is triggered in the SAN. The electrical impulses of the heart 
can be measured on the skin from the electrocardiogram (ECG) (Klabunde RE 2017). 

 
 

2.6.3 Myocardial infarction, MI 

MI occurs when the coronary artery is partly or fully occluded, which will lead to a  
prolonged interruption of perfusion in the myocardium, followed by inflammation 
(Hurst JW 2011; Thygesen K et al. 2012). The absence of perfusion leads to the lack of 
oxygen and nutrients in the myocardium and the necrotic death of cardiomyocytes 
(Kumar V 2015). This affects the volume of extracellular space and increases the free 
water content in the myocardium. This initiates a cascade of biological events, which 
strive to heal damaged area of the myocardium i.e. inflammatory cells start clearing 
the debris of dead myocytes and extracellular matrix from the infarcted area 
(Frangogiannis NG 2014). Eventually, this leads to the formation of fibrosis and also 
the formation of a collagen-based matrix, mainly type I collagen (van Oorschot JWM 
et al. 2015) in the damaged area (Robbers LF et al. 2012). Cross-linking of collagen 
increases the tensile strength of the scar and this affects the contraction of the 
myocardium and the propagation of electrical impulses in the heart. Additionally, 
the inflammation increases the formation of cardiac fibrosis and if the accumulation 
of the extracellular fluid is prolonged, the stiffness of the myocardium is increased, 
further decreasing myocardial contraction (Davis KL et al. 2000; Talman et al. 2016). 
All these phenomena associated with the MI can eventually lead to a pathological 
remodeling of the heart, i.e. hypertrophy, dilation of the chambers (Colucci WS 1997; 
Jarvelainen H et al. 2009) and finally heart failure (Kumar V 2015).  

 
 

2.6.4 The detection of the MI area 

MI can be detected and determined with various imaging modalities. MRI is 
beneficial in the detection of MI and section 2.10 will discuss the various uses of MRI 
in the detection and evaluation of MI. Hyperpolarized MRI (hMRI) is a novel MR 
technique for the determination of real-time metabolic activity in the area of the MI; 
the most common application is dynamic nuclear polarization (DNP) (Ylä-Herttuala 
E et al. 2019, Apps A et al. 2018, Timm KN et al. 2018). MI, the metabolism of the MI 
and the perfusion of the whole myocardium can also be detected with nuclear 
imaging based positron-emission tomography (PET) and single photon-emission 
computed tomography (SPECT) techniques where concentrations of radiotracers and 
their kinetics in the myocardium can be measured at very high sensitivities (Bengel 
FM et al. 2009). The MI area can be determined by x-ray based computed tomography 
(CT) (Vliegenthart R et al. 2012) and ultrasound (Faust O et al. 2017); however, these 
techniques are mainly applied for imaging the anatomy and the function of the whole 
heart. The disadvantages of PET, SPECT and CT are the use of ionizing radiation and 
the invasiveness of PET and SPECT techniques. Therefore, there is a huge advantage 
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associated with the non-invasive and non-radiating MRI techniques in the detection 
of the MI area with high temporal and spatial resolution. Thus, the development of 
novel MRI sequences would be highly advantageous.   

 
 
 

2.7 LYMPHATIC SYSTEM 

The lymphatic network is a closed tubular system to transfer lymphatic fluid 
(Sherwood L 2012). The lymphatic system contains lymphatic capillaries, collecting 
lymphatic vessels, lymph nodes and lymphatic organs, such as tonsils and spleen. 
Lymphatic vessels can be found in almost all vascularized tissues, except in bone 
marrow (Warwick R et al. 1973). Lymphatic fluid flow starts from small lymphatic 
capillaries, which collect the extracellular fluid, immune cells and macromolecules 
from tissues (Aspelund A et al. 2016). Lymphatic capillary endothelia is formed by a 
single layer of endothelial cells, which are connected by collagen fibers in the 
extracellular matrix (Aspelund A et al. 2016). Therefore, the extracellular fluid, 
immune cells and macromolecules are able to enter into the small lymphatic 
capillaries (Warwick R et al. 1973). Lymphatic fluid flows from the lymphatic 
capillaries into large and tighter lymphatic vessels (Warwick R et al. 1973). The 
surrounding skeletal muscles help lymphatic flow to move towards the lymphatic 
collectors, the lymph nodes and lymphatic organs (Norma S et al. 2016). The 
lymphatic vessels possess valves to prevent the backflow (Warwick R et al. 1973). 
Lymphangiogenesis is dependent on the presence of vascular endothelial growth 
factor (VEGF)-C and VEGF-D protein ligands and their receptor 3 (VEGFR-3), which 
are cruical in allowing the growth of the lymphatic vessels (Vuorio T et al. 2017; 
Karkkainen MJ et al. 2004). 

The lymphatic system is a key regulator of tissue fluid balance (Breslin JW 2014; 
Wiig H et al. 2012) as well as regulating the trafficking of immune cells (Kim KW et 
al. 2017) and soluble antigens (Aspelund A et al. 2016) and it is also involved in the 
transport of dietary fats from the intestine to the liver (Martel C et al. 2013). Since 
lymphatic capillaries and vessels regulate the tissue fluid balance, they have an 
important role in inflammatory reactions (Alitalo K 2011) associated with protection 
of tissues against pathogens, damaged cells and irritants (Medzhitov R 2010). 
Additionally, the activation of lymphangiogenesis and the remodelling of lymphatic 
vessels occur in inflammatory diseases (Kim H et al. 2014). The regulation and 
trafficking of immune cells exert a significant effect on immune defence since 
lymphatic vessels transport immune cells and soluble antigens from tissues to the 
lymphatic collectors and present antigens to immune defence cells (Randolph GJ et 
al. 2017). The lymphatic system has a vital role during the MI development since the 
lack of oxygen causes cell death, which is the stimulus for the inflammatory cells to 
start to remove dead cell debris through the lymphatic system and furthermore, the 
replacement of necrotic areas with fibrotic tissue involves the lymphatic system 
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(Aspelund A et al. 2016). Additionally, the cardiac lymphatic vessels undergo ectopic 
VEGF-C stimulation and enhance the lymphangiogenic response, which results in a 
transient improvement in cardiac function after MI (Klotz L et al. 2015). It is 
hypothesized that the disturbance of lymphatic system and thus, the fluid and 
nutrient balance of the tissue, can cause the apperance of edema in tissue, which 
subsequently affects the cardiac function (Huang LH et al. 2017; Yla-Herttuala S et 
al. 2007). 

The lymphatic network is distributed through all layers of the myocardium and 
heart valves (Kholova et al. 2011; Ratajska A et al. 2014) since it is vital that there is a 
homeostasis in the fluid balance in the heart. It has been shown in canine models that 
cardiac lymph flow begins at the endocardium and passes through the whole 
myocardium as far as the epicardium. In the epicardium, the lymph fluid is collected 
into larger pre-collecting lymphatic vessels, which lead to mediastinal lymph nodes. 
In diastole, the increased pressure in the ventricle chambers pushes the lymphatic 
fluid from the endocardium to the inner myocardium. The lymphatic fluid is then 
moved through the lymphatic capillaries inside the myocardium to the epicardial 
lymphatics with the help of contracted cardiac myocytes during the systole. (Norma 
S et al. 2016; Huang LH et al, 2017). 

 
 

2.8 VASCULAR ENDOTHELIAL GROWTH FACTORS (VEGFS) 

VEGFs are a protein ligand family, which play an important role in myocardial 
angiogenesis (Yla-Herttuala S et al. 2017) (Figure 10). In this thesis, the main focus 
was placed on VEGF-D and its receptor VEGFR-3 since VEGF-C knockout mice are 
embryonically lethal (Janssen L et al. 2016). VEGF-D can stimulate both myocardial 
lymphangiogenesis and angiogenesis (Yla-Herttuala S et al. 2017, Lähteenvuo JE et 
al. 2009). However, when there is a malfunctioning of the VEGFR-3, both 
lymphangiogenesis and angiogenesis are blocked and therefore, the normal 
development and maintenace of lymphatic vessels no longer occurs in the 
myocardium although this is not vital for the survival of the mouse. Additionally, 
VEGF-D may be involved in mediating lymphangiogenesis during local 
inflammatory reactions (Bui HM et al. 2016). The putative therapeutic properties of 
VEGF-D have also been examined in several preclinical studies (Nurro J et al. 2016, 
Rissanen TT et al. 2003). 

VEGFR-3 is the primary receptor for VEGF-C (Joukov V et al 1996) and VEGF-D 
(Achen MG et al 1998) and it is mainly located in the lymphatic endothelium 
(Kaipainen A et al. 1995) (Figure 10). Mutations in VEGFR-3 gene cause primary 
lymphedema; this is called Milroy’s disease where a swelling is found in the 
extremities (Karkkainen MJ et al. 2000). Additionally, VEGFR-3 functions as the main 
receptor for lymphangiogenic signalling, and it can also control the activation of 
VEGFR-2 (Heinolainen K et al. 2017).    
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Figure 10. Different members of VEGF family, their receptors and effects in surrounding 

tissues (Modified from Yla-Herttuala S et al. 2017).  
 
 

2.9 K14 MOUSE MODEL 

The mouse model sVEGFR3 x LDLR-/-/Apob100/100 has the genotype of K14-sVEGFR3. 
This means that the mouse expresses a fusion protein consisting of the ligand-
binding portion of the VEGFR-3 extracellular domain together with the fragment of 
a crystallizable domain of the immunoglobulin–chain under the K14-keratinocyte 
protein (Makinen T et al. 2001). Mice with this genotype have a phenotype of 
lymphedema and a lack of cutaneous lymphatic vessels (Makinen T et al 2001, Olsson 
AK et al. 2006). In other words, this mouse model has lymphatic vessels but the 
VEGFR-3 is malfunctioning and therefore, the development and the maintenance of 
lymphatic vessels do not function properly.  

  
 
2.10 SMALL ANIMAL CARDIAC MRI 

Cardiac MR imaging can be divided into functional and anatomical imaging 
(Biederman RW et al. 2011; Biederman RW et al. 2008). In most mouse models, both 
imaging modalities uses respiration and ECG triggers (Zamorano JL et al. 2015).  
With the help of these triggers, the MR images can be acquired every time at the right 
phase of the heart cycle and the movement of the heart and respiration can be 
neglected. However, both imaging modalities can also be performed without 
external triggers; this reduces the total scan time and is more comfortable for patients 
(Beer M et al. 2010) and animals (Bakermans AJ et al. 2015, Krämer M et al. 2015). 
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2.10.1  The anatomy and the function of the heart 

The anatomy of the heart is assessed such that the whole heart is imaged to contain 
data from one heart cycle (Biederman RW et al. 2011; Biederman RW et al. 2008). The 
single heart cycle includes diastole-systole-diastole periods. The most common 
method used to image the anatomy of the heart is a stack of short-axis slices covering 
the whole heart (Moghari MH et al. 2018). One short-axis slice contains one heart 
cycle in one specific location of the heart. The information from this single short-axis 
slice is valuable since it can be used to determine the function of the heart and 
calculate the ejection fraction (EF), left ventricle (LV) volume in both end diastole 
volumes (EDV) and end systole volumes (ESV), stroke volume (SV) and cardiac 
output (CO) (Stuckey DJ et al. 2008, Stuckey DJ et al. 2008, Schneider JE et al. 2008). 
Imaging of the function of the heart is possible with a movie mode technique 
(Zamorano JL et al. 2015), which is based on the heart rate and that determines the 
number of T1–weighted images, which need to be acquired (McRobbie DW et al 
2007). During a single heart cycle, the whole heart cycle is imaged so that a pre-
specific amount of k-space lines are acquired for every cine image (McRobbie DW et 
al 2007). After one heart cycle comes the next one and the acquiring of every k-space 
line continues where it ended in the last heart cycle (McRobbie DW et al 2007). By 
calculating the functional parameters from all of the short-axis slices, it is possible to 
determinate the functional parameters of the whole heart (Stuckey DJ et al. 2008). 
Additionally, one can calculate the thickness and the volume of the myocardium 
from the pack of short-axis slices (Leiner T et al. 2018). From the pack of MR images, 
the animation from the movements of the left ventricle can be created to visualize the 
function of the heart (Bakermans AJ et al. 2015). Imaging the whole heart with 3D 
acquisition is becoming more common in clinical settings (Moghari MH et al. 2018) 
and this has been reported to allow the reliable determination of cardiac function 
parameters (Liu J et al. 2017). 

 
 

2.10.2  The anatomy and the function of the heart in MI 

If a patient suffers an MI, this disturbs radically the function and the anatomy of the 
heart (Biederman RW et al. 2008). Since MI causes a malfunction in some areas of the 
myocardium, this can be detected as a reduced movement of the myocardium in 
those areas during the heart cycle. The reduced movement can be quantified as 
decreased EF and CO values (Protti A et al. 2012; Khan JN et al. 2017; Palazzuoli A et 
al. 2015, Sanches PG et al. 2017). Additionally, there is a decrease in the thickness in 
those areas of the myocardium (Opie LH et al. 2006) as the myocardium strives to 
compensate for the malfunctioning areas to maintain the same blood volume, or 
constant SV, being demanded by the circulation system and the body (Protti A et al. 
2012). The compensation leads to an increase of ESV, EDV and LV mass, which can 
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be accurately determined from the MR images acquired in either horizontal (Protti A 
et al. 2012; Galli A et al. 2016) or vertical (Tyler DJ et al. 2006) bore MR systems.  

 
 

2.10.3  Gd in MI 

The LGE technique is currently the gold standard to assess and locate the chronic MI 
area in clinics (McRobbie DW et al 2007; van Oorschot JW et al. 2015). LGE is based 
on a decreased tissue perfusion together with a compromised cellular integrity and 
extracellular edema (Geelen T et al. 2012, Strijkers GJ et al. 2007). Its wash-in-wash-
out feature and its fast T1 relaxation mean that the LGE technique has become the 
most widely used MR imaging modality if one wishes to distinguish an MI area from 
its surroundings (Krumm P et al. 2017; Ishida M et al. 2009; Geelen T et al. 2012). 
When Gd is bound to albumin, the alterations of the signal were associated with 
remodeling between acute and chronic MI (Lavin B et al. 2018). Therefore, it is 
impossible to determine exactly the MI borders from the normal myocardium with 
LGE since the border area contains mixed amounts of healthy cardimyocytes, 
collagen and fibrotic scar tissue, which all have different wash-in-wash-out-rates for 
the Gd chelate (Saeed M et al. 2017; Maestrini V et al. 2014). In some cases, it is hard 
to distinguish the MI area from blood but adding the T2 preparation between the 
inversion pulse and the signal acquisition can resolve this problem (Fahmy AS et al. 
2018). Additionally, small MI areas in the endocardium might not be detected due to 
the high signal of the blood pool in the LV (Saeed M et al. 2017). There are some 
negative features associated with the LGE technique including an inability to 
determine the composition of the scar tissue, highlight the extracellular water 
content, and a failure to determine diffuse fibrosis and global alterations in the 
myocardium (Saeed M et al. 2017; Maestrini V et al. 2014). Different kinds of Gd-
based imaging methods, such as LGE and T1 mapping, have been used for the 
detection of diffuse fibrosis in myocarditis, amyloidosis, sarcoidosis, hypertrophic 
cardiomyopathy due to aortic stenosis, restrictive cardiomyopathy, arrythmogenic 
right ventricular dysplasia and hypertension, which result in hyperintensity MR 
images in the damaged area of the myocardium (Saeed M et al. 2017). 

Gd can also be used to determine the extracellular volume (ECV) which is possible 
by imaging the T1 map before and after the Gd injection (Leiner T et al. 2018, Saeed 
M et al. 2017; Captur G et al. 2016). Additionally, one needs to have information about 
the hematocrit values in order to be able to calculate the exact ECV value (Saeed M 
et al. 2017; Captur G et al. 2016). The ECV fraction in the MI area is higher than in the 
other areas of the myocardium (Klein C et al. 2004). The ECV technique is able to 
determine the distribution of the cellular and extracellular matrix compartments 
(Mavrogeni S et al. 2017). The ECV has been associated with the extent of myocardial 
fibrosis and has been validated against collagen volume fraction (Messroghli DR et 
al. 2017; Haaf P et al. 2016) together with a better agreement to the collagen volume 
fraction as compared to post-contrast T1 alone (Sibley CT et al. 2012). 
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2.10.4  T1 mapping in MI 

T1 relaxation time can be calculated by acquiring multiple T1 weighted MR images 
and fitting a curve to signal intensities in a pixel-by-pixel manner (Maestrini V et al. 
2014) with the outcome being a T1 map. The T1 relaxation time map makes it possible 
to determine both visually and quantitatively the MI area in the whole myocardium 
(Garg P et al. 2018; Bulluck H et al. 2017; Sanz J et al. 2016, Coolen BF et al. 2011). This 
reliable tissue characterization is based on the alterations in the composition of the 
whole myocardium, which are caused by the changes in the intrinsic water properties 
inside the myocardium (e.g. edema) and the formation of collagen with an increase 
in the interstital space (e.g. fibrosis of infarction) (Garg P et al. 2018). These alterations 
within the myocardium will increase the T1 relaxation time and generate a contrast 
difference within the myocardium (Garg P et al. 2018). 

The T1 relaxation time has been shown to increase during the development of the 
MI (Mavrogeni S et al. 2017; Garg P et al. 2018; Radenkovic D et al. 2017). However, 
in chronic MI, the T1 relaxation time is not as greatly elevated as in the acute phase 
of the MI (Kali et al. 2014). This is due to the development of edematous and necrotic 
tissues, which are later replaced partly by extracellular collagen (Kali et al. 2014). 
Therefore, T1 mapping is used to globally determine the pathological changes within 
the myocardium after MI (Mavrogeni S et al. 2017; Radenkovic D et al. 2017).  

 
 

2.10.5  T2 mapping in MI 

The T2 relaxation time mapping is beneficial for visualizing and quantifying the 
whole myocardium with MI (Messroghli DR et al. 2017; Garg P et al. 2018). Since the 
T2 relaxation time is sensitive to alterations in the extracellular free water content, the 
use of T2 mapping is appropriate for the determination of the acute MI (Messroghli 
DR et al. 2017; Mavrogeni S et al. 2017). The extracellular free water content increases 
if there is reversible tissue damage as well as in the presence of edema, which is seen 
as increased T2 relaxation times and explains the use of T2 mapping in the 
determination of acute MI (Mavrogeni S et al. 2017; Messroghli DR et al. 2017, Coolen 
BF et al. 2012). The increase in the extracellular free water content in damaged tissue 
is attributable to an increased movement of water molecules between the cell and the 
extracellular space and also due to the dissociation of water molecules from proteins 
(Abdel-Aty H et al. 2004). However, this is not the only reason for the increase in the 
amount of extracellular space since 1) the loss of sarcomere membrane integrity, 2) 
the presence of fibrotic tissue (Saeed M et al. 2015) and 3) the change in the scar tissue 
in the necrotic area are also able to influence the interstital volume (Garg P et al. 
2018). For these reasons, there is a contrast formed between the damaged area and 
the normal area (Garg P et al. 2018). A distributed contrast-to-noise-ratio and 
elevated sensitiveness to motion artefacts are factors limiting the accuracy of T2 
mapping (Mavrogeni S et al. 2017; Garg P et al. 2018). Additionally, there is also 
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bleeding in the MI area, which increases the amount of deoxy hemoglobin in the MI 
area and this decreases the T2 relaxation time because deoxyhemoglobin is a 
paramagnetic molecule (Mavrogeni S et al. 2017; Verhaert D et al. 2011; Saeed M et 
al. 2017).  

 
 

2.10.6  T1 mapping in MI 

T1 relaxation is sensitive to slow molecular motions, which occur in the frequency 
range of 0.1 to 5 kHz. It is worthwhile comparing this range to the T1 relaxation range, 
which is sensitive at close to the Larmor frequency (i.e. the range of 10-500 MHz). 
The sensitivity to slow molecular motion (i.e. the range of 0.4-2.0 kHz and 𝜏 is 
around of 10-1-10-5 s) and macromolecular interactions explains the increased T1 
relaxation time in a fibrotic and necrotic MI area, with increased extracellular space 
together with the higher free water content and reduced interaction between 
macromolecules and the water molecules (Sepponen RE et al. 1985; Kis E et al. 2018; 
van Oorschot JW et al. 2015). Therefore, T1 mapping is able to differentiate the MI 
area without the need for CAs and this has also been demonstrated in human patients 
(van Oorschot JW et al. 2014; Huber S et al. 2006). Additionally, an increased T1 
relaxation time has been associated with a senstivity to cardiac fibrosis (van Oorschot 
JW et al. 2015; Sepponen RE et al. 1985; Kis E et al. 2018, Ferrari VA et al. 2011), 
myocardial fibrosis in ischemic cardiomyopathy patients (van Oorschot JW et al. 
2017) as well as in the determination of chronic MI area in swine (Witschey WR et al. 
2010; Witschey WR et al. 2012). Increased T1 relaxation time without the need for 
CAs has been associated also with fibrosis in cardiac hypertrophy in human patients 
(Wang C et al. 2015) and in mice (Khan MA et al. 2018). Furthermore, T1 is sensitive 
to relaxation mechanisms, such as proton exchange between water and amide, amine 
and hydroxyl functional groups, which may also help to characterize diseased 
myocardial tissue (Han Y et al. 2014; Robbers LF et al. 2012). The T1 measurement 
exposes tissue to heating and SAR may exceed safety limits (van Oorschot JW et al. 
2015). Therefore, the power of SL RF pulse needs to be limited to lower values, which 
leads to a decreased contrast-to-noise ratio. However, one technique to reduce SAR 
and imaging time in T1 method is to utilize the T1 method with a single-shot 
technique together with motion correction (Berisha S et al. 2016).  

 
 

2.10.7  TRAFFn mapping in MI and other applications 

The RAFFn method has been used to determine the MI area in a few studies. Since 
the TRAFFn relaxation time method is an advanced version of the T1 relaxation time 
method, TRAFFn relaxation time is also sensitive to slow molecular motions, which 
occur in the frequency range of 0.1 to 5 kHz (𝜏 is around of 10-1-10-5 s). It has been 
demonstrated that TRAFFn mapping can determine accurately the MI area from its 
surroundings and also TRAFFn mapping has been found to be more sensitive than T1 
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mapping in the detection of fibrotic area in the hypertrophic myocardium in mice 
(Khan MA et al. 2018). The SAR values with the same effective field ranges are 
significantly lower in the TRAFFn relaxation time method as compared to the T1 
relaxation time method which is an advantage of the TRAFFn relaxation time method 
(Liimatainen et al. 2015). Lower SAR values become more obvious with the higher n 
ranks (Liimatainen et al. 2015). A recent study revealed that RAFF2 and RAFF3 
methods with steady state extraction could be used as an alternative technique for 
ECV mapping of MI in humans (Mirmojarabian A et al. 2020).  

The RAFFn method has also been used in some applications outside the heart. A 
high correlation was detected between TRAFF4 and histology together with early 
regenerative changes in a TRAFF4 relaxation time map in skeletal muscle after the 
induction of ischemia in mice (Laakso H et al. 2018). In brain, RAFFn has been 
associated with the histologically derived cell density in a rat glioma model where 
tha animals were being treated with gene therapy (Liimatainen et al. 2012), i.e. TRAFF2 
relaxation was seen to be driven by the T2 relaxation pathway in a rat cerebral 
ischemia model together with a finding the differentiation of the RAFF2 time course 
from magnetic transfer (Jokivarsi et al. 2013). Furthermore, TRAFF4,5 has demonstrated 
a high sensitivity for detecting the myelin content and it has been used for selective 
myelin mapping in the rat brain (Hakkarainen H et al. 2016); RAFFn has also proven 
to be a valuable method to image demyelination lesions in a non-invasive manner 
(Lehto LJ et al. 2017). In prostate cancer mouse models TRAFF2 was found to 
outperform continuous wave T1 and T2 in the determination of the severity of the 
prostate tumor (Jambor et al. 2016a; Jambor et al. 2016b) and for assessing the efficacy 
of chemotherapy in treating the prostate tumor (Laakso H et al. 2020). Additionally, 
TRAFF2 has been found to be sensitive to trypsin-induced bovine cartilage 
degeneration (Ellermann J et al. 2013) and the TRAFF2 correlated strongly with the 
biomechanical parameters associated with cartilage degeneration (Rautiainen J et al. 
2015).   
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3 AIMS OF THE STUDY 

This thesis focused on the characterization of  myocardial infarction and its size using 
novel non-invasive magnetic resonance imaging tools without the need to administer 
contrast agents. Furthermore, the association between the cardiac lymphatic system 
and the progression of myocardial infarction was determined by exploiting novel 
magnetic resonance imaging tools.  

 
The specific aims of this study were: 
 
1. To measure T1 relaxation times in acute and chronic myocardial infarction 

areas in mice. 
 

2. To characterize acute and chronic myocardial infarction with the novel TRAFFn 
approach. 

 
3. To examine the role of VEGFR3 and the cardiac lymphatic system in the 

healing process occurring after a myocardial infarction. 
 
4. To explore relationship between lymphatic insufficiency and cardiac edema 

after a myocardial infarction. 
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4 SUBJECTS AND METHODS 

Applications of MRI relaxation time methods T1 (I) and RAFFn were used to detect 
MI in wild type mice (II) and in mice with an insufficient lymphatic vasculature 
together with their littermates (III, IV). All animal experiments were performed in 
the A.I. Virtanen Institute for Molecular Sciences in Kuopio. Detailed descriptions of 
the methods are provided in the original publications (I-IV); in the following sections 
summarized versions of these methods are presented. 

 
 

4.1 ANIMALS 

All animal experiments were performed according to the guidelines approved by the 
University’s Institutional Animal Care and Use Committee and Provincial 
government consistent with the EU Directive 2010/63/EU. All animal experiments 
were approved by the Finnish National Animal Experiment Board (ELLA) and were 
carried out in accordance with the Act on the Protection of Animals Used for 
Scientific or Educational Purposes (497/2013). All efforts were taken to minimize the 
number of animals used and the suffering of the animals.  
 

 
4.1.1 Mice (I-IV) 

Mice were chosen to be used in studies (I-IV) because 99 % of human genes have 
direct murine orthologs. Furthermore, mice have a relatively high breeding rate, 
which makes it possible to mimic the disease at an accelerated phase (Camacho P et 
al. 2016; Recchia FA et al. 2007). Additionally, mice are easy to handle and house, 
they have a short gestation time, they can be genetically modified to produce new 
transgenic strains and also they have low maintenance costs (Camacho P et al. 2016; 
Recchia FA et al. 2007). Normal and genetically manipulated mouse models can be 
established and extended into larger animal models and eventually into humans 
(Camacho P et al. 2016; Milani-Nejad N et al. 2014). Additionally, the A.I. Virtanen 
Institute for Molecular Sciences in Kuopio already had all of the mice models ready 
for the experiments of studies (I-IV).  

In studies (I) and (II), 12 week old 20-25 g female C57BL mice (n=7 in (I), n=10 
in (II)) were examined to determine the MI area with the various MRI contrasts 
described in sections 2.0.-2.10. and the contrasts were compared with histology. In 
study (III), 13-17 week old weighting 20-25 g female and male sVEGFR3 (n=22), 
control (n=22) and Chy (n=4) mice were used to determine the effects of the lymphatic 
system on the development of the MI. sVEGFR3 mice are genetically modified so that 
the function of VEGFR-3 is blocked and therefore lymphangiogenesis is insufficient, 
causing a dysfunction of lymphatic vessels (Vuorio T et al. 2014). The blockade of 
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sVEGFR3 was examined in hyperlipidemic LDLR--/- x ApoB100/100 mice, which 
originate from a C57BL strain. Additionally, Chy mice (Vuorio T et al. 2014) were 
also bred with hyperlipidemic LDLR--/- x ApoB100/100 mice. LDLR--/- x ApoB100/100 
littermates which were bred from sVEGFR3 mice were used as controls. In study 
(IV), mice with the same genetical background (sVEGFR3 (n=11) and sVEGFR3 
littermates (n=14)) of a similar age (13-17 week old) and weight (20-25 g) were used 
to determine the MI area with different MRI methods as well as with histology.  

 
 
 

4.2 ANIMAL PREPARATION 

 
4.2.1 Induction of MI (I-IV) 

Mice were anesthetized with 4 % isoflurane in a 70 % N2 and 30 % O2 gas mixture. 
The anesthesia was maintained by reducing the level down to 2 % of isoflurane. The 
left anterior descending (LAD) coronary artery was occluded in all mice by pulling 
the heart out from the thorax cavity as described (Gao E et al. 2010). The LAD was 
ligated with a 6.0 silk suture approximately at the midway level between the base of 
the heart and its apex. After the LAD ligation, the heart was replaced in its original 
location. After the operation, analgesics were injected subcutaneously with the 
treatments being repeated on days 1 and 2 after the operation.  

 
 
4.2.2 Preparation for MRI experiments (I-IV) 

Before the MRI experiments, mice were anesthetized with 4 % isoflurane with 70 % 
N2 and 30 % O2 gas mixture and the anesthesia was maintained by reducing the 
isoflurane level to 1 to 1.5 %. Body temperature of the mice was maintained close to 
37 °C with a warm water pad placed under the animals. ECG was measured from 
the forepaws of the mice using needle electrodes. Respiration was monitored by a 
pneumatic pillow placed under the mice. Both ECG and respiration signals were 
used to gate the MRI experiments. 

 
 
 

4.3 MRI 

Study (I) was performed with the same horizontal 9.4 T magnet as in studies (II-IV); 
however, a Varian DirectDriveTM console (Varian Inc., Palo Alto, CA) was used to 
control the magnet. Additionally, a half volume quadrature RF transceiver coil with 
a diameter of 35 mm (Virtumed, Minneapolis, MN) was uset to transmit and acquire 
the MR signal. Studies (II-IV) were performed using a horizontal 9.4 T magnet 
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(Varian Inc. Palo Alto, California, USA) equipped with a gradient set capable of a 
maximum gradient strength of 600 mT/m, which were controlled by a Bruker console 
(Bruker GmbH, Ettlingen, Germany). A quadrature volume transceiver with 35 mm 
diameter (Rapid Biomed GmbH, Ettlingen, Germany) was used to transmit and 
acquire the MR signal.  
 

 
4.3.1 Cine imaging 

Cine imaging in studies (I-IV) were acquired with a stack of short-axis slices covering 
the whole heart. Cine images were taken using fast imaging with a balanced stedy 
state precession (FISP) readout sequence. The cine image parameters are shown in 
Table 1. The number of movie frames was dependent on the mouse’s heart rate and 
therefore, 10-12 movie frames were taken. Additionally, approximately 8-11 slices 
were imaged to cover LV.  

 
 

4.3.2 T2 relaxation  

T2 relaxation weightings in studies (I-IV) were done with a preparation module, 
which was placed in front of the FISP readout. The T2 weighting module used a Hahn 
double echo, i.e. SE and contained an AHP excitation pulse, a delay of TE/4, one HS1 
pulse, a delay of TE/2, another HS1 pulse, a delay of TE/4 and a reversed AHP pulse. 
Details about the parameters of T2 weighted preparation module and the FISP 
readout are shown in Table 1.  

 
 

4.3.3 T1 relaxation 

T1 relaxation weightings in studies (I-IV) were also performed with a preparation 
module. The T1 relaxation weighting preparation module included an AHP 
excitation pulse, a continuous wave SL pulse and an AHP back pulse. The parameters 
used to achieve the T1 weighting are shown in Table 1. After the rotating frame 
preparation, the FISP readout was used to collect the MR signal. In study (I), the 
dispersion of T1 measeurements were done by varying the SL power in a range of 
1.25-5.0 kHz with TR = 3.5 ms and TE = 1.6 ms in a TurboRARE read out.  

 
 

4.3.4 RAFFn relaxation 

RAFFn (n=2,4) relaxation weightings in studies (II-IV) were also done with a 
preparation module. The rotating frame preparation module consisted either RAFF2 
or RAFF4 pulses with a varying number of pulses in pulse trains (Table 1). After the 
rotating frame preparation, the FISP readout was used to acquire the MR signal.  
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4.3.5 B1 field 

To map the homogeneity of B1 magnetic field in studies (II-IV), a square RF pulse 
with a power of 625 Hz and a varying pulse duration were applied. The details about 
the parameters of B1 measurement are shown in Table 1. After the block pulse, the 
FISP readout was used to collect the MR signal.  

  
 

4.3.6 LGE 

LGE measurements were done at the last time point and it was based on inversion 
preparation followed by the FISP readout in study (II). The parameters used for the 
LGE measurements are shown in Table 1. LGE measurements required a tail vein 
injection of gadobutrol (Gadovist, Bayern Oy, Turku, Finland) with an intravenous 
injection volume of 5 ml/kg per mouse.   

 
Table 1. MRI parameters used in studies (I-IV). 

MRI method Description 

Cine 
field-of-view (FOV) = 4 x 4 cm2 (3 x 3 cm2 in study (I)), slice thickness (thk) = 1 mm 
(1.2 mm in study (I)), matrix size = 192 x 192 (128 x 128 in study (I)), TE = 1.9 ms 

(2.7 ms in study (I)), TR = 8.0 ms (10.0 ms in study (I)) and flip angle (fa) = 10° 

T2  
Excitation AHP: power 1250 Hz, duration 3.0 ms, HS1: power 1250 Hz, duration 4.5 
ms, reversed AHP: power 1250 Hz, duration 3.0 ms, TEs = 0.05, 2.3, 4.5, 14.0 ms 

T1 
Excitation AHP: power 1250 Hz, duration 2.0 ms (6.0 ms in study (I)), continuous 

wave SL with TSL = 0.4, 9.4, 27.4, 45.4 ms (0, 18, 26, 54 ms in study (I)), AHP back 
pulse: power 1250 Hz, duration 2.0 ms (6.0 ms in study (I))  

TRAFFn, n=2,4 
(II-IV) 

RF power for RAFF2: 1250 Hz and for RAFF4: 648 Hz, Pulse train lengths: 0, 9.1, 
18.2, 36.2 ms 

FLASH readout 
(I) 

FOV = 3 x 3 cm2, thk = 1.5 mm, matrix size = 128 x 128, TE = 8.0 ms, TR = 2.0 ms, 
fa = 90°  

TurboRARE 
readout (I) 

FOV = 3 x 3 cm2, thk = 1.5 mm, matrix size = 128 x 128, TE = 1.6 ms, TR = 3.5 ms, 
fa = 15° 

FISP readout 
(II-IV) 

FOV = 4 x 4 cm2, thk = 1 mm, matrix size = 256 x 256, TE = 1.9 ms, TR = 14.9 ms, 
fa = 90°  

B1 
Power: 625 Hz, pulse durations: 0, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75 ms; FISP: 

FOV = 4 x 4 cm2, thk = 1 mm, matrix 128 x 128, TE = 1.9 ms, TR = 14.9 ms, fa = 90° 

LGE 
TI: 300 ms, FOV = 4 x 4 cm2, thk = 1 mm, matrix size 256 x 192, TE = 2.0 ms, TR = 

5.6 ms, scan TR = 3000.0 ms, fa = 90° 
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4.4 HISTOLOGY 

Histology is used in the animal studies not only to acquire cellular level information 
of the studied tissues but it also allows a confirmation of the MRI findings. Histology 
is an invasive technique and it is done after the sacrifice of the animals i.e. heart 
samples were collected and prepared for staining (Huusko J et al. 2010). In studies (I-
IV), histological information were compared with MRI results to obtain cellular level 
explanations for the differencies or alterations detected by MRI.  

In study (I), mice were sacrificed on day 20 after the MI. In studies (II and IV), 
mice were sacrificed on day 21 after the MI; in study (III), mice were sacrificed either 
on day 4, on day 8 and on day 42 after the MI. Immediately after sacrifice, the hearts 
were perfused through the LV with phosphate buffered saline, and then the samples 
were immersion-fixed with 4 % paraformaldehyde with sucrose in phosphate 
buffered solution for 4 h (Huusko J et al. 2010) after which the hearts were placed in 
15 % sucrose.  

 
 
 

4.5 ULTRASOUND 

In study (III), transthoracic echocardiography was performed on day 7 or on day 35 
after the MI (VEVO 2100, VisualSonics, Toronto, Canada). High-frequency and high-
resolution images were collected during the time when the mice were anesthetized 
with isoflurane. The imaging system included a transducer probe operating at 18-38 
MHz (MS-400, VisualSonics). During the imaging, the ECG signal was acquired to 
trigger imaging similarly as in MRI and the ECG data were exported from Vevo 
software (VisualSonics) and analyzed with rodent ECG imaging software (Kubios 
HRV 2.0, Kuopio Finland). 

 
  
 

4.6 DATA-ANALYSIS 

4.6.1 ROI analysis 

Region-of-interests (ROIs) were manually traced with visual delineations of different 
areas of the heart, ROIs were drawn using Aedes software package in Matlab 
platform (Mathworks Inc. Natick, Massachusetts, USA).   
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4.6.2 Cardiac function 

In the determination of the cardiac functions, EDV and ESV ROIs were drawn based 
on the endocardial border in cine images in studies (I-IV). The SV was calcuated with 
a function of SV=EDV–ESV. Additionally, CO was calculated as CO=SV·HR, where 
HR is the heart rate of the mouse. The most common parameter to describe cardiac 
function is EF, which is calculated as EF=(SV/EDV)·100%. The EF describes how well 
the LV pumps the blood into the aorta. In study (I), LV was also calculated during 
the systolic phase. In study (IV), LV mass was also determined by ROI analysis so 
that ROI was drawn in the LV area during the diastole phase in every cine image at 
all time points.  

 
 

4.6.3 Relaxation time and B1 maps 

All relaxation time data and B1 were calculated from signal intensities of weighted 
MR images on a pixel-by-pixel basis using Aedes on a Matlab platform. The signal 
intensity values from a specific pixel can be connected by fitting a function within 
the MR images. When the pixel-by-pixel analysis is done, the relaxation time map 
can be formed.  

In study (I), T1 relaxation time maps were fitted using single monoexponential 
decay function. In studies (II-IV), TRAFF2 and TRAFF4 relaxation time maps were fitted 
by using a single mono-exponential decay function without taking into account the 
steady state formation (Eq 19). Additionally, T1 and T2 relaxation time maps were 
fitted using linear function for linearized data. As B1 measurements were done by 
increasing hard pulse lengths, a fit of single cosine function was used to obtain a B1 
map (Vaughan JT et al. 2002) in studies (II- IV). 

 
 
4.6.4 Myocardial infarct and remote area determination 

In studies (I-IV), MI and remote areas were determined from the relaxation time 
maps and cine images using ROIs. The MI area was detected as an increased 
relaxation time in every relaxation time map and also in the cine images as a thinner 
myocardium, which was not moving during the heart cycle. The MI area in LGE 
image was visible as a bright area inside the myocardium (study (II)). In all cases, the 
remote area was determined from the area of normally functioning myocardium. 

 
 

4.6.5 Relative relaxation time difference, RRTD 

In studies (II, IV), the RRTD was determined between the relaxation times from the 
MI area and from the remote area. An RRTD analysis was done with a midline 
length-based method with a function of ((T(infarct)-T(remote))/T(infarct))·100%, where T 
denotes either TRAFF2, TRAFF4, T1 or T2 relaxation times. 
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4.6.6 Infarct percentage 

In studies (I-IV), the MI size from the whole myocardium was determined in relation 
to the MI size of the whole myocardium. Infarct percentage analysis was done with 
a midline length-based method with a function of (L(infarct)/L(circumference))·100%, where L 
denotes a measured length from either TRAFF2, TRAFF4, T1, T2, LGE (II) or histology 
stained sections. 

 
 

4.6.7 Amount of overestimation, AOE 

Since the LGE measurement in the determination of the MI area is currently the gold 
standard, an amount of overestimation (AOE) analysis reflects the relation between 
the LGE determined MI area and the MI area determined by relaxation time maps. 
AOE values can be calculated based on the midline length with a relation function of 
((L(infarct)-LGE(infarct))/L(infarct))·100%, where L denotes either TRAFF2, TRAFF4, T1 or T2 
relaxation times. AOE values were determined in study (II). 

 
 

4.6.8 Area of difference, AOD  

When the LGE measurement is not used, the AOE analysis cannot be performed. A 
new approach to compensate for this short-coming is to estimate the area of 
difference (AOD). The idea behind AOD is the same as in the AOE but the 
relationship is formed between T2 defined MI area and the rotating frame relaxation 
defined MI area. AOD is calculated based on the midline length with a relation 
function of ((AT2(infarct)-A(infarct))/A(infarct))·100%, where AT2(infarct) denotes the length of the 
MI size in T2 relaxation time map and A(infarct) denotes the infarct size in either TRAFF2, 
TRAFF4 or T1 relaxation time maps. AOD values were determined in the study (IV). 

 
 

4.6.9 Molecular and cell culture 

Molecular biology and cell culture were determined in study (III). Initially, sVEGFR3 
and Chy mice were genotyped with polymerase chain reaction (PCR) using DNA 
extracted from ear punctures. Then gene expression analysis was done by extracting 
RNA from snap-frozen tissue samples using RNA extraction kits (Qiagen). 
Furthermore, a quantitative real-time PCR was done for individual genes. 
Additionally, Westerm blot was performed to analyze specific protein in plasma or 
tissue samples.  

 
 



 

62 

4.6.10  Statistics  

In studies (I-IV), two-way ANOVA with Bonferroni post-hoc test was applied to 
compare the spatial and temporal alterations between the MI and remote areas. 
Analyses were done with GraphPad Prism software (GraphPad Software, La Jolla, 
CA, USA). In study (III), two-tailed unpaired t-test and one-way ANOVA with 
Bonferroni correction were used. 
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5 RESULTS 

The characterization of  MI and its size using non-invasive magnetic resonance 
imaging tools without the need for administration of contrast agents was the main 
aim of this thesis. Additionally, the association between the cardiac lymphatic system 
and the progression of myocardial infarction as assessed by rotating frame and 
conventional magnetic resonance imaging tools was a further aim of this thesis.  

 
 
5.1 CARDIAC FUNCTION (I-IV) 

Cardiac functional parameters revealed the development of MI as expected. The 
results of EF and LV results are found in Table 2 and in Figure 11. Other cardiac 
function parameters, such as SV and CO remained stable at all time points (Table 1 
in (I), Table 2 in (II), Figure 11), and therefore, they are not included in Table 2. EF 
decreased as a function of time (Table 2), which was due to the development of MI 
and the stiffness of the myocardium and this caused a progressive reduction in the 
pumping efficacy of the MI hearts. Additionally, LV mass increased after the MI 
(Table 2). In study (I), the thickness of end systolic LV wall was also measured. There 
was a 60 % decrease in the LV wall thickness in the MI area and this decrease 
remained throughout the study (Table 1 in (I)).  

 

 
Figure 11. Cardiac function parameters A: from study (III) and B: from study (IV). 
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Table 2. Cardiac functional parameters as a function of time in studies (I-IV). Statistical 
analyses were done with either one-way (^^P<0.01) or two-way ANOVA with Bonferroni’s 
post-hoc test (*P<0.05, **P<0.01, ***P<0.001) to test the significance between day -1/0 and 
other time points. 
 

Functional 
parameter 

Day -1/0 Day 1 Day 3 Day 7 Day 8 Day 20 Day 21 Day 42 

EF (%) (I) 68.2 ± 8.9 50.0 ± 4.9 55.3 ± 6.0 50.0 ± 7.4  55.5 ± 5.1   

EF (%) (II)  55.0 ± 12.0 56.0 ± 9.0 46.0 ± 9.0   35.0 ± 4.0^^  

EF (%) (III) 69.4 ± 5.0  31.7 ± 15.0**  48.8 ± 5.0*   
38.6 ± 
10.0*** 

Littermate 
EF (%) (III) 70.4 ± 4.0  37.2 ± 7.0**  51.8 ± 5.0*   37.6 ± 7.0** 

EF (%) (IV) 72.3 ± 2.3  51.0 ± 8.3 52.2 ± 4.6   55.2 ± 4.3  

Littermate 
EF (%) (IV) 66.9 ± 2.8  42.5 ± 6.8 48.6 ± 5.8   43.7 ± 6.6  

LV (mg) 
mass 

diastole (I) 
71.8 ± 6.1 99.6 ± 12.1 95.9 ± 9.7 82.2 ± 7.2  84.8 ± 2.9   

LV (mg) 
mass 

systole (I) 
77.2 ± 8.6 94.0 ± 9.4 100.6 ± 12.0 88.9 ±6.8  98.29 ± 5.4   

LV (mg) 
mass (IV) 69.7 ± 4.2  89.3 ± 8.0** 83.7 ± 4.7**   83.8 ± 8.6**  

Littermate 
LV (mg) 

mass (IV) 
64.4 ± 2.5  89.7 ± 6.7** 95.2 ± 6.4**   90.8 ± 3.7**  

 
 

5.2 QUANTIFICATION OF MYOCARDIAL INFARCTION (I-IV) 

 
5.2.1 Relaxation times at the MI area 

The results of different relaxation time constants used in studies (I-IV) are found in 
Table 3. In study (I), the dispersion of T1 relaxation time was measured at multiple 
time points. The significant increase in T1 relaxation time was found at 7 days after 
the MI and it remained elevated at the last time point in comparison to the remote 
areas (Figure 12A). The dispersion of T1 relaxation time contained four different SL 
fields. An improved contrast was detected with increasing SL fields between 
myocardium and arterial blood pool of left ventricle (Figure 12B).   
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Figure 12. T1 relaxation time evolution in A: different time points B: different SL fields in 

study (I). Statistical analyses were done with two-way ANOVA with Bonferroni’s post-hoc test 
(*P<0.05, **P<0.01, ***P<0.001) to test the significance between day -1 and other time points 
and also between the MI and remote areas. 

 
In study (II), all relaxation time constants, TRAFF2, TRAFF2, T1 (with different SL 

powers (1250, 625, 400 Hz)) and T2, increased in the MI area after LAD ligation 
(Figure 13). The TRAFF2 relaxation time increased significantly up to 7 days after the 
MI and it remained elevated after the MI as compared to remote areas measured as 
RRTD values with TRAFF2 in a range of 0.62-0.73 and with TRAFF2 in a range of 1.22-1.39 
in study (II) (Figure 13B, Table 1 in study (II)). Additionally, TRAFF4 relaxation time 
was elevated in the MI area at all time points in study (II) (Figure 13B). All the T1 
and T relaxation times were significantly elevated at the MI area as compared to 
remote areas in study (II) (Figure 13B). All of these changes can be also seen in RRTD 
values (Table 1 in study (II)). 
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Figure 13. Relaxation times measured in study (II) are shown A: visually at the last time 

point and B: as a function of time. Statistical analyses were done with two-way ANOVA with 
Bonferroni’s post-hoc test (*P<0.05, **P<0.01, ***P<0.001) to test the significance between 
day -1 and other time points and also between the MI and remote areas. 

 
In study (III), T2 relaxation time was measured in multiple time points but TRAFF2, 

TRAFF4 and T1 relaxation times were measured at one time point (7 days after the MI). 
The T2 relaxation time was found to increase in the area of MI at 8 and 42 days after 
MI in both lymphatic insufficient and littermate mice (Figure 14). All rotating frame 
relaxation time methods were able to determine the MI and remote areas from each 
other in both mouse groups at 7 days after the MI (Figure 14). One interesting finding 
was that the TRAFF4 relaxation time was significantly higher in the MI area in 
lymphatic insufficient mice as compared to the MI area in their littermates (Figure 
14), evidence of changes in the composition of the MI area in lymphatic insufficient 
mice after the MI. Measured relaxation time constants of TRAFF2, TRAFF4, T1 and T2 
increased significantly in the MI area as a function of time in comparison to the 
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remote area in both lymphatic insufficient and their littermate mice (Figure 14). 
Additionally, these changes were seen in RRTD values. 

 

 
 
Figure 14. Relaxation times measured in study (III). Statistical analyses were done with 

two-way ANOVA with Bonferroni’s post-hoc test (*P<0.05, **P<0.01, ***P<0.001) to test the 
significance between day 0 and other time points and also between the MI and remote areas. 

 
In study (IV), the MI area was visible at the last time point at all relaxation time 

maps as increased relaxation times (TRAFF2, TRAFF4, T1 and T2), as akinetic area in cine 
images and fibrotic area in Sirius Red stained histology section (Figure 15A). 
Additionally, all relaxation times increased significantly in the MI area as compared 
to remote areas (Figure 15B). 

 

 
Figure 14. Relaxation time measured in study (IV). Statistical analyses were done with two-

way ANOVA with Bonferroni’s post-hoc test (*P<0.05, **P<0.01, ***P<0.001) to test the 
significance between day 0 and other time points and also between the MI and remote areas. 
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Table 3. Results of different relaxation time constants at different time points after the MI in 
studies (I-IV). For T1, only SL field of 625 Hz (studies (II-IV)) and 1250 Hz (study (I)) are 
presented in the table. Statistical analyses were done two-way ANOVA with Bonferroni’s 
post-hoc test (*P<0.05, **P<0.01, ***P<0.001) to test the significance between day -1/0 and 
other time points. 
 

Relaxation 
time 

method  
Day-1/0 Day 1 Day 3 Day 7 Day 8 Day 20 Day 21 Day 42 

TRAFF2 (ms) 
(II)  48 ± 5 57 ± 5 61 ± 7*   63 ± 9*  

TRAFF2 (ms) 
(III)    80 ± 11     

Littermate 
TRAFF2 (ms) 

(III) 
   64 ± 6     

TRAFF2 (ms) 
(IV) 

38 ± 8  56 ± 4 59 ± 14   57 ± 9  

Littermate 
TRAFF2 (ms) 

(IV) 
32 ± 6  55 ± 4 55 ± 5   49 ± 5  

TRAFF4 (ms) 
(II) 

 223 ± 28 247 ± 49 264 ± 48   234 ± 32  

TRAFF4 (ms) 
(III) 

   263 ± 37     

Littermate 
TRAFF4 (ms) 

(III) 
   149 ± 33     

TRAFF4 (ms) 
(IV) 65 ± 2  215 ± 12 196 ± 29   191 ± 24  

Littermate 
TRAFF4 (ms) 

(IV) 
64 ± 4  201 ± 27 223 ± 30   171 ± 22  

T1(ms) I 38 ± 4 39 ± 3 41 ± 2 49 ± 2*  50 ± 4*   

T1(ms) II  35 ± 2 39 ± 2 48 ± 7**   48 ± 3***  

T1(ms) 
III 

   41 ± 3     

Littermate 
T1(ms) 

III 
   39 ± 3     

T1(ms) 
IV 

25 ± 1  46 ± 5 40 ± 3   35 ± 2  
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Relaxation 
time 

method  
Day-1/0 Day 1 Day 3 Day 7 Day 8 Day 20 Day 21 Day 42 

Littermate 
T1(ms) 

IV 
24 ± 3  45 ± 2 42 ± 3   37 ± 2  

T(ms) II  38 ± 3 46 ± 2* 45 ± 4   38 ± 3  

T(ms) III 27 ± 1    46 ± 3   48 ± 4 

Littermate 
T(ms) III 28 ± 1    48 ± 6   52 ± 1 

T(ms) IV 24 ± 0  42 ± 4 27 ± 2   28 ± 2  

Littermate 
T(ms) IV 24 ± 0  43 ± 5 35 ± 5   32 ± 3  

 
 

5.2.2 MI sizes in relaxation time maps 

In study II, the infarct sizes were calculated based on infarct percentage and AOE 
analysis techniques (Figure 15A). Infarct percentage values were similar in rotating 
frame relaxation time maps and the highest infarct percentage values at earlier time 
points was measured in the T2 relaxation time map, which is evidence of the 
increased water content in the area of MI and its surroundings (Figure 15A). The 
lowest AOE value was found with TRAFF2 indicating that the MI size was determined 
based on TRAFF2 is similar to the MI size estimated based on LGE (Figure 15A). MI 
sizes determined by TRAFF2, TRAFF4, T1 and LGE correlated well with the MI size 
determined from Sirius Red-stained sections (Figure 15B).  
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Figure 15. A: Infarct percentages and AOE are shown from study (II). B: Linear correlations 

to histology between the arc of infarct and the circumferences of the whole myocardium 
determined by the MRI methods in study (II). Additionally, the formulas of linear relationships 
are shown. 

 
In study (IV), MI sizes were calculated based on infarct percentage and AOD 

analysis techniques (Figure 16). MI sizes in all relaxation time maps decreased as a 
function of time (Figure 16A). The MI size determined in TRAFF4 relaxation time map 
correlated best with Sirius Red stained histology (R2:0.81, P<0.05) in the insufficient 
lymphatic myocardium. The TRAFF2 relaxation time map correlated best with the 
Sirius Red stained histology (R2:0.67, P=0.09) determined MI area in their littermates’ 
myocardium. Additionally, AOD values measured with T2 and TRAFF2 were 
significantly larger in the insufficient lymphatic myocardium as compared to their 
littermates’ myocardium except at the earlier time points (Figure 16B). The difference 
between mouse groups increased between T2, TRAFF4 and T1 relaxation time maps as 
a function of time (Figure 16B). Furthermore, the interaction between the mouse 
groups differed significantly (Figure 16B).  
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Figure 16. A: Infarct sizes based on increased relaxation time in different relaxation time 

maps are shown (IV). B: AOD values between T2 and rotating relaxation time maps are shown 
(IV). Statistical analyses were done with two-way ANOVA with Bonferroni’s post-hoc test 
(*P<0.05, **P<0.01, ***P<0.001) to test the significance between day 3 and other time points 
and also between the MI and remote areas. 

 
5.2.3 Comparison of infarct size by MRI and histopathology 

Relaxation time measurements were compared to other methods. In study (I), 
Masson’s trichrome staining was used to distinguish the fibrotic area of the infarcted 
heart. In study (II), LGE and Sirius Red stained histology confirmed the good 
correlation with MRI findings (Figure 15B). An infarct percentage analysis was done 
between LGE and Sirius Red stained histology. In study (IV), Sirius Red and 
hematoxylin eosin stained histology sections were used to confirm the MRI findings. 
The best correlation with both histology stainings was obtained with RAFFn (TRAFF4 
(R2:0.81, P<0.05) in TG group and TRAFF2 (R2:0.67, P=0.09) in WT group). The MI sizes 
were estimated with infarct percentage analysis.   

 
 

5.2.4 MI tissue characterization in lymphatic vessel insufficient mice (III) 

Several histology techniques were used to determine the MI area in study (III). 
Lymphatic insufficient mice had larger MI sizes as determined by the Masson’s 
trichrome staining as compared to their littermates. This might explain the 
significantly higher mortality of mice with an insufficient lymphatic system as 
compared to littermate controls (25 % vs. 4 %, respectively, P < 0.05) (Figure 1 in (III)). 
Additionally, the lymphatic vessels were dilated in the otherwise healthy lymphatic 
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insufficient mice as compared to littermate controls and this is seen as a significantly 
increased lymphatic vessel area (24.2 %) in lymphatic insufficient mice versus 
littermate controls (18.7 %) (Figure 3 in (III)). The attenuated lymphatic vessel 
function leads to the accumulation of extracellular water, which is visible in the T2 
relaxation time map (Figure 14).  

The histological evaluation conduted in study (III) also revealed that the 
activation of lymphangiogenesis (VEGF-C) was found in both MI and healthy areas 
and VEGF-C was upregulated in both mouse groups at 8 days after MI (Figure 4 in 
(III)). Lymphatic vessels were forming a dense network in the border zone of the MI 
area in the littermate controls indicating the activation of lymphangiogenesis. 
Instead, lymphatic vessels were nearly absent 8 days after the MI in the lymphatic 
insufficient mice. In fact, the amount of lymphatic vessels was similar for the first 4 
days after MI in both mouse groups but the amount of lymphatic vessels had 
increased significantly in the littermate controls at 8 days after the MI and remained 
elevated until the last time point. The mice with an insufficient lymphatic supply 
displayed only a slight increase in the amount of lymphatic vessels and the numbers 
of lymphatic vessels were significantly lower than in the littermate controls. These 
findings confirmed that strongly activated lymphangiogenesis exerted a healing 
effect on the myocardium after the MI.   

The greatest capillary density was detected in both mouse groups on 4 day after 
the MI and the number of capillaries was significantly decreased at the later time 
points (Figure 5 in (III)). It is known that myocardial necrosis recruits inflammatory 
cells to clear damaged area of dead cells and matrix debris after the MI. Therefore, 
with the help of F4-80 (macrophages) and CD45 (lymphocytes) antibody stainings, it 
was possible to reveal the presence of macrophages mainly in the epicardium of the 
LV myocardium with lymphocytes being scattered throughout the MI area whereas 
no inflammatory cells were found in the healthy areas of myocardium (Figure 6 in 
(III)). Additionally, after the infiltration of inflammatory cells, proinflammatory 
signalling was suppressed and fibroblasts changed to become activated 
myofibroblasts, which started to produce collagen to protect the wall of the 
myocardium from rupture. In the littermate group, the amount of collagen was 
found to be significantly decreased at 42 days after the MI as compared to the 
situation at 8 days (Figure 14). These findings were also seen in Picro-Sirius red 
stained sections and interestingly, the intensity of collagen was fainter in several 
lymphatic insufficient mice as compared to littermate mice indicating that there were 
differences in the composition of the fibrotic area (Figure 14). However, the total 
amount of collagen was similar in both groups. 
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6 DISCUSSION 

The goal of this thesis was to use recently developed MRI tools for characterizing MI 
in a normal and a lymphatic insufficient  myocardium. One goal of this thesis was to 
measure T1 relaxation time in the MI area in normal mice at early and late time points 
in a non-invasive manner without the need for CAs in vivo. We used also different 
SL pulse powers to find an optimal contrast between MI and remote areas. The 
development of the novel RAFFn relaxation time method had been already 
undertaken to overcome the difficulties of T1 method and therefore, a goal of the 
thesis was to investigate RAFFn method in the characterization of MI at various time 
points after MI in vivo in both normal and lymphatic insufficient mouse models. A 
comparison was also performed of novel MRI findings to conventional MRI tools, 
cine imaging, CA imaging and histology.  

One of the main finding in this thesis was the significant increase in T1 relaxation 
times at 7 days after the MI. This is in a good agreement with a study of chronic MI 
which had been examined in a swine model in vivo (Witschey WR et al. 2010). It has 
been shown elsewhere that the MI area is over 90 % necrotic at 2 days after the MI, 
which is transformed to granulation tissue at 7 days and to scar tissue at 14 days after 
the MI in mouse myocardium (Virag JL et al. 2003), which can be seen in our results 
as an increase in the T1 relaxation times at the same time points. Additionally, the 
literature suggests that the T1 relaxation time is sensitive to fibrosis (van Oorschot 
JW et al. 2015), the formation of both granulation and scar tissues (Witschey WR et 
al. 2010) instead of edema and necrosis during the development of MI. The 
determination of the MI size with cine imaging was in good agreement with 
Masson’s trichrome histology staining. The decrease of EF in this study agrees well 
with the data obtained from normal C57BL mice (Schneider JE et al. 2003).  

One major limiting factor for the use of T1 relaxation time measurement is the 
relatively high SAR (van Oorschot JW et al. 2015). Based on the experience gained in 
study I, SAR can be reduced by using the 500 Hz SL field with the length of maximum 
of 50 ms and minimum TR of 2.5 s in TurboRARE readout. However, reducing the 
SAR by changing imaging parameters or utilizing to lower B0 strengths, reduces the 
contrast in T1 measurements (Mäkelä HI et al. 2004). Additionally, reducing SAR in 
T1 measurements is not sufficient to avoid the heating of the tissue. Therefore, the 
development of the RAFFn method was clearly seen as one way to allow the 
determination of MI and for overcoming the limiting factors associated with the T1 
measurements. RAFF4 has been proven to reduce SAR values by 80 % and RAFF2 by 
30 % compared to T1 measurements. 

The next goal was to determine whether at different times after an MI, there are 
different relaxation times by applying a novel relaxation time method called RAFFn. 
The relaxation time results were compared with LGE and Sirius Red histology 
results. As far as is known, this is the first time that RAFFn has been utilized in the 
heart in vivo. 
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The increase in TRAFFn and the increase RRTDs were found in every time point at 
the MI area compared to the remote area. Additionally, a low AOE-value was 
determined by TRAFFn relaxation time map and there was found to be a high 
correlation between increased TRAFFn relaxation times and Sirius Red stained 
histology. Therefore, we have demonstrated that TRAFFn relaxation time map is a 
trustworthy method to localize and characterize the MI. The MI area, as determined 
by the TRAFFn relaxation time map, displayed a high correlation with the MI area in 
Sirius Red stained histology sections. It is known that the red area in Sirius Red 
stained histology sections represents the fibrotic areas and therefore, the TRAFFn 
relaxation time map was able to differentiate fibrotic tissue from healthy tissue in the 
myocardium in chronic MI. It needs to be noted that our findings are based on 
quantitative results and not on weighted images. If we had intended to determine 
fibrosis accurately without CAs, then we would have required a broad range of 
clinical applications because there is no good non-invasive medical imaging tool for 
the determination of fibrosis. Fibrosis is a phenomenon involved in various diseases, 
for example amyloidosis, sarcoidosis and cardiac hypertrophy. Utilizing lower B0 
strengths has an influence on the rotating relaxation times in a similar way as T1 
dependency to B0 (Mäkelä HI et al. 2004). It is good to bear in mind that our results 
were found in an MI mouse model with a permanent occlusion in one artery (LAD) 
and therefore, the adaption of our novel MRI method in the clinic will need further 
elaboration. 

Measurements of T1 and T2 were made for the comparison to RAFFn evaluations. 
The results demonstrated that the T1 relaxation time method was capable of 
detecting the MI area when the T1 relaxation time map was analyzed in various 
ways. These included the increased relaxation times as a function of time, RRTDs 
between the MI and remote areas, the MI sizes, small AOE-values, and a comparison 
with both hyperintensity areas in the LGE images and the red areas in Sirius Red 
stained histology sections; however, post-MI hemorrhage was not studied with 
histology. Conventional T2 relaxation time is a useful tool for the determination of 
the acute phase of the MI since edema is increased in the acute MI area (Bönner F et 
al. 2014). We observed a significant increase of T2 relaxation times at the early time 
points after the MI, which is in line with previous findings (Abdel-Aty H et al. 2004; 
Verhaert D et al. 2011; Bönner F et al. 2014). Additionally, due to edema and 
inflammation, the T2 relaxation time map tends to overestimate the area of the MI, 
the findings observed here are supported by previous results (Abdel-Aty H et al. 
2004). Finally, conventional cine images revealed decreased EF, increased EDV and 
ESV, and the dilation of LV as a function of time, which are all in line with published 
findings (Haberkom SM et al. 2017; Nahrendorf M et al. 2003) and reflect the 
physiological changes occuring after the MI. 

One aim of the thesis was to utilize multiple ways to demonstrate the role of 
VEGFR-3 with respect to cardiac lymphatic vessels as well as in the healing after the 
MI. Since VEGFR-3 was malfunctioning, leading to an insufficient lymphatic function 
in the heart. It was hypothesized that after the MI, a myocardium with insufficient 
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lymphatic vessels would become more edematous as compared to the situation in 
normal littermates. Thus, conventional T2 relaxation time was used to assess edema 
and a cine technique was exploited to image the hearts in vivo after the MI. However, 
there were no significant changes in the T2 relaxation time maps in the MI area in 
both groups of mice. Although the cardiac function parameters displayed 
differences, it is known that even small alterations in the tissue water content can 
impair the function of the heart (Laine GA et al., 1991; Henri O et al. 2016). 

The conventional T2 approach determines edema in the myocardium and due to 
findings emerging from the first study of this thesis, a novel MRI relaxation time 
method RAFFn was used to gather more information about the development of MI. 
The results showed that there were differences in the TRAFF4 relaxation times between 
the MI areas in the lymphatic insufficient mice and their control littermates. This 
difference between the MI areas is hypothetized that to have originated from the 
modified composition of the MI area because the T1 relaxation time map was not 
able to detect this difference whereas this was possible with TRAFFn relaxation time 
maps. The data showed that the MI area in the mice with an insufficient lymphatic 
system had a reduced staining of type I and III collagen, which indicates either slower 
or elevated production of extracellular matrix components that might impair 
molecular motions in the tissue and therefore, might explain our MRI findings.  

The MRI findings were also supported by evaluating the biology of cardiac 
lymphatics after the MI with multiple methods. Firstly, the downregulation of 
VEGFR-3 led to a significant dilation of cardiac lymphatic vessels, which modified 
the cardiac lymphatic morphology. Even though the changes in the structure of the 
lymphatic network were observed, cardiac lymphatic flow remained sufficient to 
maintain the fluid balance in the myocardium. This might explain the differences in 
the MI area in TRAFF4 relaxation times when T1 and T2 relaxation times were similar 
in the MI areas between the different mice groups. Additionally, it is known that 
among other factors, cardiac edema is caused by the hyperpermeability and the 
leakiness of vasculature, which can trigger arrhythmias (Weis SM et al. 2005; Cui Y. 
2010) and hemorrhages (Ghurge NR et al. 2017). The histology results show that there 
were large number of red blood cells, or large areas of post-MI hemorrhage, in the 
MI area at 8 days after MI in the insufficient lymphatic myocardium as compared to 
their control littermates suggesting that there had been an extravasation of 
erythrocytes from blood vessels (Figure 5 in study (III)); however, this finding was 
not detected in T2 relaxation time maps (Figure 14). The presence of erythrocytes 
changes the local magnetic inhomogeneities, which decrease both T2 and TRAFFn 
relaxation times. There were no differences between the hearts of both mouse groups 
in the amounts of either macrophages or lymphocytes, which might explain similar 
T2 relaxation times in both groups at the MI area. However, it is possible that other 
types of inflammatory cells may have invaded the infarcted area, contributing to a 
more severe outcome after MI in mice with hearts with an insufficient lymphatic 
system.  
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Novel and conventional MRI relaxation time methods were used to study the 
effects of the cardiac lymphatic system during the development of MI. The lymphatic 
system regulates many physiological and pathological processes and its role in the 
development of MI is currently unclear (Vuorio T et al. 2017). Interestingly, the AOD 
analysis showed that the MI area in the lymphatic insufficient myocardium was 
significantly larger according to the T2 relaxation time map as compared to rotating 
frame relaxation time maps taken at later time points, which indicates that since the 
lymphatic system was inadequate, there was a larger edema area at the border zone 
of the MI in the insufficient lymphatic myocardium. 

The MI area was more detectable in the TRAFFn relaxation time maps in both mice 
groups i.e. lymphatic insufficient mice and their littermates when the area was 
compared to that assessed with the T1 and T2 relaxation time maps, where the edges 
of MI area were not so clear that they could be detected by the human eye and the 
same resolution was used in every weighted images. In study (III), control 
littermates formed a denser lymphatic network at the border zone of the MI area 
whereas these were fainter in the borders of the MI area in the mice with an 
insufficient lymphatic system. This is support for the AOD results and also the MRI 
and histology findings, where higher correlations were found in MI sizes between 
Sirius Red stained secions and rotating frame relaxation time maps as compared to 
MI sizes in the correlation of Sirius Red stained sections and T2 relaxation time map. 
This indicates that the actual infarct was smaller than the area displaying increased 
T2 supporting the idea that there was increased edema in TG mice. Additionally, 
TRAFFn relaxation time maps had the largest RRTD between the MI and remote areas 
between the mice groups. Findings in studies (III) and (IV) indicate that the TRAFFn 
relaxation time together with T2 relaxation time mapping is a sensitive method for 
characterizing the scar and the mixture of edema and fibrotic tissues in the MI area. 
Therefore, the combination of T2 and TRAFFn relaxation time mappings represents a 
satisfactory tool to study the effects of impaired lymphatic system after the MI.  

Studies of cardiac lymphatic flow in humans (Nilsson JC et al. 2001) and in large 
animals (Ludwig LL et al. 1997) have indicated that MI decreases the cardiac 
lymphatic flow, which contributes to cardiac edema. Even though the results show a 
similarity between T2 relaxation times, significant differences between the AOD-
values and the observations of an unsharper MI area in Sirius Red stained sections in 
the lymphatic insufficient myocardium are evidence of the increased edema and 
fibrotic tissue in the border zone of the MI area in the mice with an insufficient 
lymphatic system in their myocardium. These findings highlight the importance of 
the lymphatic system during the development of MI. 

Overall, the road to the development novel MRI relaxation time method RAFFn 
has been successful. The results of this thesis have revealed the potential of RAFFn 
for determining and localizing fibrotic MI in vivo non-invasively without any CAs 
and to overcome the limitations of the T1 relaxation time method. As well as its 
advantages in the determination and localization of the MI, RAFFn was able to 
differentiate the MI area in the myocardium of the lymphatic insufficient mice versus 
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their littermate controls. TRAFFn is sensitive at the same time to dipolar interactions, 
diffusion and exchange between adjacent Ss, which are all factors that affect the 
contrast in the in vivo images.   

Lower SAR values, together with a larger bandwidth and tolerance to B0 
inhomogeneities, are beneficial properties for imaging the heart with RAFFn in 
clinics. There is an ongoing study where human MI hearts are being imaged with 
RAFFn (Mirmojarabian A et al. 2020) and the inital results have been promising.  

Another advantage associated with the RAFFn method is its sensitivity to slow 
microscopic molecular motions, which occur in the frequency range of rotating frame 
RF pulses (𝜏 is around of 10-1-10-5 s). This advantage is useful in the determination of 
MI where slow microscopic molecular motions occur in the fibrotic, granulated, 
collagen-based matrix and scar tissues. Even though T2 is also sensitive to slow 
molecular motions, the mechanism to measure the relaxing M with a different range 
of frequencies and 𝜏’s (around of 10-6-10-9 s) after the RF pulse are making the 
difference between the T2 and RAFFn methods in the sources of the measured signals 
from different bounded water molecules, or Ss, and their environments. 
Furthermore, RAFFn measurements usually require less RF power to form the SL 
field as compared to T1 and T2 relaxation time measurements, leading to lower SAR 
values. The RAFFn contrast can be altered by modifying the pulse parameters such 
as the duration of the pulses, which changes the refocusing time of the irradiation, or 
the bandwidth and the flip angle of the pulse.  

In the current implementation, a simple weighting and readout was used to 
demonstrate the measurements with a fairly long mapping duration. The imaging 
time of RAFFn method can be shortened by imaging without triggers, clever and 
sophisticated k-space sampling together with an optimized acquisition duration and 
3D sampling but those improvements lie in the future and therefore are beyond the 
scope of this thesis. Additionally, the absolute origin of the RAFFn contrast is still 
partly unknown. Therefore, it will be essential to continue to refine the RAFFn 
technology in the future.  
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7 CONCLUSIONS 

The following conclusions can be made based on the findings emerging from this 
thesis  
 

1. The characterization of chronic MI with T1 mapping can be done accurately 
without CAs as determined by comparison with histology. 
 

2. The characterization of acute and chronic MI with a novel TRAFFn relaxation 
time can be achieved with high contrast and accuracy without the need for 
CAs with clinically tolerable specific absorption rates. 

 
3. Novel MRI methods are able reveal the difference between normal and 

VEGFR3 downregulated MI; these evoke modifications in the cardiac 
lymphatic networks.  

 
4. A combination of magnetic resonance imaging methods T2 and TRAFFn 

relaxation time mappings, but without having to administer CAs, is a 
satisfactory way for studying the effects of the impaired lymphatic system on 
the cardiac tissue after an MI; this tissue is known to contain a mixture of scar, 
fibrotic and edema tissues.  
  

 
 

In summary, the studies in this thesis demonstrated and highlighted for the first time 
the use of novel TRAFFn relaxation time mapping for a reliable determination of the 
myocardial infarction in vivo without any external contrast agents. Furthermore, the 
TRAFFn relaxation time was shown to be sensitive to the presence of fibrosis in the 
myocardial infarct area without any need to increase the specific absorption rate, 
increasing its possibilities to be used in the clinical determination of fibrosis in the 
future. Additionally, the function of the lymphatic system during the MI 
development was found to play an important role, and this can be diagnosed and 
followed with both conventional and the rotating frame MRI relaxation time 
methods. 
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Abstract

Background: Two days after myocardial infarction (MI), the infarct consists mostly on necrotic tissue, and the
myocardium is transformed through granulation tissue to scar in two weeks after the onset of ischemia in mice. In
the current work, we determined and optimized cardiovascular magnetic resonance (CMR) methods for the
detection of MI size during the scar formation without contrast agents in mice.

Methods: We characterized MI and remote areas with rotating frame relaxation time mapping including relaxation
along fictitious field in nth rotating frame (RAFFn), T1ρ and T2 relaxation time mappings at 1, 3, 7, and 21 days after
MI. These results were compared to late gadolinium enhancement (LGE) and Sirius Red-stained histology sections,
which were obtained at day 21 after MI.

Results: All relaxation time maps showed significant differences in relaxation time between the MI and remote
area. Areas of increased signal intensities after gadolinium injection and areas with increased TRAFF2 relaxation time
were highly correlated with the MI area determined from Sirius Red-stained histology sections (LGE: R2 = 0.92, P < 0.
01, TRAFF2: R

2 = 0.95, P < 0.001). Infarct area determined based on T1ρ relaxation time correlated highly with Sirius
Red histology sections (R2 = 0.97, P < 0.01). The smallest overestimation of the LGE-defined MI area was obtained for
TRAFF2 (5.6 ± 4.2%) while for T1ρ overestimation percentage was > 9% depending on T1ρ pulse power.

Conclusion: T1ρ and TRAFF2 relaxation time maps can be used to determine accurately MI area at various time
points in the mouse heart. Determination of MI size based on TRAFF2 relaxation time maps could be performed
without contrast agents, unlike LGE, and with lower specific absorption rate compared to on-resonance T1ρ
relaxation time mapping.
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Background
Cardiovascular diseases are the leading causes of death
worldwide [1, 2]. Myocardial infarction (MI) is caused by
a complete or partial blockage of the coronary artery, lead-
ing to inflammation, arrhythmia, and prolonged absence
of perfusion [3–8]. The formation of fibrosis and collagen
together with the loss of myocytes can lead to harmful re-
modeling of the myocardium and finally heart failure [3–
7, 9]. Perfusion deficits cause cell death via necrosis and
increases in extracellular space, which increases the tissue
free water content and affects water-macromolecular in-
teractions [10]. MI is a dynamic process since further loss
of myocytes may occur, and collateral angiogenesis may
decrease the infarct volume as a function of time [4, 6].
Scar tissue eventually replaces the damaged myocytes
within 1–2 weeks after MI [4].
Several cardiovascular magnetic resonance (CMR)

methods, for example T2 and T1ρ relaxation time map-
pings and CMR spectroscopy, have been implemented
to detect both acute and chronic MI [11–13]. Currently,
the golden standard to detect chronic or irreversible in-
jury using CMR is late gadolinium (Gd) enhancement
(LGE). LGE creates a high contrast between normal
myocardium and irreversible infarcted areas [11, 14, 15].
Contraindications for the use of Gd-based contrast
agents are known Gd allergy and acute or chronic renal
dysfunction [11, 16], which limit its clinical use.
Conventional transverse, or spin-spin, relaxation time,

T2, shows the difference between acute and chronic MI
[15, 17]. Edema in the acute infarct phase increases free
water content, significantly affecting heart function and T2

relaxation time [12, 18]. Regions of acute MI can involve a
mixture of tissue edema, hemorrhage, and inflammation,
which leads to the underestimation of water movement in
extracellular space and the overestimation of the infarct
area in the T2 relaxation time map [15, 19].
Rotating frame relaxation times are used to

characterize the relaxation during radiofrequency (RF)
pulses. This differs from conventional T1 and T2 relaxa-
tions where relaxation occurs during free precession.
Longitudinal rotating frame relaxation time, T1ρ, refers
to relaxation along the RF field, which takes place typic-
ally during on-resonance RF irradiation. When RF irradi-
ation is on-resonance and spins are locked along the RF
field, the spins experience the RF field, instead of the
main magnetic field. This leads to sensitivity of T1ρ to
slow molecular motions with frequencies close to RF
pulse frequency, which are typically in the range of 0.1
to 10 kHz in vivo. Comparatively, conventional T1 is
sensitive for Larmor frequency of the main magnetic
field (B0) which is typically in the range 10–500 MHz
resembling high frequencies, i.e., fast molecular motions
including the motion of free water. Increased T1ρ relax-
ation in MI has been associated with increased

extracellular volume and alterations in proton exchange
between water and macromolecules [11, 16]. Further-
more, T1ρ relaxation times are affected by macromol-
ecule concentrations, viscosity, molecular weight and
pH, since these factors change water mobility in tissue.
Collectively, these factors affect molecular correlation
times and therefore can explain T1ρ relaxation time
increases in MI and other pathologies [16, 20]. Area with
elevated T1ρ relaxation time show high correspondence
with the MI area detected by LGE in mice [21] and in
humans [11].
Specific absorption rate (SAR) often limits rotating

frame relaxation measurements, especially in clinical set-
tings, since high SAR may lead to tissue heating. One
method to reduce SAR in rotating frame relaxation mea-
surements is relaxation along a fictitious field (RAFF) in
nth rotating frame (RAFFn) [22–24]. RAFFn is produced
by nested sine amplitude and cosine frequency modu-
lated RF pulses operating in a sub-adiabatic regime and
RF waveforms become more complicated when n
increases [22, 23]. A fast, sub-adiabatic sweep of the ef-
fective RF field produces a fictitious field, which forms a
part of the final effective RF field and magnetization pre-
cesses around this effective field [22]. When n increases
in RAFFn, the tolerance for B0 and radiofrequency field
(B1) inhomogeneities increases [23]. Due to lower flip
angles with increasing n, the pulse bandwidth increases
significantly [24]. Amplitude and frequency modulations,
increase of bandwidth, decrease of flip angle together
with remarkably lower (approximately 80%) SAR-values
of RAFF4 and (approximately 30%) SAR-values of
RAFF2 compared to continuous wave spin lock (T1ρ) are
clear advantages of RAFFn [22–24] and make RAFFn
more suitable for clinical use than T1ρ.
In the current study, we have optimized infarct sizing

using TRAFF2 and TRAFF4 relaxation time mappings. The
results were compared with T1ρ and T2 relaxation time
mappings, LGE and histology staining with Sirius Red.

Methods
Animal model
The left anterior descending artery (LAD) was ligated
permanently in 10 female C57BL mice (20-24 g) as pre-
viously described [25]. Mice were anesthetized by 4% of
isoflurane (Piramal Healthcare, Northumberland, UK),
and anesthesia was maintained with 2.0% during the op-
eration. The left side of mouse chest from sternum to
Linea axillaris posterior was shaved and disinfected with
75% ethanol. An approximately 1.5 cm long transversal
incision was made at the level of the fourth rib to left
intercostal space. Through the incision and with help of
a self-retaining retractor, the heart was exposed. The
LAD was ligated with a 6.0 silk suture approximately at
midway between its origin and the apex of the heart.
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After the LAD ligation, the heart was placed back to its
original location. The skin were sutured in layers with
5.0 nylon suture. After the surgery, 0.05–0.1 mg/kg
buprenorphine (0.3 mg/ml Temgesic, RB Pharmaceuti-
cals, Slough, UK) and 5 mg/kg carprofen (50 mg/ml,
Rimadyl, Pfizer Oy Animal Health, Helsinki, Finland) for
analgesia were injected subcutaneously and repeated at
days 1 and 2 after the surgery. All surgical procedures
were performed according to protocols approved by the
Finnish Committee for the use and care of laboratory
animals.

CMR
Mice underwent CMR at 1 (n = 10), 3 (n = 9), 7 (n = 5)
and 21 (n = 5) days after LAD occlusion. All experiments
were performed using a horizontal 9.4 T magnet (Varian
Inc. Palo Alto, California, USA) with a gradient set with
maximum gradient strength of 600 mT/m and con-
trolled by a Bruker console (Bruker GmbH, Ettlingen,
Germany). Quadrature volume transceiver with a coil
diameter of 35 mm (Rapid Biomed GmbH, Ettlingen,
Germany) was used for all CMR experiments. Mice were
anesthetized for CMR with 4% isoflurane mixed in oxy-
gen and nitrogen with ratio of 1:3. The level of isoflur-
ane was decreased to 1% for the imaging. Mouse body
temperature was kept close to 37 °C by circulating warm
water tubes placed under the mouse. Electrocardiog-
raphy (ECG) was measured from fore paws using needle
electrodes and a pneumatic pillow placed under the
mouse monitored respiration. Both signals were regis-
tered using Model 1025 monitoring and gating system
(Small Animal Instruments Inc., Stony Brook, New
York, USA) during the experiments. Both ECG and res-
piration signals were used to gate CMR experiments.
Multi-slice cine images covering the whole heart were

taken using fast imaging with balanced steady state pre-
cession (FISP) readout sequence. The imaging parame-
ters for cine images were FOV = 4 × 4 cm2, slice
thickness = 1 mm, matrix size = 192 × 192, TE = 1.9 ms,
TR = 8.0 ms, scan TR = 99.0 ms, flip angle = 10° and
number of frames 10–11 depending on mouse heart
rate. Depending on the size of the heart, 8–10 slices
were imaged.
The rotating frame preparation modules used to meas-

ure TRAFFn consisted of RAFF2 or RAFF4 pulses (pulses
RF power (γB1/(2π)) 1250 Hz and 648 Hz, respectively,
duration 2.26 ms) which were applied in pulse trains of
lengths 0, 9.1, 18.1 and 36.2 ms. Before the RAFFn pulse
train, a delay with durations of 36.2, 27.15, 18.1 and
0 ms, respectively, was added to adjust imaging to occur
at the same cardiac phase for weightings with different
durations. An illustration of a rotating frame preparation
module and readout sequence is shown in Fig. 1.

T1ρ preparation was performed using a rotating
frame preparation module (Fig. 1) which contained adia-
batic half passage (AHP) pulse (power 1250 Hz, duration
2.0 ms), continuous wave spin-lock-pulse with
time-to-spin-lock (TSL) = 0.4, 9.4, 27.4 and 45.4 ms and
AHP-back pulse (power 1250 Hz, duration 2.0 ms) [21]. Be-
fore T1ρ preparation a delay (45.4, 27.4, 9.4 and 0 ms, re-
spectively to TSL) was added. T1ρ dispersion was measured
by altering the spin lock power (γB1/(2π)) in a range of
(400, 625 and 1250 Hz) and keeping AHP and AHP-back
pulses the same.
T2 measurements were conducted using Hahn double

echo preparation containing an AHP excitation-pulse
(power 1250 Hz, duration 3.0 ms), two Hyperbolic Se-
cant (HS1)-pulses (power 1250 Hz, duration 4.5 ms) and
a reversed AHP-pulse (power 1250 Hz, duration 3.0 ms)
(Fig. 1). Between the pulses symmetric delays were used
resulting in total TEs of 0.05, 2.3, 4.5, and 14.0 ms. De-
lays in front of T2 preparation were 14.0, 4.5, 2.3 and
0.05 ms, respectively.

Fig. 1 An illustration of CMR pulse sequences consisting of the
preparation module for different weightings and FISP readout. ECG,
electrocardiogram; TE, echo time
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B1 was measured by applying a block pulse with power
of 625 Hz. The B1 block pulse was applied with pulse du-
rations 0, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5 and 1.75 ms [26].
All relaxation time maps and B1 measurements were

acquired using a FISP-readout sequence in a single
short-axis slice at the mid-ventricular level. The follow-
ing parameters: FOV = 4 × 4 cm2, slice thickness = 1 mm,
matrix size = 256 × 256 (for B1 measurements, the matrix
size was 128 × 128), TE = 1.9 ms, TR = 14.9 ms, and flip
angle = 90° were used for the FISP-readout. A delay be-
tween weighting pulses depended on respiratory rate be-
ing at least 1460 ms.
At the last time point before sacrificing the mice, LGE

images were acquired in the same slice as all other mea-
surements using an inversion prepared pulse sequence
with an inversion time of 300 ms, FISP-readout, FOV =
4 × 4 cm2, slice thickness = 1 mm, matrix size = 256 ×
192, TE = 2.0 ms, TR = 5.6 ms, scan TR = 3000.0 ms and
flip angle = 90° [27]. The gadobutrol (Gadovist, Bayern
Oy, Turku, Finland) intravenous injection volume was
5 ml/kg per mouse.
Only five mice survived to 21 days and were sacrificed

for histology after imaging. For histology, the hearts
were perfused through the left ventricle with phosphate
buffered saline and then immersion fixed with 4% para-
formaldehyde with sucrose in phosphate buffered solu-
tion for 4 h. After 4 h, the hearts were placed into 15%
sucrose. Paraffin-embedded, 4 μm thick, cross-sections
of the heart were stained with Sirius Red to determine
the fibrotic areas of the infarcted myocardium. Histo-
logical sections were analyzed and photographed with
microscopy (Nikon Eclipse, Ni-E, Tokyo, Japan).

Data analysis
All relaxation time maps were reconstructed from signal
intensities with pixel-by-pixel analysis using Aedes soft-
ware package (http://aedes.uef.fi/) in Matlab platform
(Mathworks Inc. Natick, Massachusetts, USA). T1ρ and
T2 relaxation time maps were fitted using linear function
for linearized data. TRAFF2 and TRAFF4 were fitted by
using single mono-exponential decay function without
taking into account the steady state formation. Regions
of interest (ROIs) were manually traced with visual de-
lineations of MI and remote areas based on relaxation
time maps, cine images and images of Sirius
Red-stained sections. End systolic volume (ESV), end
diastolic volume (EDV), ejection fraction (EF), and
cardiac output (CO) were defined based on endocar-
dial border in cine images.
Infarct percentage analysis was done with midline

length-based method with a function of (L(infarct)/ L(cir-
cumference))•100%, where L denotes measured length from
either TRAFF2, TRAFF4, T1ρ, T2, LGE or Sirius Red-stained
section [28]. Relative relaxation time difference (RRTD)

values were calculated with function of (T(infarct) –T(re-

mote))/ T(remote), where T denotes either TRAFF2, TRAFF4,
T1ρ or T2 relaxation time.
Amount of overestimation (AOE) of infarct area rela-

tive to the LGE-defined MI area, as the gold standard,
was calculated based on midline length-based method
with a function of ((L(infarct) –LGE(infarct))/ L(infarct))
•100%, where L denotes either TRAFF2, TRAFF4, T1ρ or T2

relaxation time [29].
Statistics: All numerical values are given as mean ±

standard deviation (SD). Two-way ANOVA with Bonfer-
roni post hoc testing was applied to compare the spatial
and temporal changes between the infarct and remote
areas of myocardium, and the analyses were performed
using GraphPad Prism software (GraphPad Software, La
Jolla, California, USA). Two-way ANOVA with Bonfer-
roni post hoc testing was performed to compare changes
between RRTD values of different relaxation times.
One-way ANOVA with Bonferroni post hoc testing for
multiple comparisons were applied to compare time
point differences between relaxation times and also the
differences between time points of cardiac functions.

Results
Increased relaxation time constants were found in the
MI areas after LAD ligation. Infarct areas obtained with
relaxation time mappings were compared with infarct
areas derived based on LGE-images, cine-images and
Sirius Red-stained histological sections (Fig. 2).
TRAFF2 relaxation times were significantly higher in the

infarct areas compared to remote areas (P < 0.001)
(Fig. 3a). TRAFF2 relaxation times in infarct area increased
significantly up to 7 days and remained elevated until day
21 after the LAD ligation (P < 0.05, P < 0.05, respectively)
(Fig. 3a). TRAFF4 relaxation time in the infarct area was
significantly elevated at all time points compared to the
remote area (P < 0.001, Fig. 3b). The remaining relaxation
times (T1ρ1250, T1ρ625, T1ρ400 and T2) were significantly el-
evated in the infarct area compared to remote areas (P <
0.001, respectively), and there were significant differences,
except in T1ρ1250, between time points (P < 0.05, respect-
ively, Fig. 3c-f). Specifically, T1ρ625 relaxation times in-
creased significantly in the infarct area at 7 days after the
LAD ligation (P < 0.01) and remained elevated until day
21 (P < 0.001, Fig. 3e). There was a significant increase in
T1ρ625 relaxation times in infarct area at days 7 and 21
compared to day 1 after the LAD occlusion (P < 0.05,
P < 0.05 respectively), and it also increased signifi-
cantly from day 3 to day 21 (P < 0.05, Fig. 3e). Add-
itionally, the trend between infarct and remote areas in
T1ρ625, T1ρ400 and T2 relaxation times differed significantly
(P < 0.05, respectively) from each other (Fig. 3c, e, f ). A
decrease in T2 relaxation time was detected from day 3 to
day 21 after the LAD ligation (P < 0.05, Fig. 3c).
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There were no significant changes in the relaxation
times in the remote areas between the imaging time
points (P > 0.05, Fig. 3).
RRTD provided a measure of differences in relaxation

time values between infarct and remote areas for the relax-
ation measurements (Table 1). RRTD values of TRAFF4 dif-
fered significantly from other relaxation time methods at
several different time points (Table 1). There were significant
differences in RRTD values of some of the T1ρ relaxation
times when comparing RRTD values at day 1 (Table 1).
AOE values were determined for all relaxation times

(Fig. 4a). AOE was lowest for TRAFF2 indicating that area of
increased TRAFF2 is most similar to LGE-measured infarct
area (Fig. 4a).
Infarct sizes were calculated also as a ratio between

the arc of infarct and the circumference of the whole
myocardium from relaxation time maps and LGE-images
(Figs. 4b and 5). These infarct sizes were correlated with
the ones measured based on Sirius Red-stained

histology-images (Fig. 5). The highest Spearman correla-
tions were obtained with T1ρ (R2 = 0.97, P < 0.01). Infarct
sizes from TRAFF2 (R

2 = 0.93, P < 0.001) and TRAFF4 (R2 =
0.94, P < 0.001) showed a high correlation as well as LGE
(R2 = 0.92, P < 0.01) with infarct size from Sirius
Red-stained sections (Fig. 5). The infarct fraction given as
a percentage at early time points obtained from T2 relax-
ation time map was largest but decreased to similar per-
centages as obtained from the other relaxation time maps
at day 21 (Fig. 4b).
Dispersion of T1ρ relaxation times (ΔT1ρ) was calculated

by subtracting T1ρ relaxation times measured with different
spin lock powers (Fig. 6). Significant differences between
different T1ρ relaxation times in infarct and remote areas
were not found, and the difference in both areas remained
almost constant between the time points (Fig. 6).
Parameters of cardiac function indicate that MI has

developed as a function of time (Table 2). Specifically EF
decreased as a function of time and, three weeks after

Fig. 2 Relaxation time maps, late gadolinium enhancement (LGE), cine and a corresponding histology image with Sirius Red-stained section from
infarcted mouse heart at the last (21 day) time point after left anterior descending (LAD) myocardial infarction (MI). Red arrows indicate the
infarct area and black/white arrows show the remote control area. B1 homogeneity was verified to be nominal ±10% Hz in the area of the
whole myocardium
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MI, EF had decreased to 0.35 (Table 2). Increased car-
diac output between days 1 and 7 was found, although it
was assumed to decrease (Table 2).

Discussion
In this murine study, relaxation times were measured
in infarct and remote areas at several time points
after MI. Infarct size was measured based on different
relaxation times, the results were compared to infarct
sizes derived from CMR LGE-image and Sirius
Red-stained histology sections. MI size from T1ρ,

TRAFF2 and TRAFF4 relaxation time maps showed a high
correlation with MI size determined based on Sirius
Red-stained histology sections.
TRAFF2 relaxation times in infarct areas increased sig-

nificantly from day 1 to day 21 after the LAD ligation
and the RRTD values increased as a function of time.
Differences between infarct and remote areas in TRAFF2

relaxation times were statistically significant. Low
AOE-value obtained with TRAFF2 relaxation time demon-
strate that elevated TRAFF2 denotes permanently
damaged area. These findings together with a high

Fig. 3 Different relaxation times (mean ± SD). TRAFF2 (a), TRAFF4 (b), T2 (c), T1ρ1250 (d), T1ρ625 (e) and T1ρ400 (f) were calculated in infarct and remote
areas at different time points after the LAD ligation. Blue circles indicate remote and red squares infarct area. (*P < 0.05, **P < 0.01 and ***P <
0.001, Two-way ANOVA with Bonferroni post hoc test)

Table 1 Relative relaxation time difference (RRTD) values formed by infarct and remote area relaxation times presented as mean ±
SD

Relaxation time constant Day 1 Day 3 Day 7 Day 21

T1ρ1250 0.49 ± 0.11□ 0.60 ± 0.29□□□ 0.91 ± 0.42* 0.69 ± 0.16□□

T1ρ625 0.41 ± 0.09□□ 0.70 ± 0.27□□□ 0.99 ± 0.44** 0.90 ± 0.24*

T1ρ400 0.37 ± 0.09□□ 0.79 ± 0.21**,□□ 0.69 ± 0.33□ 0.90 ± 0.27**

T2 0.41 ± 0.11□□ 0.61 ± 0.19□□□ 0.51 ± 0.11□□ 0.50 ± 0.19□□□

TRAFF2 0.41 ± 0.12□□ 0.62 ± 0.43□□□ 0.73 ± 0.22 0.66 ± 0.21□□

TRAFF4 0.90 ± 0.45 1.36 ± 0.62 1.22 ± 0.59 1.39 ± 0.37

Significance of differences in RRTD values were calculated by Two-way ANOVA with Bonferroni post hoc test (□=P<0.05, □□=P<0.01, □□□=P<0.001 for difference to
TRAFF4 at that specific time point) and One-way ANOVA with Bonferroni post hoc test (*=P<0.05, **=P<0.01 for difference to day 1)
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correlation between TRAFF2 and histology derived infarct
size, demonstrate that TRAFF2 relaxation time detects MI
area with high accuracy. Previously, TRAFF2 relaxation
time has been measured in a rat malignant glioma model
where TRAFF2 showed a high correlation with decreased
cell density in tumors [30]. Furthermore, cell density de-
creases in the infarct area as the tissue is replaced by fi-
brotic tissue, which leads to an increase of extracellular
space [10]. Most likely, increase of TRAFF2 in both of
these cases is caused by increases in extracellular space

and, therefore, an increase in free water content. This
suggest that fibrotic tissue can be differentiated healthy
tissue using the TRAFF2 map. This is important since
fibrosis detection also plays a central role in MI detec-
tion. Our results demonstrate the potential of TRAFF2

mapping to determine and accurately assess the MI area
in both acute and chronic phase of the disease. Another
explanation for elevated TRAFF2 is altered 1H chemical
exchange between water and macromolecules due to
changes induced by infarct in exchange of populations,

Fig. 4 Amount of overestimation (AOE) with regard to the LGE-defined MI area based on the relaxation time maps at 21 days after infarct (a) and
infarct percentages at every time point based on the relaxation time maps (b)

Fig. 5 Linear correlation from the ratios between the arc of infarct and the circumferences of the whole myocardium determined from LGE-
image (a), TRAFF2 (b), TRAFF4 (c), T2 (d), T1ρ1250 (e), T1ρ625 (f), T1ρ400 (g) and Sirius Red-stained histology sections. Formulas of linear relationships are
shown next to correlation line
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exchange rates, or chemical shifts between exchanging
sites [30]. The extracellular pH may also change in MI,
which may induce alterations to exchange rates [30].
Our results showed that TRAFF4 relaxation times were

elevated at all time points in the MI area and the differ-
ence between infarct and remote areas in TRAFF4 was
significant. Our findings suggest that TRAFF4 relaxation
time mapping can be applied to detect chronic MI since
infarct size derived from TRAFF4 map correlated highly
(R2 = 0.94, P < 0.001) with histology derived infarct area
together with small AOE-value.
T1ρ1250 relaxation time determined at infarct area was

significantly higher when compared to remote areas of
the myocardium. In addition, infarct size derived from
T1ρ1250 map correlated with infarct size from Sirius Red
sections (R2 = 0.96, P < 0.01) and its AOE-value was close
to zero. The largest RRTD between infarct and remote
area was found with T1ρ625. Infarct size based on T1ρ625

and T1ρ400 relaxation time maps showed high correla-
tions (R2 = 0.99, P < 0.001, R2 = 0.96, P < 0.05, respect-
ively) with Sirius Red staining but T1ρ625 showed the
largest AOE-value (15.4 ± 6.1%). T1ρ relaxation times
have previously been known to be two times longer in
scar tissue than in normal myocardium in porcine heart
[16]. However, the origin of T1ρ increase at MI is still
unclear. Most likely it is due to increased fibrosis con-
tent, cellularity, or 1H chemical exchange [11, 31]. In

addition, there is a suggestion that leaking protein
material from sarcolemma into extracellular space mini-
mizes effects of proteins on water molecules or macro-
molecules in acute MI in patients and swine [10, 17].
Selective sensitivity to correlation times near to 1/(γB1)
is an advantage of T1ρ relaxation time [21].
In a previous study, the T1ρ relaxation time with differ-

ent spin-lock powers increased significantly 7 days after
MI compared to the remote area [21] and T1ρ relaxation
times elevated almost monotonically during 2 weeks
after MI [21]. These findings were explained by granula-
tion and scar tissue formation [11, 21]. Similar increase
was detected in this study with T1ρs, TRAFF2, and TRAFF4.
T2 relaxation times increased significantly from day 1

to day 3 in infarct area and T2 relaxation times in infarct
area were significantly higher than T2 relaxation times in
remote area. These results are in line with previous find-
ings showing that damaged area in myocardium is
reversible in acute phase of MI [12, 18, 32]. It has previ-
ously been shown that T2 relaxation time overestimates
the size of acute MI compared to chronic MI, since the
inflammation and edema have resolved from the chronic
MI [18]. Similar findings were observed in this study
since infarct percentages based on T2 maps were higher
as compared to percentages based on the other relax-
ation times at early time points. Therefore, increased T2

relaxation time shows the area of edema rather than the

Fig. 6 Dispersion of T1ρ relaxation time in infarct area (a) and in remote area (b). Red color shows subtraction between T1ρ1250 - T1ρ625, black
color shows subtraction between T1ρ1250 - T1ρ400 and blue color shows subtraction between T1ρ625 - T1ρ400

Table 2 Values of cardiac function parameters which are presented as mean ± SD

Cardiac function parameters Day 1 Day 3 Day 7 Day 21

End diastolic volume (mm3) 48.4 ± 20.7 47.1 ± 24.6 72.9 ± 26.7 90.3 ± 30.2*,□

End systolic volume (mm3) 22.7 ± 13.0 21.9 ± 13.8 39.9 ± 17.6 58.0 ± 18.5**,□□

Ejection Fraction (%) 0.55 ± 0.12 0.56 ± 0.09 0.46 ± 0.09 0.35 ± 0.04**,□□

Cardiac output (mm3) 14,570 ± 3680 15,140 ± 5770 20,280 ± 8130* 19,800 ± 8680

Heart rate (bpm) 580.2 ± 82.5 599.0 ± 64.9 615.5 ± 48.0 632.0 ± 52.3

Differences between time points of different cardiac measures were analyzed by One-way ANOVA with Bonferroni post hoc test (*=P<0.05 for difference to day 1)
(□=P<0.05, □□=P<0.01 for difference to day 3)
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actual size of MI [18]. T2 relaxation times did not differ
between day 1 and day 21, which suggests that part of
the damage in myocardium was reversible without the
scar formation. In a previous study, T2 relaxation times
were significantly higher in acute MI area compared to
chronic MI area [12].
The MI areas defined based on CMR images were in

good agreement with the areas determined with Sirius
Red-stained histology. To our knowledge, elevated relax-
ation times, at least T1ρ relaxation times, at 21 days after
MI are due to fibrosis and scar tissue formation. The lo-
cations of fibrotic areas in Sirius Red-stained sections
and the elevated relaxation times on relaxation time
maps agreed well. Notable, our results are based on
quantitative relaxation times instead of weighted images.
These results also suggest that especially TRAFF2, TRAFF4

and T1ρ relaxation time mappings may be useful for
broad range of clinical applications where myocardial
tissue characterization is needed, for example in myocar-
ditis, various size and locations of scars, sarcoidosis and
hypertrophy. Operating at lower main magnetic field
strengths will have some impact on rotating frame relax-
ation times; however, the main influence is the strength
of the spin-lock power [33]. Water molecules with cor-
relation times close to 1/(γB1) contribute to rotating
frame contrasts [33]. Adaption of rotating frame mea-
surements to MI characterization at clinics needs further
study since we demonstrated advantages of relaxation
times only in MI mouse model where one artery (LAD)
was occluded.
MI area was detectable in all relaxation time maps and

it was the most visible at day 21. At the first time points,
the MI area was larger than at the later time points most
likely due to inflammation surrounding the infarction
area. In a mouse model, MI area consists of over 90% of
necrotic tissue only two days after LAD ligation and the
necrotic tissue is transformed into granulation tissue
one week after MI and into scar two weeks after the
LAD ligation [5].
The LAD ligations were successfully performed since

our results show a clear visibility of infarct in Sirius
Red-stained sections and decreased EF values as a func-
tion of time. Additionally, EDV and ESV tend to increase
post MI due to changes in physiology of the myocar-
dium. Changes in physiology with decreased perfusion
inside the myocardium lead also to a decrease of EF as a
function of time. Our EF values agreed with EF values
reported in the literature [34, 35]. Increased EDV and
ESV at day 21 compared to day 1 after MI resulted in an
increased stroke volume (23%) which together with in-
creased heart rate (8%) lead to increased cardiac output.
The ventricular dilation after MI is typical [34, 35] and was
also observed in our cine images. However, increased stroke
volume after MI is rare [34, 35]. Differences in anesthesia

level or mice increased tolerance to anesthetic during sub-
sequent CMR exams might be the reasons for the increased
heart rates.

Conclusions
All relaxation time maps showed high contrast be-
tween infarct and remote areas. T1ρ, TRAFF2 and
TRAFF4 relaxation time maps correlated significantly
with the infarct size determined by histology. As a
conclusion, TRAFF2 and TRAFF4 relaxation time maps
can be used to accurately determine infarct size in
mouse myocardial infarct without the use of contrast
agent with clinically tolerable specific absorption
rates.
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Downregulation of VEGFR3 
signaling alters cardiac lymphatic 
vessel organization and leads to 
a higher mortality after acute 
myocardial infarction
Taina Vuorio1, Elias Ylä-Herttuala1, Johanna P. Laakkonen1, Svetlana Laidinen1, 
Timo Liimatainen2,4 & Seppo Ylä-Herttuala  1,3

Heart has a wide lymphatic network but the importance of cardiac lymphatic system in heart diseases 
has remained unclear. Vascular Endothelial Growth Factor Receptor 3 (VEGFR3) is a key molecule in the 
development and maintenance of cardiac lymphatic vessels. Here we characterized the role of VEGFR3 
in healthy hearts and after myocardial infarction (MI) by using sVEGFR3 transgenic mice expressing a 
soluble decoy VEGFR3 under K14 promoter and Chy mice which have an inactivating mutation in the 
VEGFR3 gene. Cardiac lymphatic vessels were significantly dilated in the healthy hearts of sVEGFR3 
mice when compared to controls. Lymphatic vessels formed large sheet-like structures in Chy mice. 
Attenuated VEGFR3 signaling led to a more severe MI predisposing to a significantly higher mortality 
in sVEGFR3 mice than in control mice. sVEGFR3 mice displayed intramyocardial hemorrhages in the 
infarcted area indicating hyperpermeability of the vasculature. Furthermore, novel MRI methods 
TRAFF2 and TRAFF4 and histological analysis revealed a modified structure of the fibrotic infarcted 
area in sVEGFR3 mice. In conclusion, the downregulation of VEGFR3 signaling modifies the structure of 
cardiac lymphatic network and causes vascular leakiness and increased mortality after MI.

Lymphatic vessels were long considered as passive drainage conduits of extracellular fluid but their role has been 
extended since the mechanisms of their development and function in several pathophysiological processes have 
been identified1. Lymphatic system regulates many processes involved in cardiac physiology and pathology, such 
as inflammatory reactions2, tissue fluid balance3, reverse cholesterol transport4 and atherosclerosis5,6 which can 
eventually change heart function. Therefore, the role of lymphatic vessels in myocardial infarction (MI) and other 
heart conditions can be more significant than previously anticipated7,8.

The development of mouse cardiac lymphatic vessels starts at E12-14 when lymphatic endothelial cells (LECs) 
derived mainly from the common cardinal vein transmigrate to the dorsal and ventral surfaces of the heart and 
start to form lymphatic tubules and subsequently lymphatic capillary plexus9,10. In adults, capillary size lymphatic 
vessels cover the myocardium and subendocardium and also the atrioventricular and semilunar valves in most 
mammalian species11,12. It has been shown that cardiac lymph flow begins from small endocardial lymphatics 
and continues through myocardium into subepicardial capillaries that converge into larger collecting lymphatic 
vessels. Finally, cardiac lymph passes through the mediastinal lymph nodes into the thoracic duct13.

Only a few studies have focused on the function of lymphatic vessels in regulating cardiac physiology or their 
role in cardiac pathologies. The effect of cardiac lymph flow impairment has been studied by blocking ventricu-
lar and mediastinal lymphatic ducts in large animals (reviewed by Cui14). In these studies, the obstruction of 
lymphatic flow led to subepicardial edema, depressed left ventricle (LV) contractile function and hemorrhages. 
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Cardiac arrhythmias have also been associated with lymphedema both in humans and in animal models14. On the 
other hand, lymphangiogensis has been observed in rats15 and humans11 after MI. In addition, lymphangiogenic 
therapy with vascular endothelial growth factor receptor 3 (VEGFR3)-specific vascular endothelial growth factor 
C (VEGF-C) protein improved LV function after MI in mice9 and resolved cardiac edema and fibrosis in rats16. It 
has also recently been shown in a human phase 1 clinical trial that the gene transfer of another VEGFR3 ligand, 
VEGF-D, improves cardiac blood flow in refractory angina patients17.

Here we analyzed the role of VEGFR3 in cardiac lymphatic vessel morphology and cardiac function in healthy 
hearts and after MI in mice. We used two mouse models with defective VEGFR3 signaling: sVEGFR3 mice 
expressing soluble decoy VEGFR3 (sVEGFR3) and Chy mice with inactivating point mutation in VEGFR3 gene 
(Chy)6. The blocking of the VEGFR3 signaling altered the structure of cardiac lymphatics in healthy hearts but 
did not affect cardiac function. After MI, sVEGFR3 mice had significantly higher mortality than the control litter-
mates, intramyocardial hemorrhages, a reduced capability to respond to lymphangiogenic signals and a modified 
structure of the infarcted area.

Results
sVEGFR3 mice have higher mortality after MI than control mice. To study the role of lymphatic 
vessels in MI, the anterior branch of the left descending coronary artery (LAD) was ligated in sVEGFR3 and 
control mice to generate an anteroapical infarctionin the LV wall (LVW). In order to analyze different stages of 
myocardial healing after LAD ligation, mice were followed for 4, 8 or 42 days. LAD ligation induced typical signs 
of MI, such as inflammatory cell accumulation, fibrosis and scar formation (Fig. 1a). The largest infarction areas 

Figure 1. MI leads to higher mortality in sVEGFR3 mice compared to the controls. (a) Representative images 
of heart cross-sections stained with Masson’s Trichrome staining show collagen accumulation and necrotic 
infarction scar in sVEGFR3 and control mice 8 days post-MI. (b) Quantification of infarction area sizes 4, 8 
and 42 days post-MI (n = 6/group, n = 22/group and n = 6–9, respectively). Infarct areas above the red dashed 
line (20%) are considered large. (c) Mortality of sVEGFR3 and control mice during 8 day follow-up after LAD 
ligation (n = 23–24/group). Scale bar in (a) is 1,000 µm. Values represent mean ± SEM. Statistical analyses were 
performed using two-way ANOVA with Bonferroni’s post-hoc test or Kaplan-Mayer with log-rank test for 
survival curve. *P < 0.05, **P < 0.01.
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were detected already 4 days after MI both in sVEGFR3 mice and control mice. The average infarction area was 
decreased at the later time points in both groups reaching significance in control mice (39.6% at 4 days post-MI 
vs. 15.1% at 8 days post-MI, P < 0.01 and 14.4% 42 days post-MI, P < 0.01) (Fig. 1b). During the 8 day follow-up, 
the mortality of sVEGFR3 mice was significantly higher compared to the control group (25% vs. 4%, respectively, 
P < 0.05) (Fig. 1c). This might be explained by a higher proportion of the larger infarction areas in sVEGFR3 mice 
than in control mice: 40.9% of sVEGFR3 mice had infarction areas spanning more than 20% of the LVW, whereas 
only 27.2% of control mice had these large infarcted areas (Fig. 1b). Furthermore, 5 out of 6 sVEGFR3 mice that 
died during the 8 day follow-up had infarction areas larger than 20% of the LVW (Fig. 1b).

MI induced changes in the cardiac function in sVEGFR3 mice and control mice. Cardiac magnetic 
resonance imaging (cMRI) was utilized to measure heart function and to visualize the infarction area. The thin-
ning of the LVW and the dilatation of the LV were easily detectable from cine MRI images at all time points after 
MI (Fig. 2a). LV volumes in diastole (EDV) and systole (ESV) were measured from cine MRI images (Fig. 2b,c). 
Additionally, stroke volume (SV) and ejection fraction (EF) were calculated by using EDV and ESV values 
(Fig. 2d,e). Compared to healthy hearts, ESV values increased slightly already 3 and 8 days after MI (Fig. 2c) 
and EDV and ESV values were significantly increased 42 days post-MI both in sVEGFR3 mice (EDV: 40.0 mm3 
in healthy hearts vs. 89.1 mm3 8 days post-MI, P < 0.01) and in control mice (EDV: 42.8 mm3 in healthy hearts 
vs. 117.2 mm3 at 42 days post-MI, P < 0.001), which confirms the dilatation of the LVW (Fig. 2b,c). Increased 
ESV values caused SV values to decrease significantly 3 and 8 days post-MI both in sVEGFR3 mice (25.8 mm3 
in healthy hearts vs. 12.3 mm3 at 3 days post-MI, P < 0.01 and 17.6 mm3 at 8 days post-MI, P < 0.05) and in 
control mice (30.0 mm3 at in healthy hearts vs. 16.4 mm3 at 3 days post-MI, P < 0.01 and 17.3 mm3 at 8 days 
post-MI, P < 0.05) (Fig. 2d). Compared to healthy hearts, EF was significantly decreased 3, 8 and 42 days post-MI 
sVEGFR3 mice (69.4% vs. 31.7%, P < 0.01, 48.4%, P < 0.05 and 38.6%, P < 0.001, respectively) and in control 
mice (70.4% vs. 37.2%, P < 0.01, 51.8%, P < 0.05 and 37.6%, P < 0.01, respectively) indicating progressive reduc-
tion in the pumping efficacy of the infarcted hearts (Fig. 2e).

Echocardiography was performed for the healthy hearts and 7 and 35 days post-MI to obtain more knowledge 
about the changes in heart function caused by LAD ligation. The thinning of the LVW was easily visible from 
long-axis view (LAX) of echocardiography 8 days post-MI (Fig. 2f). In addition, electrocardiograms (ECG) were 
recorded during echocardiography. As previously described18, pathological Q waves appeared in ECG post-MI 

Figure 2. sVEGFR3 mice and control mice have similar heart function. (a) Examples of MRI cine images from 
healthy and infarcted hearts 3, 8 and 42 days post-MI show dilatation of the heart and thinning of the LVW. 
(b,e) EDV (b), ESV (c), SV (d) and EF (e) measured from cine MRI images in healthy hearts (0) and 3, 8 and 42 
days post-MI (n = 8–11/group, n = 4/group, n = 14–18/group and n = 6–9/group, respectively). (f) An example 
of echocardiogram image from infarcted heart shows clear thinning of the apical LVW. Infarction scar is shown 
by arrows. (g) Examples of ECG profiles show pathological Q waves and changes in R and S wave amplitudes 
in an infarcted heart compared to a healthy heart. Values represent mean ± SEM. Statistical analyses were 
performed using two-way ANOVA with Bonferroni’s post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001.
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both in sVEGFR3 and control mice (Fig. 2g). In addition, clear changes in R wave and S wave amplitudes were 
detected. ECG profiles were similar between sVEGFR3 mice and controls both in healthy and post-MI states 
(Table 1).

Cardiac lymphatic vessel morphology and lymphangiogenesis are modified in sVEGFR3 mice.  
To determine the effect of attenuated VEGFR3 signaling on lymphatic vessel morphology, 3D hierarchy of cardiac 
lymphatic vessels was studied after immunostaining with LYVE1 marker from the anterior surface of the heart 
(Fig. 3a) and specifically from the anterioapical pieces of the heart (Fig. 3b). Lymphatic vessels were shown to be 
dilated in otherwise healthy sVEGFR3 mice in comparison to control mice. In Chy mice, the vessels had com-
pletely lost their fishnet-like organization and formed large sheet-like structures (Fig. 3a,b). Nuclear PROX1 stain-
ing indicated that the abnormal morphology did not result from the proliferation of LECs (Fig. 3c). sVEGFR3 
mice had significantly increased lymphatic vessel area (24.2%) compared to control mice (18.7%) (P < 0.05). In 
Chy mice, lymphatic area in the region-of-interest (ROI) varied from approximately 39% up to 90% (P < 0.001) 
(Fig. 3d). Gender or diet did not affect the cardiac lymphatic vessel organization (data not shown).

Attenuated lymphatic vessel function leads to the accumulation of tissue fluids19. Long-lasting edema can 
influence the development of fibrosis and thereby alter the healing after MI20. Previously, T2 weighted MRI 
method has been used to noninvasively visualize and quantitate edematous regions in humans and animal mod-
els21–23. Here we used T2 weighted MRI to measure cardiac edema in healthy hearts, 8 days and 42 days post-MI 
(Fig. 4a). T2 relaxation times were significantly increased in infarcted hearts at both time points compared to the 
healthy hearts (0.027 s at d0 vs. 0.046 s 8 days after MI, p < 0.001 and 0.047 s 42, p < 0.001 in sVEGFR3 mice).

To resolve the accumulation of fluids and inflammatory cells in the myocardium after MI, lymphangiogenesis 
is activated both in the infarcted regions and in healthy LVW16. Here we analyzed the expression of VEGFR3 and 
VEGF-C with RT-qPCR to determine if these main lymphangiogenic regulators are activated after MI. VEGF-C 
was upregulated both in sVEGFR3 and control mice when compared to healthy hearts 8 days after MI (P < 0.05) 
(Fig. 4b). Also, the expression of VEGFR3 was considerably increased in sVEGFR3 mice and it was significantly 
upregulated in control mice (P < 0.01). Furthermore, the localization and number of lymphatic vessels after MI 
was evaluated from the cross-sections of LVW stained with LYVE1 antibody (Fig. 4c,d). In the controls, lym-
phatic vessels formed a dense network indicating activated lymphangiogenesis especially in the border zone of 
the infarcted area whereas in sVEGFR3 mice lymphatic vessels were nearly absent 8 days after MI (Fig. 4c). The 
amount of lymphatic vessels was similar in sVEGFR3 mice and control mice 4 days after MI but it was signifi-
cantly increased in control mice 8 days after MI (3,9 /mm2 4 days post-MI vs. 10.5 /mm2 8 days post-MI. P < 0.05) 
and remained at high level until the day 42 (Fig. 4d) confirming strongly activated lymphangiogenesis in control 
mice during the healing of the myocardium after MI. In contrast, the amount of lymphatic vessels increased 
only slightly in sVGEFR3 mice during the follow-up and the amount was significantly lower in sVEGFR3 mice 
compared to control mice 8 days after MI (6.1/mm2 vs. 10.5/mm2, respectively. P < 0.05) (Fig. 4d) indicating 
attenuated capability to respond to lymphangiogenic signals.

sVEGFR3 mice display intramyocardial hemorrhages. To evaluate the angiogenic response after MI, 
blood capillaries were stained with Lectin (Fig. 5a) and quantified from the border zone of the infarcted area 
(Fig. 5b). The highest amount of capillaries was detected 4 days after MI in both groups and it was significantly 
decreased at the later time points. The amount of capillaries was equal between sVEGFR3 mice and control mice 
indicating similar responses to angiogenic signals. Unexpectedly, most of the sVEGFR3 mice that died during 
the 8 day follow-up displayed large hemorrhages in the infarcted area indicating leakiness from blood vessels 
(Fig. 5c). The scoring of the hemorrhagic areas of infarcted areas covering more than 10% of LVW revealed large 
accumulations of erythrocytes especially in sVEGFR3 mice followed for 8 days (Fig. 5d). As downregulation of 
VEGFR3 signaling has been shown to increase VEGFR2 levels and thereby vascular permeability24, we measured 
the levels of VEGFR2 in healthy hearts by Western blotting (Fig. 5e). The amount of VEGFR2 protein was sig-
nificantly increased in the healthy hearts of sVEGFR3 mice (P < 0.05) (Fig. 5f). Additionally, the expression of 
endothelial nitric oxide synthase (eNOS) was upregulated in sVEGFR3 mice 8 days after MI compared to controls 

QRS 
(ms)

Q dur 
(ms)

Amp Q 
(mV)

Amp R 
(mV)

Amp S 
(mV)

HR 
(bpm)

Healthy
Control 10.1 1.0 −0.2 12.5 −6.4 454

sVEGFR3 10.4 0.4 0.0 11.8 −5.1 463

Infarcted, 7 days post-MI
Control 12.3 3.1 −0.8 9.3 −4.8 480

sVEGFR3 12.2 2.7* −0.7 8.1 −4.0 486

Infarcted, 35 days post-MI
Control 12.1 5.5*** −1.4 4.5** −2.4** 507

sVEGFR3 10.4 2.1# −1.2 6.9* −5.4 489

Table 1. Quantification of ECG profiles in healthy hearts and 8 days and 35 days post-MI in sVEGFR3 mice 
and the control mice. QRS: Duration of QRS complex, Q dur: Q wave duration, Amp Q: Q wave amplitude, 
Amp R: R wave amplitude, Amp S: S wave amplitude, HR: heart rate. bpm: beats per minute. n = 9–10/group 
in healthy hearts, n = 17–20/group 7 days post-MI and n = 5–9/group 35 days post-MI. Values represent 
mean ± SEM. Statistical analyses were performed using one-way ANOVA with Bonferroni’s post-hoc test. 
*P < 0.05, **P < 0.01, ***P < 0.001 when compared to healthy heart, #P < 0.05 when compared to control mice at 
the same time point.
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(p = 0.07) indicating that the expression of sVEGFR3 may induce changes in the heart vasculature during MI by 
modulating VEGFR2-mediated vascular permeability.

sVEGFR3 mice and control mice had equal levels of inflammatory cells. Myocardial necrosis after 
MI triggers the recruitment of inflammatory cells that clear the wound from dead cells and matrix debris. To 
analyze the inflammatory reaction after MI, macrophages and lymphocytes were stained with F4-80 and CD45 
antibodies, respectively, from the cross-sections of infarcted hearts. Eight days after MI, F4-80+ macrophages 
were mainly located in the epicardium of LVW (Fig. 6a) whereas CD45+ lymphocytes were scattered throughout 
the infarction area (Fig. 6b). Healthy areas were almost completely devoid of inflammatory cells. Even though 
sVEGFR3 mice had a slight increase in the amount of lymphocytes, no significant changes in the amount of 
inflammatory cells in LVW were detected between control mice and sVEGFR3 mice 8 days after MI (Fig. 6c).

Histology and novel MRI methods revealed changes in the structure of infarcted areas in 
sVEGFR3 mice. After the infiltration of inflammatory cells, proinflammatory signaling is suppressed in 
the infarcted areas and fibroblasts turn into activated myofibroblasts. Myofibroblasts produce large amounts of 
collagens that provide tensile strength for the myocardial wall and protect it from rupture25. To assess the pro-
duction of fibrotic and contractile proteins in the myocardium after MI, RT-qPCR analyses were performed for 
collagens (Col1A2 and Col3A1), periostin (Postn), smooth muscle cell actin (Acta2) and transforming growth 
factor beta 1 (Tgfb1) (Fig. 7a). The expression of collagens and Postn were significantly decreased 42 days after 
MI compared to the expression in the 8 day samples. The expression of both Col1A2 and Col2A3 were slightly 
but not significantly decreased in sVEGFR3 mice compared to the controls 8 days post-MI. Acta1 was strongly 
upregulated in sVEGFR3 mice 42 days after MI ligation indicating accumulation of α-SMA positive cells (pri-
marily myofibroblasts) in the LVW. This finding was supported by immunohistochemical staining for α-sma 
which revealed the accumulation of individual α-sma positive cells and small arterioles in the healthy LVW of 
sVEGFR3 mice 42 days after MI whereas α-sma was more prominently expressed in the larger arteries in control 

Figure 3. Cardiac lymphatic vessels are dilated in healthy sVEGFR3 mice and completely loose their 
organization in Chy mice. (a) Representative images of LYVE1 positive subepicardial cardiac lymphatics in 
the anterior side of the heart in the healthy control mice, sVEGFR3 mice and Chy mice. (b) Representative 
images of LYVE1 positive cardiac lymphatic vessels in LVW in the healthy control mice, sVEGFR3 mice and 
Chy mice. (c) Representative images of PROX1 and LYVE1 double-stainings in LVW in the healthy control 
mice, sVEGFR3 mice and Chy mice. Arrows indicate PROX1-positive LEC nuclei. (d) Quantification of LYVE1 
stainings (n = 11/control mice, n = 17/sVEGFR3 mice and n = 4/Chy mice). Scale bar in (a) is 1,000 µm, in  
(b) 200 µm and in (c) 50 µm. Values represent mean ± SEM. Statistical analyses were performed using Student’s 
t-test. *P < 0.05, ***P < 0.001.
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mice (Fig. 7b). sVEGFR3 mice and control mice had similar amounts of α-sma positive structures (Fig. 7c) but 
sVEGFR3 mice displayed a trend towards smaller α-sma positive cells and arterioles whereas the proportion of 
large α-sma positive arteries was significantly higher in control mice than in sVEGFR3 mice (57.1% vs. 48.0%, 
P < 0.05, respectively)(Fig. 7d).

The amount of fibrosis was further analyzed from heart cross-sections stained with Picro-Sirius red that 
allowed the visualization of collagen types I and III. Interestingly, the intensity of collagen staining was fainter 
in several sVEGFR3 mice compared to control mice 8 days post-MI (Fig. 7d), which indicates a different com-
position of the fibrotic area. However, there were no differences in the total amount of collagen in LVW between 
sVEGFR3 mice and control mice 8 days or 42 days after MI (Fig. 7e).

Recently, a new non-invasive MRI method, longitudinal relaxation time in rotating frame (T1ρ) has been intro-
duced to detect granulation and scar tissue formation in myocardial ischemia in mice26. Additionally, relaxation 
times of relaxation along a fictitious field (TRAFF2 and TRAFF4) are novel rotating frame relaxation time methods for 
measuring damaged areas of acute and chronic MI scar components with high accuracy and with lower specific 
absorption rate than T1ρ

27. To analyze the changes in LVW composition after MI, we performed T1ρ, TRAFF2 and 
TRAFF4 relaxation time cMRI for a subset of mice 7 days after LAD ligation (Fig. 7f,h). All methods were able to 
differentiate infarcted regions of the LVW from the remote healthy areas. Interestingly, sVEGFR3 mice had signif-
icantly increased TRAFF4 relaxation times compared to the controls (0.263 s vs. 0.149 s, respectively. P < 0.05) and 
also a trend towards higher TRAFF2 relaxation times (0.0795 s vs. 0.0596 s, respectively) in the infarcted region of 
LVW (Fig. 7g,h). These findings indicate changes in the composition of infarcted area in sVEGFR3 mice after MI.

Discussion
We have studied the role of VEGFR3 in cardiac lymphatic vessels and in healing after MI. Confocal microscopy 
analyses revealed that cardiac lymphatic vessels formed an organized network in the epicardium of the LVW in 
control mice. In contrast, cardiac lymphatic vessels in sVEGFR3 and Chy mice had more disorganized and dilated 
morphology. Interestingly, the mortality of the sVEGFR3 mice was significantly higher in the acute phase after MI 
than their control littermates, emphasizing the importance of VEGFR3 signaling and the function of lymphatic 
vessels in the healing after MI.

VEGFR3 is the primary lymphangiogenic receptor for growth factors VEGF-C28 and VEGF-D29. It is 
expressed in cardiac LECs both during the development and postnatally9. In the current study, we used trans-
genic mice that produce VEGFR3 decoy receptor under the K14 promoter that targets the receptor expression 

Figure 4. Cardiac lymphatic vessels in sVEGFR3 mice are unable to respond to lymphangiogenic signals 
after MI. (a) MRI T2 relaxation times in healthy hearts and 8 and 42 days post-MI (n = 8–9/group, n = 5–6/
group and n = 8–9/group, respectively). (b) RT-qPCR analyses for Vegf-c and Vegfr3 mRNA in healthy hearts 
and 8 days post-MI (n = 2–3/group and n = 9–15/group, respectively). (c) Representative images of LYVE1 
positive cardiac lymphatic vessels in heart cross-sections 8 days post-MI in sVEGFR3 and control mice. Arrows 
indicate LYVE-1 positive lymphatic vessels. (d) Quantification of LYVE1 stainings 4, 8 and 42 days post-MI 
(n = 5–6/group, n = 12–16/group and n = 6–9/group, respectively). Scale bar in (c) is 125 µm. Values represent 
mean ± SEM. Statistical analyses were performed using two-way ANOVA with Bonferroni’s post-hoc test or 
Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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in the keratinocytes of the skin. sVEGFR3 protein is secreted in the blood stream and has shown to cause both 
metabolic6,30 and structural effects31 in the lymphatics. Even though VEGFR3 function is not completely lost in 
sVEGFR3 mice, partial inhibition of VEGF-C and VEGF-D was sufficient for the downregulation of lymphangi-
ogenic signaling leading to modifications in the structure of cardiac lymphatics. Additionally, cardiac lymphatic 
vessel morphology was significantly altered and lymphatics formed large sheet-like structures in the Chy mice 
that have an inactivating mutation in the VEGFR3 gene. Unfortunately, the analysis of Chy mice is very chal-
lenging due to their poor breeding performance and intolerance for anesthetics. It is likely that the formation 
of cardiac lymphatic vessels is already altered during embryonic development both in sVEGFR3 and Chy mice. 
This is supported by the previous findings from other parts of the body showing that many internal organs in the 
sVEGFR3 newborn mice are devoid of lymphatic vessels31 and some newborn Chy mice develop abdominal chy-
lous ascites that is not absorbed due to defective lymphatic network32. Unexpectedly, 25% of the sVEGFR3 mice 
died during the first week after MI whereas control mice survived much better during this acute phase after MI 
indicating that either the structural changes in cardiac lymphatic system or downregulation of VEGFR3 signaling 
is detrimental for the healing after MI.

Figure 5. Histological examination revealed hemorrhages in the infarcted areas of sVEGFR3 mice. (a,b) 
Representative images of Lectin positive cardiac blood capillaries in heart cross-sections 8 days post-MI in 
sVEGFR3 and control mice. Arrows indicate Lectin positive capillaries. (b) Quantification of Lectin stainings 
4, 8 and 42 days post-MI (n = 6/group, n = 21/group and n = 6–9/group). (c) Representative images of 
intramyocardial hemorrhages in control mice and sVEGFR3 mice. Arrows indicate red blood cells (RBCs) (d) 
Scoring of RBCs in infarcted area of LVW 4, 8 and 42 days post MI (n = 5/group, n = 10–12/group and n = 4–5/
group, respectively). Score 0: no RBCs, 1: few RBCs, 2: hemorrhages 3: multiple hemorrhages. (e,f) Western 
blot (e) and quantification (f) of VEGFR2 in the healthy hearts of sVEGFR3 mice (n = 4–5/group). (g) qPCR 
analysis of eNOS in the hearts of sVEGFR3 mice and controls 8 days after the infarction (n = 9–15/group). Scale 
bar is (a) 100 µm and in (c) 50 µm. Values represent mean ± SEM. Statistical analyses were performed using two-
way ANOVA with Bonferroni’s post-hoc test or Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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MI causes decreased cardiac lymph flow leading to edema both in humans33 and in large animals34. Cardiac 
edema can strongly modulate cardiac function and lead to dangerous ventricular arrhythmias14 that are typi-
cally the main cause of sudden death after MI35. As in previous studies15,16, control mice in this study exhibited 
activated lymphangiogenesis leading to dense lymphatic capillary network. In contrast, sVEGFR3 mice did not 
respond to VEGF-C upregulation and displayed significantly less lymphatics than control mice. It still remains an 
open question, whether cardiac lymphatic vessels in sVEGFR3 mice are unable to respond to lymphangiogenic 
signals after MI or if the pre-existing lymphatics were not functional due to developmental defects. To test this in 
the future, lymphangiogenesis could be inhibited using conditional transgenic mouse lines or by administering 
viral vector expressing sVEGFR3 to the myocardium of an adult animal during MI. We assumed that the lower 
number of cardiac lymphatics would lead to an accumulation of fluids in the heart muscle. T2 relaxation times 
were indeed significantly increased 8 days and 42 days post-MI in both groups but T2 relaxation time did not 
differ between the groups. However, the effects of cardiac edema cannot be totally ruled out as even small increase 
in the water content of the heart significantly decreases cardiac output36. In a recent clinical trial, the activation 
of both angiogenesis and lymphangiogenesis with adenoviral VEGF-D therapy was shown to be beneficial for 
myocardial perfusion and might have also improved cardiac fluid balance17. Additionally, VEGF-C therapy in a 
rat model decreased cardiac water content only by 0.8% compared to the controls but was shown to be beneficial 
for cardiac healing16. Therefore, even a slight increase in cardiac fluid accumulation after MI can lead to a higher 
mortality in sVEGFR3 mice. Additionally, the accumulation of macrophages has been associated with increased 
vascular leakage and tissue edema37 and activation of lymphangiogenesis could help to resolve innate inflam-
matory reaction38. We did not discover differences in the inflammatory cell counts between sVEGFR3 mice and 
control mice indicating similar responses to inflammatory activation at least in the current study setup. However, 
VEGFR3 signaling can modulate macrophage polarization30, which might modify myocardial healing after MI.

sVEGFR3 mice followed for 8 days displayed intramyocardial hemorrhages indicating microvascular dys-
function and vascular leakage of erythrocytes. Hemorrhages can cause detrimental remodeling and reduced wall 
motion of the LVW39 and they are often discovered in mice with lethal cardiac rupture40. Mechanistically, hypoxia 
after coronary artery occlusion induces the expression of cytokines, growth factors and reactive oxygen species, 
which can alter the integrity of the microvascular endothelium and lead to increased vascular permeability41. 
The expression of sVEGFR3 led to significantly increased VEGFR2 protein levels in healthy hearts of sVEGFR3 
mice compared to controls, which induced the expression of eNOS, one of the main factors regulating vascular 
permeability42. In addition to eNOS, upregulated levels of VEGFR2 can cause increased vascular permeability 
by decreasing VE-cadherin at endothelial cell junctions without changing vascular structure or density24, which 
might be an additional mechanism also in sVEGFR3 mice. Furthermore, chow-fed sVEGFR3 mice are hypercho-
lesterolemic6, which could cause vascular dysfunction and increased vascular permeability in the heart43.

Vascular leakage and persisted edema has been shown to modify the development of fibrosis in the heart20. 
Although the expression of ECM proteins, Col1a2, Col3a1 and Postn were at a similar level both in the con-
trols and sVEGFR3 mice, some sVEGFR3 mice had fainter histological staining of collagen I and III after MI. 
Accordingly, sVEGFR3 mice had a significantly different composition of the infarcted area compared to the con-
trols when the infarcted area was analyzed with novel MRI techniques, TRAFF2 and TRAFF4 rotating frame relax-
ation methods. TRAFFn is produced by nested sine amplitude and cosine frequency modulated radio frequency 
(RF) pulses44. The method is based on a fast, sub-adiabatic sweep of effective RF field which produces a fictitious 

Figure 6. sVEGFR3 mice and control mice display similar amounts of inflammatory cells in LVW. (a,b) 
Representative images (a) and quantification (b) of F4–80 stainings 8 days post-MI (n = 14–17/group). (c,d) 
Representative images (c) and quantification (d) of CD45 stainings 8 days post-MI (n = 16–17/group). Scale 
bar in (a) and (c) is 100 µm. Values represent mean ± SEM. Statistical analyses were performed using Student’s 
t-test.
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magnetic field. The fictitious field component together with RF pulse induced magnetic field and off-resonance 
component forms a final effective RF field. Magnetization precesses around this final effective field and relaxes as 
a function of time45. TRAFF has been shown to detect especially slow molecular motions44. TRAFF2 and TRAFF3 relax-
ation times increased at fibrotic areas in transverse aortic constriction mouse model45 and TRAFF4 was recently 
utilized to differentiate white and grey matter and correlate highly with myelin content of the brain46 with remark-
ably lower (approximately 80%) SAR-values of RAFF4 and (approximately 30%) SAR-values of RAFF2 com-
pared to continuous wave T1ρ which is an advantage of RAFFn44,46,47. Interestingly, changes in infarcted area of 
sVEGFR3 mice were not detected with conventional MRI methods, T2 or T1ρ, indicating that TRAFFn could be 
used to detect more specific modifications in the infarcted area related to chemical exchange of hydrogen between 
hydroxide groups and free water.

Even though novel imaging methods and transgenic animal models have provided new insights into the func-
tion of systemic and tissue-specific lymphatic vessels, the effects of altered cardiac lymphatic function in the 
healthy hearts and after MI have not been described. Here we show that VEGFR3 has an essential role in cardiac 
lymphatic vessel morphology and attenuated VEGFR3 signaling exposes mice to higher mortality, hemorrhages 
and a modified structure of the infarcted area verifying the importance of lymphatic vessel function in the healing 

Figure 7. Histology and novel MRI methods display differential fibrosis in sVEGFR3 mice when compared to 
the controls. (a) RT-qPCR analyses for Col1a2, Col3a1, Postn, Acta2 and Tgfb1 mRNAs 8 and 42 days post-MI 
(n = 14–18/group and n = 4–9/group, respectively). (b) Representative images of α-sma staining in heart 
cross-sections 42 days post-MI in sVEGFR3 and control mice. Arrows point at individual α-sma positive cells. 
(c) Amount of α-sma positive area in the healthy LVW in sVEGFR3 and control mice (n = 6–9/group). (d) 
Proportion of small (<200 µm) and large (>500 µm) α-sma positive structures in the healthy LVW (n = 6–9/
group). (e) Representative images of Sirius Red staining in heart cross-sections 8 days post-MI in sVEGFR3 
and control mice. (f) Quantification of collagen in LVW from Sirius Red stainings 8 and 42 days post-MI 
(n = 17–18/group and n = 6–9/group, respevctively). (g,i) MRI T1ρ (g), TRAFF2 (h) and TRAFF4 (i) relaxation times 
7 days post-MI in infarcted and remote regions (n = 5–11/group). Scale bar in (e) is 100 µm and in (h) 500 µm. 
Values represent mean ± SEM. Statistical analyses were performed using two-way ANOVA with Bonferroni’s 
post-hoc test or Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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after MI. Additionally, we showed that novel MRI techniques provide useful information about the changes in the 
LVW structure during the myocardial healing and these non-invasive methods could be utilized to determine the 
scar structures also in the clinical settings.

Materials and Methods
Animals. sVEGFR3 and Chy mice in LDLR−/− x ApoB100/100 background were bred as previously described6. 
LDLR x ApoB100/100 littermates from the breedings with sVEGFR3 mice served as controls. Mice were housed 
in the Laboratory Animal Center of University of Eastern Finland and they were fed ad libitum with water and 
normal rodent chow diet. Additionally, to test the effect of high-fat diet on cardiac lymphatic vessel morphology, 
mice were fed with Western type high-fat diet (TD.88137 Harlan Teklad; 42% of energy from fat, 0.2% choles-
terol) for 12 weeks before euthanasia (n = 7/control mice n = 13/sVEGFR3 mice and n = 4/Chy mice). Mice were 
euthanized with carbon dioxide (CO2) and perfused with phosphate-buffered saline (PBS) through the LV. All 
animal experiments were approved by National Experimental Animal Board of Finland and were carried out in 
accordance with the Act on the Protection of Animals Used for Scientific or Educational Purposes (497/2013).

Myocardial infarction (MI). Approximately 13–17 week old sVEGFR3 mice and control mice (n = 22/
group) were used for MI study. Both female and male mice were used in equal numbers. Mice were anesthetized 
with isoflurane inhalation (Univentor-400, Univentor, Zejtun, Malta) 4% induction followed by 2% maintenance 
and MI was induced as previously described48,49. Briefly, the heart was exposed, pushed out of the thorax with a 
direct visual control and LAD was ligated at a site ≈5 mm from its origin using a 6-0 silk suture. Mice were sac-
rificed 8 days after the operation. In addition, some analyses were performed on mice followed for 4 days (n = 6/
group) or 42 days (n = 10/control mice and n = 11/sVEGFR3 mice) after MI and a subset of mice used for T1ρ and 
TRAFFn weighted MRI was followed for 7 days (n = 11/control mice and n = 7/sVEGFR3 mice). In total, 95 mice 
were used for the MI experiments.

Cardiac magnetic resonance imaging (cMRI). MRI was performed before the LAD ligation and during 
the follow-up (day 3, 8 and 42). All MRI experiments were done using a horizontal 9.4 T magnet controlled by a 
Bruker console (Bruker GmbH, Ettlingen, Germany). Quadrature volume transceiver with coil inner diameter of 
35 mm (Rapid Biomed GmbH, Ettlingen, Germany) was used in MRI experiments. Mice were anesthetized for 
MRI with 4% isoflurane with oxygen and nitrogen gases by fraction of 1:3 (Piramal Healthcare, Northumberland, 
UK). The level of isoflurane was decreased to 1–1.5% level during the imaging. Mice body temperature was kept 
at natural temperature level (37 °C) by circulating warm water in watertubes which were placed under mice. 
ECG was measured using needle electrodes from fore paws and respiration was controlled by a pneumatic pillow 
placed under the mouse. Both signals were registered using Model 1025 (Small Animal Instruments Inc., NY, 
USA) during the experiments. All MRI experiments were gated with ECG and respiration.

Multi-slice cine images were taken to image the whole heart by using gradient echo based fast imag-
ing with steady state precession (FISP) readout sequence. The imaging parameters for cine images were 
field-of-view = 4 × 4 cm2, slice thickness = 1 mm, matrix size = 192 × 192, Time of Echo (TE) = 1.9 ms, Time rep-
etition (TR) = 8.0 ms, scan TR = 99.0 ms, flip angle = 10° and number of frames were 10–11 depending on heart 
rate, 8–10 slices were imaged depending on the size of the heart. EDV and ESV were analyzed from cine frames 
with Matlab software using Aedes toolbox. SV was calculated using formula SV = EDV − ESV and EF was calcu-
lated using formula EF = (SV/EDV) × 100%.

T2 measurements contained Hahn double echo preparation which included an adiabatic half passage (AHP) 
excitation-pulse (power = 1250 Hz, duration = 3.0 ms), two Hyperbolic Secant 1-pulses (power = 1250 Hz, 
duration = 4.5 ms) and AHP-backpulse (power = 1250 Hz, duration = 3.0 ms). Between the pulses symmetric 
delays were used resulting in total TEs of 0.05, 2.3, 4.5, 14.0 ms. Delays in front of T2 preparation were 14.01 
4.5, 2.3 and 0.05 ms, respectively. Rotating frame preparation module to measure TRAFFn consisted of RAFF2 
or RAFF4 pulses (pulses RF power 1250 Hz and 648 Hz, respectively duration 2.26 ms) applied in pulse trains 
of lengths 0, 9.1, 18.1 and 36.2 ms. In front of the RAFFn pulse trains was a delay with durations of 36.2, 27.15, 
18.1 and 0 ms, respectively, to adjust imaging to occur at the same cardiac phase for weightings with different 
durations. T1ρ preparation was done using a rotating frame preparation module which consisted AHP pulse 
(power = 625 Hz, duration = 2.0 ms), continuous wave spin-lock-pulse with time-to-spin-lock TSL = 0.4, 9.4, 27.4 
and 45.4 ms and AHP-backpulse26. Before T1ρ preparation a delay (45.4, 27.4, 9.4 and 0 ms, respectively to TSL) 
was added. FISP-readout sequence for a single slice was used in all relaxation time measurements with param-
eters: field-of-view = 4 × 4 cm2, slice thickness = 1 mm, matrix size = 256 × 256, flip angle = 90°, TE = 1.9 ms, 
TR = 14.9 ms, scan was dependent both on the heart rate and the respiratory rate. Minimum delay between 
weighting pulses was 1460 ms. T1ρ and T2 relaxation time maps were fitted by using a linear function. TRAFF2 and 
TRAFF4 were fitted by using a single mono-exponential decay function without taking into account the steady state 
formation.

Echocardiography and electrocardiography (ECG). Transthoracic echocardiography was performed 
on healthy mice and before the sacrification (day 7 or day 35). Mice were anesthetized with isoflurane and imaged 
using a high-frequency, high-resolution imaging system for small animals (Vevo 2100, VisualSonics, Toronto, 
Canada) equipped with a transducer probe operating at 18–38 MHz (MS-400, VisualSonics). In addition, surface 
electrocardiography (ECG) signal was acquired during echocardiography. The paws of the mice were attached to 
the electrode pads of the heated platform (36–37 °C). ECG data were exported from Vevo software (VisualSonics) 
and analyzed with rodent ECG imaging software (Kubios HRV 2.0, Kuopio, Finland) as previously18.

Real-time Quantitative PCR (RT-qPCR). The proximal part of the heart was snap-frozen in liquid 
nitrogen for molecular biology analyzes. RNA was extracted with RNeasy Mini Kit (Qiagen, Hilden, Germany) 
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and RNase treatment was performed with Turbo DNA-FreeTM kit (ThermoFisher Scientific, Waltham, MA, 
USA) according to the manufacturer’s protocols. RNA was transcribed into cDNA with RevertAid Reverse 
Transcriptase (ThermoFisher Scientific). Taqman assays (ThermoFisher Scientific) as well as PrimeTime qPCRs 
(IDT, Coralville, IA, USA) were used to analyze the expression of genes related to lymphangiogenesis and fibrosis.

Histology and immunohistochemistry. For immunohistology, tissue samples were fixated in 4% 
paraformaldehyde-PBS overnight. After fixation, approximately 1 mm thick piece of the anterior side of the heart 
was stored in PBS for confocal microscopy. Samples for histological stainings were processed to paraffin and cut 
as 4 µm sections.

For visualization of lymphatic vessels, tissues were incubated with a LYVE1 antibody (1:1000, Reliatech, 
Wolfenbuttel, Germany) with 5% goat serum in PBS containing 0.3% Triton-x100 and 0.2% BSA overnight fol-
lowing washing steps and incubation with a Goat anti-rabbit Alexa 594 (1:500, ThermoFisher Scientific) second-
ary antibody overnight. For further visualization of LECs, tissues were first incubated with PROX1 antibody (1:50, 
R&D Systems, Minneapolis, MN, USA) using Donkey anti-goat Alexa 594 (1:500,ThermoFisher Scientific) as a 
secondary antibody and then with LYVE1 antibody using Chicken anti-rabbit Alexa 488 (1:500,ThermoFisher 
Scientific) as a secondary antibody. After washes with PBS, tissues were imaged with confocal microscope (Zeiss 
LSM700, Carl Zeiss, Oberkochen, Germany) or fluorescent microscope (Nikon Eclipse Ni, Nikon, Tokyo, Japan). 
Lymphatic vessels area in ROI was quantified with ImageJ software.

Infarct sizes and hemorrhages were analyzed from Hematoxylin-Eosin stainings 4, 8 and 42 days post-MI 
at the level of papillary muscles (3–4 tissue sections/mouse). To analyze post-MI fibrosis, tissue sections were 
stained with Masson’s trichrome (Sigma-Aldrich, St Louis, MO, USA) and Picro Sirius red (Abcam, Cambridge, 
UK) according to the manufacturer’s protocols. Immunohistochemical stainings were performed with antibodies 
recognizing lymphatic vessels (LYVE1, 1:1000), macrophages (F4-80, 1:500, Biorad, Hercules, CA, USA), lym-
phocytes (CD45, 1:50, BD Biosciences, San Jose, CA, USA) and α-sma (anti-alpha smooth muscle actin-Cy3, 
1:200, Sigma-Aldrich). Blood capillaries were stained with biotinylated lectin (Biotinylated Griffonia (Bandeiraea) 
Simplicifolia Lectin I, 1:100, Vector Laboratories). To improve unmasking of the antigen and enhance the inten-
sity of the staining, antigen retrieval with boiling in citrate buffer was used for LYVE1 and F4-80 antibodies and 
BD Retrievagen A solution (BD Biosciences) for CD45 antibody. To visualize the binding of the antibody, tissue 
sections were incubated with biotinylated IgG secondary antibodies (1:500, Vector Laboratories, Burlingame, 
CA, USA) followed by avidin-biotin-HRP step (Vector Laboratories) and a choromogen DAB (ThermoFisher 
Scientific). Tissue slides were mounted with Permount (ThermoFisher Scientific) for light imaging or Vectashield 
mounting medium with DAPI (Vector Laboratories) for fluorescent imaging. Tissue sections were imaged with 
NIS elements software (AR5.50.00, Nikon) connected to a light microscope (Nikon Eclipse Ni, Nikon). Image 
analyses were performed with ImageJ software equipped with Fiji image processing package.

Protein extraction and western blotting. Proteins were extracted using T-PER Tissue Protein 
Extraction Reagent (Thermo Fisher Scientific) and total protein content was determined using BCA protein 
assay (Pierce, Thermo Fisher Scientific). 40 µg of protein was separated on Mini-PROTEAN TGX Stain-Free 
gels (BioRad). Gel was activated by UV for 2.5 min and proteins were transferred to nitrocellulose membrane 
(BioRad). The membrane was blocked in TBST (Tris-buffered saline with Tween 20) containing 5% nonfat dry 
milk and incubated with a rabbit anti-mouse VEGFR2 (Cell Signaling) primary antibody and a goat anti-rabbit 
secondary antibody (Thermo Fisher Scientific). Total protein amount was measured with ChemiDox XRS 
before enhanced chemiluminescence (ECL) detection. Specific bands were normalized to total protein using the 
ImageLab (Bio-Rad) software.

Statistical analyses. Two-tailed unpaired t-test, one-way or two-way ANOVA followed by Bonferroni 
correction when appropriate. Survival curves were created using Kaplan-Mayer method and survival curves 
were compared with a log-rank test. Data is presented as mean ± SEM and P < 0.05 was considered significant. 
Statistical analyses was performed with GraphPad Prism software (GraphPad Software, La Jolla, CA, USA).

Data Availability
No datasets were generated or analyzed during the current study.
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Magnetic resonance imaging is a versatile 
non-invasive imaging tool to characterize 

soft tissues. Different kinds of contrasts have 
been used to create medical images, but more 

specific new contrasts are needed for the 
characterization of specific pathologies in 

different tissues. In this thesis, novel rotating 
relaxation time methods (T1r  and RAFFn) 
for creating a unique endogenous contrast 

was implemented and studied in myocardial 
infarction in ischemic hearts, and hearts with 

insufficient lymphatic system mice models. 
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