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The heart is a muscle that contracts regularly to pump blood into the circulation. Every 
heartbeat is initiated in the sinus node by an electrical impulse, which is subsequently 
conducted via adjacent cardiomyocytes along the atria, the cardiac conduction system, 
resulting in activation and contraction of the ventricular cardiomyocytes.  
Two main compartments can be distinguished in cardiac muscle: the cellular and 
extracellular compartment. The cellular compartment is not only comprised of 
cardiomyocytes, the contractile cells in the myocardium that represent 30% of the cellular 
compartment, but also of (myo)fibroblasts, endothelial cells, and smooth muscle cells. The 
extracellular compartment, or extracellular matrix (ECM), is a non-cellular substance that 
embeds both the vasculature and cellular compartment. ECM is produced by cardiac 
fibroblasts and is involved in cellular behaviour and communication by ECM proteins that are 
connected to cardiomyocytes, herewith playing an important role in cardiac function and 
maintenance of the myocardium.1 The major component of the ECM is collagen; collagen 
fibres are produced by fibroblasts as procollagen molecules and are subsequently 
transported into the interstitial space. Once in the interstitial space, peptides at both ends of 
the procollagen molecules are cleaved off and the mature collagen fibre connects to other 
fibres, herewith creating an extensive collagen network in the heart.2 As shown in figure 1, 
the collagen network surrounds individual cardiomyocytes (endomysium), bundles of 
cardiomyocytes (perimysium), and the myocardium as a whole (epimysium). 
 
 

 
 
Figure 1. Different components of the myocardial collagen network. 
Redrawn from Weber et al.4 by Ruth van Rijen. 
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Collagen strands connect the different structures of the collagen network. This extensive 
myocardial collagen network provides tensile strength and moderates the mechanical forces 
that occur in the myocardium during systole and diastole.3 The collagen network mainly 
consists of collagen type I and type III. Although both collagen types contribute to the tensile 
strength of the myocardium, it is thought that collagen type III fibres are thinner and more 
elastic than collagen type I fibres. 
 
Turnover of the collagen network is strictly regulated; workload (stretch) and paracrine 
factors stimulate fibroblasts to produce collagen and to produce proteins that regulate the 
breakdown of collagen, such as matrix metalloproteinases (MMPs) and tissue inhibitors of 
MMPs. Although in a physiological state the turnover of collagen is well balanced, this is 
disturbed under pathological conditions. Cardiomyocyte death, increased cardiac workload, 
inflammation, adrenergic drive, and hormones can shift the equilibrium towards either 
increased synthesis or decreased breakdown of collagen, resulting in fibrosis.5  
Development of fibrosis is the main hallmark of the structural adverse remodelling process 
that occurs during cardiac diseases, but also in physiological processes such as age. Fibrosis 
has major adverse effects that hamper proper cardiac function: it stiffens the myocardium, 
hereby reducing diastolic function,6 and it increases the risk of cardiac arrhythmias by 
altering the electrical activity of the heart.7  
 
Chapter 1 explains fibrosis development and different types of fibrosis into more detail. 
Furthermore, it extensively reviews how myocardial fibrosis may give rise to the 
pro-arrhythmogenic substrate. In chapter 2, the rationale behind this thesis and the content 
of the chapters is discussed. 
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ABSTRACT  

In this review article about fibrosis and arrhythmias we show that the amount of collagen, a 
normal element of the heart muscle, increases with age and in heart disease. The relation 
between fibrosis and electrophysiological parameters such as conduction, fractionation of 
electrograms, abnormal impulse initiation as well as arrhythmogenicity is discussed. Next to 
the amount of fibrosis, we offer data suggesting that collagen texture too plays a role in 
conduction slowing and arrhythmia vulnerability. Data are shown revealing that fibrosis can 
also be induced by reduced sodium channel and connexin43 expression. Finally contrast 
enhanced magnetic resonance to detect fibrosis and VT vulnerability in a non-invasive way, 
as well as a reduction of fibrosis and arrhythmogenicity by inhibition of the 
renin-angiotensin-aldosterone-system, are discussed. 
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INTRODUCTION 

Cardiac cells are embedded in a network of collagen fibres.1 Although 29 different types of 
collagen have been identified and described, collagen type I (80%) and III (11%) are most 
abundant in the heart. Collagen fibres are bundles of fibrils. Tropocollagen is the subunit of 
the larger collagen aggregates such as fibrils. Tropocollagen consists of three polypeptide 
strands each configured in a left-handed helix structure, which are twisted together into a 
triple helix stabilised by numerous hydrogen bonds.2 The collagen network provides the 
physical support that maintains myocardial structure and sustains the transmission of an 
even distribution of force throughout the myocardium. In the healthy heart the network 
consists of thin weaves, allowing cell-to-cell contact between neighbouring cardiomyocytes.3 
At sites where membranes of adjacent cardiomyocytes make contact, protein channels 
(connexins) are present that connect the cytoplasmic compartments of the cells.4 Connexin 
channels allow current flow between the cardiomyocytes and therefore play a major role in 
propagation of the electrical impulse through the heart. Disturbed cell-to-cell contact 
impairs propagation of the electrical impulse and is arrhythmogenic. Cardiac pathology is 
associated with structural remodelling that affects both connexin and collagen expression.5 
Expression of connexins is reduced, whereas collagen synthesis is enhanced. Both alterations 
give rise to a reduction in electrical cell-to-cell coupling and impairment of propagation of 
the electrical impulse, which often results in serious cardiac arrhythmias like fibrillation and 
ventricular tachycardias (VTs). Neither connexin nor collagen proteins are static, but their 
occupancy is determined by a delicate balance between synthesis and degradation. This 
balance is disturbed in cardiac disease. In contrast to connexins, which have a fast turnover 
(balanced synthesis and degradation) of 1.5 hours, the balanced turnover of collagen is 
normally slow and estimated to be 80 to 120 days.6  
 
FIBROSIS IN THE AGING HEART 

In the young heart the amount of fibrosis in ventricular myocardium is small, about 1%.7 The 
collagen concentration in the heart, however, increases with age.8 In addition, the 
intermolecular cross-linking of collagen increases with age. These alterations will increase 
myocardial passive stiffness and (partly) separate myocardial bundles. Especially type I 
collagen fibres increase in number and thickness in the aged heart. The mechanism that 
causes increased myocardial fibrosis in the heart is unclear, but has been suggested to be 
related to growth factors such as TGF-β, hormones, and neurotransmitters.9-12 In mice aged to 
22 months, the amount of fibrosis was 12 % compared to 2 % in mice of 3 months.13 The 
increased fibrosis in the aged mouse hearts consisted of interstitial fibrosis that was at 
various sites present in a reticulate pattern, suggesting a reactive instead of replacement 
origin. Reactive differs from replacement fibrosis (scar) in that it is not related to cell death. In 
the aging human heart scarring has been observed next to reactive fibrosis.14 Hearts of aged 
mice were vulnerable to the induction of VTs. These arrhythmias were based on anisotropic 
reentry due to non-uniform anisotropic muscle bundles, in which side-to-side electrical 
connections between cardiomyocytes are sparse due to increased interstitial fibrosis. 

1717

Fibrosis and cardiac arrhythmias



Decreased cell-to-cell coupling reduces conduction velocity and facilitates reentrant 
arrhythmias.15 This suggests that fibrosis in the aged mouse heart is responsible for the 
observed arrhythmias. However, immunohistological analysis of the aged hearts also 
revealed reduced connexin43 (Cx43) (50 %) and SCN5A (50 %) expression. Although a 50% 
reduction in Cx43 expression is not arrhythmogenic,16 a 50 % decrease in SCN5A reduces 
conduction velocity, which may favour arrhythmia vulnerability in addition to fibrosis.17 
 
FIBROSIS IN HEART DISEASE 

Heart disease is accompanied by structural, electrical, and sympathetic/parasympathetic 
remodelling.5 Structural remodelling involves changes in cell size (hypertrophy), fibre 
disarray, and increased collagen deposition. In the majority of heart diseases an increase in 
collagen deposition has been observed. In tissue injury, as it occurs during myocardial 
infarction, inflammation, Chagas disease, and arrhythmogenic right ventricular 
cardiomyopathy (ARVC), collagen is deposited as a result of wound healing response to 
injury or cell death. In hypertrophy, reactive fibrosis may occur due to increased growth 
factor expression. In dilated cardiomyopathy, reactive (interstitial and perivascular) fibrosis 
predominates, whereas interstitial fibrosis and replacement scarring has been found in 
hypertrophic cardiomyopathy.18 Replacement fibrosis is required to preserve the structural 
integrity of myocardium after cell death and the subsequent clearance of debris. Apoptotic 
cell death not related to inflammation does not give rise to fibrosis. The amount of fibrosis 
differs among the various diseases and time after onset of the disease. A quantitative study 
of Tanaka and co-workers showed that the percentage area of fibrosis in the left ventricular 
(LV) free wall of hearts with hypertrophic cardiomyopathy was 10.5 ± 4.3 %, whereas this 
amount was only 2.6 ± 1.5 % in hypertensive hearts.7 In that study, the amount of fibrosis was 
1.1 ± 0.5 % in normal hearts. In the study of Kawara et al., carried out on chronically diseased 
myocardium from patients who underwent heart transplantation in the end stage of heart 
failure due to infarction or cardiomyopathy, density of fibrosis in the recording areas ranged 
from 7 % to 43 % (mean 18 ± 10 %).19 
 
TEXTURE OF FIBROSIS IN HEART DISEASE 

Several studies suggest that the amount of fibrosis in cardiac disease is associated with 
conduction slowing and increased vulnerability for arrhythmias.13,20 The study of Stein et al. in 
senescent mice showed that inducibility of VTs increases nearly linear with the amount of 
fibrosis. Besides the amount of fibrosis, its texture plays a crucial role in propagation of the 
electrical impulse. Fibrosis may be interstitial, compact, patchy, or diffuse19 (figure 1). With 
regard to arrhythmogenicity the effect of the different types of fibrosis highly varies. 
Compact fibrosis comprises a fibrotic area that is completely deprived of myocardium. In 
fact, compact fibrosis, although severe at a first glance, is least arrhythmogenic of the 
different types. For compact fibrosis, reentry can only occur as circus movement around the 
area of fibrosis (figure 2). It depends on the size of the fibrotic area, the conduction velocity, 
the refractory period and the occurrence of unidirectional block whether reentry indeed will 
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occur. In practice, reentry around scar tissue is only observed sporadically in the human 
heart.21 Patchy fibrosis is characterised by areas where collagen fibres and myocardial 
bundles intermingle. Collagen fibres in patchy fibrosis consist of long strands. This type of 
fibrosis can cause large conduction delays because of zig-zag conduction between the 
various bundles and is most vulnerable to arrhythmias.22 Diffuse fibrosis consists of short 
stretches of fibrosis. It also impairs conduction, but to a lesser extent compared to patchy 
fibrosis in case the amount of fibrosis is the same.19 Ten Tusscher and Panfilov studied the 
effect of diffuse fibrosis on wave propagation, especially spiral and scroll wave dynamics, in a 
computer model of propagation in human ventricular myocardium.23 The authors found that 
despite the small size of obstacles (0.25 - 0.5 cm) with regard to wavelength (refractory 
period × conduction velocity: 1 - 3 cm), diffuse fibrosis had a significant effect on 
propagation. Conduction velocity decreased nearly linear with the percentage of fibrosis and 
diffuse fibrosis led to a vulnerable window for wave break and spiral wave formations. In 
addition, diffuse fibrosis increased the cycle length of reentrant arrhythmias and suppressed 
spiral break-up and the transition from tachycardia to fibrillation. 
 

                       Interstitial                        Compact                         Diffuse                              Patchy 
 

Figure 1. Different types of fibrosis.  
1) Interstitial fibrosis comprises the extracellular matrix, 2) compact fibrosis consists of areas of dense collagen 
deprived of any myocardial tissue, 3) diffuse fibrosis involves areas where myocardial and collagen fibres 
intermingle; collagen fibres consist of short stretches, 4) patchy fibrosis consists of a mixture of myocardial and 
collagen bundles; collagen fibres are long. Scale bars are 1 mm. 
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Figure 2.  
Endocardial activation map of a reentrant 
tachycardia in which an area of compact fibrosis 
(dotted gray area) represents a barrier for 
activation. In most infarct related tachycardias, 
reentrant circuits involve surviving myocardial 
pathways within the infarcted zone. Such areas 
virtually always reveal activation delay based on 
zig-zag conduction (see figure 3). Colours indicate 
areas activated within the same time interval 
(indicated by ms in the scale bar).  

 
RELATION FIBROSIS-ELECTROPHYSIOLOGY 

Conduction 
Increased interstitial fibrosis separates myocardial bundles, which impairs transverse 
conduction but lets longitudinal conduction virtually undisturbed.15 If the amount of fibrosis 
increases, propagation perpendicular to the fibre direction becomes asynchronous because 
activation has to follow a tortuous route between the electrical barriers imposed by the 
collagen fibres. The tortuous route increases the path length activation has to travel, which 
gives rise to an apparent conduction slowing for activation perpendicular to the fibre 
direction.22,24 For propagation parallel to the fibre direction conduction velocity can be close 
to normal. This is the case if action potential characteristics are near to normal (which is 
usually the case) and fibre orientation remains in parallel. The latter is, however, not always 
true. Anderson et al. determined the electrical activation sequence over a small region of the 
LV surface in patients undergoing cardiac transplantation due to dilated cardiomyopathy 
and in controls.25 The investigators showed that the amount of myocardial fibrosis correlated 
with the severity of abnormal propagation. Patients with dilated cardiomyopathy could be 
divided into 3 groups. In the first group conduction velocities were not different from 
controls. Group II had fractionated electrograms and disturbed transverse conduction, but 
longitudinal activation was normal, which is compatible with non-uniform propagation.15 
The third group had fractionated potentials and severely disturbed transverse and 
longitudinal propagation, most likely due to disruption of the fibre orientation.  
Increased fibrosis has also been associated with heterogeneity of conduction (Li et al.).26 This 
parameter reflects spatial conduction heterogeneity and is determined as follows. For each 

electrode terminal in a multi-electrode grid, the activation time difference between the 
central electrode and each of the surrounding electrode terminals was estimated and divided 
by interelectrode distances. The largest value at each site was displayed in a histogram and 
the standard deviation of the histogram was used as a measure of conduction 
heterogeneity.27 In the study of Li, high rate ventricular pacing during 5 weeks was used to 
induce heart failure and increase vulnerability for atrial fibrillation in dog hearts.26 Heart 
failure dogs showed increased duration of atrial fibrillation induced by burst pacing, 
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compared to controls. The heart failure dogs also showed increased heterogeneity of 
conduction during atrial pacing. Histological examination of atrial tissue revealed extensive 
interstitial fibrosis (12.8 ± 1.9 %) compared to controls (1.51 ± 0.06 %). Thus, increased 
interstitial fibrosis interferes with local conduction and increases vulnerability for atrial 
fibrillation. 

Effective refractory period (ERP) 
The role cell-to-cell coupling plays in ERP is not completely clear. Studies with rotigaptide 
that enhances gap junction conductance and conduction velocity have shown that the 
increase in cell-to-cell coupling does not affect the refractory period.28,29 Although a study 
with rotigaptide carried out in explanted human hearts in the end stage of heart failure 
showed a decrease of ERP, other gap junction uncouplers like carbonoxolone and heptanol 
did also not affect the ERP significantly.30,31 The study of Stein et al. with senescent mice 
suggested that reduced cell-to-cell coupling due to increased fibrosis decreases ERP.13 In 
these mice (age 22 months) the amount of fibrosis increased significantly compared to adult 
mice (3 months), from 3.8 ± 0.4 % to 11.9 ± 0.6 % (LV). ERP in these mice reduced from 
62.8 ± 5.2 to 55.8 ± 4.1 ms. A decrease in ERP, possibly related to collagen, has also been 
observed in a study of Wang et al who investigated the effect of mesynchymal stem cells on 
arrhythmia vulnerability in rats with myocardial infarction (MI).32 In control hearts, ERP was 
longer than in the border zone of MI hearts that was characterised by a fibrotic substrate. In 
rats in which mesynchymal stem cells were injected in the border zone, less fibrosis was 
present and ERP was longer than in the untreated MI animals. Simulation studies of 
fibroblast-cardiomyocyte coupling showed that the electrical load fibroblasts exert on 
cardiomyocytes, increases ERP.33 Because uncoupling reduces load, collagen might well have 
reduced ERP in the senescent mice. It cannot be excluded, however, that other parameters 
that are remodelled by aging contribute to ERP changes as well. In the senescent mouse 
Cx43 and SCN5A expression are both reduced by approximately 50 %. A 50 % reduction in 
Cx43 does not affect ERP significantly;11 a 50 % reduction in SCN5a has been shown to 
increase ERP.17 In addition, although the coupling between fibroblasts and myocytes 
provides an interesting mechanism for modulation of ERP (and conduction), the mechanism 
has not been shown to be operational in pathological myocardium with increased fibrosis up 
to now.  A short ERP is in favour of arrhythmia vulnerability, but its dispersion might even be 
of more importance. Several studies have shown that dispersion of repolarisation strongly 
depends on the degree of intercellular coupling.34,35 

Activation Block 
With loss of side-to-side fibre coupling which occurs if interstitial fibrosis increases, the 
myocardial architecture may fail to generate a smooth wavefront at the macroscopic level.  
The loss of side-to-side connections increases the transverse resistance and alters the 
properties of transverse propagation,36 If the increase in transverse resistance becomes large 
enough to be considered an obstacle, then wave front fractionation can occur during 
transverse propagation. Such alterations can be considered to be arrhythmogenic. In areas 
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with severe deposition of fibrosis, Cx43 is often downregulated.17 Kostin et al. showed that in 
patients with dilated cardiomyopathy abnormal patterns of Cx43 distribution were detected 
in myocytes bordering small microscopic zones of replacement fibrosis.37 
The mechanism by which structural discontinuities generate conduction block and reentry at 
rapid stimulation rates was studied by Engelman and co-workers.38 Activation was simulated 
in a 14 × 14 mm2 domain that was discretised into a regular mesh of 0.05 × 0.05 mm2 finite 
elements, in which patchy fibrosis was inserted in a region at the centre. The results show 
that regions of patchy, non-uniformly distributed barriers provide a substrate for tortuous 
conduction of the electrical impulse. This results in temporal and spatial fluctuations in 
activation time during fast pacing. These alterations increased the probability of discordant 
alternans in action potential duration, which led to wave front block intermingled with areas 
of slow conduction. This finally resulted in reentry, which was not observed in control 
simulations (absence of patchy fibrosis). 
 
FIBROSIS INDUCED BY CHANNELOPATHIES 

Although collagen accumulation is characteristic of a variety of cardiac diseases, collagen 
increase may also be caused by reduced sodium or gap junction channel expression. 
Transgenic mice that are heterozygous for the sodium channel SCN5A reveal increased 
collagen deposition at aging.17 Mice with a sodium channel mutation related to Brugada 
syndrome in man, too show increased fibrosis with aging. As in aged wild type mice, an 
increase in interstitial fibrosis as well as fibrotic patches occur, but the amount is much larger 
in the mutated animals.17,39 In fact, histological data from Brugada syndrome patients 
revealed structural abnormalities, including increased fibrosis.40,41 The mechanism of 
increased collagen deposition related to reduced sodium channel expression is currently 
unclear. Similar observations of increased collagen deposition with age have been made in 
mice heterozygous for Cx43. The amount of collagen in mice at an age of 18 months is 7.5 % 
compared to 1 % in wild type animals of the same age.42 The heterozygous mice also showed 
increased vulnerability for arrhythmias. Cx43 is of importance for the electrical cell-to-cell 
coupling between cardiomyocytes, but it also plays a role in the fibroblast-to-fibroblast 
coupling. Collagen type I and III, the major collagen types in the heart, are synthesised by 
cardiac fibroblasts. It has been shown that Cx43 expression regulates fibroblast 
proliferation.43,44 Fibroblast proliferation is inversely related to the expression level of Cx43. 
Thus, connexin expression is expected to alter fibroblast function and maintenance of the 
extracellular matrix. The reduced Cx43 expression could therefore increase fibroblast 
proliferation and enhance collagen deposition, although collagen synthesis might also be 
affected by Cx43. 
 
FIBROSIS AND ABNORMAL IMPULSE INITIATION 

Although fibrosis is an important parameter for reentry, it may also play a role in arrhythmias 
based on abnormal impulse initiation such as automaticity and triggered activity. Cells with 
spontaneous impulse generation may be silenced when tightly coupled to surrounding 
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myocardial cells, having membrane potentials that are more negative. The strong electrical 
coupling may clamp the membrane potential of the pacemaker cell to such a negative value 
that pacemaker activity is suppressed. Clamping of the pacemaker cells can be reduced or 
prevented by uncoupling them from the surrounding non-pacemaker cells. This can be 
achieved by decreasing connexin expression and/or increasing collagen deposition, which 
also tends to separate the cells electrically. Wilders et al. showed that the degree of 
anisotropy affects the development of ectopic focal activity in a computer model in which an 
ectopic focus is incorporated as the central element of a two-dimensional sheet of 
ventricular cells.45 Anisotropy was induced by reducing cell-to-cell coupling in one direction. 
Simulations showed that the presence of anisotropy facilitated the success of propagation 
from a central focus element into the surrounding cardiomyocytes. Similar effects have been 
observed in computer models simulating delayed after depolarisation. Pollard and 
co-workers used modified parameters in the Luo-Rudy model (A mathematical model of the 
ventricular cardiac action potential) to be able to generate superthreshold delayed 
afterdepolarisations (DADs) during pacing.46 By changing coupling between cells they 
showed that DADs were suppressed during strong electrical coupling between the cells, 
while moderate uncoupling allowed DAD formation that initiated action potential 
propagation in the coupled normal cells. During severe uncoupling propagation was 
inhibited again. De Groot et al. have demonstrated that the inducibility of arrhythmias during 
ischemia was maximal during the initial phase of cellular uncoupling and decreased after 
resistance exceeded 50 % of the control value, suggesting that moderate uncoupling is 
important for phase 1b arrhythmias.47 The presence of fibrosis in the ischemic area, for 
instance due to a previous infarction, could well modulate reduced coupling and affect 
arrhythmogeneity. 
 
FRACTIONATED ELECTROGRAMS 

Myocardial fibrosis significantly influences electrogram configuration. Typically electrograms 
become fractionated in areas where myocardial bundles and collagen fibres intermingle. 
Especially if propagation of the electrical impulse is perpendicular to fibre direction, 
activation through the area of mixed fibres becomes asynchronous, resulting in multiple 
deflections generated by activation in the various myocardial bundles in the fibrotic area 
(figure 3). Interestingly, if propagation is parallel to the fibre direction activation of the 
different bundles occurs synchronous and only one deflection remains. Thus, the direction of 
propagation through an area of fibrotic myocardium is qualifying for the extent of 
fractionation. Gardner et al. determined the amount of fractionation in dog hearts at various 
stages following left anterior descending artery occlusion in the dog heart.24 This study 
showed that the amount of fractionation (number of deflections and distance between 
earliest and latest deflection) increased from onset to 3 months after occlusion. Histological 
investigations revealed an increase in complexity of the intermingled fibrotic and myocardial 
bundles with time after onset of infarction. Bogun and co-workers correlated infarct age with 
characteristics of endocardially recorded electrograms, obtained from patients undergoing 
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mapping procedures for post-infarction ventricular tachycardia.48 The history of remote 
infarction ranged from 1 to 31 years. There was a significant relation between infarct age and 
width of the bipolar endocardial electrograms as determined by catheter mapping in the 
peri-infarct zone. These results suggest that deposition of collagen in the peri-infarct zone 
progresses, even many years after onset of infarction. 
Complex fractionated atrial electrograms are used to select sites that are targets for catheter 
ablation of atrial fibrillation.49 Although fibrosis is an important factor for the occurrence of 
fractionated electrograms, it is not the only mechanism. Fibrillatory conduction,50 
meandering rotors,51 increased activity of the autonomic nervous system,52 and even 
inadequate filter settings53 may give rise to complex and fractionated electrograms. 
Jacquemet and co-workers determined how progression of microfibrosis and slow 
conduction affected electrogram morphology in a computer model.54 They introduced slow 
conduction in the model in three ways: by 1) reducing sodium current, 2) reducing 
cell-to-cell coupling, and 3) barriers of microfibrosis that reduced transverse coupling. Results 
showed that conduction velocity decreased and the amount of fractionation increased if the 
density and lengths of the collagenous barriers increased. Reduced sodium current and 
reduced cell-to-cell coupling (by decreasing the number of connexins) both resulted in 
conduction slowing, but did not result in electrogram fractionation.  
Saumarez and co-workers determined the significance of paced electrogram fractionation in 
patients with hypertrophic cardiomyopathy.55 By using parameters related to the coupling 
interval of extra stimuli and the change in electrogram duration the investigators could 
select patients from a group of 64 prone to ventricular fibrillation. 
 

 

Figure 3. 
Schematics of an area of patchy fibrosis 
consisting of an intermingling of myocardial and 
fibrotic bundles where activation follows a 
zig-zag course. This tortuous course results in 
(apparent) conduction delay of the electrical 
impulse. Electrograms recorded from such areas 
show fractionation (lower tracing) because of the 
asynchronous activation in the different tracts. 

 

 

LOAD MISMATCH AT TISSUE DISCONTINUITIES 

Fibrosis not only separates myocardial bundles but may also give rise to tissue 
discontinuities. These may involve sudden tissue expansion as well as the fusion of two or 
more separated myocardial bundles.22 Such tissue geometries may lead to current-to-load 
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mismatch and can induce local slow conduction or conduction block.56 Multiphasic action 
potential upstrokes occur at the region of abrupt expansion and extracellular electrograms 
from these sites become multiphasic. Generally, impulse propagation in cardiac tissue is 
assumed to be impaired by a reduction of intercellular electrical coupling or by the presence 
of structural discontinuities. Interestingly, spatially uniform reduction of electrical coupling of 
the cardiomyocytes at the discontinuity paradoxically enhances conduction.57 Rohr and 
co-workers showed that expansions that were unable for wave fronts to pass under control 
conditions, induced successful conduction after uncoupling the cells with palmitoleic acid. 
Tissue discontinuities caused by fibrosis can also lead to initiation of spiral waves as a result 
of vortex shedding.58 
 
REDUCTION OF FIBROSIS AND ARRHYTHMOGENEITY 

As discussed before, fibrosis is not static but subjected to synthesis and degradation. This 
opens the way for therapies to attenuate cardiac fibrosis. The renin-angiotensin-
aldosterone-system (RAAS) governs myocardial collagen synthesis. Stein et al. have used 
chronic RAAS-inhibition to prevent development of fibrosis in senescent mouse hearts.59 
Mice were treated for 36 weeks with eplerenone or losartan or both. Results showed that 
development of interstitial fibrosis was significantly prevented and Cx43 characteristics 
normalised in the ventricles of all treated groups (figure 4). Scattered patches of replacement 
fibrosis were found in 90 % of control hearts but significantly reduced in treated groups. 
Abundance of patchy fibrosis correlated significantly with arrhythmia inducibility. Similar 
effects of eplerenone were observed by de Mello et al. after chronic administration of 
eplerenone in the failing heart of cardiomyopathic hamsters at five months of age.60 
Eplerenone reduced cardiac remodelling, the incidence of cardiac arrhythmias, and 
improved impulse propagation, an effect that in part was related to the anti-fibrotic effect of 
the drug, but also to the activation of the electrogenic sodium pump. 
Several clinical studies have shown that ACE inhibitors are able to regress myocardial fibrosis. 
Brilla and co-workers reported regression of myocardial fibrosis by the ACE inhibitor lisinopril 
in patients with hypertensive heart disease.61 In endomyocardial biopsies collagen volume 
fraction decreased from 6.9 ± 0.6 % to 6.3 ± 0.6 % and hydroxyproline concentration from 
9.9 ± 0.3 μg/mg to 8.3 ± 0.4 μg/mg. Studies in hypertensive patients treated with losartan 
yielded similar results.62,63 Izawa et al. investigated the mineralocorticoid receptor antagonist 
spironolactone on LV function and chamber stiffness associated with myocardial fibrosis in 
patients with idiopathic DCM. The study showed that spironolactone improved LV diastolic 
function, reduced chamber stiffness and regressed myocardial fibrosis in mildly symptomatic 
patients with DCM.64 The RALES study has demonstrated that in patients with heart failure, 
addition of spironolactone to ACE inhibition markedly reduces mortality and prevents 
worsening of heart failure. While reduction of excessive extracellular matrix turnover leading 
to decreased fibrosis appears to be the most important effect of spironolactone in heart 
failure,65 other mechanisms such as regression of hypertrophy, improvement of endothelial 
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function, enhanced renal sodium excretion, and antiarrhythmic actions may also 
contribute.66 
Massare and co-workers determined the role of interstitial fibrosis in the pro-arrhythmic 
phenotype of failing ventricular myocardium.67 They studied mice with cardiac-specific 
overexpression of a constitutively active mutant of protein kinase D1 (PKD1) and compared 
these mice with animals in which transaortic constriction (TAC) was performed. PKD1 
expression inhibits class II deacetylases that promote collagen synthesis. Overexpression of 
constitutively active PKD1 in mouse heart leads to dilated cardiomyopathy, as does TAC. In 
TAC mice ventricular fibrosis develops, but in contrast no increase in fibrosis was observed in 
mutant PKD1 mice, although the degree of hypertrophic growth and systolic dysfunction 
was similar. Inducibility of VTs was less in mutant PKD1 mice compared to TAC mice, 
although the episodes of VT and cycle lengths were longer in the mutant mice. TAC mice and 
mutant PKD1 mice had similar levels of dilated cardiomyopathy and myocyte action 
potential characteristics too were similar. Based on these observations, the authors 
concluded that reduced VT inducibility was caused by the attenuated ventricular fibrosis in 
the mutant mice. 

 
Figure 4. 
Development of (interstitial and patchy) fibrosis and arrhythmia vulnerability in aged mice (88 weeks) 1) 
without treatment (control), 2) treatment with eplerenone, 3) treatment with losartan 4) treatment with 
losartan + eplerenone. Mice were treated during 36 weeks from week 52 on. Note that fibrosis is less abundant 
and arrhythmia vulnerability lower (tested by programmed stimulation) after treatment. * Indicates p < 0.05 
compared to control group. 

 

CONTRAST ENHANCED MRI OF THE HEART TO PREDICT VT 

Several studies suggest that contrast enhanced MRI can be used for assessing VT 
vulnerability in cardiac disease.20,68 This is based on the detection of fibrosis by gadolinium 
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enhanced MRI.  Detection of scar (collagen) in heart muscle by gadolinium enhanced MRI has 
been validated by Kim et al., who showed that myocardial injury without necrosis due to 
transient ischemia did not lead to hyperenhancement.69 The spatial extent of 
hyperenhancement agreed with the spatial extent of necrosis at 1 and 3 days after infarction 
and with collagenous scar at 8 weeks. Kwon and co-workers showed that patients with 
hypertrophic cardiomyopathy and VT had a higher percentage of myocardial scarring on 
contrast enhanced MRI.70 Similar results have been found by others.20,71-74 In a swine model of 
chronic MI Ashikaga and co-workers combined electrical recordings with contrast enhanced 
MRI to examine the 3D anatomical relation between infarct tissue and reentry circuits that 
drive VT.75 Mapping of electrical activity was at the epicardium, thus the authors focused on 
epicardial reentrant circuits. Nineteen percent of induced VTs showed epicardial reentry. 
Activation maps revealed epicardial isthmus sites (the return path of the reentrant circuit 
within the infarcted zone) characterised by relatively small volume of surviving myocardium 
bound by scar tissue at the infarct border zone (figure 5). The authors therefore suggest that 
a comprehensive description of the infarcted area can facilitate electrophysiological 
mapping of VTs. The mechanism of delayed enhancement of infarcted myocardium with 
conventional contrast agents as gadolinium-complexes is related to a difference in washout 
rates between scarred tissue and normal myocardium and to the larger volume fraction of 
extracellular space in scarred myocardium compared to normal myocardium. Thus, the 
conventional gadolinium enhanced technique does only detect fibrosis in an indirect way. 
MRI contrast agents that bind to collagen would therefore be preferable. Helm and 
co-workers used EP-3533 as contrast agent that has collagen-binding properties.76 Scarred 
tissue detected with EP-3533 enhanced MRI correlated well with Picrosirius Red staining for 
collagen. Such gadolinium-based collagen-targeting contrast agents might be helpful to 
detect less dense collagen areas as induced by interstitial fibrosis. 
Although these studies are promising in detecting scar related arrhythmia vulnerability, it 
must be realised that infarct structure is not the only parameter that determines whether 
infarct related arrhythmias occur. Fine structures of intermingled myocardial and fibrotic 
fibres are present in the infarcted zone that may be missed because of the meager spatial 
resolution of clinical MRI. Therefore further studies are warranted to examine the utility of 
late enhancement for risk stratification and treatment of ventricular arrhythmia.  
 
Various studies show that fibrosis plays an important role in cardiac arrhythmias, both at the 
ventricular and atrial level. Although fibrosis may play an important role in reentrant 
arrhythmias, uncoupling imposed by increased collagen deposition is also in favour of the 
occurrence of arrhythmias based on abnormal impulse generation. Fibrosis affects 
conduction, especially in the transverse direction, the refractory period, and may result in 
conduction block, factors that are in favour of reentrant arrhythmias. Although several 
studies show that the amount of collagen is correlated with the incidence of arrhythmias, 
there is also a role for the texture of fibrosis. Patchy fibrosis is more vulnerable to VTs than 
diffuse fibrosis and interestingly compact fibrosis is the least. It is the intermingling of fibrosis 
and myocardium that determines the arrhythmogenic substrate. This mixture of electrically 
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passive and active tissue results in asynchronous conduction, which generates fractionated 
electrograms a prominent marker of fibrotic myocardium. The prominent role of fibrosis in 
arrhythmogenicity has led to studies to reduce arrhythmia vulnerability by preventing 
collagen deposition or reverse remodelling of the fibrotic substrate. These studies indeed 
suggest that fibrosis is an attractive target for reduction of arrhythmogenicity. Finally, several 
studies with contrast enhanced MRI suggest that non-invasive detection of collagen in the 
heart could be helpful to assess the arrhythmia vulnerability of patients with heart disease. 
 

                            
Figure 5. 
Contrast enhanced MRI picture of an infarcted heart (right lower panel). The left panel shows the epicardial 
activation map of a figure of eight reentrant tachycardia. Colors indicate activation times (see color bar). The 
upper right panel shows the MRI picture of the isthmus site of the reentrant circuit and reveals a mixture of 
fibrosis (white) and myocardium (gray). (Adapted from Ashikaga et al., Circ Res 2007; 101:939-947). 
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The occurrence of fibrosis in almost every cardiac pathology and the increased 
socio-economic burden of cardiac diseases in Western society but yet also in developing 
societies make fibrosis an important focus for research, diagnosis, and therapy. In this thesis, 
emphasis is on cardiac fibrosis for several reasons. Firstly, gaining insight in the fibrotic 
process might have a predictive value regarding cardiac function, heart failure development 
or progression, and the risk of (lethal) arrhythmias. Secondly, addressing the exact location of 
interstitial or patchy fibrosis can aid in patient treatment, for example for catheter ablation or 
for optimising lead placement during pacemaker implantation. Thirdly, following a patient’s 
collagen turnover process over time could be helpful in assessing the response to therapy.  
 
However, detecting cardiac fibrosis is rather difficult. Two common detection techniques to 
evaluate cardiac fibrosis are: 1) laboratory analyses on cardiac biopsy (such as histology), and 
2) contrast enhanced cardiac magnetic resonance imaging (MRI). Laboratory analyses are 
frequently used in experimental animal models. However, taking a biopsy in a clinical setting 
is not recommended since this invasive procedure is not without risk and the usefulness is 
rather low; the biopsy only provides local information on the myocardial texture. The other 
method to assess fibrosis, is contrast-based T1 weighted MRI, with the use of a 
gadolinium-based contrast agent that increases the T1 signal.1 The rationale behind this 
technique is that diseased myocardium has different washout kinetics. After contrast agent 
administration, the agent is more rapidly washed out in healthy myocardium than in less 
perfused areas of the myocardium. Large patches of fibrotic or necrotic tissue will therefore 
show an enhanced signal on T1 weighted MRI after contrast administration. This technique is 
termed late gadolinium enhanced MRI (LGE MRI). Unfortunately, with this technique 
interstitial or small fibrotic patches cannot be detected. Recently, contrast-based T1 mapping 
MRI is widely investigated to overcome this limitation. The mechanism behind T1 mapping 
MRI is comparable to that from LGE MRI, but T1 values are quantitatively determined in every 
voxel in the myocardium and divided by the T1 value of the blood pool, corrected for the 
haematocrit level.2 T1 mapping MRI is an encouraging new technique, however the 
technique is not yet incorporated in clinical practice and additional validation studies are 
required to use T1 mapping MRI as a reference for interstitial fibrosis. Drawback of 
T1 mapping MRI is that the adjustment for haematocrit is necessary, which makes the 
technique more time-consuming in daily clinical practice. In addition, a general limitation of 
contrast-based MRI is that the use of a gadolinium-based contrast agent is contra-indicated 
in patients with severe kidney failure since gadolinium might provoke nephrogenic systemic 
fibrosis.3  
 
Since two decades, circulating biomarkers to detect collagen turnover is extensively studied. 
The propeptides that are cleaved from the collagen molecules during collagen type I and III 
synthesis and a telopeptide that is released during the breakdown of collagen (type I), are 
released in the circulation and might be useful as a circulating biomarker reflecting collagen 
turnover.4 Although these circulating peptides are not cardiac-specific, several studies have 
already observed a relation between these circulating biomarkers and various cardiac 

3737

Thesis outline



diseases.5 However, these biomarkers are not extensively validated yet and the quantitative 
value of these biomarkers has only been marginally investigated.  
In the last few years, microRNAs (miRs) are of rising interest. MiRs are small non-coding RNA 
strands that play a role in biological processes by preventing post-transcriptional translation 
of their target genes. It has been shown that miRs remain stable in body fluids such as 
blood,6 which makes them of special interest for circulating biomarkers reflecting 
(patho) physiological processes. Regarding cardiac fibrosis, four miRs have been observed to 
play a role, miR-21, -29b, -30c, and -133a.7 However, the research field of these miRs is 
relatively new and human and experimental studies are yet to be developed to validate 
these miRs as a biomarker for cardiac fibrosis. 
 
Although the techniques described in the previous sections are already available to evaluate 
cardiac fibrosis, these techniques require improvement in several ways when to be used in a 
clinical setting. First, the technique should be non-invasive in order to minimise the risk for 
cardiac patients; second, the technique should be a direct measurement of fibrosis; and third, 
the technique should be independent from a contrast agent. In addition to these 
improvements, the assessment of small amounts of fibrosis (i.e. patchy, diffuse, and 
interstitial fibrosis) is of specific interest, since there is no validated method yet to clinically 
evaluate both the quantity and location of small patches or strands of fibrosis.  
 
Figure 1 summarises current detection techniques and their limitations, together with the 
recommendations on how to improve current techniques. This was the basis for the studies 
that are described in this thesis, in which we aim to improve fibrosis detection. More 
specifically, we aim to explore new imaging techniques to detect cardiac fibrosis and which 
might overcome limitations of current techniques. In addition, we aim to further validate 
already existing circulating biomarkers and to validate miRs as circulating biomarkers 
reflecting cardiac fibrosis. This has brought us to the hypothesis of the thesis: we hypothesise 
that novel imaging techniques and circulating biomarkers are able to quantitatively assess 
different types of cardiac fibrosis.  
 

 
Figure 1. Rationale and outline of this thesis. 
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The thesis is divided in two main parts (as also depicted in figure 1): I. Imaging and 
II. Circulating biomarkers. Validation of novel imaging techniques to detect cardiac fibrosis is 
described in the first part of the thesis. This part is preceded by an overview of the commonly 
used detection techniques and recent developed techniques that are not yet incorporated in 
daily practice (chapter 3). In chapter 4, the capability of CNA35, a fluorescently labelled 
collagen binding peptide, to determine cardiac fibrosis in mice is investigated, both in an 
ex vivo set up and after in vivo administration. Chapters 5 and 6 describe two proof of 
principle studies to assess whether new MRI techniques, T1ρ and ultra-short echo time (UTE) 
MRI respectively, are capable of collagen detection based on endogenous contrast. Both MRI 
techniques are validated with histology in an ex vivo setting; T1ρ MRI is evaluated in explanted 
human diseased hearts, whereas UTE MRI is examined in isolated rat hearts in an infarction 
model.  
The second part concerns circulating biomarkers. This part starts with an extensive overview 
of cardiac collagen turnover and the collagen peptides that are released in the blood stream 
(chapter 7). In addition, this chapter gives a perspective on research concerning these 
collagen peptides in cardiac failure. In chapter 8, the role of miRs as a (circulating) biomarker 
for interstitial fibrosis is evaluated in a cardiac pressure overload mouse model. Chapter 9 
describes the rationale of a patient study in which circulating biomarkers are validated with 
LGE MRI and T1 mapping, with regard to the development of cardiac fibrosis after a first-time 
myocardial infarction. Finally, chapter 10 gives a perspective on cardiac collagen detection, 
and summarises and discusses the results from the previous chapters. 
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ABSTRACT 

The heart contains a collagen network that contributes to the contractility of the heart and 
provides cardiac strength. In cardiac diseases, an increase in collagen deposition is often 
observed. This fibrosis formation causes systolic and diastolic dysfunction, and plays a major 
role in the arrythmogenic substrate. Therefore, accurate detection of cardiac fibrosis and its 
progression is of clinical importance with regard to diagnostics and therapy for patients with 
cardiac disease. To evaluate cardiac collagen deposition, both invasive and non-invasive 
techniques are used. In this review the different techniques that are currently used in clinical 
and experimental setting are summarised, and the advantages and disadvantages of these 
techniques are discussed. 
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INTRODUCTION 

Cardiac tissue consists mainly of cardiomyoctyes, which are surrounded by extracellular 
matrix. The major component of the extracellular matrix is collagen. Different types of 
collagen exist, and the fibrillar collagen types I and III are most abundant in the myocardium. 
These collagen fibres form a collagen network that provides cardiac strength during 
contractile forces, and collagen fibres play a role in myocyte – myocyte connections.1  
In virtually all cardiac diseases, an increase in collagen deposition is observed, hence fibrosis. 
Two types of fibrosis are distinguished: replacement and reactive fibrosis. When cardiac cell 
death occurs, these cells are replaced by collagen, called reparative fibrosis. However, fibrosis 
may also develop without cell loss, e.g. due to increased mechanical load. This type of 
collagen deposition is called reactive fibrosis and is observed as patchy fibrosis in the 
myocardium or large collagen strands in between the cardiomyocytes (interstitial fibrosis). 
Both types of fibrosis lead to diastolic and systolic dysfunction,2 and reactive fibrosis leads to 
an increased susceptibility for cardiac arrhythmias.3 
For an appropriate prognosis and therapy of cardiac patients, knowledge about collagen 
content and the progression of fibrosis formation is important. Various invasive and non-
invasive techniques are currently available to detect collagen and new methods are still 
being developed. This review focuses on detection techniques that are currently used for 
cardiac collagen monitoring, both in the clinical and experimental setting. Advantages and 
disadvantages of the various techniques are discussed. 
 
COLLAGEN TURNOVER 

Collagen is not static, but is continuously synthesised and degraded. Procollagen, the 
precursor of collagen, is synthesised by fibroblasts as a triple helix molecule. Once 
procollagen is transported from the fibroblast into the intercellular space, propeptides at the 
amino (N)- and carboxy (C)-terminus of the procollagen are cleaved. The mature collagen will 
form larger collagen fibrils that become part of the collagen network4 (figure 1). Degradation 
of collagen is provided by matrix metalloproteases (MMPs) that can be regulated by tissue 
inhibitors of metalloproteases (TIMPs).5  
Collagen is synthesised at a rate of 5 % per day. A similar amount is degraded in the 
non-growing heart.5 In diseased myocardium, the equilibrium between collagen synthesis 
and breakdown is disturbed, resulting in collagen deposition. 
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Figure 1. Schematic overview from the synthesis of 
procollagen to embedding of the collagen into the 
network.  
1. Three procollagen strands, synthesised by the 
fibroblast, form procollagen with its triple helical 
structure. 2. Procollagen is transported into the 
extracellular matrix and the propeptides are 
cleaved. 3. The mature collagen forms larger 
fibrils and cross-links and is embedded in the 
collagen network of the heart. 

 
INVASIVE TECHNIQUES TO DETECT COLLAGEN 
Cardiac tissue biopsies harvested during surgery or with catheters can be used to investigate 
the structural changes in the myocardium. Although taking biopsies is unfavourable for the 
patient and not without risk, the collection of tissue is still widely used and provides detailed 
information about structural and electrical remodelling of the heart. The disadvantage of a 
biopsy is that analyses of this biopsy only provide information on a very localised area of the 
heart. 

Histology 
For a histological examination of the collagen content, several routinely used and cheap dye 
stains can be used. For this purpose tissue is frozen or embedded in paraffin and cut in 
sections with a thickness of about 4 - 10 µm. Masson’s Trichrome and Picriosirius Red are the 
most frequently used stains for collagen. Masson’s Trichrome is based on three dyes, of 
which Light Green or Aniline Blue are commonly used to colour the collagen.6 In the 
Picrosirius Red stain, the Picrosirius Red, which is extremely acid, binds to collagen.7 Also 
phosphomolybdic acid, one of the dyes used in Masson’s Trichrome, is able to bind collagen. 
Subsequently, Light Green or Aniline Blue interacts.6 Thus, binding of these dyes is based on 
base-acid interactions, and may therefore not be specific for collagen.  
Since mature collagen is birefringent, and Picrosirius Red can enhance the birefringency of 
collagen, stained collagen fibres can be visualised better and in more detail using polarised 
light. Whittaker et al. showed that analysis of cardiac collagen with polarised light provides 
more insight into the structure and composition of the collagen network, as compared to 
Picrosirius Red or Masson’s Trichrome staining.8 
To be more collagen specific, fluorescent labelled antibodies can be used. Commercially 
available antibodies can be used for specific protein investigations with Western blot or 
immunohistology. This method is less frequently used, mainly because antibodies are more 
expensive than dye stains and immunohistology is more time-consuming. Moreover, when 
using immunofluorescent microscopy, auto-fluorescence of the tissue may interfere with a 
quantitative analysis. 
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CNA35 
CNA35 is a truncated bacterial protein that binds to collagen. Krahn et al. have shown that 
fluorescent labels can easily be attached to CNA35 and that such fluorescent probes are still 
highly specific for collagen. The authors state that fluorescent labelled CNA35 provides the 
following advantages when compared with antibodies: 1) the probes have a high affinity to 
bind to collagen, but binding is reversible (Kd = 10-7 - 10-6 M), which is a prerequisite for 
imaging of collagen in viable tissue; and 2) labelled CNA35 is much smaller than antibodies, 
which might be beneficial for an optimal penetration of tissue.9 Moreover, the fluorescent 
label at CNA35 can be replaced by a MRI tagged label such as gadopentetate dimeglumine 
(Gd-DTPA; a gadolinium-based contrast agent), which would allow specific collagen 
detection by MRI. Although in vivo studies with mice showed no fluorescent staining in the 
myocardium after intravenous injection of CNA35,10 preliminary experiments ex vivo show 
promising results for cardiac collagen detection with CNA35. In collagen-rich heart sections 
and in collagen-rich hearts where labelled CNA35 is perfused via a Langendorff setup, the 
fluorescent signal is detected in the sections and coincides with a Picrosirius Red staining on 
serial sections (figure 2; personal communication from R. Hermans, MSc., Prof. Dr. M. van 
Zandvoort, and Prof. Dr. F. Prinzen, Maastricht University). Further research is required to 
investigate whether labelled CNA35 can be used in monitoring cardiac collagen in vivo. 

Hydroxyproline assay 
The hydroxylation (introduction of a hydroxyl-group into an organic compound) of proline 
within the collagen molecule results in hydroxyproline. This modified amino acid stabilises 
the triple helical structure in mature collagen.11 Since hydroxyproline is highly specific for 
collagen, hydroxyproline measurements accurately reflect the amount of collagen in the 
tissue. Commercial kits are available to determine hydroxyproline. Collagen contains 14 % 
hydroxyproline, hence the actual amount of collagen can easily be calculated. However, for 
this analysis homogenised tissue samples are required and will therefore provide no 
information on potential heterogeneity of deposition, which might be demanded in e.g. 
ablation surgery. Despite this disadvantage, the hydroxyproline assay is still one of the most 
reliable techniques to assess total collagen tissue levels. 
 
 

 
 

Figure 2. Collagen detection with CNA35. 
The left panel shows a coronal section of a mouse 
heart containing interstitial fibrosis that is 
detected by CNA35 labelled with the fluorescent 
probe FITC. Green = collagen, blue = nuclei. The 
right panel shows a serial section of the mouse 
heart stained with Picrosirius Red, yellow = viable 
myocardium, red = collagen. CNA35-stained 
picture kindly provided by Prof. Dr. Prinzen and 
Prof. Dr. van Zandvoort, Maastricht University. 

Figure'2'
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Sircol assay  
The commercially available Sircol assay is based on the binding of Picrosirius Red to collagen 
in homogenised samples. In this assay tissue is homogenised with pepsin, and only newly 
formed collagen is measured. This is because only procollagen can be dissolved in pepsin, 
whereas cross-linked collagen will remain insoluble.12 The analysis is easy to perform, but as 
with the hydroxyproline assay, the assay does not provide any information about the 
site-specific localisation of the collagen either.  
 
 NON-INVASIVE TECHNIQUES TO DETECT COLLAGEN 

Circulating biomarkers in the blood 
When the C- and N-terminus of procollagen are cleaved from procollagen, they are released 
into the bloodstream. The N-terminus of procollagen type III (PIIINP) and the C- and 
N-terminus of procollagen type I (PICP and PINP respectively) can be detected in blood 
samples.13 Circulating biomarkers that reflect breakdown of the collagen are MMPs, TIMPs, 
and one of the breakdown products of collagen type I, ICTP.13 Several studies have 
investigated the levels of these markers for various cardiac diseases, but results are 
frequently conflicting.14 
The biomarkers mentioned before can be determined in blood samples with commercially 
available assays. Advantages of measuring biomarkers with these kits are that the analysis is 
non-invasive, cheap, and easily applicable in the clinical setting. However, the quantitative 
analysis of cardiac fibrosis by these biomarkers is not yet validated.14 
Another limitation of these circulatory biomarkers is that the circulating peptides are not 
cardiac-specific. As collagen type I is the most prominent collagen type in all tissues, the 
biomarker levels of collagen type I will reflect the collagen type I turnover in the entire body. 
There are indications that the described biomarkers also reflect cardiac collagen: 1) some 
biomarkers have a gradient from coronary sinus blood to peripheral blood, and 2) levels in 
patients with cardiac disease differ from healthy controls (reviewed in De Jong et al.14). 
However, it would be of great advantage to look for circulating biomarkers that specifically 
predict cardiac collagen. In this respect, microRNAs (miRs) might be of particular interest. 
MiRs are post-transcriptional regulators (short RNA strands) of a number of genes. It has been 
shown that miRNAs such as miR-29, miR-30, and miR-21 play a specific role in collagen 
formation in the myocardium, as nicely reviewed by Bauersachs.15 Recent studies showed 
that miR levels detected in blood samples were significantly changed in patients with acute 
myocardial infarction16 or with heart failure17 compared with healthy controls. Whether miRs 
specifically involved in cardiac fibrosis formation are also detectable in blood is currently 
unknown, but might be of particular interest for specific collagen biomarkers. 

MRI 
Late gadolinium enhanced (LGE) MRI is frequently used in clinics nowadays to assess cardiac 
scar tissue. Myocardial scarring can be detected using MRI after administration of a 
gadolinium-based contrast agent. Due to differences in washout kinetics of scarred and 
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viable tissue, the contrast agent remains longer in scarred than in viable tissue.18 Although 
this technique has greatly improved detection of myocardial fibrosis in the clinical setting, 
the method has some drawbacks. In the first place, it represents an indirect method for 
collagen detection of collagen deposition. Moreover, currently only large areas of scarring 
can be detected while small patches of fibrosis and increased interstitial fibrosis are of 
particular interest in arrhythmia susceptibility and systolic dysfunction. 
Extensive research is still being performed to improve fibrosis detection by imaging 
techniques. A recent study of Messroghli et al. showed that patchy and interstitial cardiac 
fibrosis in a hypertrophic rat model can be determined with MRI T1 mapping based on a 
gadolinium-based contrast agent. The authors showed a moderate though significant 
correlation between myocardial extracellular volume measured by Gd-DTPA-based 
T1 mapping and histological analysis of cardiac fibrosis.19  
We have recently shown that ultra-short echo time (UTE) MRI is another technique that can 
be used for detection of myocardial fibrosis. UTE MRI can detect tissues with very fast signal 
decay, such as tendons and bone. These compact tissues are collagen-rich, and are thought 
to be detected by UTE MRI since collagen has very fast signal decay. To investigate whether 
cardiac collagen could be detected with UTE MRI as well, we used a rat myocardial infarction 
model. This study showed that UTE MRI is able to detect myocardial fibrosis after infarction 
without the use of any contrast agents.20  
Imaging techniques are favourable for the detection of collagen since these techniques are 
non-invasive. However, a major drawback of the use of imaging techniques for detection of 
fibrosis is that quantification of the hyperenhanced signals on MR images is not yet 
standardised. Flett et al. compared several quantification techniques for LGE MRI images and 
showed that substantial differences exist in the amount of fibrosis measured by the different 
techniques. The full-width half-maximum (FWHM) technique appeared the most reliable and 
reproducible quantification technique.18  
 
CONCLUDING REMARKS 

Cardiac collagen plays an important role in cardiac disease, because it may affect contractility 
and arrhythmogenicity. Thus, detection of collagen in patients with heart disease is of 
utmost importance. In this review several techniques that are used or developed for collagen 
detection in the heart are discussed. Both invasive and non-invasive techniques are available. 
Histological and biochemical assessment of collagen in cardiac tissue is still the most 
accurate method and easy to quantify, especially the hydroxyproline assay, but size-limited 
cardiac biopsies are required for these analyses. Whereas the non-invasive techniques such 
as MRI and circulating biomarkers are of great interest, quantitative analysis of these 
techniques are not yet standardised and validated respectively in patients. 
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ABSTRACT 

Background Cardiac fibrosis is a major hallmark of cardiac diseases. For evaluation of cardiac 
fibrosis the development of highly specific and preferably non-invasive methods are desired. 
Our aim was to evaluate CNA35, a protein known to specifically bind to collagen, as a specific 
marker of cardiac fibrosis.  
Methods Fluorescently labelled CNA35 was applied ex vivo on tissue sections of fibrotic rat, 
mouse, and canine myocardium. After quantification of CNA35, sections were examined with 
Picrosirius Red (PSR) and compared to CNA35. Furthermore, fluorescently labelled CNA35 
was administered in vivo in mice. Hearts were isolated and CNA35 labelling was examined in 
tissue sections. Serial sections were histologically examined with PSR. 
Results Ex vivo application of CNA35 shows specific binding to collagen and a high 
correlation with PSR (Pearson's r = 0.86 for mice/rats and r = 0.98 for canine; both p < 0.001). 
After in vivo administration, CNA35 labelling is observed around individual cardiomyocytes 
indicating its ability to penetrate cardiac endothelium. High correlation is observed between 
CNA35 and PSR (r = 0.91; p < 0.001). 
Conclusion CNA35 specifically binds to cardiac collagen, and can cross the endothelial 
barrier. Therefore, labelled CNA35 is useful to specifically detect collagen both ex vivo and 
in vivo and potentially can be converted to a non-invasive method to detect cardiac fibrosis.  
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INTRODUCTION  

Cardiomyocytes are imbedded in a network that is largely built from fibrillar collagens. 
Twenty-nine different types of collagen have been discovered up till now, but the heart 
primarily expresses type I (85 %) and type III (11 %).1 The collagen network provides tensile 
strength, preventing excessive dilatation, contributes to diastolic ventricular suction, and 
plays a role in intercellular communication by the connection with the intracellular 
cytoskeleton. However, disproportionally increased collagen deposition (fibrosis) is a major 
hallmark of several cardiac diseases, from scar formation after myocardial infarction to 
interstitial and patchy fibrosis observed in patients with various cardiomyopathies.2 The 
initially compensatory fibrotic response will, when not stopped, eventually lead to increased 
wall stiffness and diminish diastolic function. Additionally, increased collagen deposition is a 
potential substrate for arrhythmias.3-5 
Currently, areas of fibrosis are frequently visualised non-invasively by MRI. This technique 
provides high-resolution images in any desired plane without radiation6 and offers a 
comprehensive overview of anatomy, function, and viability. The current gold standard, late 
gadolinium enhancement MRI (LGE MRI), detects larger patches of scarred tissue. Especially 
in patients with ischemic heart disease, scar formation is clearly visible with LGE MRI. Also in 
other cardiomyopathies, such as hypertrophic or dilated cardiomyopathy, patchy fibrosis can 
be picked up by LGE MRI. Since detection of interstitial fibrosis by LGE MRI is limited, new MRI 
techniques are currently developed to detect individual collagen strands. At current, 
T1 mapping is the most extensively studied MRI technique to detect diffuse fibrosis in 
patients with cardiac diseases,7-9 but this technique is not yet applicable in small animal 
models. Moreover, spatial resolution with current contrast agents is too low to visualise 
specific interstitial collagen strands. Thus, the amount of cardiac fibrosis could be under-
diagnosed with LGE MRI as well as with T1 mapping.10 Furthermore, both techniques do not 
selectively and specifically image myocardial collagen and are merely a reflection of 
extracellular matrix expansion. 
Cardiac tissue can be histologically examined ex vivo, for fibrosis with dye stainings such as 
Picrosirius Red (PSR) or with specific fluorescently labelled antibodies.11 Due to the highly 
non-centrosymmetric characteristics of fibrillar collagen, collagen can also be examined with 
second harmonic generation (SHG) microscopy.12 However, the acquirement of ventricular 
cardiac tissue in patients is not without risk and therefore histology or SHG imaging of 
biopsies is not preferred in the clinical setting to examine fibrosis. Nonetheless, in animal 
studies, histology is the most commonly used technique for collagen detection in cardiac 
tissue. 
Due to the high clinical relevance of fibrosis formation and the limitations of the current 
techniques to detect collagen deposition, the development of new methods to specifically 
and unequivocally detect cardiac fibrosis, (preferably non-invasive) is desired. Recently 
Boerboom et al. developed a collagen-binding molecule, named CNA35.13 CNA35 is a 35 kDa 
bacterial binding protein domain of the Staphylococcus aureus bacterium that is easy to tag. 
CNA35 binds specifically to fibrillar collagen (Kd 10-7 to 10-6 M) with the strongest affinity for 
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collagen type I and a relatively high affinity for collagen types II - IV.14 Previous studies have 
shown that fluorescently labelled CNA35 binds specifically to newly synthesised collagen in 
cultured fibroblasts,13 but also in the murine arterial wall both after ex vivo and in vivo 
administration of CNA35.13,15 Ex vivo and in vitro imaging of small arterioles has shown that 
CNA35 is more specific and has a higher spatial resolution than other collagen visualizing 
techniques currently available.13 After intravenous administration of CNA35, collagen 
labeling is observed in the kidneys and liver.15  
Based on these results, CNA35 is a promising candidate for highly specific collagen detection, 
and is of particular interest for translational research since CNA35 is easy to tag. However, the 
capability of CNA35 staining in the heart has not been properly addressed yet. The aim of the 
current study was to quantitatively and qualitatively assess myocardial collagen content after 
ex vivo and in vivo administration of fluorescently labelled CNA35.  
 
METHODS 

CNA35 
CNA35 (Maastricht University, Maastricht, the Netherlands) was obtained, purified, and 
labelled with the fluorescent dye FITC (Sigma-Aldrich, St Louis, MO, USA, λexcitation = 495 nm, 
λem = 515 nm) or Alexa Fluor 568 (Invitrogen, Eugene, OR, USA, λexcitation = 568 nm, 
λem = 580 nm) as described previously.14 Both CNA35-FITC and CNA35-Alexa568 were diluted 
in saline-based buffer solutions. 

Animal models 
Animal handling was performed according to the Dutch Law on Animal Experimentation and 
the European Directive for the Protection of Vertebrate Animals used for Experimental and 
Other Scientific Purposes (86/609/EU). Mouse and rat experiments were approved by the 
Animal Experimental Committee of the University of Utrecht. Canine experiments were 
approved by the Animal Experimental Committee of Maastricht University. 
Ex vivo experiments were performed on slices of heart tissue from mice, rats, and canines.  
For murine tissue sections, mice were subjected to transverse aortic constriction (TAC, 
hereafter referred to as TAC mice), a model that leads to cardiac failure and marked 
ventricular interstitial fibrosis.16 Cardiac tissue sections were taken from rats with severe 
cardio-renal syndrome (CRS; hereafter referred to as CRS rats), since they are known to 
develop a combination of patchy and interstitial fibrosis.17 Cardiac biopsies were derived 
from canines with a left bundle branch block (LBBB) and mitral regurgitation (MR). MR was 
induced with a customised ablation catheter with a hook at the distal tip to grasp and ablate 
the chordae tendinae suspending the mitral leaflet. After four weeks of recovery, LBBB was 
induced as has been described previously.18 MR induces volume and pressure overload of the 
left atrium (LA), which induces severe fibrosis, initially of the LA, but when the disease 
progresses also in the right atrium (RA).19 The different animal models provide a variety of 
collagen deposition patterns and expression levels.  
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In vivo experiments were carried out using calcineurin transgenic (MHC-CnA) mice and their 
wild type (WT) littermates. The MHC-CnA mouse model is a model in which a constitutively 
active form of calcineurin is overexpressed, specifically in the heart. This model has been 
characterised extensively.20,21 In short, these mice develop cardiac hypertrophy already 
18 days postnatal, which further progresses into heart failure and eventually can lead to 
sudden cardiac death. Moreover, this model shows high levels of interstitial myocardial 
fibrosis.  
All the different animal models used for the ex vivo and in vivo experiments provide a wide 
range of fibrosis burden and distribution. Furthermore, the usage of different species gives 
the opportunity to evaluate any interspecies differences.  

Ex vivo labelling, imaging, and quantification 
Frozen sections (10 µm) of biopsies of both ventricles and atria of two canines (n = 12 and 
n = 8 sections respectively) with MR and LBBB and both atria of one control canine (n = 16 
sections) were used to cover a wide variety of collagen expression levels. Frozen tissue 
sections (10 µm; 4-chamber view) from both CRS rats (n = 9 sections) and TAC mice (n = 4 
sections) were used. Hoechst 33342 (16.2 mM; Invitrogen, OR, USA) and 2.5 µM CNA35-FITC 
were used as specific fluorescent markers for DNA/RNA and collagen, respectively. 
CNA35-FITC in Hank’s Balanced Salt Solution buffer (HBSS buffer; Lonza, Verviers, Belgium) 
was combined in a ratio of 1:1 with a 250 times diluted stock concentration of Hoechst in 
HBSS buffer. Stained sections were imaged with an Olympus BX51WI spinning disk confocal 
fluorescence microscope coupled to a Hamamatsu EM-CCD C9100 digital camera. Stereo 
Investigator (MBF Bioscience, Williston, VT, USA) was used to make high-resolution overview 
images of the tissue section. After imaging of CNA35-FITC the same tissue sections were 
stained with PSR. PSR served as a reference for fibrosis staining and was used for a head to 
head comparison of specificity of CNA35. PSR staining was performed as described 
previously.22 Briefly, slices were incubated in xylol for 30 minutes, and dehydrated in an 
ethanol series. Subsequently, slices were stained with 0.1 % Sirius Red (Polysciences Inc., 
Warrington, PA, USA) in picric acid (Sigma-Aldrich Chemie GmbH, Steinheim, Germany), for 
one hour. PSR stained tissue was imaged using the same microscope, though using a QIcam 
color camera (Qimaging; Surrey, BC, Canada). 
ImageJ (Research Services Branch, National Institute of Mental Health, MA, USA) was used to 
calculate percentage of collagen by manually selecting the region of interest and adjusting 
the threshold. To compensate for bias in thresholding, the measurements were repeated 
three times per image and averaged to determine the collagen content per section. 

In vivo injection, ex vivo imaging, and quantification 
Male MHC-CnA mice (> 8 weeks old)20 and their male WT littermates (> 8 weeks old) were 
used to determine the perfusion capability of CNA35 after in vivo administration of 
CNA35-Alexa568. They were injected with two boluses of 200 μl 38 μM CNA35-Alexa568 (in 
phosphate buffered saline). To prevent fluid overload, a 15-minute interval between the two 
boluses was preserved. Just prior to sacrifice, 15 minutes after the second dose, the mice 
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were anesthetised with 4 % isoflurane in 40 % oxygen. Caprofen, 5 mg/kg (Pfizer inc., Capelle 
a/d Ijssel, the Netherlands) was administered subcutaneously as analgesic. Heparin (500 I.U.) 
was administered intraperitoneally as anti-coagulant to prevent clotting and accumulation of 
blood in the myocardium after sacrifice. Finally, the heart was excised, rinsed immediately, 
and directly preserved in ice-cold saline.  
Qualitative examination of CNA35-Alexa568 labelling in MHC-CnA (n = 5) and WT hearts 
(n = 5) was performed within 5 hours using two-photon laser scanning microscopy (TPLSM). 
A Nikon E600FN microscope (Nikon, Tokyo, Japan), coupled to a standard BioRad 2100 
multiphoton system (Bio-Rad, Hemel Hempstead, UK) was applied. A 150 fs-pulsed 
Ti:Sapphire laser (Spectra Physics Tsunami, Santa Clara, CA), tuned and mode-locked at 
800 nm, was used as excitation source. A 60×-magnification waterdipping lens was used to 
visualise individual myocytes embedded in the extracellular matrix. A HQ560LP filter was 
used to detect Alexa568.  
Wide-field fluorescence and transillumination microscopy on snap frozen tissue material was 
performed for a quantitative analysis of the CNA35-Alexa568 labelling. MHC-CnA (n = 4) and 
WT hearts (n = 4) were snap frozen and cut in 4-chamber view sections (10 µm slice 
thickness). CNA35 labelling was examined within 24 hours. Serial sections were used for PSR 
staining. CNA35 labelling and PSR staining were examined and quantified as described in the 
ex vivo section. 

Statistical analysis  
Data are presented as mean (± standard deviation). Statistical analysis was performed using 
Statistical Package for Social Sciences for Windows version 20.0 (IBM corp., NY, USA). A 
Pearson correlation linear regression analysis between CNA35 and PSR collagen percentages 
was performed. Bland-Altman analysis was performed to evaluate the accuracy of CNA35. A 
student’s t-test was performed to determine differences in fibrosis levels between two 
groups. A two-sided probability value p < 0.05 was considered a statistically significant 
difference. 
 
RESULTS  

Ex vivo labelling, imaging, and quantification 
Ex vivo analysis of collagen labelling by CNA35-FITC showed that whole heart sections 
(mouse and rat) labelled with CNA35 corresponds to the PSR staining of serial sections 
(figure 1A-D). Average collagen concentration in mouse and rat heart sections was 
9.6 ± 1.8 % and 20.2 ± 5.3 % respectively when determined with CNA35. When collagen 
concentration was determined with PSR comparable results were observed; 9.8 ± 1.6 % and 
21.5 ± 4.2 % in mouse and rat sections, respectively. Paired analysis of CNA35-FITC and PSR in 
the mouse and rat heart sections resulted in a good correlation (r = 0.86, p < 0.001).  
Ex vivo staining of canine biopsies collected from the atria and ventricles provided a wide 
range of fibrosis burden (2.8 % - 24.0 %). Therefore CNA35 staining could be properly 
evaluated at low and high concentrations of collagen. Overall, there was a strong agreement 
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between CNA35 and PSR labelling of collagen, indicating the selective capacity of CNA35 to 
bind to myocardial collagen in canines. In the ventricular tissue, a collagen volume fraction of 
4.7 ± 1.7 % and 3.8 ± 1.1 % was observed when determined with CNA35 and with PSR, 
respectively. Atrial tissue sections showed a collagen volume fraction of 7.9 ± 4.5 % when 
determined with CNA35, which is comparable to the collagen volume fraction determined 
with PSR, 7.4 ± 4.5 %. The LA stained with CNA35 of canines with MR and LBBB had a 
significant higher collagen concentration than the RA (13.1 ± 5.4 % vs. 8.2 ± 1.2 %; 
respectively, p < 0.05). A representative picture of both CNA35 labelling and PSR staining of 
the canine atrium is shown in figure 1E and F. Quantification of paired CNA35 and PSR 
images showed a high correlation (r = 0.98 p < 0.001; figure 2). Bland-Altman analysis 
showed a minor but significant variability in collagen percentages measured by CNA35-FITC 
and PSR. CNA35-FITC estimated collagen concentration 0.67 % higher than PSR (upper 
boundary 2.5 % - lower boundary -1.2 %; p < 0.05). 
 

                             
Figure 1. Tissue sections stained with CNA35-FITC and PSR.  
Left panels: CNA35-FITC staining (green) and cell nuclei (blue) showing a clear demarcation of fibrous strands. 
Right panels: serial sections stained with Picrosirius Red (PSR) (B and D) or the same section stained with PSR 
(F). A-B: Transverse aortic constriction mouse myocardium, C-D: Cardiorenal syndrome rat myocardium, E-F: 
atrial tissue from a canine with MR and LBBB. The dashed lines encompass the area of the magnification, which 
shows that even the smallest collagen fibres are highlighted.   
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Figure 2. Correlation between collagen examined with PSR and with CNA35 after ex vivo application in canine 
tissue.  
Left panel: correlation between the CNA35 and by Picrosirius Red (PSR) in canine atrial (n = 28) and ventricular 
tissue sections (n = 8). The amount of collagen detected by CNA35-FITC is highly correlated with PSR (r = 0.98, 
p < 0.001). Right panel: Bland-Altman plot of collagen detection by CNA35 with respect to PSR. CNA35 
detected a significant higher percentage of collagen than PSR staining (+ 0.67 %; p < 0.001).   

In vivo labelling, ex vivo imaging, and quantification   
Two-photon laser scanning microscopy 
After in vivo administration of CNA35-Alexa568, hearts from WT (n = 5) and MHC-CnA (n = 5) 
mice were isolated and visualised with TPLSM to observe CNA35-Alexa568 labelling in the 
viable tissue. The high tissue penetration depth and spatial resolution achieved using TPLSM 
makes it possible to visualise individual myocytes embedded in the extracellular matrix. 
Figure 3 clearly shows that CNA35-Alexa568 is able to pass the endothelial layer, penetrate 
the myocardial extracellular space, and bind to individual collagen strands. Both WT and 
MHC-CnA hearts showed CNA35 labelling surrounding the individual myocytes. Although 
quantification of the TPLSM images is not possible, the CNA35 labelling in the MHC-CnA 
hearts seems more intense than in the WT hearts. 

 
Figure 3. Two-photon laser scanning microscopy images 
of CNA35-Alexa568 after in vivo administration.  
Panel A: representative TPLSM image of 
CNA35-Alexa568 labelling (red) surrounding 
cardiomyocytes in a wild type (WT) heart. Panel B: 
representative TPLSM image of a calcineurin 
transgenic (MHC-CnA) heart with a similar view of 
cardiomyocytes surrounded with CNA35-Alexa568 

(red). Although the CNA35 labelling has not been quantified, the MHC-CnA heart shows a more intense 
CNA35-Alexa568 signal compared to the WT heart. Both hearts are additionally stained with Syto41 (blue) to 
stain cell nuclei. Scale bar = 10 µm. 
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Figure 4. MHC-CnA and WT heart stained with 
CNA35-Alexa568 after in vivo administration and 
with PSR.  
Top panels: whole tissue sections of a calcineurin 
transgenic (MHC-CnA) heart stained with 
CNA35-Alexa568 (A; red) and the serial section 
stained with Picrosirius red (PSR) (B). Lower 
panels: whole tissue sections of a wild type (WT) 
heart stained with CNA35-Alexa568 (C) and a 
serial section stained with PSR (D). Note the 
darker and less stained areas in the WT heart 
compared to the MHC-CnA heart. Magnification 
shows that even the smallest collagen fibres are 
highlighted, even in the WT mouse. The grey 
dashed lines show the areas of the magnification.

 

Quantitative analysis of CNA35-Alexa568 using histological slices 
After in vivo administration of CNA35-Alexa568, hearts from WT (n = 4) and MHC-CnA (n = 4) 
mice were isolated and sectioned. Collagen was determined with CNA35-Alexa568 labelling 
and compared to PSR. A representative picture from CNA35-Alexa568 and PSR is shown in 
figure 4. Cardiac collagen concentration determined with CNA35 in WT and MHC-CnA mice 
was 3.8 ± 2.1 % and 9.3 ± 3.6 %, respectively (p < 0.001). A strong correlation was observed 
between CNA35 and PSR (r = 0.91 p < 0.001; figure 5). This result confirms the capability of 
CNA35-Alexa568 to pass the endothelial layer of the coronary arteries in both healthy and 
diseased mice and that CNA35 can be used to specifically visualise collagen in the 
myocardium. Bland-Altman analysis showed a minor but significant variability in collagen 
percentages measured after in vivo administration of CNA35-Alexa568 and PSR. 
CNA35-Alexa568 significantly estimated the collagen concentration 0.15 % higher than PSR 
(upper boundary 3.5 % - lower boundary -3.2 %; p < 0.001) (figure 5).  
Altogether, these data show that there were no interspecies differences. Furthermore, the 
overall correlation between CNA35 and PSR was strong, even though there were large 
differences in degree and distribution of fibrosis between the animal models.  
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Figure 5. Correlation between collagen examined with PSR and with CNA35 after in vivo administration of CNA35.  
Left panel: correlation plot of CNA35 against Picrosirius Red (PSR) in wild type (WT) and calcineurin transgenic 
(MHC-CnA) cardiac tissue sections (n = 36). Especially hearts from MHC-CnA mice show high levels of fibrosis. 
The amount of collagen detected by CNA35 is highly correlated with the amount of collagen stained with PSR 
(r = 0.91, p < 0.001). Right panel: Bland-Altman plot of collagen detection by CNA35 with respect to PSR. 
CNA35 detected a significant higher percentage of collagen than PSR staining (0.15 %; p < 0.001). 

 
DISCUSSION 

This study shows that 1) CNA35 specifically marks cardiac collagen in different species; 2) 
CNA35 is able to enter the myocardium after intravenous administration; and 3) CNA35 is 
able to specifically mark cardiac collagen after in vivo administration. The amount of collagen 
detected by the fluorescently labelled CNA35 is highly comparable with the amount of 
collagen determined by PSR, both after ex vivo and in vivo application.  
It has already been shown that CNA35 specifically binds to mouse, rat, bovine, and human 
fibrillar collagen types I-IV.7,8,23 The present study confirms the CNA35 binding to mouse and 
rat cardiac collagen and in addition we show specific collagen binding in canine 
myocardium. This supports the hypothesis that detection of collagen by CNA35 is 
species-independent. Furthermore, since the heart mainly expresses collagen type I and 
type III, CNA35 is a suitable candidate to evaluate cardiac fibrosis, but maybe less efficient for 
other pathologies throughout the body that are characterised by upregulation of other types 
of collagen.  
To confirm that CNA35 specifically labelled the cardiac collagen, PSR, a dye staining that is 
based on the acid dye Picrosirius Red that strongly binds to the collagen, was used as a 
reference.22 In our ex vivo experiments we compared CNA35 labelling with PSR staining and 
observed a slightly higher CNA35 labelling compared to the collagen stained by PSR. 
Although the difference in the quantitative collagen detection is relatively low, it is 
statistically significant. The slightly, but significantly higher collagen detection by CNA35 
might be caused by a difference in signal strength between fluorescent CNA35 confocal and 
bright field PSR imaging. Indeed, small collagen fibres of PSR images generate a weaker 
signal that might be more difficult to quantify compared to fluorescent CNA35. Besides, the 
different animal models used indicate that CNA35 is capable of assessing collagen content in 
a wide variety of fibrosis burden and distribution.  
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The amount of collagen marked with CNA35 in the different models in this study is 
comparable to the range of fibrosis that is measured in other studies. In LA tissue derived 
from MR dogs we observed a 1.8-fold increase in CNA35 labelling compared to the labelling 
in RA tissue. This result is in line with the 1.8-fold increase in LA fibrosis observed in patients 
with mitral valve disease compared to patients without mitral valve disease.19 Regarding the 
results after in vivo administration of CNA35-Alexa568 in mice, we observed a 2.4-fold 
increase in hearts from MHC-CnA mice compared to their WT littermates, which coincides 
with the study of Fontes et al., who observed a 2.8-fold increase in fibrosis in 4 weeks old 
MHC-CnA mice compared to WT littermates.24  
To our knowledge, this is the first study that shows CNA35 labelling of individual cardiac 
collagen strands. Megens et al. have shown the binding of CNA35 labelled with Oregon 
Green 488 (OG488) in the collagenous part of the atherosclerotic plaques in mouse arteries, 
but no labelling in the healthy arteries after in vivo administration. In addition, they observed 
CNA35 labelling in the kidney, liver, and spleen after administration, but no CNA35 labelling 
in the heart. Based on these results they suggested that CNA35-OG488 enters tissue with a 
highly permeable endothelial phenotype.15 However, in our study we show that 
CNA35-Alexa568 can enter the myocardium, both in MHC-CnA and in WT mice, despite the 
tight endothelial barrier. This discrepancy might be caused by the different fluorophore that 
has been used. Although the molecular weight of OG488 is lower than that of Alexa568 
(509 Da and 792 Da, respectively), other fluorophore characteristics, such as its chemical 
structure or charge, may influence the penetration of the endothelial barrier. Another 
explanation might be that cardiac collagen labelling by CNA35 was below their detection 
limit since Megens et al. studied mice with no known cardiac diseases and the collagen 
strands in the healthy myocardium are small. Furthermore, the concentration of CNA35 used 
by Megens et al. was half the concentration we used. Mees et al. have labelled CNA35 with 
the radioactive agent (99m)Tc tricarbonyl and investigated the labelling of CNA35 to 
subendothelial collagen IV in tumour neovasculature.25 Also in this study, no CNA35 labelling 
in the healthy murine heart has been observed. However, the mice were imaged with a 
γ-camera to detect tumours >10 mm in diameter. Therefore, the spatial resolution of the 
camera used in this study was too low to visualise collagen strands labelled with CNA35 in 
the healthy mouse heart. In a recent study by Danila et al. CNA35 labelled with gold 
nanoparticles has been studied as a new computed tomography (CT) contrast agent to 
detect myocardial scarring in mice.26 They have shown that labelled CNA35 in CT imaging 
detected large myocardial infarctions in the non-beating mouse heart. Although small 
patches of fibrosis were undetectable, these results together with the current study are 
promising to use labelled CNA35 for in vivo imaging of cardiac fibrosis. 
Altogether, the results support the hypothesis that fluorescently labelled CNA35 specifically 
marks cardiac fibrosis, both after ex vivo and in vivo administration. Although several 
techniques are already available to detect cardiac fibrosis in the experimental setting, the 
detection of cardiac collagen with CNA35 might have advantages compared to the current 
techniques. LGE MRI is non-invasive, but only detects larger patches of fibrosis and is not 
capable of identifying diffuse fibrosis. T1 mapping, using gadolinium as a contrast agent can 
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detect diffuse expansion of the extracellular matrix in the experimental setting. Still 
gadolinium is, as an extracellular contrast agent, not a specific marker. Not only fibrosis but 
also inflammation and oedema can be picked up by T1 weighted mapping and an increase in 
signal is thus related to an increase in the extracellular volume and not increase in fibrosis 
per se.27  
In contrast to dye stainings, CNA35 specifically binds to fibrillar collagen, whereas stainings 
such as PSR and Masson’s Trichrome are based on base/acid interactions and therefore may 
be not entirely collagen specific. In addition, in this study it has been shown that CNA35 can 
detect cardiac collagen after in vivo administration, which to our knowledge is not possible 
with other dyes. Regarding the collagen antibodies, CNA35 has the advantage that it can 
detect the various fibrillar types of collagen, whereas antibodies are only specific for one 
collagen type. In addition, antibodies are relatively large compared to CNA35, which makes it 
more difficult for them to penetrate the tissue.14 To examine collagen in viable tissue with 
CNA35 is therefore preferred above using antibodies. An additional advantage of CNA35 is 
that the binding to collagen is reversible. Unfortunately, details about the unbinding of 
CNA35 such as the half-life, the elimination pathway, and the toxicology of CNA35 are not 
known yet. More information about this unbinding process is a prerequisite to use CNA35 as 
an in vivo contrast agent in man to evaluate the process of fibrosis with either high-spatial 
resolution CT-scanning or MRI. Since CNA35 binding to collagen is not limited to the heart, 
the determination of collagen by CNA35 might also be of interest to detect the process of 
collagen formation in (viable) tissue in other diseases or in regenerative medical research. 
 
STUDY LIMITATIONS 

Although this study shows the possibility of CNA35 to bind to cardiac collagen after in vivo 
administration, the used technique hampers direct translation of the current study to 
non-invasive imaging in the clinical setting, such as MRI or single-photon emission 
computed tomography (SPECT). Therefore, future experiments should further focus on 
CNA35 labelled with agents that can be used in these non-invasive imaging techniques that 
are suitable for the clinical setting. However, labelling of CNA35 with different agents, both 
fluorescent and other, might influence the permeability and binding affinity of CNA35. When 
experiments are conducted with a new agent, the binding capacity and permeability need to 
be re-assessed. This phenomenon should also be kept in mind when studies with different 
labelling agents are compared (i.a. OG488 versus Alexa568 labelling as discussed in the 
section above).  
Since the mice were sacrificed shortly after in vivo administration, information about the 
pharmacokinetic profile or any possible side effects of CNA35 is missing. At a first glance, the 
mice did not show any discomfort after CNA35 administration, but further pharmacological 
and pharmacokinetic investigation is necessary before it is safe to use in the clinical setting. 
Unfortunately, images from different hearts cannot be quantitatively compared with TPLSM. 
Indeed, imaging individual myocytes using TPLSM at high magnification forbids exact 
localisation of the obtained images. Furthermore, laser light intensity differs depending on 
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tissue depth and fluorescent binding. Nevertheless, the MHC-CnA hearts had a higher signal 
of CNA35 labelling than in the WT hearts. For exact quantification we therefore used 
histological slices. 
 
CONCLUSION 

This study shows for the first time that CNA35 specifically binds to cardiac collagen strands, 
and that it crosses the cardiac endothelial barrier in both healthy and diseased myocardium. 
Therefore, labelled CNA35 can be used to specifically detect collagen in an ex vivo setup and 
after in vivo administration. 
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ABSTRACT 

Aims Excessive collagen deposition is a major hallmark of cardiac disease. Fibrosis reduces 
cardiac function and plays a major role in cardiac arrhythmogeneity. Despite the clinical 
importance, there is no non-invasive technique for direct detection of myocardial fibrosis yet. 
Ultra-short echo time (UTE) MRI has been shown to detect tissues with a fast T2* signal decay. 
Collagen has a fast T2* signal decay compared to myocardium and should therefore be 
detectable with UTE MRI. This study aims to investigate the use of UTE MRI to detect fibrosis 
after myocardial infarction without using exogenous contrast. 
Methods and Results In 7 male Lewis rats either myocardial infarction was created (n = 5) or 
sham surgery was performed (n = 2). Six weeks after surgery, hearts were isolated and 
visualised by MRI. Images were acquired with UTE (TE 0.15ms), to detect tissue with a fast 
T2* decay. Acquired conventional images (TE = 6.0ms) were subtracted from UTE images to 
maintain only ‘short living signal’ (SLS): tissue with a fast decay. In infarcted hearts, SLS was 
observed in subtracted images, whereas in control hearts hardly any SLS was detected. 
Subtracted images were cross-referenced with histology and showed that the SLS area 
observed with UTE MRI corresponded to the collagen-rich areas observed in histology. 
Normalised SLS areas correlated well with the normalised collagen-rich areas; r = 0.7, 
p = 0.002.  
Conclusions We show for the first time that UTE MRI technology can be used for direct 
detection of post-infarcted fibrosis without the use of contrast agents. 
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INTRODUCTION 

Collagen in healthy heart muscle provides mechanical integrity and an even distribution of 
force throughout the myocardium. Increased collagen content is a hallmark of many cardiac 
diseases, ranging from scar formation after myocardial infarction (MI) to increased interstitial 
fibrosis during and after hypertrophic remodelling. Cardiac fibrosis results in enhanced 
mechanical stiffness that will impair cardiac output and drives the heart into failure.1 In 
addition, collagen deposition is often involved in the development of an arrhythmogenic 
substrate.2,3 These data indicate that increased collagen is an important marker of cardiac 
remodelling and its detection can be of great value to stratify patients at risk of heart failure 
and/or arrhythmogeneity.  
To visualise cardiac pathology, magnetic resonance imaging (MRI) is widely used. MRI is non-
invasive, lacks radiation exposure, and provides 3D information. Currently, the standard MRI 
technique for assessment of myocardial viability is late gadolinium enhancement (LGE), 
which uses a gadolinium-based extracellular contrast agent. LGE allows for the detection of 
both necrosis and excessive collagen deposition in the myocardium after infarction, as the 
contrast agent resides longer in areas with decreased perfusion and increased extracellular 
matrix, due to either cellular damage or the presence of fibrosis.4,5 However, LGE MRI does 
not provide a direct measurement of cardiac collagen.6 A direct measurement of collagen 
based on its intrinsic molecular properties would address an unmet clinical need, as a 
sensitive test for myocardial fibrosis may improve prognosis and prediction of clinical 
outcome (heart failure and arrhythmogeneity) of therapies that prevent or reduce collagen 
deposition, both after an infarction and in non-ischemic cardiomyopathies.  
With conventional soft tissue contrast MRI, tissue components that contain a large amount of 
collagen are not visible on standard anatomical sequences. The MRI signal of compact 
collagen originates mainly from the hydration water molecules that are weakly bound to the 
three helical chains of which collagen molecules are comprised.7,8 The signal of these 
collagen-related water molecules has a very fast decay (short T2 and T2*) compared to the 
signal of water molecules in soft tissues (figure 1), which leads to signal voids in collagen-rich 
areas. It has been demonstrated that sequences with echo times (TE) one or two orders of 
magnitude shorter than used for soft tissue contrast in MRI can detect more “solid” tissue 
components, characterised by the short T2* relaxation times.9 This ultra-short echo time (UTE) 
MRI technique has been used to image menisci, cartilage, ligaments, tendons, cortical and 
trabecular bone, periosteum,10 and myelin water in white matter.11  
This study is the first demonstration that UTE MRI can be used for the direct detection of 
cardiac collagen as well. In this proof of principle study we focused on the detection of 
compact fibrosis. To ascertain excessive fibrosis deposition of a compact type in the 
myocardium, a rat model of MI has been used. The MR images have been cross-referenced 
with histological sections to confirm the capability of collagen detection.  
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Figure 1. Simplified principle of using ultra-short echo 
time (UTE) MRI to estimate collagen content in cardiac 
tissue.  
T2* signal decay of collagen is much faster than the 
T2*  signal decay of cardiac muscle. Images acquired at 
TE = 0.15 ms will therefore show signals from both 
muscular and collagen structures, while images 
acquired at TE = 6 ms will only show signals from the 
muscular structures. If images acquired at TE = 6 ms 
are subtracted from images acquired at TE = 0.15 ms, 
the subtracted image will show only short living 
signal, in this case signal of collagen. AU = arbitrary 
units, TE = echo time. 

METHODS 

Animal preparation 
Male Lewis rats (Charles River, Maastricht, the Netherlands) weighing between 300 and 350 
grams were housed in groups with food and water given ad libitum. Animal experiments 
were approved by the local Ethical Animal Experimental Committee and were in accordance 
with the institutional guidelines of the Utrecht University Common Animal Facility and with 
the Directive 2010/63/EU of the European Parliament. 
The MI was created by ligating the left anterior descending coronary artery (n = 5) as 
described elsewhere,12 with small adaptations. Briefly, rats were anesthetised with 2.5 % 
isoflurane in 40 % oxygen and ventilated (Bear Medical Systems, Riverside, CA, USA) at a 
frequency of 75/min with a peak pressure of 12 cm H2O and PEEP of 4 cm H2O. The thoracic 
cavity was approached by blunt dissection of the fifth intercostal space. The left anterior 
descending artery was ligated just proximal of this first bifurcation with a suture. Ten minutes 
before ligation 10µg/g lidocaine was injected intraperitoneally to protect against ventricular 
arrhythmias.13 After ligation, the thoracic cavity was closed and the superficial muscles were 
repositioned after applying lidocaine locally. Sham-operated animals (n = 2) underwent the 
same surgery, except ligation of the coronary artery. To prevent (post-) operative stress, 
Carprofen (5 µg/g; Pfizer Inc, Capelle a/d IJssel, the Netherlands) was injected 
subcutaneously 30 minutes prior to surgery, and at 12, 24, 36, and 48 hours after surgery. 
After six weeks, replacement of the infarcted area by fibrosis has reached steady state.14 
Therefore, six weeks after surgery, animals were anesthetised with 2.5 % isoflurane in 40 % 
oxygen and injected with heparin and Carprofen. Subsequently, the heart was excorporated 
and cannulated to superfuse the coronary arteries with phosphate buffered saline, followed 
by superfusion with fomblin (Solvay Solexis, Bollate, Italy). Hearts were placed in a 
custom-made plastic setup and submerged in fomblin, which provides magnetic 
susceptibility matching, thereby avoiding artifacts from air-tissue boundaries.15 
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MR Imaging 
Imaging was performed on a 7 Tesla human MRI scanner (Philips Healthcare, Cleveland, OH, 
USA), using a home-built transmit/receive surface coil. Care was taken to locate the heart in 
the isocenter of the magnet, to minimise artifacts in the UTE acquisition from gradient 
imperfections. Two sequences were acquired: 1) balanced steady state free precession 
(bSSFP) for anatomical imaging; 2) 3D gradient echo with radial sampling, once with an 
ultra-short TE of 0.15 ms and once with a TE of 6.0 ms. Details of the scan parameters are 
presented in table 1. 
The single echo 3D gradient echo images with TE = 6.0 ms were subtracted from the 
corresponding UTE images with TE = 0.15 ms, to suppress signals from tissues with long T2* 
(T2* >> 1 ms) and keep only signal with a short T2*. Hereafter, signal in the subtracted images 
is called short living signal (SLS). Before subtraction, all images acquired at TE = 6.0 ms were 
scaled with a scaling factor 1.3 to compensate for signal loss due to T2* decay in tissue with 
long T2*. The scaling was such that no signal was left for normal myocardium in the 
subtracted images. 
 
Table 1. Imaging parameters. 

 bSSFP 
3D radial 
gradient echo 
(UTE) 

3D radial gradient 
echo (long TE) 

Field of view (mm3) 30 × 30 × 30 30 × 30 × 30 30 × 30 × 30 
Matrix  
(anterior-posterior × 
right-left × feet-head) 

84 × 86 × 86 84 × 84 × 84 84 × 84 × 84 

Resolution (µm3) 360 × 360 × 360 360 × 360 × 360 360 × 360 × 360 
Flip angle 20° 20° 20° 
Repetition time/ 
echo time (ms) 8.3/4.2 14/0.15 14/6 

Bandwith (Hz/pixel) 203 502 502 
Number of averages 5 2* 2* 
Scan time (min:s) 5:09 6:31 6:31 

* Implemented as 200 % oversampling of radial trajectories. 
bSSFP = balanced steady state free precession. 

Histology 
After MRI measurements, hearts were fixed in formalin. Hearts were cut transversally in four 
pieces and embedded in paraffin. For collagen detection, tissue sections of 4 µm were 
stained with Picrosirius Red as described previously.16 Briefly, slices were incubated in xylol 
for 30 minutes, and dehydrated in an ethanol series. Subsequently, slices were stained with 
0.1 % Sirius Red (Polysciences Inc., Warrington, PA, USA) in picric acid (Sigma-Aldrich Chemie 
GmbH, Steinheim, Germany), for one hour. For examination, the stained sections were 
digitalised with a film-scanner (CanoScan 4400F; Canon Nederland N.V., Amstelveen, the 
Netherlands). To allow correspondence with MR images, longitudinal height of the sections 
in the heart was tracked by counting the number of cut slices.  

7137

Direct detection of myocardial fibrosis by MRI

3



To exclude that the observed SLS was based on iron deposits in the infarcted area, sections 
serial to the sections used for collagen staining were stained for iron with Perl’s Prussian Blue. 
Sections were examined by a classic light microscope (Nikon Eclipse 80i; Nikon Europe B.V., 
Amstelveen, the Netherlands) and whole slice photographs were acquired (Canon EOS 500D; 
Canon Nederland N.V.). 

Correlation SLS and histology 
MRI was compared to histology by assessing the correlation between the SLS area observed 
in the subtracted UTE images to the collagen-rich area observed with histology. The 
obtained areas were normalised to the total tissue area.  
Three Picrosirius Red stained ventricular sections of each heart were used for measurement 
of the collagen-rich area and the total tissue area. After digitalisation of the sections, images 
were analysed with ImageJ 1.40g (NIH, Bethesda, MD, USA). The images were transformed 
into a Red-Green-Blue stack; the blue level was used for determination of the total tissue area 
and the green level was used for collagen-rich area determination, by using minimal cut-off 
levels for each individual image. Determination of the collagen-rich area was performed by 
an observer blinded to MR images. 
To relate the MR images to the histological images, the anatomical (bSSFP) images were 
reformatted to obtain the same angulations and offsets as the histological images. The 
apparent shape of the ventricles and the longitudinal height as measured during the 
histology procedure, were used to obtain maximal correspondence between MRI and 
histology. The obtained angulations of the anatomical scans were applied to the UTE and 
subtracted images as well.  
In the subtracted images, signal was considered as SLS when signal intensity was > 2 × 
standard deviation above the mean intensity of a remote area (> 103 pixels; median 218 
pixels) that appeared healthy as judged from histology. The SLS area and total tissue area in 
the angulated subtracted images were analysed on a standalone workstation with the same 
software as available on the MRI console (Philips Healthcare). Total tissue area was measured 
on the UTE images with TE = 0.15 ms.  

Statistical analysis 
To examine the association between histological and MRI normalised areas, the partial 
correlation was determined (α = 0.05). Determination of a partial correlation was required to 
avoid apparent correlation between two separate clouds of data points (data points of 
images without a collagen-rich area and data points of images with a collagen-rich area). 
Therefore, every histological image was scored for the presence or absence of a collagen-rich 
area by an observer who was blinded to the MRI data. The partial correlation coefficient was 
computed, correcting for the presence of a collagen-rich area.  
To correlate the histological and MRI normalised areas of only images with a collagen-rich 
area, Pearson’s correlation coefficient was measured. All data were analysed by PASW 
Statistics 18.0 (SPSS Inc, Chicago, IL, USA). 
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RESULTS 

Detection of fibrosis by UTE MRI 
In the subtracted UTE images of control hearts, hardly any SLS was observed (median SLS 
area = 0.54 mm2, range 0.00 – 1.76 mm2). In contrast, SLS was detected in almost every 
subtracted image of the infarcted hearts (median SLS area on images with presence of 
infarction = 8.55 mm2, range 0.00 – 12.40 mm2). To evaluate whether the SLS represents 
collagen-rich areas, the subtracted images were compared to the corresponding histological 
images. In the Picrosirius Red stained sections, an area of compact fibrosis was observed in 
the left ventricular wall of infarcted hearts. Figure 2 shows representative subtracted images 
of an infarcted and sham-operated heart, together with the corresponding histological 
images and the anatomical MRI images.  
In slices with collagen-rich areas, a scarce amount of iron was observed. A representative 
example is shown in figure 3, which shows that iron deposits were scarce and occurred in 
small focal spots that did not correspond to the observed SLS areas on the MRI images.   
 

 
Figure 2. Corresponding histological and MR 
images.  
Upper row: Picrosirius Red staining of a 
section showing transmural infarction (left) 
and a section from a sham-operated heart 
(right). Yellow = myocardium, red = fibrosis. 
Middle row: Subtracted images 
corresponding to the histological sections. 
The short living signal is outlined in yellow. 
Lower row: Anatomical MR images 
corresponding to the histological sections. 
The bright signal in the right anatomical 
image originates from fluid captured 
between the heart and the plastic cover 
(arrowhead). Accumulation of this fluid 
between the heart and the plastic cover is 
due to the extreme hydrophobic 
characteristics of fomblin. SLS = short living 
signal. 
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Figure 3. Iron staining in infarcted area.  
Upper figure: subtracted image of an infarcted 
heart. The short living signal is outlined in yellow. 
Middle figure: section stained for iron with Perl’s 
staining. Blue = iron, pink = nuclei. Some 
intracellular iron particles are visible in parts of 
the infarcted area at higher magnification. Lower 
figure: Picrosirius Red stained section serial to the 
iron stained section to show localisation of the 
infarcted area. Scale bar = 100µm. 

 

Correlation between SLS and histology 
The localisation of SLS corresponded largely with the fibrotic area observed in the infarcted 
hearts, especially in hearts with a transmural infarction. To show that the SLS area detected 
by UTE MRI correlates to fibrosis, the normalised SLS area in the subtracted images was 
correlated to the normalised collagen-rich areas in histological images (figure 4). The partial 
correlation coefficient (corrected for the presence or absence of collagen) between collagen 
detected by UTE MRI and histology was r = 0.7, p = 0.002. The Pearson’s correlation 
coefficient of corresponding histological and MRI images only with a collagen-rich area 
showed still a significant correlation between both methods, r = 0.7 p = 0.021.  
 

 

 
 
 
 
 
 

 
Figure 4. Correlation between the histological 
normalised collagen-rich area and the MRI 
normalised SLS area.  
Grey line = line of identity (x = y). White spots are 
ratios of images without a collagen-rich area; 
black spots represent images with a collagen-rich 
area. Partial correlation coefficient r = 0.7 
(p = 0.002). SLS = short living signal.  
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DISCUSSION 

This study shows for the first time that compact fibrosis can be directly detected by UTE MRI, 
without use of any contrast agent. The SLS observed with UTE MRI co-localises with the 
collagen area as observed by histology, the golden standard. In the sections below, the 
current study results and clinical perspectives of the use of UTE MRI are discussed. 

UTE MRI versus LGE MRI  
LGE MRI is widely used for assessment of the cardiac structure, diagnosis and prognosis of 
patients suffering from cardiac diseases, as recently reviewed by Mewton et al.6 Especially in 
patients with ischemic cardiomyopathy, this technique is applied to visualise the scarred 
tissue. 
However, LGE MRI and the use of a contrast agent in general have some limitations. The 
technique lacks specificity to discriminate between (sub)acute and chronic myocardial 
damage, since the hyperenhancement is based on different washout kinetics. Moreover, 
timing of the MRI exam after gadolinium administration is critical. Too short delay between 
gadolinium administration and scanning may result in insufficient washout of the contrast 
agents in normal myocardium, whereas a too long delay will result in poor signal-to-noise 
and ultimately in an underestimation of the scarred tissue. UTE MRI may circumvent these 
limitations. Since the SLS acquired at UTE MRI is based on endogenous contrast of fibrosis in 
the myocardium, no contrast agent is required which simplifies the technique and timing of 
scanning is of no concern. In addition, administration of gadolinium can be a 
contraindication, gadolinium is thought to be associated with nephrogenic systemic fibrosis 
in patients with chronic kidney disease.17   

Future Perspectives 
Here we have shown that UTE MRI sequences can be used for the direct detection of 
collagen distribution in the post-infarcted myocardium. This study provides the proof of 
principle, but additional investigations are necessary to improve the technique before it can 
be applied in a clinical setting. Firstly, the subtraction of the two UTE images (image acquired 
at 0.15 ms minus the image acquired at 6.0ms) seems promising for the direct reflection of 
compact collagen deposition in scar tissue. However, as of yet, the method is not able to 
quantify the amount of fibrosis. Quantification of the local amount of fibrosis requires further 
characterisation of the multi-component T2* decay of collagen containing tissue. 
Quantification based on characterizing the MRI signal is challenging due to water exchange 
between the hydration layer of collagen and the surrounding tissue.8,18 
Secondly, in this study only compact fibrosis in the infarcted area is detected by UTE MRI. 
Next to the reparative fibrosis resulting from the MI, remodelling of the left ventricle will 
occur and fibrotic strands intermingle with viable myocardium. This reactive fibrosis is 
observed in the border zone of the infarction, but also in non-ischemic cardiac diseases such 
as hypertrophic cardiomyopathy. This type of fibrosis impairs conduction of the electrical 
impulse and plays a major role in the arrhythmogenic substrate (for review see 19). In 
addition, reactive fibrosis affects both the diastolic and systolic cardiac function. Once 
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quantification of the local collagen amount is possible, it is likely that also reactive fibrosis 
can be detected as small quantities of collagen in otherwise normal tissue. This will be of 
great value in the clinical situation, since there is no non-invasive technique available yet to 
detect reactive fibrosis. In the future, besides its use for compact and diffuse fibrosis 
detection this technique might also be used for the measurement of collagen formation in 
other processes such as in tissue repair, in atherosclerosis, in regenerative medicine, or 
monitoring physiological changes after organ transplants. 
Thirdly, in the current study, the selection of viable tissue that is needed to determine the 
threshold for SLS is guided by histological images. Guidance by histology was performed to 
ascertain reliable SLS detection in this proof of principle study. When applying the UTE MRI 
technique into the clinics, guidance by histology for threshold determination cannot be 
performed. This is a general limitation of non-invasive imaging in patients. Additional 
validation studies in animals may help solving this issue, by validating a method to 
determine signal of interest in imaging techniques. This might lead to standardised 
threshold determination in non-invasive techniques such as MRI. 

Study limitations 
The locations of the SLS in the subtracted images corresponded with the collagen-rich areas 
observed in histological sections, as the normalised SLS area correlated well with the 
collagen-rich area observed in histological analysis (r = 0.7). This confirms the hypothesis that 
UTE MRI is capable of direct fibrosis detection. Nonetheless, the correlation between 
histology and MRI could have been expected to be higher in a study with ex vivo hearts at 
high field MRI. In addition, one anomalous case showed that the collagen deposition could 
not be detected with UTE MRI (figure 4). Two factors are thought to explain this. First, 
imperfect matching between histology and MRI, due to the differences in tissue shape, 
angulation, and resolution. For optimal correspondence between the histological sections 
and the MRI images, the longitudinal height of all histological sections was carefully tracked. 
However, shape differences between MRI and histological images were still observed (also 
visible in figures 2 and 3). This might be due to the formalin fixation and tissue embedding in 
paraffin, both performed after MR imaging.20,21 Moreover, angulation of the MR images is 
based on the histological shape of the heart. Due to the restricted resolution of the MR 
images (voxel size 360 µm), typical shape characteristics observed with histology might be 
less apparent in MR images and may therefore impair an exact match between images of the 
two techniques. Second, determination of the SLS threshold. Obviously, the observed SLS 
directly depends on the contrast-to-noise ratio between SLS and signal of the remote area. 
The UTE technique is challenging on MR hardware, especially on the gradient amplifiers. 
Imperfections in the timing of the amplifiers can lead to small signal gradients in the 
subtracted images, which affect the observed standard deviation in the remote area, and 
hence the threshold for SLS detection. Besides, the SLS is determined in a subtracted image 
as the signals with long T2* need to be suppressed. This subtraction is accompanied by an 
increased noise level. Nonetheless, the SLS threshold was determined in an objective way, 
and not by subjective manual delineation. 
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Another limitation of this study is that isolated hearts were used, which is far removed from 
beating hearts in a clinical setting. In vivo, the spatial resolution will be limited by the need 
for cardiac triggering and respiratory gating (navigators), as in standard anatomical MR 
imaging of the heart. Translation to the clinic will require more pulse sequence adjustments 
to compensate respiratory and cardiac motion. Motion sensitivity can be minimised by either 
using a dual echo acquisition (for which the first (UTE) and second (6.0 ms) echo are 
intrinsically registered), or by using alternative methods to suppress the long T2 signals, like 
T2 preparation pulses. Further, clinical scanners have lower field strengths and, hence, less 
intrinsic signal-to-noise ratio, while it is unknown to what extent the T2 of collagen depends 
on field strength. However, the current protocol required 6 minutes scan time for an 
isotropic resolution of 360 µm. As an increase in the linear voxel dimensions yields a 
quadratic increase in signal-to-noise and a concurrent quadratic decrease in scan duration, it 
seems likely that cardiac UTE can be performed with sufficient signal-to-noise at a clinically 
feasible scan time at lower field strength.  
 
CONCLUSION 

In conclusion, this study showed for the first time the feasibility of direct detection of 
replacement fibrosis by UTE MRI. Further investigations are needed for clinical 
implementations and a quantitative assessment of collagen deposition in the myocardium. 
The proof of principle showed that the MRI technology described in this study can be used 
for the direct detection of collagen in the injured myocardium entirely based on intrinsic 
contrast. This technique provides a more specific assay for collagen detection than LGE MRI 
and concomitantly obviates the need for extracellular contrast agent administration.  
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ABSTRACT 

Introduction Interstitial fibrosis is a major contributor to adverse cardiac remodelling and 
cardiac failure. Recently it has been shown that T1 mapping allows quantifying the 
extracellular volume fraction, which is related to the amount of interstitial cardiac fibrosis. 
Drawback of this method is that a gadolinium-based contrast is required, which may cause 
adverse renal effects, and its time-consuming nature. The T1ρ relaxation time constant is 
known to be sensitive to changes in macromolecular content, and recently it was shown that 
a significantly higher T1ρ value is present in compact myocardial fibrosis of chronic 
myocardial infarction. 
Objective This study aims to investigate whether the T1ρ value is related to the amount of 
interstitial fibrosis. 
Methods and Results T1ρ mapping was performed on transverse cardiac slices of three 
explanted human hearts from end-stage heart failure patients. Subsequently, cardiac slices 
were separated into smaller pieces (n = 32), sectioned, and stained with Masson’s Trichrome 
to determine the amount of interstitial fibrosis. T1ρ values correlated to the amount of fibrosis 
observed (rs = 0.44), whereas no correlation was present between T1ρ values and adipose 
tissue or myocardium. 
Conclusion This study shows for the first time that T1ρ mapping with MRI is capable to 
determine interstitial cardiac fibrosis in the myocardium ex vivo.  
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INTRODUCTION 

Adverse structural remodelling of the myocardium occurs in almost every cardiac disease. 
A major determinant of the adverse remodelling process is the deposition of collagen: 
fibrosis. Fibrosis increases stiffness of the heart, is mainly involved in diastolic failure1 and can 
alter the electrical activity pattern in the heart, which may result in arrhythmias.2 Two main 
types of fibrosis can be distinguished: replacement and reactive fibrosis. Replacement 
fibrosis represents large patches of collagen deposition that occur subsequent to cell loss for 
instance after myocardial infarction (MI). Reactive fibrosis corresponds to collagen that is 
deposited under pathological circumstances without cell loss. This type of fibrosis largely 
reduces the contractility of the heart since fibrotic tissue is non-contractile. Moreover, 
different textures of fibrosis can be observed in the myocardium:3 compact fibrosis: an area 
that solely exist of fibrosis; interstitial fibrosis: fibrotic strands in between viable myocardium 
that are deposited abundantly; and patchy fibrosis: small fibrotic patches intermingled with 
viable myocardium.  
Current golden standard to assess cardiac fibrosis non-invasively is late gadolinium 
enhanced magnetic resonance imaging (LGE MRI). This technique is based on the different 
washout kinetics of diseased myocardium and healthy myocardium; the gadolinium-based 
contrast agent remains longer in fibrotic areas than in viable myocardium, resulting in 
hyperenhanced T1 signal in fibrotic areas at ± 15 minutes after contrast administration.4 
Limitations of this technique are that only large patches of fibrosis can be assessed, and that 
the use of a contrast agent is a contra-indication for kidney failure patients, since gadolinium 
may cause systemic nephrogenic fibrosis.5 To overcome the first limitation, quantitative 
contrast-based T1 mapping has been widely studied. In quantitative T1 mapping, the 
extracellular volume (ECV) is determined by calculating T1 signal intensity from both blood 
and myocardium before and after contrast administration, adjusted for haematocrit level. 
Although this promising technique is not yet incorporated in daily practice, it has already 
been used in validation studies and to evaluate ECV in clinical trials. However, to assess 
myocardial ECV with T1 mapping, a contrast agent is still required. In addition, determination 
of the haematocrit level is necessary to calculate the ECV, which makes the analysis and 
interpretation of the images more time-consuming.  
Therefore, further development of imaging techniques to assess cardiac fibrosis, especially 
interstitial and small patches of fibrosis, is of great interest. As reviewed by 
van Oorschot et al.,6 current research focuses on applying MRI techniques to determine 
collagen strands based on endogenous contrast, by making use of unique characteristics of 
collagen. One promising technique is to determine the relaxation parameter T1 in the 
rotating frame, named T1ρ. This parameter is sensitive to interactions of protons with 
macromolecules such as collagen, and is successfully used in orthopaedics to assess collagen 
fibres in cartilage.7 Muthupillai et al. have shown that T1ρ weighted MRI can accurately detect 
the injured myocardium in patients within 63 hours after acute MI.8 However, no fibrosis is 
formed yet in this acute phase. Recently, it has been shown that T1ρ weighted MRI is also 
capable of evaluating chronically infarcted areas. Both in a swine MI model9,10 and in patients 
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with chronic MI,9 T1ρ  relaxation time constants were significantly higher in the infarcted area. 
Moreover, in MI patients, a 74 % overlap has been observed between scar tissue determined 
with T1ρ weighted MRI and with LGE MRI.9 Based on these studies, we hypothesise that 
T1ρ weighted MRI is feasible to detect myocardial fibrosis based on endogenous contrast.  
The current study aims to investigate whether T1ρ weighted MRI detects patchy and 
interstitial myocardial fibrosis. Therefore, T1ρ mapping is performed on human explanted 
diseased hearts (likely to contain these types of fibrosis) and subsequently compared to 
histology to evaluate the relation between T1ρ relaxation time constant (hereafter referred to 
as T1ρ values) and collagen levels. 
 
METHODS 

Patient material 
This study was conducted according to the declaration of Helsinki, version 2008. Explanted 
hearts (n = 3) from dilated cardiomyopathy (DCM) patients who were admitted to the 
University Medical Center Utrecht for heart transplantation, were used. Prior to cardiac 
transplantation, patients gave written informed consent for using cardiac material for 
research purposes. The Biobank of explanted hearts that was used for this study was 
approved by the local Medical Ethical Committee of the University Medical Center Utrecht 
(study number 12/387). 
After explantation, hearts were cut in transverse slices (± 1 cm thickness). Per heart one fresh 
ventricular slice in between the apex and atrioventricular valves was kept at 4°C and used for 
T1ρ mapping within 24 hours.  

T1ρ mapping protocol 
MR imaging was performed on a 3 T MR Scanner (Achieva, Philips Healthcare, Best, the 
Netherlands) with an 8-channel head coil. T1ρ relaxation time was measured by a 3D 
T1ρ prepared multi-shot gradient echo sequence. The amplitude of the spin-lock pulse was 
set to 500 Hz (11.7 μT), and five images with different spin-lock preparation times were 
acquired: 1, 10, 20, 30, and 40 ms. Other parameters were: bandwidth/pixel = 985 Hz, 
TE/TR = 1.7/3.4 ms, resolution = 0.75 × 0.75 mm2, slice thickness = 0.75 mm, 
FOV = 120 × 120 mm2, flip angle = 10 degrees, TFE factor = 64, number of signals 
averaged  (NSA) = 1, and shot interval = 2000 ms. 

Histology 
Immediately after the scanning procedure, cardiac slices were fixed in 4 % formaldehyde. 
Fixated slices were divided into 9 - 12 transmural pieces based on a dissection scheme and 
subsequently embedded in paraffin. Embedded pieces were sectioned (4 µm thickness) and 
stained with Masson’s Trichrome, which stains fibrosis in blue, cardiomyocytes in red, and 
adipose tissue in white (not stained). Stained sections were scanned at 20 × magnification 
and subsequently extracted for analysis as described previously.11 Percentage of fibrosis, 
cardiomyocytes, and adipose tissue in each section was determined by using MATLAB 
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(release 2012a, Mathworks, Nathick, MA, USA). Technical details about the quantification 
method performed by MATLAB were described previously.11  

Post-processing MR images 
T1ρ maps were calculated using MATLAB (release 2012a) by pixel-wise fitting of a 
mono-exponential decay function based on the T1ρ weighted images with different spin-lock 
durations. Subsequently, regions of interest (ROIs) were applied to the T1ρ maps, matching 
with the dissection scheme of the heart slice and guided by the histology images. Mean 
T1ρ value per ROI was calculated and compared to the percentage fibrosis per piece. 

Statistical analysis 
Results are presented as mean ± standard deviation. Spearman’s correlation coefficient was 
calculated by IBM SPSS Statistics version 20.0.0 (IBM Corp., Armonk, NY, USA) to determine 
the correlation between histology and T1ρ values, p < 0.05 was considered statistically 
significant.  
 
RESULTS 

In total, 32 pieces of the three explanted heart slices were cut for histology. Mean T1ρ value of 
all pieces was 73.5 ± 7.5 ms (range 60.0 ms – 88.0 ms). Percentage fibrosis in all pieces, as 
determined by quantification of Masson’s Trichrome staining, ranged from 8.3 % - 58.0 % 
(mean value 24.5 ± 9.5 %). When comparing the histologically determined mean percentage 
of fibrosis with the mean T1ρ value of each piece, a Spearman’s correlation coefficient rs = 0.44 
(p = 0.012) was observed (figure 1). Figure 2 shows a representative T1ρ map with a 
corresponding picture of a cardiac piece stained with Masson’s Trichrome. From the detailed 
image both patchy and interstitial fibrosis can be observed. Although the localisation of the 
fibrosis was not quantitatively determined in T1ρ maps and in histological images, the high 
T1ρ value of the endocardial part in the ROI depicted in figure 2 corresponded to more 
fibrosis observed in the histological image. No correlation was observed between T1ρ values 
and cardiomyocytes (rs = -0.05; p = 0.78) and adipose tissue (rs = -0.23; p = 0.21). 

 
Figure 1. Correlation between amount of fibrosis and T1ρ values.  
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Figure 2. T1ρ map of a cardiac slice and a corresponding histological section. 
Representative example of a T1ρ map of a transverse cardiac slice from an explanted human heart (left). In the 
T1ρ map the ROI is depicted corresponding with the cardiac piece that is histologically analysed by Masson’s 
Trichrome (right). The inset shows a detailed view of the stained myocardium. Blue = fibrosis, 
red = cardiomyocytes, white = adipose tissue. 

 

DISCUSSION 

This study serves as a proof of principle study to evaluate whether T1ρ weighted MRI is able to 
assess reactive cardiac fibrosis without the use of a contrast agent. As shown in figure 1, a 
significant though modest correlation (rs = 0.44) was observed between T1ρ values and 
fibrosis as determined by histology in human end-stage heart failure myocardium due to 
DCM. In the T1ρ map of the ventricular slice in figure 2 a higher T1ρ value was observed in the 
endocardial region compared to the epicardial region of the left ventricle. This may suggest 
that subdividing the histological images and corresponding T1ρ maps into smaller ROIs, e.g. 
in endocardium and epicardium, may increase the correlation. 
When validating MR images with histology as a reference, there are some pitfalls that may 
limit the linear correlation, under any circumstances. Firstly, MR images gather information 
from tissue slices with a thickness ranging from 0.5 - 5 mm thickness. In contrast, histology is 
performed on slices of only 4 - 10 µm thickness. This implies that MR images average much 
more tissue information than the histological slices, which might hamper a proper 
correlation. Secondly, due to technical aspects, there is always some discrepancy between 
the MRI planimetry and the cutting plane of the tissue for histology, which makes accurate 
matching of both histology and MR images challenging. To circumvent the use of histology 
as a reference, Witschey and co-workers related T1ρ weighted images with LGE MRI regarding 
the infarcted area. They observed a nearly perfect Spearman’s correlation of 0.99 between 
the two methods.10 Although these validation results concerning replacement fibrosis are 
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promising, using histology as a reference is of importance when validating methods that aim 
to determine interstitial fibrosis. However, as T1 mapping is evolving rapidly, it might be of 
particular interest to compare T1ρ weighted MRI to ECV as determined by T1 mapping in the 
in vivo situation. 
T1ρ weighted MRI is based on the interaction between protons and macromolecules, and the 
technique is sensitive to 1) the organisation of the tissue, 2) the interaction between 
macromolecules and their environment, and 3) the collagenous orientation.7 The current and 
previous studies showed an increase in T1ρ value in myocardial fibrotic tissue. Previous 
findings of our research group observed a T1ρ value of 94 ms in the infarcted area in a chronic 
MI swine model, whereas the T1ρ value of the remote myocardium was 58 ms.9 Witschey et al. 
investigated T1ρ values in different areas in ex vivo MI swine hearts. In the infarcted area, 
border zone, and remote myocardium they observed T1ρ values of 125 ms, 60 ms, and 40 ms 
respectively.12 In the current study we determined a mean T1ρ value of 73.5 ms in the 
end-stage heart failure tissue specimens. The higher T1ρ values in fibrotic myocardium 
compared to healthy myocardium might be explained by the higher interstitial volume in 
fibrotic tissue, resulting in a changed interaction between water and macromolecules. In 
addition, the texture of fibrosis seems also of importance for the T1ρ relaxation, since compact 
fibrosis (in infarcted tissue) shows a higher T1ρ value than patchy and interstitial fibrosis (in 
the border zone of the infarcted area or in myocardium from DCM patients). Since compact 
fibrosis only consists of fibrotic tissue and patchy and interstitial fibrosis consist of a 
combination between collagen and viable myocardium, this finding may also imply that the 
intermingling of collagen with myocardium plays a role in the occurrence of 
proton-macromolecule interaction and herewith affects the T1ρ relaxation. Moreover, this 
hypothesis is supported by the finding that in severe degenerative cartilage higher T1ρ values 
are observed compared to less severe degenerative cartilage.13  
 
On a cautionary note, when comparing T1ρ values, the amplitude of the spin-lock pulses that 
are used should be comparable, since it has been shown that the spin-lock’s amplitude 
influences T1ρ relaxation, at least in chronic MI tissue.9,12 Comparing in vivo and ex vivo values 
should also be performed with caution, as there is no blood flow or blood volume ex vivo and 
the temperature is different while the magnetisation and relaxation effects are 
temperature-dependent.14 We do not know yet to what extent these effects are relevant for 
T1ρ relaxation. 
In our opinion, for a successful clinical translation, a T1ρ threshold should be available based 
on the T1ρ value of healthy cardiac tissue and the T1ρ value of fibrotic tissue, to determine the 
amount of myocardial fibrosis in a T1ρ map, especially when one would assess the location of 
fibrosis in the myocardium. Until now, this threshold cannot be determined. One of the 
causes is that the observed T1ρ values observed in different studies are not comparable, 
which might be due to methodological variations, differences of the underlying mechanism 
causing fibrosis, or a different disease state. Furthermore, to determine a threshold to assess 
fibrosis with T1ρ mapping, the T1ρ value of healthy cardiac tissue should be investigated more 
extensively. Since a larger area of healthy tissue is hardly present in cardiac tissue from 
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end-stage heart failure patients, this study cannot contribute to the development of a 
threshold either. T1ρ weighted MRI should be validated more extensively and in a wide 
variety of cardiac diseases to determine a threshold to assess myocardial fibrosis. 
The endogenous assessment of myocardial collagen strands could be a valuable advantage 
compared to current fibrosis detection by MRI, since LGE MRI and ECV determination by 
quantitative T1 mapping both need a contrast agent. As already mentioned in the 
introduction, a contrast agent is contra-indicated in patients suffering from renal failure. In 
addition, both LGE MRI and T1 mapping require 15 minutes waiting time to acquire 
post-contrast images. Therefore, T1ρ weighted MRI, which makes use of intrinsic properties of 
fibrosis, could be more favourable than these conventional contrast-based techniques. The 
presented study serves as a first validation step to determine interstitial fibrosis with 
T1ρ mapping. Together with the recently performed studies on cardiac fibrosis detection with 
T1ρ mapping after MI, the presented results are encouraging to further validate T1ρ weighted 
MRI for interstitial fibrosis detection. 
 
CONCLUSION 

This proof of principle study demonstrates for the first time that T1ρ value is positively 
correlated to interstitial cardiac fibrosis in ex vivo explanted human DCM hearts. Compared 
to previous studies, the T1ρ value observed in human DCM myocardium is higher than in 
remote myocardium, but lower than in infarcted areas in chronic MI. Since T1ρ weighted MRI 
is based on endogenous contrast (hence it requires no additional contrast agent), this 
technique is of particular interest to further evaluate the potential to determine fibrosis, 
especially interstitial fibrosis, in a non-invasive way. 
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ABSTRACT 

Increased cardiac collagen deposition is observed in almost every cardiac disease and plays 
an important role in the deteriorating function of the diseased heart. Propeptides of 
procollagen type I and III, the two major collagen types in the heart, can be detected in 
circulation. While these propeptides reflect the collagen synthesis, also breakdown products 
of collagen and the matrix metalloproteinases, responsible for the breakdown of the 
extracellular matrix, can be detected in blood and are used for investigating the turnover of 
collagen. Clinical trials are performed in recent years to examine the usage of these 
biomarkers in a diagnostic or prognostic way in heart failure patients. This review aims to 
discuss the formation of fibrosis and studies investigating these biomarkers in heart failure 
are reviewed in the current article. In addition, it is conferred what the flaws are of translating 
these biomarker levels to the cardiac fibrosis formation and where we stand in using these 
biomarkers in clinics.  
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INTRODUCTION 

Cardiac cells are embedded in a network that consists mainly of fibrillar collagen. This 
collagen network provides cardiac strength and plays a role in intercellular communication. 
In pathophysiological conditions of the heart, myocardial remodelling takes place. A main 
characteristic of the myocardial remodelling is altered collagen turnover. In diseased hearts, 
collagen deposition takes place, hence fibrosis formation.  
Cardiac collagen remodelling is important in the progression of heart failure (HF), in sudden 
cardiac death due to arrhythmias, reduced contractility by increased myocardial stiffness, 
and hospitalisation due to cardiac events. Knowledge about fibrosis in the diseased heart 
may give more insights in the status and prognosis of the patient. Nowadays, the collagen 
fraction is determined in cardiac biopsies. However, during the past ten years, there has been 
a growing interest in non-invasive methods to detect cardiac collagen. Circulating 
biomarkers that reflect collagen synthesis or degradation seem useful for non-invasive risk 
stratification of progression of HF and cardiac death.  
This review aims to summarise the knowledge concerning cardiac collagen and its circulating 
biomarkers in detail. Studies that investigated these biomarkers as a predictive, prognostic or 
even diagnostic tool in patients with HF are present.  
 
CARDIAC REMODELLING IN HEART FAILURE 

HF is a chronic and progressive condition of weak cardiac muscles. This condition results in a 
heart that is unable to maintain sufficient cardiac output to supply the body with oxygen. 
Next to this hemodynamic disorder, abnormalities of many other organs are involved in HF, 
for example, the lungs, kidneys, and liver.1 In 1964, the New York Heart Association (NYHA) 
defined stages of HF patients, called the NYHA functional classification. Since 1964, this 
classification has been revised several times, most recently in 1994.2 The classification is as 
follows: class I) patients who have no symptoms and have no limitations of ordinary 
activities; class II) patients who have no symptoms in rest or in mild exercise, but have a slight 
and mild limitation of intensive activity; class III) patients who have a marked limitation of 
activity, but no symptoms at rest; and class IV) patients who have symptoms already at rest 
and who are restricted to bed or chair. This classification is still widely used in clinical 
practice.2  
HF is not a disease itself, but it is the common end-stage condition of various disorders that 
have already damaged the heart. Before HF, other pathologies, such as hypertension, 
myocardial infarction, genetic disorders, and idiopathic cardiomyopathies are present. In the 
onset of cardiac diseases, the body will try to compensate the dysfunction of the heart by 
increasing heart rate, contractility, circulating volume, and the development of hypertrophy. 
Although initially compensatory, these mechanisms may ultimately lead to increased cardiac 
workload and decompensation. A decreased cardiac output will be the consequence of this 
decompensation, hence the heart will fail.1 
Cardiomyopathies are defined by the task force of the World Health Organization and the 
International Society and Federation of Cardiology as heart muscle diseases of an unknown 
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cause. Dilated cardiomyopathy (DCM) is the most common form of cardiomyopathy.3 In this 
disease mainly the left ventricle (LV), but sometimes also the right one, is dilated and the 
systolic ventricular function is disturbed. Hypertrophic cardiomyopathy (HCM) is 
characterised by a disproportionate hypertrophy of the ventricles, particularly the LV. The 
volume of the LV in HCM is normal or reduced.4 In HF, systolic HF (reduced contractility) and 
diastolic HF (decreased filling) can be distinguished, however, often both contractility and 
filling of the heart are impaired.1  
The underlying mechanism of the impaired pump performance in HF is based on cardiac 
remodelling.5 Cardiac remodelling is a predominant characteristic of HF; the diseased heart 
will try to compensate reduced cardiac output and/or filling by remodelling of the tissue. 
This remodelling is accompanied by an increase in cardiac mass and a change in the shape of 
the heart. On cellular level, hypertrophy of both myocytes and non-muscular cells and 
hyperplasia of fibroblasts and endothelial cells will occur. In addition, also myocyte loss and 
cellular damage is observed in cardiac remodelling, especially after myocardial infarction.5 
The process of remodelling is initiated by mechanical stress, ischemia, and certain 
hormones.5 Essential in the cardiac remodelling is the change in the turnover of the 
interstitial or extracellular matrix (ECM). 
 
EXTRACELLULAR MATRIX IN THE HEART 

The heart consists of muscular, vascular, and connective tissue compartments. The 
contractile function of the heart is provided by cardiac myocytes. However, next to the 
myocytes, also the ECM plays an important role in contractility of the heart. Besides 
regulation of the contractility, the ECM regulates several cellular processes such as migration, 
differentiation, proliferation, and survival of cardiac cells.6  
The ECM, or interstitium, consists of interstitial fluid and several proteins that are produced 
by fibroblasts, such as proteoglycans and collagen. Collagen is the main part of the cardiac 
ECM. Collagen maintains the shape and the size of the heart, but also provides cardiac tensile 
strength;7,8 it actively transduces the force during systole and it is the main determinant of 
the diastolic stiffness.5 The collagen network in the heart consists of three components: the 
epimysium, the perimysium, and the endomysium (figure 1).8 The epimysium consists of 
collagen fibres surrounding the epi- and endocardium. The perimysium, an extension of the 
epimysium, is situated between muscle bundles and between myocytes to form myofibres. 
The perimysium is important in sustaining the tension between different muscle bundles. 
The endomysium and endomysial weaves connect cells with each other. The endomysial 
fibres are thought to be connected with the cytoskeleton of the myocytes.8  
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Figure 1.  
Schematic overview of the three components of 
the cardiac interstitial collagen network: the 
epimysium, the perimysium, and the 
endomysium. Figure adapted from Eghbali and 
Weber.8 

 

Collagen synthesis  
Collagen can be divided in several classes: fibrillar, fibril associated, network forming, 
filamentous, short chain, and long chain collagen. At least 18 types of collagen are known 
until now.7 Collagen type I, a fibrillar collagen type, is most abundantly expressed in adult 
human connective tissue. All knowledge about fibrillar collagen is mainly obtained from 
studies of this collagen type. The cardiac ECM is predominantly composed of fibrillar 
collagen type I (85%) and type III (11%).9,10 Furthermore, small amounts of type IV and V are 
observed in the basement membrane of the myocytes, perivascular, and in the pericellular 
space.8 Although both collagen I and III belong to the fibrillar type, they have different 
structures. Collagen I forms thicker fibres than type III and has a high degree of cross-linking 
between the fibres. This type is primarily responsible for the tensile strength of the heart. 
Collagen III fibres have a relatively small diameter, provide elasticity in the myocardium, and 
these fibres create a network providing the structural integrity of the collagen network and 
of the heart.11,12 
Collagen I and III are synthesised by cardiac fibroblasts; only in these cardiac cells the mRNA 
of collagen type I and III is observed.13 The fibrillar collagen is synthesised as a 
preprocollagen; a pro-α-collagen chain. In the endoplasmic reticulum, three pro-α-chains 
form a triple helix structure, named procollagen.14,15 All fibrillar procollagen types contain 
initially two propeptides: the amino (N)-propeptide and the carboxy (C)-propeptide. Once 
the procollagen is localised to the ECM, these propeptides are cleaved by proteinases in a 
1:1:1 stoichiometry.16 Cleavage of the C-propeptides is prerequisite for the formation of I and 
III collagen fibres. However, at least the procollagen type III amino terminal propeptide 
(PIIINP), but probably also the N-propeptide of procollagen type I (PINP), is not always 
removed completely. Moreover, fibril formation will still occur, together with incorporation 
of these propeptides.17  
After cleavage of the propeptides, the triple helix chain will form large collagen fibrils 
together with other collagen chains. The removal of the procollagen type I carboxy-terminal 
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propeptide from collagen I (PICP) and procollagen type III carboxy-terminal propeptide is 
accomplished by procollagen C-proteinases. The N-terminal propeptide is cleaved by 
members of the ADAMTS (a disintegrin and metalloproteinase with thrombospondin type I 
repeats) family. In vitro, PINP and PIIINP are removed by ADAMTS-2, -3, and -14.18 After 
cleavage of the propeptides, the propeptides are released into the blood, either directly or 
via the lymphatics.16 Finally, they are degraded by the liver. Elimination of PICP occurs via 
endocytosis mediated by the mannose-receptor, while PINP and PIIINP are removed via 
scavenger receptors.16,17 However, elimination of the propeptides might also occur via the 
kidneys and via urine.16  

Collagen breakdown 
Compared to other proteins, collagens have a relatively long half-life, about 90–120 days. 
Breakdown of the ECM occurs with certain proteases, among which are matrix 
metalloproteinases (MMPs).7 Figure 2 shows a schematic overview of the collagen turnover. 
MMPs are zinc-dependent enzymes and can be synthesised not only by fibroblasts but also 
by other cells, such as leukocytes.19 At current, the MMP family contains more than 20 
different MMPs20 with molecular masses ranging from 28-92 kDa.21 MMPs can be divided into 
two types, membrane bound MMPs and secreted MMPs.19 In the myocardium, different 
MMPs are expressed. MMP-1, -8, and -13, also named collagenases, are highly specific for 
collagen I and III and cleave the collagen into two fragments.22 These fragments will get 
denatured at physiological conditions. The denatured collagen fragments can be further 
digested by MMPs named gelatinases, particularly MMP-2, but probably MMP-9 as well.22,23 
Although the level of activity of MMP-9 is much lower, MMP-9 may influence the collagen 
degradation by inducing pro-fibrotic pathways; MMP-9 is able to enhance the activity of 
pro-fibrotic proteins such as transforming growth factor-β (TGF-β) and herewith increase the 
accumulation of the ECM.23 MMP-2 can also degrade basement membrane proteins and 
newly synthesised collagen fibres.23 Beside these collagenases and gelatinases, MMP-3 
(stromelysin) and MMP-7 are expressed in the human myocardium. Stromelysin is able to 
cleave basement membranes, proteoglycans, and elastin. MMP-7 has many substrates, e.g. 
collagen fibrils, proteoglycans, and fibronectin, since this MMP lacks specific substrate 
recognition sites.24  
Secreted MMPs are expressed as proMMPs. These proMMPs first have to be activated to get 
their catalytic activity. The proMMPs can be activated either by enzymatic cleavage of the 
prodomain of the MMP by proteases and by other MMPs, or by chemical modification of the 
proMMP. The secreted proMMPs in the ECM may dock already on their ECM protein; once 
activated, a rapid proteolytic activity is obtained.19,22 The exact breakdown and elimination of 
MMPs remains unknown until now; one assumes that the MMPs leak into the blood stream.25 
MMP activity can be regulated both at transcriptional and activation level. Mechanical stress, 
growth factors, and cytokines can regulate the transcription of MMPs via intracellular 
pathways.24 Endogenous inhibitors named tissue inhibitors of metalloproteinases (TIMPs) can 
regulate the MMPs at activation level. Currently, four types of TIMPs have been identified: 
TIMP-1-4.22 TIMPs bind MMPs in a 1:1 stoichiometric way; they bind to the catalytic site of the 

100100

Chapter 7 



MMPs, hereby preventing the enzymatic cleavage activity.22 All four types can inhibit every 
type of MMP, however, the efficiency differs.26 Next to the natural inhibition of MMPs, TIMPs 
are thought to have other functions. For example, TIMPs have some effects on cardiac 
fibroblasts; they can increase cell proliferation, apoptosis, and collagen synthesis of the 
fibroblasts. In addition, TIMPs can also stimulate the differentiation of fibroblasts into 
myofibroblasts, especially at the site of tissue injury.26 In human myocardial tissue, TIMP-1-4 
are all expressed.26 In HF, TIMP-1 is the most abundantly expressed type of TIMP.27  
The equilibrium between MMP and TIMP expression and activation plays an important role in 
multiple pathological processes, such as tumour metastasis, arthritis, but also in cardiac 
remodelling. Therefore, there is a growing interest in these proteins as possible therapeutic 
targets.  

 
Figure 2. Schematic overview of collagen turnover.  
Synthesised procollagen molecules by the fibroblast are transported into the interstitial space. There, the 
propeptides are cleaved of the procollagen by ADAMTS members and procollagen C-proteinases and 
subsequently released into the bloodstream. After cleavage of the propeptides, large collagen fibres will be 
formed. During breakdown of these collagen fibres by collagenases, telopeptides are transported into the 
bloodstream. Further degradation of the breakdown products is provided by gelatinases. 

 
FIBROSIS 

Essential in pathological cardiac remodelling is the turnover of the ECM, and herewith the 
accumulation of collagen in the myocardium. Accumulation of the collagen amount is called 
fibrosis. The main collagen type in cardiac fibrosis is type I, comparable to the healthy 
myocardium.5,28 In several cardiac diseases the collagen type I/type III ratio is increased.29 
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However, changes of this ratio and the consequences of these changes are not entirely 
known yet.12 
The formation of fibrosis plays a critical role in cardiac remodelling in cardiac diseases such as 
hypertension, HCM, HF, and after myocardial infarction.5,30 The remodelling of collagen 
occurs mainly in the perimysial and endomysial components and leads to thickening of the 
collagen fibrils and fibres, an increase in the density of the endomysial weaves around the 
cardiomyocytes, and an increase in newly formed collagen fibres.31  
Fibrosis finally leads to dysfunction of the heart; elevated collagen content and increased 
cross-linking increases the myocardial stiffness and herewith diastolic dysfunction. This is 
called diastolic HF, which means that the filling of the ventricles during diastole is impaired.31 
However, also in impaired systolic function, the collagen content of the heart is increased.31 
This is mainly scar-related collagen deposition and perivascular fibrosis. As shown by Lopez 
et al., endomysial and perimysial collagen network is decreased in systolic dysfunction.32 
They state that loss of the mysial collagen network might lead to an altered geometry, 
reduced coordination of the myocyte contraction, and slippage of cardiomyocytes.  
Cardiac fibrosis also alters the electrical activation of the myocardium. Patchy fibrosis induces 
branching tissue geometry33,34 and can cause conduction block.35 Both factors are important 
in vulnerability to cardiac arrhythmias. The abundance of patchy fibrosis is positively 
correlated with arrhythmogeneity. Reducing fibrosis by inhibition of the 
renin-angiotensin-aldosterone system (RAAS) leads to a decrease in arrhythmia 
vulnerability.36 Thus, fibrosis largely increases the risk of arrhythmias,33,35 accompanied with 
an increased risk in progression in cardiac failure and sudden cardiac death.5,33,37 This might 
imply that the amount of cardiac fibrosis is correlated with the severity of HF. Remarkably, 
two other studies claim that the severity of HF, in terms of the NYHA classification, is not 
related to markers of collagen I and III.38,39 However, there is still scarce knowledge about the 
exact correlation between these markers and myocardial fibrosis (as discussed later on). 
Therefore, rejecting the hypothesis that the amount of fibrosis is correlated with NYHA 
classification, based on the two studies, might be too premature. 
Two types of fibrosis can be distinguished in the myocardium. One type is the reparative 
fibrosis. Since myocytes are thought to be terminally differentiated, lost myocytes due to 
necrosis or apoptosis, e.g. after a myocardial infarction, are replaced by collagen. This 
collagen deposition is necessary to preserve the cardiac structure and morphology after 
myocyte loss. Therefore, this type of fibrosis is named reparative or replacement fibrosis.40 
However, fibrous tissue formation can also occur without loss of cells, for example, collagen 
formation in the perivascular arterioles, endocardial and pericardial collagen deposition, 
increased amount of collagen between viable myocytes, and thickening of existing collagen 
fibres. This type of fibrosis is named reactive or interstitial fibrosis.40 The fibrosis can be 
present in patchy, diffuse, or stringy pattern. Patchy fibrosis is fibrosis with long compact 
groups of strands intermingled with myocardial strands, diffuse fibrosis consists of 
short-stranded fibrosis that is more distributed in the tissue, and a stringy fibrosis pattern 
reflects homogenously distributed fibrosis with long single strands.33 In hypertensive hearts 
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both patchy and diffuse fibrosis is observed;41 in DCM all three different patterns are 
observed.33  
Fibrosis can be triggered by tissue injuries such as myocardial ischemia (hypoxia), 
inflammation, and hypertensive overload.38 After exposure to these injuries, fibroblasts will 
proliferate and differentiate into myofibroblasts.5 These cells are better capable of 
transmitting force and produce more ECM proteins such as collagen.42 Possible triggers for 
this excessive synthesis of ECM components are certain growth factors such as TGF-β and 
insulin-like growth factor-1 (IGF-1).43 Also hormones of the RAAS, such as angiotensin II (ATII) 
and aldosterone, may affect the synthesis of collagen,28,36,44 especially type I,45 in vitro. Several 
molecules such as endothelin-1, ATII, TGF-β, and IL-1 also affect expression of MMPs and 
TIMPs, regulating the breakdown of collagen.24,46 Since many of the aforementioned 
bioactive molecules are involved in the progression of HF, these proteins might be of major 
interest to unravel the formation of fibrosis during cardiac diseases. 
 
HEART FAILURE TREATMENT AND FIBROSIS 

Until now, HF patients with a reduced systolic function are mainly treated with 
pharmaceutical interventions. First of all, almost every patient with symptomatic HF needs 
diuretics to avoid renal dysfunction and electrolyte disorders. In addition to diuretics, 
patients are treated with other drugs that intervene in autonomous reactions that are 
involved in HF and its progression, such as glycosides, angiotensin converting enzyme (ACE) 
inhibitors or ATII receptor blockers, β-blockers, and aldosterone receptor antagonists. Next to 
this standard pharmaceutical therapy, surgical treatment should be considered.47 There is a 
growing interest in implantable devices and surgery, such as cardiac resynchronisation 
therapy (CRT), implantable cardioverter defibrillator (ICD), LV assist device (LVAD), or finally 
heart transplantation.48 It is beyond the scope of this review to get into detail about these 
therapies, but McMurray and Pfeffer comprehensively reviewed the treatments of HF.48  
Because cardiac remodelling and fibrosis is thought to play an important role in the 
progression of HF, it is of great interest to focus on therapies that intervene in the formation 
of fibrosis. Several drugs intend to have a direct effect on the ECM turnover and herewith 
improve the prognosis of HF patients, e.g. drugs that affect the RAAS. As shown in both 
animal models and human studies, aldosterone antagonists, ATII receptor blockers, and ACE 
inhibitors have an effect on the cardiac ECM, as nicely reviewed by Jugdutt recently.49 
 One large clinical study, the Randomized Aldoctone Evaluation Study (RALES), investigated 
the effects of the aldosterone receptor inhibitor spironolactone in patients with severe HF. 
This study has shown that spironolactone provides a significant reduction of cardiac events 
in patients with severe HF. The positive effects of this drug are thought to be brought by a 
decrease in HF progression and fibrosis formation in these patients.50  
Torasemide, a loop diuretic, is also thought to diminish the amount of collagen in HF. The 
decrease in collagen is observed both in the cardiac tissue with histology, as in circulating 
PICP levels of patients with HF.51 Since torasemide is known to interfere with the secretion of 
aldosterone, the collagen decrease after torasemide usage might be secondary to the effects 
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of torasemide on aldosterone secretion.51 This hypothesis is supported by the result that the 
diuretic furosemide, which does not interfere with the aldosterone secretion, does not 
decrease the collagen amount in the diseased heart.51 
Altogether, drugs affecting myocardial fibrosis are of great value for HF patients. The 
response to treatment and success of treatment in HF patients is important to evaluate by 
investigating the amount of fibrosis over time. Although cardiac biopsies are very reliable for 
detection of cardiac fibrosis, non-invasive techniques such as biomarkers might be much 
more appropriate. 
 
BIOMARKERS 

Although the level of cardiac fibrosis is of major interest in HF patients, the current method 
to investigate fibrosis is mainly by biopsy. Late gadolinium enhancement magnetic 
resonance imaging is another technique to detect fibrotic areas in the heart.52 However, the 
gadolinium uptake is not specific and with this technique one cannot distinguish between 
different tissues in the heart. Therefore, biomarkers that specifically reflect collagen turnover 
might be much more beneficial. Also regarding the costs and time-consumption of MRI, 
circulating biomarkers are favourable, especially if collagen amount can be followed over 
time. Cardiovascular biomarkers have to meet several criteria,53,54 which are shown in table 1.  
 
Table 1. Criteria for Biomarkers Concerning Cardiac Fibrosis 

Criteria for Biomarkers Concerning Cardiac Fibrosis 

Association of biomarkers with structural parameters of fibrosis 
Variation of biomarkers parallel to variation in other parameters reflecting cardiac fibrosis 
Positive gradient from biomarker concentration in coronary sinus blood to peripheral vein blood 
Good specificity and sensitivity 
Measurement of the biomarker should be: 
§ Accurate 
§ Reproducible 
§ Cheap 
§ Easy accessible for clinicians	  

Addition of new information next to existing tests 
Improvement of patient management in clinics 

 
Fibrotic biomarkers that can be used for collagen synthesis are the propeptides of collagen 
type I and III, PIIINP, PINP, and PICP. For collagen degradation, the collagen type I 
carboxy-terminal telopeptide (ICTP) might be useful as a biomarker, plus biomarkers related 
to general degradation of the cardiac ECM, such as MMP-1, MMP-2, MMP-3, MMP-9, and 
TIMPs. In many studies, the levels of these biomarkers are used to evaluate the collagen 
turnover in the heart. In this review several studies that investigated these biomarkers in HF, 
DCM, or HCM are presented, with an overview in table 2.  
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Procollagen type III amino-terminal propeptide 
PIIINP is the 42 kDa N-terminal propeptide of procollagen type III55 and is widely used as a 
marker for collagen III synthesis. Patients with DCM,56 HCM,57 and HF58,59 have higher serum 
PIIINP levels than healthy controls. This elevated level of serum PIIINP was also shown in 
hypertensive patients with diastolic HF, compared to hypertensive patients without diastolic 
HF.60  
Whether PIIINP levels indeed reflect the synthesis of cardiac collagen III, remains unclear. The 
N-terminal domain of collagen III is sometimes removed incompletely, resulting in 
incorporation of PIIINP in the collagen fibres.17 Unfortunately, the percentage of incorporated 
N-propeptides in collagen fibres is currently not known. This may lead to an underestimate 
of the synthesis of collagen III. Only Klappacher et al. have attempted to correlate PIIINP 
levels to the myocardial level of collagen III, using human cardiac biopsies. This study has 
shown a correlation of 0.784 (p = 0.0013) between serum PIIINP levels and the myocardial 
PIIINP fraction.56 Unfortunately, PIIINP levels are also correlated with the collagen I fraction of 
the myocardium (r = 0.71, p = 0.0104) 
Although the relation between PIIINP levels and myocardial collagen III has to be elucidated 
more thoroughly, circulating PIIINP is thought to predict cardiac events and mortality. Sato et 
al. were the first to investigate the relation between PIIINP levels and cardiac event 
prognosis. They observed a positive correlation between high PIIINP serum concentrations 
(> 0.8 U/mL) and cardiac events after a follow up of 500 days in patients with DCM.61 
Cicoira et al. confirmed the increased mortality risk of high PIIINP levels in patients with mild 
to moderate HF. Patients with plasma PIIINP levels > 4.7 µg/L had a worse outcome 
regarding to survival.62 Also Klappacher et al. observed an increased mortality risk in HF 
patients with PIIINP levels ≥ 7 µg/L.56 In a substudy of the RALES, patients with severe HF 
were included. Zannad and co-workers have shown that serum PIIINP levels > 3.85 µg/L have 
a significant negative correlation with survival and hospitalisation-free survival in these 
patients. The relative risk for patients with PIIINP levels > 3.85 µg/L is 2.36 and 1.83 times 
higher for death and for death and/or HF hospitalisation respectively.63 In this study, patients 
were also treated with spironolactone, which is thought to decrease the formation of cardiac 
fibrosis. Indeed, in the spironolactone treated patients, PIIINP levels significantly decreased 
after six months. In addition, the beneficial effect of spironolactone on survival is most 
prominently shown in patients with high PIIINP levels at baseline, suggesting that PIIINP 
levels may predict therapeutic response. PIIINP levels can also be used to predict ventricular 
tachycardia; in ICD recipients a decrease in PIIINP is related to an increased risk in ventricular 
tachycardia (VT) incidence.64 Since arrhythmogeneity is thought to be related to fibrosis, the 
increased risk of VT in patients with low PIIINP appears contradictory. However, patients with 
PINP levels above median have an odds ratio of 3.71 for occurrence of VT in this study, 
suggesting that the ratio between collagen I and III plays an important role in 
arrhythmogeneity. In addition, arrhythmogeneity also depends on the texture of fibrosis, 
which is not investigated in these patients. 
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Table 2. Overview of studies investigating cardiac fibrosis biomarkers in patients with heart failure or diseases prior 
to heart failure. For legend see page 108. 

 
 

A
ut

ho
r 

(y
ea

r)
 

S
tu

di
ed

 c
on

di
tio

n 
 

R
ea

d 
ou

t /
  

en
d 

po
in

t 
S

tu
di

ed
 b

io
m

ar
ke

rs
 

M
ai

n 
fin

di
ng

s 
N

  
pa

tie
nt

s 
N

  
co

nt
ro

ls
 

A
lla

 F
 (2

00
6)

 
H

F 
(E

F<
35

%
) 

23
9 

92
 

S
ys

to
lic

 d
ys

fu
nc

tio
n 

P
III

N
P,

 P
IN

P,
 P

IC
P,

  
• P

III
N

P 
! 

M
M

P
-1

, T
IM

P
-1

 
• P

IN
P 

= 
 

• P
IC

P 
= 

• M
M

P
-1

 "
 

• T
IM

P
-1

 "
 

B
ar

to
n 

P
JR

 (2
00

6)
  

H
F 

(d
et

er
io

ra
tin

g 
vs

. e
nd

-s
ta

ge
) 

27
 

28
 

M
M

P
-1

 a
nd

 T
IM

P
-1

 
• M

M
P

-1
 !

 in
 d

et
er

io
ra

tin
g 

H
F 

• T
IM

P
-1

 !
 in

 d
et

er
io

ra
tin

g 
H

F 

C
ic

oi
ra

 M
 (2

00
4)

 
H

F 
(E

F<
45

%
) 

10
1 

M
or

ta
lit

y 
 

P
III

N
P 

H
os

pi
ta

liz
at

io
n 

Fr
an

tz
 S

 (2
00

8)
 

H
F 

25
0 

75
 

A
ll 

ca
us

e 
de

at
h 

M
M

P
-9

 a
nd

 T
IM

P
-1

 
• T

IM
P

-1
 !

 
• S

ur
vi

va
l r

at
e 
" 

w
he

n 
TI

M
P

-1
 >

19
17

 n
g/

m
L 

 

G
eo

rg
e 

J 
(2

00
5)

 
H

F 
88

 
30

 
M

or
ta

lit
y 

 
M

M
P

-2
, M

M
P

-3
,  

M
M

P
-9

, T
IM

P
-1

 
• M

M
P

-2
 !

 
H

os
pi

ta
liz

at
io

n 
• M

M
P

-3
 =

 
• M

M
P

-9
 !

 
• T

IM
P

-1
 !

 
• M

M
P

-2
 c

or
re

la
te

s 
w

ith
 N

Y
H

A 
cl

as
si

fic
at

io
n 

• C
ar

di
ac

 e
ve

nt
 ri

sk
 !

 w
he

n 
M

M
P

-2
 >

35
2 

ng
/m

L 
 

Jo
rd

an
 A

 (2
00

7)
 

H
F 

50
 

53
 

C
lin

ic
al

 e
nd

po
in

ts
 

M
M

P
-1

 a
nd

 T
IM

P
-1

 
• M

M
P

-1
 "

 
• T

IM
P

-1
 !

 

K
ita

ha
ra

 T
 (2

00
7)

 
H

F 
(+

/- 
pr

es
er

ve
d 

15
6 

M
or

ta
lit

y 
IC

TP
 

• E
ve

nt
-fr

ee
 ra

te
 "

 w
he

n 
IC

TP
 >

7.
3 

ng
/m

L 
 

LV
 s

ys
to

lic
 fu

nc
tio

n)
 

• I
C

TP
 le

ve
ls

 n
ot

 p
re

di
ct

iv
e 

in
 H

F 
w

ith
 re

du
ce

d 
LV

 fu
nc

tio
n 

 
• E

ve
nt

-fr
ee

 ra
te

 "
 w

he
n 

IC
TP

 >
4.

9 
ng

/m
L 

an
d 

pr
es

er
ve

d 
LV

 fu
nc

tio
n 

 

K
la

pp
ac

he
r G

 (1
99

5)
 

D
C

M
 (E

F<
40

%
) 

41
 

30
 

M
or

ta
lit

y 
 

P
III

N
P,

 IC
TP

 
• P

III
N

P 
! 

H
is

to
lo

gy
 

• I
C

TP
 !

 
• S

ur
vi

va
l r

at
e 
" 

w
he

n 
P

III
N

P 
#7

 $
g/

L 
 

• S
ur

vi
va

l r
at

e 
" 

w
he

n 
IC

TP
 >

7.
6 
$g

/L
  

• C
or

re
la

tio
n 

m
yo

ca
rd

ia
l c

ol
la

ge
n 

III
 a

nd
 P

III
N

P 
= 

0.
78

4 
• C

or
re

la
tio

n 
m

yo
ca

rd
ia

l c
ol

la
ge

n 
I a

nd
 IC

TP
 =

 0
.6

03
 

• C
or

re
la

tio
n 

m
yo

ca
rd

ia
l c

ol
la

ge
n 

I a
nd

 P
III

N
P 

= 
0.

71
 

K
ra

m
er

 F
 (2

00
8)

 
H

F 
in

 ra
ts

 
10

 
10

 
B

io
m

ar
ke

r l
ev

el
s 

M
M

P
-2

 a
nd

 T
IM

P
-1

 
• M

M
P

-2
 !

 
LV

 c
on

tra
ct

ili
ty

 
• T

IM
P

-1
 !

 
• T

IM
P

-1
 c

or
re

la
te

s 
w

ith
 L

V
 c

on
tra

ct
ili

ty
 

M
ai

n 
 

m
es

sa
ge

 
c e a a,

 c
 

• M
M

P
-9

 =
 

a,
 e

  

c a a,
 b

, e
 

d 
 

B
ar

as
ch

 E
 (2

00
9)

  
17

9 
+ 

13
1 

27
9 

P
IC

P,
 P

III
N

P,
 IC

TP
 

• P
IC

P 
+ 

P
III

N
P 

as
so

ci
at

ed
 w

ith
 d

ia
st

ol
ic

 H
F 

• I
C

TP
 n

ot
 a

ss
oc

ia
te

d 
w

ith
 d

ia
st

ol
ic

 a
nd

 s
ys

to
lic

 H
F 

c 
H

F 
(d

ia
st

ol
ic

 v
s.

 s
ys

to
lic

) 

B
io

lo
 A

 (2
00

9)
 

H
F 

(E
F<

40
%

) 
80

 
H

ae
m

od
yn

am
ic

s 
P

III
N

P 
• P

III
N

P 
! 

in
 p

at
ie

nt
s 

w
ith

 R
A

P 
>1

5 
m

m
H

g 
• P

III
N

P 
co

rr
el

at
es

 w
ith

 R
A

P 
 

c 

G
on

za
le

z 
A 

(2
01

0)
 

H
yp

er
te

ns
io

n 
+ 

H
F 

(n
or

m
al

 v
s.

 e
le

va
te

d 
 

fil
lin

g 
pr

es
su

re
) 

78
 +

 7
8 

20
 

B
io

m
ar

ke
r l

ev
el

s 
Fi

lli
ng

 p
re

ss
ur

es
 

P
IC

P,
 M

M
P

-1
, T

IM
P

-1
 

• P
IC

P 
! 

in
 b

ot
h 

pa
tie

nt
 g

ro
up

s 
• M

M
P

-1
 !

 in
 b

ot
h 

pa
tie

nt
 g

ro
up

s 
e 

• T
IM

P
-1

 !
 in

 b
ot

h 
pa

tie
nt

 g
ro

up
s 

• M
M

P
-1

/T
IM

P
-1

 ra
tio

 !
 in

 n
or

m
al

 fi
lli

ng
 p

re
ss

ur
e 

gr
ou

p 
 

• T
IM

P
-1

 c
or

re
la

te
s 

w
ith

 fi
lli

ng
 p

re
ss

ur
e 

• S
ur

vi
va

l r
at

e 
" 

w
he

n 
P

III
N

P 
>4

.7
 $

g/
L 

104106

Chapter 7 



Table 2 continued. For legend see page 108. 
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Table 2. Overview of studies investigating cardiac fibrosis biomarkers in patients with heart failure or diseases prior 
to heart failure.  
HF = heart failure, EF = ejection fraction, RAP = right atrial pressure, LV = left ventricle, DCM = dilated 
cardiomyopathy, HCM = hypertrophic cardiomyopathy. All studies are discussed in this review. Main message 
of each study is shown: a = study shows a predictive effect of a biomarker, b = study shows a correlation 
between biomarker and myocardial collagen fraction, c = results of the study support formation of collagen, 
d = results of the study support degradation of collagen, e = results of the study are contradictory concerning 
the collagen turnover. 

 
Next to the predictive value of PIIINP, this peptide is also shown to be related to several 
echocardiographic parameters. PIIINP levels are inversely related to systolic and diastolic 
function in patients with hypertensive heart disease (HHD),65 left ventricular end-diastolic 
diameter in HCM patients,57 and positively associated with right atrial pressure in HF 
patients.66 In addition, Wang et al. investigated whether PIIINP levels are also related to 
echocardiographic determinants in ambulatory participants of the Framingham Study. This 
study has shown that in an adjusted multivariate model, plasma PIIINP levels are only 
strongly correlated with body mass index (BMI) and marginally associated with age, but not 
with LV structure or function.67 The results of this study suggest that in studying levels of 
PIIINP, also other factors such as BMI and age should be taken into account. The association 
between BMI and PIIINP levels might be related to insulin resistance,68 but the origin of the 
elevated PIIINP levels in obese persons are currently unknown. In contradiction, Alla et al. 
observed no relation between the biomarker concentration and BMI in control patients.58 A 
possible explanation for these conflicting results might be the difference between the 
statistical analyses used in both studies. 

Procollagen type I amino-terminal propeptide 
PINP is the 70 kDa N-terminal peptide of collagen I and can be used as a marker for collagen I 
synthesis.55 Although excessive collagen I deposition is characteristic for cardiac 
remodelling,28 no significant difference is shown in serum PINP levels between controls and 
HCM patients,57 HF patients,58 and hypertensive patients with or without diastolic HF.60 
However, a negative correlation between PINP levels and the passive diastolic function is 
observed in HCM,57 suggesting that increased collagen I synthesis is related to a decreased 
passive diastolic function. As discussed before, the incidence of VT in ICD recipients seems to 
be associated with increased PINP levels, even after multivariate adjustment,64 suggesting 
that PINP levels could predict VT. Unfortunately, no other studies have investigated whether 
PINP levels may reflect the cardiac remodelling in HF and the usage of this biomarker as an 
additional diagnostic or predictive tool. 
In a review of Risteli and Risteli,16 some flaws about using PINP levels as a marker for collagen 
I synthesis are described. First, there is a delay between the release of PINP, compared to the 
release of the C-terminal procollagen I (PICP). Second, like PIIINP, PINP may not always be 
removed from the collagen, suggesting that PINP levels might give an unreliable value. Third, 
they suggested that uncleaved PINP could degrade into a monomer. This monomer might 
still react in some PINP assays, resulting in an overestimation of collagen I synthesis. Based on 
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these flaws, other collagen I synthesis markers, such as PICP, might be more promising as a 
biomarker.  

Procollagen type I carboxy-terminal propeptide 
The synthesis of collagen type I can also be measured by determination of the levels of the 
100 kDa C-terminal propeptide of collagen I, PICP. In contrast to PINP and PIIINP, PICP is 
cleaved of the procollagen without exception.17 Since hypertension is a major risk factor for 
HF, Diez and co-workers have performed several studies that show that both myocardial 
fibrosis and PICP concentrations are higher in hypertensive patients with HF.69,70 This group 
also investigated the association between the myocardial collagen fraction and circulating 
PICP. In a healthy heart, the amount of collagen is 1.95 ± 0.07 %.71 The collagen volume 
fraction in hypertensive patients was 5.23 ± 0.38 %,71 and in HF patients with hypertension 
the fraction was 7.91 ± 0.55 %.69 The corresponding PICP levels were 118 ± 6 µg/L and 
139 ± 6 µg/L respectively,69,71 suggesting an association between PICP levels and myocardial 
collagen. They describe that PICP levels can be used to discriminate between moderate and 
severe myocardial fibrosis in hypertensive patients, with 75 % sensitivity and 78 % 
specificity.71 However, in other patient groups such as HF59 and HCM57 patients, no significant 
changes in PICP levels are observed. In patients with DCM, serum PICP levels only had a 
tendency to increase.72 The relation between PICP levels and state of disease could be 
dependent on the type of the disorder. 
Both PINP and PICP are cleaved of the procollagen molecule in a 1:1 stoichiometric fashion. 
This would suggest that both biomarkers would give similar results regarding cardiac 
remodelling in HF. Indeed, some studies observed no difference at all in both PINP and PICP 
levels between HF patients and healthy controls.57,58 However, Martos et al. did observe 
differences between PINP and PICP levels; PICP was elevated in HF, while PINP was not 
increased.60 As discussed before, PINP as a biomarker has some limitations. These limitations 
might be the cause of the discrepancy between the change in PINP and PICP levels during 
HF. In addition, the elimination of both propeptides differs from each other. PICP is 
eliminated via the mannose-receptor endocytosis pathway by the liver, while PINP is 
eliminated by the liver via scavenger receptors.16  

Collagen type I carboxy terminal telopeptide 
The small C-terminal telopeptide of collagen type I (ICTP; 12 kDa) is cleaved by collagenase in 
a 1:1 stoichiometric way, during the breakdown process of collagen type I fibrils.55 
Subsequently, ICTP is released into the bloodstream.73 In DCM patients the ICTP levels might 
be increased due to dilation of the ventricles. This hypothesis is supported by the study of 
Klappacher et al.; they observed increased serum ICTP levels in DCM patients, compared to 
healthy controls. The ICTP levels also correlated significantly with the myocardial levels of 
collagen I (r = 0.603; p = 0.0527).56 However, since ICTP is thought to reflect collagen I 
degradation, the positive correlation seems contradictory. Next to these observations, 
Klappacher et al. also observed an increased risk of mortality when serum ICTP levels were 
higher than the cut off value of 7.6 µg/L.56 Unfortunately, Klappacher and co-workers did not 
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investigate the synthesis of collagen type I, therefore no conclusions can be drawn 
concerning collagen I turnover. Moreover, Schwartzkopff et al. showed that serum ICTP 
concentrations were elevated in DCM patients, while PICP levels were not changed 
significantly,72 supporting the hypothesis that in DCM patients collagen breakdown is 
increased. 
In HCM patients,57 HHD patients,65 and HF patients with diastolic dysfunction,59,60 ICTP levels 
are elevated, while the PINP and PICP levels are not altered significantly,57,59,65 suggesting a 
shift of the collagen equilibrium towards collagen type I breakdown. This is a remarkable 
outcome, since these cardiomyopathies generally show an increase in myocardial stiffness as 
a consequence of collagen deposition. The myocardial stiffness in HCM is confirmed in one of 
these studies where they observed a positive correlation between the diastolic function and 
the PINP-ICTP ratio in HCM patients, despite the increase in ICTP.57 In one of the 
aforementioned studies, also PICP levels were elevated in patients with diastolic 
dysfunction.60 In addition, PIIINP levels are increased in all previous discussed patient 
groups,57,59,60,65 which implies a shift in the collagen I/III ratio. Besides the shift in collagen 
type, increased cross-linking and thickening of the existing collagen fibres might also be an 
explanation for the contradictory results of elevated ICTP in patients with diastolic 
dysfunction. Collagen turnover in patients with diastolic dysfunction could also be related to 
the progression of the dysfunction; primarily the amount of collagen accumulates, whether 
during progression to decompensated HF, the equilibrium shifts towards collagen 
degradation.60,65 
Next to observational studies of ICTP levels in HF patients, there are several studies that 
investigated the predictive value of ICTP. In HF patients, ICTP levels may predict cardiac 
events independently, especially in HF patients with preserved LV systolic function.74 In 
patients with ICD implantation, the ICD therapy can be predicted by ICTP levels prior to ICD 
implantation.75 Unfortunately, the responsiveness to CRT cannot be predicted by ICTP 
levels.76 The predictive value of ICTP in treatment response is probably treatment-specific.  

Matrix metalloproteinases and tissue inhibitor of metalloproteinases 
As described previously, many MMPs are expressed in the myocardium. In HF, the expression 
of MMPs is altered; however, not all MMPs are involved.19 As reviewed elegantly by Spinale, at 
least MMP-1, -2, -3, -9, and TIMP-1 are involved in HF.24 Investigation of the MMPs and TIMPs 
in DCM patients shows that MMP-9 levels in tissue are increased77,78 and MMP-1 is decreased 
in tissue,77,78 but increased in serum.60,72 MMP-3 levels are increased in idiopathic DCM 
patients,77,78 while in ischemic DCM MMP-3 seems to be unchanged compared to healthy 
myocardium.78 MMP-2 levels in ischemic DCM tissue are unaltered,78 but the change in 
MMP-2 levels in idiopathic DCM remain contradictory.77,78 Whether TIMP-1 levels are altered 
in DCM tissue is also still contradictory, either no change78 or a large increase in TIMP-1 levels 
is observed in DCM tissue77 and in serum.60,72 In general, the zymographic MMP activity in the 
dilated myocardium is significantly increased, suggesting that the collagen breakdown is 
increased in DCM patients.77,78  
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In other cardiac diseases, the serum levels of MMPs and TIMPs remain contradictory as well. 
In HF patients, serum levels of MMP-1 are thought to be decreased,58,79 while TIMP-1 levels 
can be either decreased58 or increased.79 Barton et al. discriminated stable end-stage HF and 
deteriorating HF and observed an increase in MMP-1 and TIMP-1 expression in deteriorating 
HF, while the expression in stable end-stage HF was comparable to control hearts.27 
Regarding to MMP-1 and TIMP-1 levels in systolic and diastolic HF, an increase in MMP-1 is 
reported in systolic HF patients; while in diastolic HF patients no increase is observed.32,60,70 In 
addition, TIMP-1 is either unchanged60 or increased70 in diastolic HF patients.  
Although these studies are only part of all studies performed on MMP and TIMP expression in 
HF, they show a high variability in the levels of these ECM proteins. One of the explanations 
might be that patients in each study have different underlying disorders. Whether the 
underlying cause of HF plays a role in the altered expression of MMPs and TIMPs remains 
contradictory; Herpel et al. and Barton et al. have shown that expression of the MMPs differs 
in the various cardiomyopathies,27,80 while for TIMP-1 expression, the underlying cause seems 
less important.81 
In addition to the role of different cardiomyopathies, one should also keep in mind that 
cardiac remodelling during HF is a dynamic process. In this process, the MMP activity is also 
fluctuating.82 Another flaw in measuring MMPs and TIMPs is the method used in all 
aforementioned studies. The levels of different MMPs and TIMPs in HF patients are all 
determined by histology or immunohistochemistry (biopsy) or by enzyme-linked 
immunosorbent assays (plasma and serum). However, these methods do not discriminate 
between proMMPs, active MMPs, or MMP-TIMP complexes. Therefore, results provided by 
these methods have only limited value. To our knowledge, only Lombardi et al. discriminated 
between active and free MMP-1. In their study, they observed elevated levels of active 
MMP-2, active MMP-9, and total TIMP-1 in HCM patients, while both free MMP-1 and active 
MMP-1 was not altered.57 Another way to determine the MMP activity is by measuring the 
MMP/TIMP ratio. Unfortunately, only a few studies determine this ratio, or only the 
MMP-1/TIMP-1 ratio is measured while the ratio of other MMPs to TIMPs is not investigated.  
Despite all these gaps and contrary results about MMP and TIMP levels in HF, several studies 
have investigated whether MMP and TIMP levels might be useful as a prognostic or 
predictive tool in HF. Kramer et al. investigated whether there is a correlation between 
MMP-2 or TIMP-1 plasma levels and the left ventricular contractility (as a measure of HF) in 
HF induced rats. Both MMP-2 and TIMP-1 are increased in HF rats compared to controls, but 
only the TIMP-1 plasma concentration was related to the LV contractility.83 George et al. 
studied the correlation between the NYHA functional classes and the serum MMP levels in HF 
patients. They observed higher serum MMP-2, MMP-9, and TIMP-1 levels in HF, but only the 
level of MMP-2 correlated with the NYHA functional classes. MMP-3 levels were also 
determined, but these levels did not differ significantly between HF patients and healthy 
controls. In addition, this study revealed that high levels of MMP-2 (> 352 ng/mL) increase 
independently the risk of hospitalisation for HF, death, or both.84 Until now, this is the only 
study that confirmed a predictive value of MMP-2. In contrast to the latter study, Frantz et al. 
suggested that TIMP-1 is a strong predictor of mortality. They observed a large increase in 
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plasma TIMP-1 levels in HF patients, compared to healthy controls (1640 ng/mL vs. 
735 ng/mL respectively).81 Next to these observations, the investigators observed that 
patients with high TIMP-1 levels (> 1917 ng/mL) have a much higher mortality rate than 
patients with lower levels (< 1390 ng/mL). However, a cautionary note on these results is that 
Frantz et al. used all-cause mortality to investigate the mortality rate, while George et al., who 
did not find a predictive value for TIMP-1, used mortality due to HF as an endpoint.84 
Jordan et al. investigated in moderate HF patients the association between MMP-1 and 
TIMP-1 serum levels and clinical endpoints (death due to any cause, readmission due to HF, 
and heart transplantation). They observed a decrease in MMP-1 levels and an increase in 
TIMP-1 levels in HF patients in comparison with healthy controls. Patients with an endpoint 
appeared to have also significant lower MMP-1 levels and higher TIMP-1 levels. These results 
suggest that a decrease in MMP-1 and increase in TIMP-1, hence less collagen degradation, 
have a poor prognosis in moderate HF patients.79  
In conclusion, alteration in MMP and TIMP expression is definitely involved in HF. However, 
which MMPs or TIMPs are involved and the underlying mechanisms of these alterations are 
currently unclear. TIMP-1 seems to be the most promising marker. 
 
DISCUSSION 

As shown in the previous sections, biomarkers for cardiac remodelling have been intensively 
studied in the last recent years. Using biomarkers as a prognostic, predictive, or diagnostic 
tool seems very promising. In many studies, a difference in biomarker levels is shown 
between patients and controls. To some extent, the biomarker levels can also predict cardiac 
events or may be used to evaluate therapies and their effect on cardiac remodelling.63 In 
general, especially PICP and ICTP seem to be useful biomarkers as a representative of cardiac 
fibrosis in HF patients. However, there is still much variety between the different studies. 
Although there is a growing interest in circulating biomarkers that reflect cardiac collagen 
turnover, still some major critical remarks concerning studies using these biomarkers have to 
be taken into account.  
First of all, the type of disorder seems to play a role in the levels of the biomarkers. HCM goes 
hand in hand with hypertrophy of the myocytes and an increased stiffness of the ventricular 
wall, suggesting an increase in (interstitial) collagen fibres. HCM patients are therefore 
thought to have an increase in biomarkers reflecting the synthesis of collagen, e.g. PIIINP, 
PINP, and PICP. Dilation is partially explained by splitting and rupture of the collagen type I 
fibres.72 As a consequence the framework of the heart will change. This change reduces the 
tensile strength and the transmission of force during systole and diastole. This would suggest 
a decrease in collagen content. However, no clear change in the equilibrium of collagen 
turnover in favour of collagen breakdown is shown with the biomarkers (table 2). In some 
studies, the equilibrium is even in favour of synthesis. Possible explanations would be that 
only the cross-links between the fibres are reduced in dilated myocardium, or that the 
equilibrium between collagen I and III is shifted towards collagen type III in dilated HF, a less 
stiff collagen type than collagen I.31 Another explanation for the increase in the collagen 
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amount in dilated hearts might be increased perivascular collagen, as also shown in patients 
with systolic HF.32   
Despite studies on patients with similar cardiomyopathies, different levels of one biomarker 
are still observed. HF patients of each NYHA class, i.e. with the same grade of HF, are thought 
to have similar pathological characteristics, and herewith similar levels of cardiac 
remodelling and fibrosis. This would suggest that the biomarker levels of collagen turnover 
of these patients would correspond with each other. However, this is not the case; every 
study showed different levels of biomarkers in corresponding patients. This might partly be 
explained by different patient characteristics, such as HF treatment, co-morbidities, age, and 
BMI. Regarding to medication, almost every HF patient is treated at least with the standard 
pharmacotherapy. In all studies discussed in this review, treatment was investigated and 
implied in the exclusion criteria. Moreover, drugs may influence biomarker levels, e.g. the 
elimination of the peptides by the liver. Based on pharmacological properties, Diez and 
Laviades reported that at least the ACE inhibitors quinapril and lisinopril do not interfere with 
the renal or hepatic elimination of PIIINP, PINP, and PICP.85  
Because fibrosis occurs in other organs too, elevated biomarker levels might not be only of 
cardiac origin, but may also be caused by other diseased organs, such as bone, liver, and 
lungs.56 To obviate this flaw, in almost all previous described studies, exclusion criteria such 
as osteoporosis or hepatic fibrosis are determined. Moreover, osteoporosis does not affect 
the association between ICTP and PIIINP and HF,59 and also the prediction of mortality of 
DCM patients is independent of hepatic disorders.56 On the other hand, Milting and 
co-workers did not show any differences in PICP, MMP-2, and TIMP-1 levels, despite 
replacement of the diseased heart by an artificial heart, suggesting that the biomarkers 
reflect a systemic condition instead of a pure cardiac process.86 In addition to co-morbidities, 
also other patient characteristics may influence fibrotic markers. In several adjusted 
multivariate models the correlation between covariates such as age and BM, and the 
biomarkers is tested. PIIINP seems to be correlated with age in ambulatory individuals,67 but 
not in HF patients.59 Whether BMI is associated with PIIINP levels in ambulatory individuals 
remains contradictive.58,67 This implies that in further investigations, cardiac remodelling 
biomarker levels should be adjusted for several patient characteristics, at least for other 
(pro-fibrotic) diseases and age. Another aspect that may explain the differences between 
patients is that cardiac remodelling is a continuous process, while most studies are 
cross-sectional and the biomarkers represent the cardiac remodelling only at one time-point. 
To obviate this, biomarker levels should be determined at different time-points in this 
process, together with the myocardial tissue composition. As reported in table 2, the 
discussed studies in this review included a relatively small amount of patients. Larger studies 
might also eliminate differences between studies with comparable underlying pathologies. 
In biomarker investigation, another question rises: is the biomarker level in the serum 
representative for the tissue levels? Collagen is present everywhere in the connective tissue, 
also collagen type I and III. One method to correlate the biomarker levels with the cardiac 
remodelling is by using immunohistochemistry or histology of heart biopsies. Unfortunately, 
the direct correlation between biomarkers and myocardial collagen is only investigated in a 
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few studies and has not yet been studied for all biomarkers. Especially in human 
cross-sectional studies, it is difficult to obtain heart tissue. A non-invasive method to achieve 
information about heart tissue components is measuring the heart function by 
echocardiography. However, with this method the tissue composition cannot be exactly 
mapped out. Based on the few studies that investigated the relationship between circulating 
biomarkers and myocardial collagen, it seems that the level of PICP is directly related to the 
fibrillar collagen fraction of the myocardium,51,69 suggesting that this biomarker is 
representative for cardiac collagen. Also circulating PIIINP seems to correlate with collagen 
type III, but also with collagen I,56 which makes PIIINP less useful for the representation of 
only collagen III synthesis. Another cautionary note when using N-terminal propeptides is 
that this propeptide can be incorporated in collagen fibrils, instead of cleavage.16 When 
measuring PINP or PIIINP levels, this might give an underestimation of the collagen synthesis. 
In addition, PIIINP may be modified in circulation. PIIINP can form larger aggregates with 
other peptides and other PIIINP peptides. Due to the lack of disulfide bonds in PINP, this 
peptide can degrade more easily in monomers. It depends on the commercially available kit 
which form will be detected.55 ICTP levels are thought to correlate with myocardial collagen 
type I.56 As discussed before, this relation would be expected to be a negative correlation; 
however, the opposite is shown. Unfortunately, Klappacher et al. were the only research 
group that has used specific antibodies to detect collagen I and III. Other studies used 
Picrosirius Red staining to detect collagen in tissue. On a cautionary note, Picrosirius Red 
staining does not bind only to one specific collagen type, but to all collagen types.87 The link 
between collagen type-dependent biomarkers and cardiac collagen fraction is less 
convincing when using Picrosirius Red staining. 
In table 1 characteristics of a biomarker are described. According to Gonzalez et al., one 
feature of a cardiac biomarker is that there should be a positive gradient of the biomarker 
from its concentration in coronary sinus blood towards its concentration in peripheral 
blood.53 This gradient is indeed observed by Querejeta et al., for the biomarker PICP in 
patients with HHD.69 Next to PICP, this gradient is also observed for MMP-1 and TIMP-1.32 
Moreover, this gradient should in future also be determined for other peptides that are 
suggested to represent myocardial remodelling.   
Another flaw in measuring biomarkers in general is elimination of the peptides. The removal 
of the discussed peptides is regulated differently. The elimination occurs via different 
pathways and can be regulated by e.g. growth factors and hormones. Moreover, elimination 
of the peptides is a variable process, which might influence the levels of the biomarkers.16,17  
When using biomarkers, consequent and adequate procedure of collecting and storage of 
samples is important.55 Gerlach and Tanus-Santos reported that the levels of MMP-9 and 
TIMP-1 are different in serum compared to plasma.88 They suggest that these biomarkers can 
also be released by platelets or leukocytes after activation or processing of these cells. 
Therefore they recommend not to use serum samples to measure biomarkers, at least 
MMP-9, for prognostic or diagnostic purposes.88 The studies discussed in table 2 used either 
serum or plasma to evaluate the protein levels. Unfortunately, the authors did not explain 
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the choice for either serum or plasma usage. Further research is recommended to investigate 
whether other peptides and biomarkers also have different levels in serum and plasma.  
 
Altogether, the use of biomarkers in clinical situations seems to be very promising as an 
additional tool for determining collagen levels in the heart. Based on the investigations until 
now, PICP, ICTP, PIIINP, and TIMP-1 are likely the most promising biomarkers reflecting 
fibrosis in HF. Unfortunately, based on current knowledge, it is not possible to determine 
prognostic, diagnostic, or predictive cut off values for different cardiomyopathies. Although 
several studies show cut off values for numerous biomarkers, these values were not used in a 
prospective way. The cut off points were determined retrospectively; with a receiver 
operating curve the investigators try to obtain the ideal cut off point with a significant 
prognostic value. However, to use the biomarkers in a prognostic or diagnostic way, more 
prospective research is definitely required. The correlation between biomarker levels and the 
cardiac fibrotic fraction is another important part that has to be studied more intensively. 
Since histological investigation of cardiac fibrosis in humans is difficult, usage of animal 
models might be a good alternative to require additional information of this correlation.  
By expanding the knowledge about fibrotic biomarkers, diagnosis of HF and severity of 
cardiac remodelling may hopefully be determined by these biomarkers in future. This 
non-expensive method might give important additional information about the diseased 
heart. This will result in a more accurate and individual treatment with higher success of 
treatment for each patient. Hopefully this may also result in at least partially preventing the 
progression of HF or even hospitalisation and cardiac death. 
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ABSTRACT 

Background Detecting interstitial fibrosis in cardiac diseases is of particular interest for 
clinical evaluation. It has been shown that miR-21, -29b, -30c, and -133a are involved in the 
development of cardiac fibrosis. However, the potential of these miRs as a quantitative 
biomarker for interstitial fibrosis has not yet been established. This study aimed to examine 
the relation between cardiac levels of miR-21, -29b, -30c, and -133a and the amount of 
interstitial fibrosis over time during cardiac pressure overload in mice. In addition, the 
detectability of these fibrotic miRs in circulation was investigated. 
Methods Mice were subjected to transverse aortic constriction (TAC) or sham surgery and 
sacrificed 1, 4, and 8 weeks thereafter (1W - 4W - 8W; n = 5 per group). Collagen gene 
expression, miR expression, and fibrosis were determined in myocardial samples. Plasma 
derived from cardiac puncture was used to examine circulatory miR levels.  
Results Fibrosis was increased in 8W-TAC; the collagen genes were upregulated in both 
4W-and 8W-TAC. In 8W-TAC, miR-21 was 4.0-fold increased, whereas miR-30c and miR-133a 
were 1.5-fold and 1.6-fold decreased respectively. MiR-29b was not changed during pressure 
overload. In the 8W-groups, miR-21, -30c, and -133a were correlated to the progression of 
fibrosis (r=0.78, r=-0.52, and r=-0.72 respectively). MiR-21, -30c, and -133a were also 
detectable in plasma; however, only miR-30c showed a moderate correlation between 
plasma and tissue levels. 
Conclusion This study encourages further investigation of the quantitative value of miR-21, 
miR-30c, and miR-133a as a quantitative reflection of interstitial cardiac fibrosis. Furthermore, 
this study shows for the first time that these miRs are detectable in murine circulation.  
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INTRODUCTION 

Cardiac remodelling is the rearrangement of the existing myocardium to adapt to new 
conditions, often of pathological origin.1 Although remodelling is initially supposed to be 
beneficial, it may have adverse effects. One main characteristic of the maladaptive response 
during cardiac disease is a disturbance in cardiac collagen turnover, resulting in fibrosis. 
Increased collagen deposition leads to both systolic and diastolic dysfunction and increases 
the risk for cardiac arrhythmias. Especially interstitial fibrosis is of particular interest, since the 
intermingling of collagen fibres with viable myocardium forms a substrate for reentry-based 
arrhythmias (see the Introduction of this thesis).2 Although the monitoring of interstitial 
fibrosis is of particular interest for clinical evaluation, it is hard to determine cardiac 
interstitial fibrosis in patients. Taking cardiac biopsies is currently the most reliable method 
to determine interstitial fibrosis, however this is not without risk and it provides only local 
information. To determine interstitial fibrosis in a non-invasive way, imaging techniques such 
as T1 mapping MRI are of growing interest.3 Although further validation of T1 mapping MRI is 
required, clinical studies are promising. Another interesting path to assess interstitial fibrosis 
is to identify and detect factors that are involved in the pro-fibrotic pathway, preferably in a 
non-invasive way. Ample research has already been performed to unravel the molecular 
pathway and the triggers for fibrosis development. At least cardiac cell death, mechanical 
workload, hormones, and paracrine factors induce pro-fibrotic pathways in fibroblasts, 
cardiomyocytes, and endothelial cells.1,4 Transforming growth factor beta (TGF-β) and 
connective tissue growth factor (CTGF) have been implicated as key players in these  otic 
pathways,4 although CTGF has been questioned recently.5 Several microRNAs (miRs) have 
also shown to influence collagen formation by hampering the translation of their target 
genes that are involved in the fibrotic process. As nicely reviewed by Bauersachs,6 four miRs 
are directly related to cardiac fibrosis, miR-21, -29b, -30c, and -133a, hereafter referred to as 
fibrotic miRs.  
MiRs are of particular interest in mapping out pathological processes, since it has been 
shown that miRs are detectable in circulation and other human body fluids.7,8 These findings 
imply that circulating miRs might be useful as circulating biomarkers. Indeed, several miRs 
are already identified as a promising circulating biomarker, also for cardiac diseases such as 
acute coronary syndrome9 and heart failure.10  
Whether the four fibrotic miRs mentioned before are useful as a biomarker to reflect cardiac 
collagen turnover, has not been established yet. To investigate the potential of a biomarker 
to detect cardiac fibrosis, the biomarker has to meet several criteria. Main criteria are that 1) 
the biomarker should reflect cardiac collagen turnover; and 2) variation of the biomarker 
between individuals should be parallel to fibrosis variation in the myocardium of the 
individuals.11 This study aims to determine whether the fibrotic miRs are valuable as a 
biomarker to reflect cardiac fibrosis, with a focus on interstitial fibrosis. Therefore, in this 
study a cardiac pressure overloaded mouse model is used to investigate time-dependent 
changes in interstitial fibrosis and in the fibrotic miRs, and to determine the quantitative 
value of these fibrotic miRs as a reflection of cardiac fibrosis. MiRs are determined in 
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myocardial tissue, but this study also investigates whether the fibrotic miRs are detectable in 
blood as a potential circulating biomarker.  
 
MATERIALS AND METHODS 

Animal experiments 
Animal experiments were conducted according to the Dutch Law on Animal 
Experimentation and the European Directive for the Protection of Vertebrate Animals used 
for Experimental and Other Scientific Purposes (86/609/EU). Experiments were approved by 
the Animal Experimental Committee of the University of Utrecht. 
Thirty male C57Bl/6 JOlaHsd mice (Harlan Laboratories, Boxmeer, the Netherlands; > 8 weeks 
old) were subjected to transverse aortic constriction (TAC; n = 15) to induce cardiac pressure 
overload or to a sham surgery (sham; n = 15), as described previously.12  

Cardiac tissue preparation 
At one week, four weeks, and eight weeks after surgery (groups abbreviated as 1W-, 4W-, and 
8W-sham/TAC respectively), mice were anesthetised with 4 % isoflurane in 40 % oxygen, and 
blood samples were collected by cardiac puncture using a 25 G needle. Immediately after 
cardiac puncture, hearts were excised and put in ice-cold phosphate buffered saline (PBS). At 
each time point (1, 4, and 8 weeks) n = 5 sham and n = 5 TAC were sacrificed. Isolated hearts 
were cannulated and flushed with ice-cold PBS to avoid blood remnants. Atria and ventricles 
were separated, snap-frozen in liquid nitrogen, and stored at -80 °C. Coronal sections of the 
ventricles were cut (10 µm thickness), starting at the anterior wall. When two-chamber view 
was reached, the dorsal part of the heart was used for mRNA and miR analysis. 

Blood processing 
Blood from cardiac puncture was collected in a 3K EDTA Mini-Collect tube (Greiner Bio-One 
GmbH, Kremsmünster, Austria) and immediately stored on ice. Within one hour after 
collection, blood was centrifuged at 3000 g for 10 minutes at 4 °C. Plasma was carefully 
aspirated without touching the pellet and subsequently stored at -80 °C.  

Histological analysis 
Frozen tissue sections were stained for collagen by using Picrosirius Red (PSR) staining as 
described previously.13 PSR staining was examined in two sections per heart (both sections 
from the mid-ventricular level in the coronal plane) with a light microscope (Nikon Eclipse 
80i, Nikon Corp., Tokyo, Japan) at 200 × magnification. Randomly taken photographs (Nikon 
DS-Fi1, Nikon) from the left ventricular wall (four photos per section) and septum (two 
photos per section) were taken. Arteries and perivascular fibrosis were excluded from 
photographing. PSR staining and total tissue surface per picture was determined by using 
ImageJ 1.46r (National Institutes of Health, Bethesda, MD, USA) as described previously,14 to 
quantify the percentage of fibrosis in the myocardium. 
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Table 1. Assay IDs of Life Technologies’ Taqman assays used in this study. 

Target gene Assay ID 

col1A1 Mm00801666_g1 
col1A2 Mm00483888_m1 
col3A1 Mm01254476_m1 
TBP Mm00446971_m1 
miR-21 000397 
miR-29b 000413 
miR-30c 000419 
miR-133a 002246 
snRNA-U6 001973 
miR-54 001361 
miR-191-5p 002299 

 

RNA isolation 
For myocardial RNA isolation, the dorsal part of the ventricles was pulverised to extract RNA. 
RNA was isolated by using Trizol reagent (Life Technologies Europe BV, Bleiswijk, the 
Netherlands). Total isolated RNA was DNase treated with RQ1 RNAse-Free DNase (Promega 
Corp., Madison, WI, USA).  
Plasma RNA was extracted from 50 µl plasma using TRIzol LS reagent (Life Technologies) 
according to manufacturer’s procedure. To correct for isolation efficiency, Caenorhabditis 
Elegans miR-54 was spiked in during the isolation procedure.  

Real-time quantitative polymerase chain reaction (RT-qPCR) of collagen genes 
To determine myocardial expression of collagen type 1α1, 1α2, and 3α1 (col1A1, col1A2, and 
col3A1 respectively), 2 µg myocardial RNA was converted into cDNA with SuperScript II 
Reverse Transcriptase (Life Technologies) and subsequently 10-fold diluted. Taqman assays 
were performed in duplo in a 10 µL reaction using TaqMan Gene Expression Master Mix (Life 
Technologies) and TaqMan assays as listed in Table 1. Amplification was preceded by the 
polymerase activation step for 10 minutes at 95°C. Amplification was obtained by 40 cycles 
of 15 seconds at 95°C with a 1 minute annealing and extension step at 60°C on the MyiQ2 
Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA). Data were 
normalised against the TATA binding protein (TBP) gene expression, the relative expression 
levels were calculated by the 2-ΔΔCt method15 when comparing sham and TAC groups and by 
the 2-ΔCt method when using individual expression levels. 

RT-qPCR of microRNAs 
For determination of miRs in myocardial tissue, cDNA was created from 10 ng RNA using the 
TaqMan MicroRNA Reverse Transcription Kit (Life Technologies). For amplification the cDNA 
was first diluted 1 ×. Taqman assays were performed in duplo with 2 µl cDNA in a 10 µL 
reaction using TaqMan Gene Expression Master Mix (Life Technologies) and TaqMan assays 
as listed in table 1. Amplification steps were similar to the RT-qPCR of the collagen genes.  
Data were normalised against small nuclear RNA U6 (snRNA-U6), the relative expression 

127127

Correlation between cardiac fibrosis and miRs in mice



levels were calculated by the 2-ΔΔCt method when comparing sham and TAC groups and by 
the 2-ΔCt method when using individual expression levels. 
To determine miRs in plasma, cDNA was created from 1 µl RNA using TaqMan MicroRNA 
Reverse Transcription Kit (Life Technologies). For amplification the cDNA was first diluted 
15×. Taqman assays were performed with 2 µl cDNA in a 10 µL reaction using TaqMan Gene 
Expression Master Mix (Life Technologies) and TaqMan assays as listed in table 1. 
Amplification steps were similar to the RT-qPCR of the collagen genes. Data were corrected 
for technical variation8 and subsequently normalised against miR-191-5p. The relative 
expression levels were calculated by the 2-ΔΔCt method when comparing sham and TAC 
groups and by the 2-ΔCt method when using individual expression levels. 

Statistical analysis 
Data are presented as mean ± standard deviation unless otherwise indicated. Outliers in all 
data sets were determined by using the two-sided Dixon’s test for single outliers (Contchart 
Software, British Columbia, Canada), p < 0.01 was considered as an outlier and was excluded 
from analysis. The Shapiro-Wilk test was used to determine normality. Two-way analysis of 
variance with Bonferroni post-hoc analysis was used for statistical analyses between groups. 
Spearman rank correlation was used to determine correlation between two groups.  
Except for outlier determination, all analyses were calculated by IBM SPSS Statistics version 
20.0.0 (IBM Corp., Armonk, NY, USA), p ≤ 0.05 was considered as statistically significant. 
 
RESULTS 

Fibrosis formation over time 
Regarding collagen deposition after TAC, no fibrosis was observed at one and four weeks 
after TAC surgery. However, in the 8W-TAC group, interstitial cardiac fibrosis was clearly 
present compared to 8W-sham, as shown in figures 1A and 1B (8W-sham: 0.35 % ± 0.03, 
8W-TAC: 2.56 % ± 1.07; p ≤ 0.01).  
Already one week after TAC, the collagen genes col1A1, col1A2, and col3A1 showed a 
tendency to increase and were significantly increased in 4W-TAC and 8W-TAC compared to 
4W-sham and 8W-sham respectively (figure 1C). Based on this collagen gene expression 
profile, the genetic process of collagen deposition during pressure overload started already 
between one and four weeks after TAC, but the actual deposition of collagen was initiated 
between four and eight weeks. 
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Figure 1. Fibrosis formation during pressure overload over time. 
Figure 1A: Percentage of fibrosis in the myocardium in 1W-, 4W-, and 8W-sham (white bars) or -TAC (red bars) 
group. Data represent n = 5 in each group, unless otherwise indicated. Figure 1B: Representative pictures of 
myocardium stained with PSR to examine cardiac fibrosis. Scale bar = 50 µm. Figure 1C: mRNA expression of 
col1A1, col1A2, and col3A1 in the myocardium in sham and TAC operated animals, at time points 1W, 4W, and 
8W. Expression levels are normalised against TATA binding protein (TBP). Mean ± SD is presented. * = p ≤ 0.05, 
** = p ≤ 0.01, *** = p ≤ 0.001. 

 

MicroRNA expression in tissue 
The four investigated fibrotic miRs were all detectable in murine myocardial tissue. Figure 2 
shows the tissue levels of the fibrotic miRs after TAC over time (relative to the sham groups). 
Tissue levels of miR-21 were 4.0-fold increased in 8W-TAC compared to 8W-sham (p ≤ 0.01) 
and showed a tendency to increase in 1W- and 4W-TAC. No significant changes were 
observed in miR-29b levels after TAC. Myocardial miR-30c expression was 1.5-fold decreased 
in 8W-TAC (p ≤ 0.05) compared to 8W-sham. Tissue miR-133a was reduced in both 1W-TAC 
(1.3-fold; p ≤ 0.05) and 8W-TAC (1.6-fold; p ≤ 0.05), compared to its respective sham-group. 
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Figure 2. Myocardial miR expression during pressure overload over time. 
Myocardial expression of miR-21, miR-29b, miR-30c, and miR-133a in 1W-, 4W-, and 8W-sham (white bars) 
or -TAC (red bars) group (n = 5 unless otherwise indicated). MiR expression is normalised against snRNA-U6. 
Please note the deviant scale of the y-axis in the figure with the 8W-groups. Mean ± SD is presented. * = p ≤ 
0.05, ** = p ≤ 0.01. 

 

 
Figure 3. Correlations between fibrosis and myocardial miR expression. 
Correlation between percentage of fibrosis and the tissue levels of miR-21 (figure 3A), miR-30c (figure 3B), and 
miR-133a (figure 3C). MiR expression is normalised against snRNA-U6. Please note the different scaling on the 
y-axes. Black symbols = sham-groups, red symbols = TAC-groups; circle = 1W-groups, triangle = 4W-groups, 
and cross = 8W-groups. rs = Spearman’s correlation. * = p ≤ 0.05. 

 

Relation fibrosis and miRs 
Figure 3 shows the correlation plots between fibrosis and tissue levels of the miRs 
(n = 29 samples). No correlation could be determined between fibrosis and tissue miR-29b 
levels since individual miR-29b levels as calculated with the 2-ΔCt method were too low for 
analysis. A moderate correlation was observed between the amount of fibrosis and 
myocardial miR-21 expression (Spearman’s r (rs) = 0.36; p = 0.053) and miR-30c expression 
(rs = -0.39; p ≤ 0.05). No correlation was observed between fibrosis percentage and 
myocardial miR-133a (rs = -0.12; p = 0.52).  
As presented in the previous section, interstitial cardiac fibrosis was clearly increased in 
8W-TAC. This finding is also graphically observed in figure 3, where the majority of all data 
points are located at the left side of the plots, except for the 8W-TAC samples. Therefore, the 

miR
-2

1

miR
-2

9b

miR
-3

0c

miR
-1

33
a

0.0

1.0

2.0

3.0

4.0

N
or

m
al

is
ed

 ti
ss

ue
 

m
iR

 e
xp

re
ss

io
n 

(A
U

)
1W

n=4

*

miR
-2

1

miR
-2

9b

miR
-3

0c

miR
-1

33
a

0.0

1.0

2.0

3.0

4.0

N
or

m
al

is
ed

 ti
ss

ue
 

m
iR

 e
xp

re
ss

io
n 

(A
U

)

4W

0.0

1.0

2.0

3.0
3.0

6.0

miR
-2

1

miR
-2

9b

miR
-3

0c

miR
-1

33
a

N
or

m
al

is
ed

 ti
ss

ue
 

m
iR

 e
xp

re
ss

io
n 

(A
U

)

sham
TAC

** *

8W

*

130130

Chapter 8 



correlation between myocardial miR-expression and fibrosis was also determined in only 
8W-sham and -TAC. In this subgroup, fibrosis was strongly correlated to tissue miR-21 
(rs = 0.78; p ≤ 0.05) and miR-133a (rs = -0.72; p ≤ 0.05). Table 2 summarises the correlation 
coefficients in the 8W-groups. 
When expression levels of the tissue miRs were related to the expression of the collagen 
genes, a moderate correlation was observed between miR-21 and the collagen genes of 
collagen type I col1A1 and col1A2 (rs = 0.47; p ≤ 0.05 and rs = 0.36; p = 0.051 respectively). 
Myocardial levels of miR-30c and miR-133a were not correlated to the collagen genes. Figure 
4 shows the correlation plots of all miRs with all collagen genes. 
 
Table 2. Correlation between fibrosis and the myocardial levels of the fibrotic miRs at 8 weeks. 

 Myocardial miR-level 
 miR-21 miR-29b miR-30c miR-133a 

% Fibrosis in myocardium 
(n = 9) 

rs = 0.78* N.A. rs = -0.52 rs = -0.72* 

rs = Spearman’s correlation, N.A. = not analysable. * = p ≤ 0.05. 

MiRs in blood 
In 21 mice, cardiac puncture resulted in sufficient plasma for miR-analysis. MiR-21, miR-30c, 
and miR-133a were detectable in the murine circulation, however no significant changes 
were observed between sham and TAC at all three time points (figure 5). Detection of 
miR-29b in mouse plasma appeared to be more difficult, only in 10 cases miR-29b expression 
was high enough to detect by RT-qPCR (since tissue levels of miR-29b could not be 
calculated by the 2-ΔCt method, miR-29b is not shown in figure 5). 
Although circulatory miR-21, -30c, and -133a were present in plasma in both sham and TAC 
mice, only circulating miR-30c showed a moderate correlation to myocardial miR-30c 
(rs = 0.55; p ≤ 0.01) (Table 3). Circulating levels of the fibrotic miRs were not correlated to the 
amount of cardiac fibrosis at individual level (data not shown). 
 
Table 3. Correlation between myocardial and plasma miR levels.  

  Tissue 
  miR-21 miR-29b miR-30c miR-133a 
  (n = 27) (n = 29) (n = 30) (n = 30) 

Blood 

miR-21 (n = 18) rs = -0.15    

miR-29b (n = 9)  N.A.   

miR-30c (n = 21)   rs = 0.55*  

miR-133a (n = 21)    rs = 0.04 

rs = Spearman’s correlation, N.A. = not analysable. * = p ≤ 0.05. 
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Figure 4. Correlations between collagen genes expression and myocardial miR expression. 
Correlation between tissue levels of miR-21, miR-30c, and miR-133a and col1A1 expression (figure 4A-C 
respectively), col1A2 expression (figure 4D-F respectively), and col3A1 expression (figure 4G-I respectively). 
Collagen genes are normalised against TBP, miR expression is normalised against snRNA-U6. Please note the 
different scaling on the y-axes. Black symbols = sham-groups, red symbols = TAC-groups; circle = 1W-groups, 
triangle = 4W-groups, and cross = 8W-groups. rs = Spearman’s correlation. * = p ≤ 0.05. 

 
DISCUSSION 

The main findings of the presented study were that: 1) increased collagen deposition 
occurred between four and eight weeks after pressure overload in mice; 2) eight weeks after 
TAC, myocardial miR-21 was increased, whereas tissue levels of miR-30c and miR-133a were 
decreased; and 3) at eight weeks, tissue expression levels of miR-21 and miR-133a correlated 
to the amount of fibrosis observed in the myocardium; 4) for the first time it was shown that 
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fibrotic miRs are detectable in the murine circulation; and 5) only miR-30c showed a 
moderate correlation between circulating and tissue levels. 
 

 
Figure 5. Plasma miR expression during pressure overload over time. 
Plasma miR-21, miR-30c, and miR-133a after sham surgery (white shaded bars; 1W-sham n = 4, 4W-sham n = 3; 
8W-sham n = 4) or TAC surgery (red shaded bars; 1W-TAC n = 2, 4W-TAC n = 3, 8W-TAC n = 5). MiR expression 
is normalised against miR-191-5p. Mean ± SD is presented. 

 

Fibrosis over time 
In this study, a 7-fold increase in interstitial fibrosis was histologically observed after eight 
weeks TAC, whereas an increase in expression of the collagen genes occurred already at an 
earlier phase, between one and four weeks after TAC.  
Fibrosis formation during cardiac pressure overload in mice has already been studied 
extensively. Previous work from our research group showed a 4-fold increase of fibrosis after 
eight weeks TAC (unpublished data); after 16 weeks TAC an increase in fibrosis was observed 
ranging from 2- to 5-fold (as observed in references 12 and 16, and unpublished data). The 
increase in fibrosis during pressure overload observed by other research groups also 
displayed variability, ranging from about 3- to 12-fold in 4 - 16 weeks of pressure overload in 
mice.17-19 Although all afore mentioned studies assessed fibrosis by using PSR, the observed 
amount of fibrosis in the myocardium is highly variable. According to the authors, 
quantification is largely dependent on the quantification method used, but also on 
performance of the surgery and the mouse strain used.20,21 These quantification discrepancies 
hamper a conclusive evaluation of the onset and the amount of fibrosis during pressure 
overload. When investigating the time-dependency of fibrosis formation during pressure 
overload, one should therefore compare only results that are obtained with a similar 
methodology. 
As shown in previous studies, cardiac collagen gene expression increases during pressure 
overload in mice. However, the extent of increase compared to sham operated animals varies 
between studies. In this study we did not observe a significant change in collagen gene 
expression in 1W-TAC. In contrary, Voelkl et al. showed a 20-fold increase in col1A1 and a 
7-fold increase in col3A1.22 This difference might be at least partially explained by the 
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different mouse background used; we used C57Bl/6 mice, whereas Voelkl et al. used 129/SvJ 
mice. Dadson et al. show an increase in col1A1 and -3A1 two weeks after TAC, however after 
four weeks, this increase was abrogated.23 The unaltered collagen type I gene expression at 
four weeks after TAC was also observed by Smeets et al.24 These results do not correspond to 
our finding that col1A1 and col3A1 were increased in 4W-TAC. However, aortic constriction 
was performed with a 25 G and 26 G needle by Dadson et al. and Smeets et al. respectively, 
whereas we constricted the aorta by using a 27 G needle. In addition, both studies used 
assays other than Taqman to examine collagen gene expression. Zhou et al. and Meems et al. 
both constricted the aorta also with a 27 G needle, and they showed about a 3-fold increase 
in the genes for both collagen type I and III after eight and five weeks TAC respectively;25,26 
supporting our data that collagen gene expression is increased from four weeks after TAC 
onwards. As discussed already previously, the development of fibrosis is dependent on 
methodological aspects such as mouse strain and surgery, which may also explain the 
discrepancies in collagen genes expression after TAC observed in different studies. In 
addition, several techniques can be used to assess collagen gene expression, which may also 
hamper proper comparisons between studies. Altogether, gene expression of collagen type I 
and III are thought to be increased after TAC, however the extent of increase and the 
expression over time are to be elucidated.  

Role of fibrotic miRs in myocardial fibrosis 
In this study increased collagen deposition goes hand in hand with increased miR-21 and 
decreased miR-30c and miR-133a. In addition, miR-21 showed a tendency to increase after 
one and four weeks TAC, although the standard deviation within the groups is large. MiR-21 
also showed a moderate correlation with the collagen genes that reflect collagen type I, 
suggesting that miR-21 may be involved in collagen turnover already at an early stage. 
Smads, proteins that act downstream of TGF-β, have been suggested to regulate the 
expression and processing of miR-21.27 Via activation of this TGF-β pathway miR-21 might be 
increased during pressure overload, which elevation is thought to suppress apoptosis of 
cardiac fibroblasts and thereby enhancing interstitial fibrosis in the diseased heart.18 In 
addition, Thum et al. showed that inhibition of miR-21 reduced the amount of fibrosis during 
pressure overload in mice, suggesting a direct role of miR-21 in cardiac fibrosis 
development.18 Furthermore, the current finding that miR-21 is increased during pressure 
overload confirms the results from Villar et al., who showed about 2-fold increase in miR-21 in 
patients suffering from severe aortic stenosis (AS; hence cardiac pressure overload) 
compared to healthy controls.28  
The reduction of miR-30c and miR-133a during pressure overload was also observed 
previously, both in TAC mice and in myocardial biopsies from AS patients. Matkovich and 
co-workers showed a reduction of miR-133a after one week TAC, comparable to our finding. 
In addition, they observed attenuation of fibrosis formation when the decrease in miR-133a 
was prevented during TAC,29 suggesting that reduced miR-133a is directly related to fibrosis 
formation in TAC mice. In vitro studies performed by Duisters et al. showed that 
downregulation of miR-30c and miR-133 (both 133a and 133b) enhanced CTGF levels, 
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whereas upregulation of these miRs decreased the expression of CTGF.30 Via the CTGF 
pathway, miR-30c and miR-133a may affect myocardial fibrosis. This hypothesis is also 
supported by a recent study of Chen et al., who observed attenuated CTGF levels and fibrosis 
in diabetic mice overexpressing miR-133a.31 In addition to CTGF, col1A1 is a putative target of 
miR-133a,32 which strengthens the hypothesis that miR-133a has a direct anti-fibrotic effect. 
Our observation that miR-29b expression was unaltered despite the presence of fibrosis is 
surprising compared to previous reports. Reducing miR-29b in vitro and in vivo was 
associated with increased collagen gene expression.33,34 One study showed no significant 
changes of miR-29b after two weeks pressure overload, however when miR-29b was reduced 
by an antagomir in this study, fibrosis was increased.35 Regarding other cardiac pathologies 
that cause fibrosis, miR-29b was significantly decreased in the border zone after myocardial 
infarction (MI)34 and during atrial fibrillation.33 Altered miR-29b expression was also observed 
in fibrosis formation in other organs such as lung,36 liver,37 and kidney.38 Based on these 
reports we hypothesised that miR-29b would be reduced during pressure overload. 
However, the unaltered levels of miR-29b in the current study might imply that miR-29b is 
not involved in fibrosis development during pressure overload, or that miR-29b is not 
involved in the development of interstitial fibrosis. More research in different models should 
be performed to elucidate whether miR-29b plays a role in the onset of interstitial fibrosis 
specifically and whether it is affected during pressure overload. 

Quantitative value of fibrotic miRs 
As discussed in the previous section, several studies showed a direct role of the miRs in 
fibrosis formation, however to the best of our knowledge this is the first study that examined 
the relation between individual myocardial levels of miR-21, -30c, and -133a and the amount 
of fibrosis. Unfortunately, only a moderate correlation was observed between the amount of 
fibrosis and miR-21 and miR-30c. Regarding figure 3, tissue levels of miR-21, -30c, and -133a 
all showed large variation in samples, whereas fibrosis was similar in the majority of the 
samples. This might be explained by the fact that miRs have multiple target genes,39 which 
could imply involvement of the investigated miRs in undetermined biological processes 
regardless of the cardiac pressure overload.  
The strong correlations observed between the fibrotic miRs and the amount of fibrosis when 
evaluating only fibrotic hearts (8W-TAC) and their control hearts (8W-sham) however do 
suggest that miR-21, miR-30c, and miR-133a might be valuable as quantitative markers for 
cardiac interstitial fibrosis. Although the correlation is based on only nine samples, these 
results are promising enough to warrant further evaluation of their potential as markers of 
interstitial fibrosis. 

Plasma levels of fibrotic miRs 
Non-invasiveness is a major criterion for new methods aimed at detecting cardiac fibrosis. It 
has already been shown that at least miR-2128,40 and miR-133a40 are detectable in human 
circulation and that plasma levels were increased at 90 days after MI (miR-133a: about 
2.5-fold, miR-21: about 1-fold)40 and during cardiac pressure overload (miR-21: 2-fold).28 
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However, a direct relation between the circulating miR levels and cardiac fibrosis was not 
investigated in these studies. Therefore, in the current study plasma was collected to 
evaluate fibrotic miR levels in the murine circulation. For the first time it was shown that the 
fibrotic miRs were detectable in murine plasma samples, except for miR-29b. Unfortunately, 
as depicted in figure 5, the expression levels of the plasma miR-21, -30c, and -133a did not 
coincide with the tissue expression levels of the miRs as shown in figure 2. When interpreting 
these results, it should be noted that the number of plasma samples is small in some groups, 
due to two reasons. Firstly, cardiac puncture appeared to be a technical challenge; in only 21 
out of 30 mice the miR expression levels were useful for analysis. Secondly, in several 
samples (one of the) miRs could not be determined due to technical limitations in the 
RT-qPCR procedure.  
When correlating the plasma miR levels to the tissue miR levels, only miR-30c plasma levels 
correlated fairly well with the tissue miR-30c expression. The lack of correlation between 
circulating miR-21 and myocardial miR-21 is contradictory to the finding of Villar et al., who 
observed a moderate correlation (Pearson’s r = 0.58).28 This might be explained by the 
different species that were used; Villar et al. used tissue obtained from human AS patients, 
whereas the current study was performed in a cardiac pressure overloaded mouse model.  
Taking into account the scarce amount of studies that are yet performed to determine 
fibrotic miRs in the circulation, it is difficult to put the current results into perspective. The 
lack of a clear correlation between myocardial and plasma levels in this study might be 
explained by the high variation observed in the plasma samples. Moreover, it could be that 
the plasma miR levels are too diluted to detect minimal changes in local miR expression. 
Therefore, it would be interesting to purify the miRs from the blood, for example by firstly 
isolating circulatory exosomes, small vesicles derived from cells that contain intracellular 
information such as proteins and peptides, but also miRs.41  
Although the technical aspects of plasma miR detection in mice and the translation from 
mouse to human regarding plasma miRs require more research, the detectability of miRs in 
murine plasma might encourage others to validate circulating miRs in mouse models.  
A current general limitation is the lack of a proper reference miR to normalise expression 
levels of miRs, both in tissue and plasma. Although current research on miRs is performed 
with so-called invariant miRs,8 quantification of miR expression levels with the 2-ΔCt or 2-ΔΔCt 
method, a universal method for gene expression quantification,15 is dependent on the 
reference miR.42 In this study, snRNA-U6 and miR-191-5p have been used as reference miRs 
since these miRs showed only minor differences within the six groups. Since the use of miRs 
as a prognostic or a diagnostic marker in many diseases is rapidly evolving, a stable reference 
miR is of great importance to improve and increase the reliability of using miRs in 
(pre)clinical research.  
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CONCLUSION 

This study confirms the development of interstitial fibrosis after eight weeks TAC in mice and 
the potential role of miR-21, miR-30c, and miR-133a in increased collagen deposition. 
Although observed in other studies, miR-29b was not changed during fibrosis formation. 
MiR-21 and miR-133a are strongly correlated to the range of fibrosis when fibrosis is actually 
present, which makes them of specific interest for further research to investigate the value of 
these miRs as quantitative biomarkers for interstitial fibrosis. In addition, this study shows for 
the first time that the miRs are detectable in the murine circulation. MiR-30c is of particular 
interest from a biomarker point of view, since miR-30c levels show a moderate negative 
correlation with fibrosis levels, and circulating miR-30c shows a correlation with myocardial 
miR-30c.  
Although the present study contains some major limitations, such as technical impairments 
of miR-detection and relatively small sample size, the performed results can be useful as a 
first start to further elucidate the usefulness of the fibrotic miRs as quantitative circulating 
biomarkers. Of note, the detectability of miRs in the murine circulation is encouraging. This 
opens the opportunity to use mouse models to investigate and validate miRs as a circulating 
biomarker, not only in cardiac fibrosis, but also in any other disease in which miRs are known 
to be involved. 
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ABSTRACT 

Background Enhanced survival after acute myocardial infarction is a main determinant of 
increased prevalence and incidence of heart failure. After myocardial infarction and during 
the progression to heart failure, cardiac adverse remodelling takes place. A main determinant 
of adverse remodelling is the development of fibrosis, resulting in systolic and diastolic 
dysfunction and increased arrhythmia susceptibility. Early assessment of adverse cardiac 
remodelling is of particular interest for risk stratification and adjustment of therapy. The use 
of circulating fibrotic biomarkers as a tool to detect cardiac fibrosis is of great interest. 
However, the relation between these fibrotic biomarkers and cardiac fibrosis needs further 
investigation.  
Objectives Primary objective of DEFI-MI is to investigate the relation between fibrotic 
circulating biomarkers and cardiac fibrosis determined by late gadolinium enhanced MRI. 
Secondary objectives are to assess the predictive value of circulating fibrotic biomarkers, in 
relation to cardiac function and heart failure development, and to evaluate the relation 
between the fibrotic biomarkers and T1 mapping MRI.  
Study design DEFI-MI is a longitudinal observational study in which patients with a first-time 
acute myocardial infarction are enrolled. At baseline, blood is collected and cardiac function 
is assessed by echocardiography. During follow up (5 months and 2 years after myocardial 
infarction), blood is collected and cardiac MRI and echocardiography are performed.  
Primary study endpoint is the amount of cardiac fibrosis determined with MRI and the 
relation to the fibrotic biomarkers (5 months after myocardial infarction). Main secondary 
study endpoints and parameters are cardiac function, extracellular volume extent as 
determined by T1 mapping, and clinical endpoints during follow up such as cardiovascular 
mortality, hospitalisation, and heart failure.  
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BACKGROUND 

In cardiac diseases such as myocardial infarction (MI), changes in ventricular structure and 
dimensions are necessary in order to adapt to the new physiological environment and to 
maintain cardiac output. The process of adaptation and healing is termed remodelling.1 It 
can either be adaptive or maladaptive, i.e. adverse. Adverse remodelling results in worsening 
of cardiac function and ventricular dilatation, finally leading to heart failure (HF). A major 
hallmark of adverse remodelling is the increase in collagen deposition, fibrosis.2,3 In MI 
patients, the infarcted area is replaced by fibrosis (replacement fibrosis) and at the border 
zone and even in the remote area of the infarcted area the collagen fibres intermingle with 
the viable myocardium (interstitial fibrosis). Due to increased survival of patients after acute 
MI (AMI), the socio-economic burden of HF to Western societies is also increasing.4,5 
Assessment of functional and structural deterioration of the heart is of utmost importance 
for timely management or adjustment of therapy of patients at risk for adverse remodelling 
and HF development. 

Fibrosis assessment 
Being able to assess fibrosis, not only in the infarcted area but also in presumably healthy 
myocardium in and beyond the border zone, is of great importance for current 
clinical practice. Myocardial fibrosis results in both systolic and diastolic dysfunction. In 
addition, interstitial fibrosis is one of the most important substrates for (fatal) arrhythmias.6,7 
Although fibrosis can be assessed from cardiac biopsies, they provide only local information 
and assessing a biopsy involves the use of an invasive technique, that is not without risk. 
Therefore, late gadolinium enhanced magnetic resonance imaging (LGE MRI) is currently the 
non-invasive golden standard to evaluate cardiac fibrosis. New MRI techniques such as 
contrast enhanced quantitative T1 mapping are being developed to determine more diffuse 
fibrosis that is less visible on LGE MRI. However, this new technique, which measures the 
extracellular volume, requires additional clinical validation studies.8 A drawback of using 
contrast enhanced MRI is that the gadolinium-based contrast agent might induce 
nephrogenic systemic fibrosis, especially in patients with kidney failure.9   
By studying the microenvironment present in peripheral blood it is also possible to monitor 
the state of collagen turnover, and thereby provide information about the state of organ 
disease. Circulating biomarkers are of particular interest since determination of these 
biomarkers is non-invasive, easy accessible, and cheap.  

Fibrotic biomarkers 
In the last decades there is a growing interest in circulating biomarkers that are released into 
the blood stream during collagen turnover. When newly synthesised collagen (procollagen) 
is transported into the interstitial space, propeptides of both the amino (N)-terminus and the 
carboxy (C)-terminus of the procollagen are cleaved off and released in the bloodstream. 
Commercial kits are available to detect the circulating N- and C-terminus of procollagen 
type I (PINP and PICP respectively), the most abundant collagen type in the heart. Another 
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collagen peptide, a telopeptide that reflects the degradation of collagen type I (ICTP), can 
also be detected in the bloodstream.10  
Levels of the circulating collagen propeptides have already been related to the adverse 
outcome and to the response to therapy (mainly inhibitors of the renin-angiotensin-
aldosterone-system (RAAS)) in patients with different cardiac diseases.10,11 However, the 
results found are not consistent, which might be caused by the different cardiac diseases 
studied and analysis techniques used. Furthermore, there is only scarce knowledge about the 
accuracy of biomarkers reflecting cardiac fibrosis. Only a few studies investigated the relation 
between the circulating biomarker levels and the collagen content in cardiac biopsies.11-15 
Further validation of the circulating fibrotic biomarkers is necessary to gain more insights in 
the relation between biomarker levels and the cardiac collagen content.  
In addition to the circulating collagen peptides, miRNAs (miRs) are also of particular interest 
to mark collagen turnover. It has been shown that at least miR-21, miR-29b, miR-30c, and 
miR-133a are involved in cardiac collagen turnover.16-18 Recent studies show that miRs can be 
determined in the circulation19 and might be useful as circulating biomarkers in 
cardiovascular diseases such as acute coronary syndrome,20 aortic stenosis,21 and heart 
failure.22 Whether circulating miR-21, -29b, -30c, and -133a can directly reflect cardiac 
collagen turnover has not yet been established. 
 
STUDY OBJECTIVE 

DEFI-MI is designed to assess cardiac fibrosis in MI patients by circulating biomarkers. This 
study primarily focuses on the clinical validation of circulating biomarkers that are thought to 
reflect cardiac fibrosis (both collagen peptides and miRs; hereafter referred to as fibrotic 
biomarkers). The primary objective of DEFI-MI is to investigate the relation between the 
fibrotic biomarkers and the cardiac collagen content as determined with cardiac imaging in 
post-MI patients. LGE MRI is used as a reference for the amount of cardiac fibrosis, since this 
technique is currently the clinical reference to evaluate cardiac fibrosis. Secondary objectives 
are: 1) to assess the relation between fibrotic biomarker levels and cardiac function during 
follow up; 2) comparing quantitative myocardial fibrosis measurements by contrast 
enhanced T1 mapping and LGE MRI with fibrotic biomarkers; and 3) to determine the 
predictive value of the fibrotic biomarkers at baseline and at the first outpatient clinical visit 
to assess adverse remodelling and clinical outcome during follow up. 
 
STUDY DESIGN 

DEFI-MI is a longitudinal observational single centre study conducted at the University 
Medical Center Utrecht (UMCU), The Netherlands.  
Patients admitted to the UMCU with a first-time MI are asked for enrolment as soon as the 
clinical situation allows it. During hospitalisation, venous blood is obtained and 
echocardiography is performed for a baseline measurement of cardiac function. If possible, 
MRI is performed during hospitalisation. At the first outpatient clinical visit (on average 6 
weeks after initial MI) a venous blood sample is taken. During follow up (5 months 
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(± 1 month) and 2 years (± 2 months) venous blood is taken and patients undergo 
echocardiography and cardiac MRI. Demographics and clinical endpoints are collected from 
the patient’s medical file and if necessary by consultation with the patient. Figure 1 
schematically shows the study design. The study is conducted according to the principles of 
the latest version of the Declaration of Helsinki (version 2008) and in accordance with the 
Medical Research Involving Human Subjects Act. The study protocol has been approved by 
the Local Ethical Review Board of the UMCU and all patients are asked for written informed 
consent to participate in this study. Subjects are treated according to best medical care and 
are allowed to participate in other clinical research studies. 

 
Figure 1. Schematic overview of DEFI-MI time line and procedures. 
MI = myocardial infarction. 

 
STUDY POPULATION 

Number of inclusions is based on a sample size calculation as described in the ‘Statistical 
analysis’ section later on. A total of 78 patients with a first-time MI, both ST-elevated MI 
(STEMI) and non-STEMI, are to be recruited for DEFI-MI. MI patients are of particular interest 
since these patients develop cardiac fibrosis in different grades.23,24  
To ensure that determined fibrotic biomarkers originate from the diseased heart, patients 
should have no documented cardiac medical history as specified in table 1, or other diseases 
that affect collagen turnover. A detailed list of all in- and exclusion criteria is presented in 
table 1. 
 
STUDY ENDPOINTS AND PARAMETERS 

Primary endpoint of the study is the relation between cardiac fibrosis determined by LGE MRI 
5 months after MI and to bot the PICP/ICTP ratio and plasma miR levels. Secondary endpoints 
of DEFI-MI are death, clinically diagnosed heart failure, adverse remodelling (defined as > 
20% increase in left ventricular (LV) end diastolic volume and/or > 15% decrease in LV end 
systolic volume from baseline), and a composite endpoint of cardiovascular death, 
cardiovascular hospitalisation, non-fatal MI, and stroke. Secondary parameters are LV 
function parameters determined by echocardiography and extracellular volume assessed by 
contrast enhanced T1 mapping. Table 2 depicts an overview of all study endpoints and 
parameters. 
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Table 1. In- and exclusion criteria for DEFI-MI subjects. 

Inclusion criteria 

§ Clinical diagnosis of acute MI (troponin or CK-MB levels exceeding 99th percentile of the normal 
reference) 

§ Written informed consent 
§ Age > 18 years 

 
 
Exclusion criteria 

§ Known prior MI, cardiac surgery, or valvular diseases 
§ Cardiogenic shock (systolic blood pressure ≤ 80 mmHg for more than 30 minutes) 
§ Indication for coronary artery bypass grafting or intra-aortic balloon pump 
§ Chronic inflammatory disease 
§ Auto-immune disorder 
§ Condition that alters collagen turnover 
§ Recent trauma or surgery (< 6 months) 
§ Incapacitated or incompetent adult 
§ Woman who is pregnant, has given birth within the last 90 days, or is in lactation period 
§ MRI related exclusion criteria: 

¨ Known kidney failure (eGFR < 30 mL/min per 1.73 m3) 
¨ Known allergy against gadolinium-based contrast agents 
¨ Known claustrophobia 
¨ MRI incompatible prostheses or devices 
¨ Indication for implantable cardiodefibrillator 
¨ Inability to hold breath for up to 20 seconds 

MI = myocardial infarction, CK-MB = Creatinin Kinase muscle and brain, eGFR = estimated glomerular filtration 
rate. 

STUDY METHODS 

Blood sample analysis 
EDTA plasma and serum samples are collected from venous blood withdrawal at all four time 
points. Plasma and serum samples are stored in 500 µl aliquots at -80°C. For determination of 
PICP and ICTP levels commercially available kits are used.  Plasma miR level analysis is based 
on previous studies.20,25 Caenorhabditis Elegans miRs are spiked in to correct for isolation 
efficiency of the RNA and yet to be defined miRs are used as an internal reference for 
normalisation of the miRs of interest.  

MRI analysis 
LGE MRI and T1 mapping is performed on a Philips Ingenia 1.5 Tesla MR scanner with a 
cardiac receive coil. Venous blood is collected before the MR exam to determine haematocrit 
for the extracellular volume calculation. 
T1 maps are acquired before and 15 minutes after contrast-injection (0.2 mmol/kg Gadovist 
(Bayer Healthcare, Berlin, Germany)), using MOLLI 5(3)3 scheme for native and the MOLLI 
4(1)3(1)2 scheme for contrast enhanced  T1 map (TR/TE = 3/1.5, resolution = 2 × 2 mm,  slice 
thickness = 8 mm, FOV = 288 × 288 mm2, flip angle = 35 degrees, SENSE = 2). 
Fifteen minutes after contrast-administration, a Look-Locker scout is performed to optimise 
inversion time. LGE images are acquired in 13 short-axis slices, covering the heart from apex 
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to basis (TR/TE = 6.1/3, resolution = 1.6 × 2.1 mm, slice thickness = 5 mm, 
FOV = 320 × 320 mm2, flip angle = 25 degrees). 
QMass (Medis, Leiden, The Netherlands) is used for post-processing of the images. The half of 
the maximum signal within the infarcted area (full-width half-maximum method) is used as a 
threshold is calculated to quantify cardiac fibrosis from LGE MRI.26 

Echocardiography analysis 
To assess LV function and geometry, transthoracic echocardiography is performed using the 
iE33 ultrasound system (Philips Medical Systems, Andover, MA, USA) with a S5-2 phased array 
(1 to 5 MHz broadband) transducer (Philips Medical Systems, Andover, MA, USA). 
A systematic imaging protocol is performed, consisting of parasternal long-axis, short-axis, 
and 4-, 2-, and 3-chamber apical views, according to current guidelines.  
Global function of the LV is assessed with biplane Simpson’s method of discs.27 
Mitral, tricuspid, pulmonary, and aortic valve related parameters are assessed with colour 
Doppler, particularly filling times, E- and A-top across the mitral valve (E/A ratio), and valvular 
function. In addition, the diastolic LV function is assessed with colour-coded tissue Doppler 
imaging measuring peak tissue velocity during early diastole (E’) at the basal LV septum and 
lateral wall. Finally, using the same ultrasound system equipped with a X3-1 matrix-array 
transducer (Philips Medical Systems) a complete real-time 3D echo dataset is obtained for 
offline analysis of global and regional LV function. 
 

Table 2. DEFI-MI primary and secondary endpoints and study parameters. 
Primary endpoint  Primary parameters 
§ Relation between cardiac fibrosis 

determined by LGE MRI and the PICP/ICTP 
ratio 

 § Cardiac fibrosis determined by LGE MRI  
§ Serum PICP 
§ Serum ICTP 
§ PICP/ICTP ratio 
§ Plasma miR-21, -29b, -30c, and -133a 

   Secondary endpoints  Secondary parameters 
§ Death  
§ Clinically diagnosed heart failure  
§ Adverse remodelling 
§ Composite endpoint of cardiovascular 

death, cardiovascular hospitalisation, non-
fatal MI, and stroke 

 § LV function as assessed by 
echocardiography: 
¨ Ejection fraction 
¨ End diastolic and end systolic volume 
¨ E/A ratio 
¨ Extracellular volume, detected by 

contrast enhanced T1 mapping on MRI 
 

To investigate the primary objective, data are based on the results obtained at 5 months after MI. For 
secondary objectives examination, data from all time points are collected.  
LGE MRI = late gadolinium enhanced MRI, MI = myocardial infarction, PICP = C-terminal peptide of procollagen 
type I, ICTP = telopeptide of collagen type I, miR = microRNA, LV = left ventricular, E/A = early ventricular filling 
velocity/late ventricular filling velocity.  
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Statistical analysis 
Sample size calculation 
For sample size calculation the primary endpoint is used: the relation between the circulating 
biomarker levels and the LGE MRI 5 months after AMI. In previous studies this relation has 
not been established yet. However, a correlation r = 0.78 has been reported between LGE 
MRI and histological assessment of fibrosis.28 Furthermore, the relation between the 
circulating biomarker level PICP and the fibrosis assessed with histopathology varies 
between r = 0.76 and r = 0.88 in HF patients.13,15 Therefore, sample size calculation is based 
on the correlation coefficient ≥ 0.8. 
Since the null hypothesis is not rho = 0, the power analysis is calculated with the Fisher’s 
transformation (power ≥ 0.9, alpha of 0.025 (corrected for multiple testing; original 
alpha = 0.05). The power analysis is computed with Power Analysis and Sample Size 
(PASS; NCSS, Kaysville, Utah, USA). Based on this analysis DEFI-MI aims to include 78 patients. 
 
Statistical design study parameters 
To evaluate the primary objective of DEFI-MI, Univariate analysis with a Pearson or Spearman 
correlation (depending on normality of the data sets) will be performed to determine the 
relation between the (ratio of) fibrotic biomarker levels and cardiac fibrosis as determined by 
LGE MRI at time point T = 5 months. Univariate analysis will also be performed to compare 
extracellular volume based on contrast enhanced T1 mapping with LGE MRI and the fibrotic 
biomarker levels, at 5 months after initial MI.  
To investigate the relation between biomarker levels and LV function, multiple linear 
regression analysis will be performed at the time points T = 5 months and T = 2 years.  
The predictive value of the fibrotic biomarkers (at baseline and at the first outpatient clinical 
visit) will be analysed with the Cox proportional hazard model, using adverse remodelling, 
HF, and the composite clinical endpoint as outcome. C-statistics will be used to study how 
well the fibrotic biomarkers differentiate between patients with and without HF, adverse 
remodelling, and a clinical endpoint, in addition to the established factors age, gender, and 
infarct size (baseline model). The potential clinical predictive value of the biomarkers in 
addition to the baseline model will be determined by calculating the Net Reclassification 
Index. A 2-year absolute risk to develop HF, adverse remodelling, or meet the composite 
clinical endpoint will be used to classify subjects into a high or low risk category. 
Changes in biomarkers over time will be analysed with ANOVA with repeated-measures. 
 
CURRENT STATUS 

The first patient was included on March 31, 2014. On May 1, 2015 34 patients have been 
enrolled in DEFI-MI. One subject has withdrawn from the study due to personal reasons; 
another subject was excluded after developing a contrast-based allergy after the coronary 
angiography. Baseline blood was collected from 33 patients, in one case no blood has been 
collected at baseline due to logistical problems. Baseline echocardiography has been 
performed in 31 patients, baseline MRI in six patients. 
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Twenty-four patients were seen at their outpatient clinical visit (mean duration after 
inclusion 7 ± 2 weeks), blood samples have been collected in all patients. 
Thirteen patients reached 5 months follow up. In all patients, blood was collected and they 
have undergone cardiac MRI and follow up echocardiography. Two-year follow up has not 
been reached yet. Biomarker levels, MRI, and echocardiography are not yet analysed. 
 
CONCLUDING REMARKS 

DEFI-MI aims to validate the use of circulating propeptides of collagen type I for cardiac 
fibrosis evaluation by comparing the propeptide levels with LGE MRI, the current clinical 
reference standard for cardiac fibrosis detection. Next to these established fibrotic 
biomarkers, this study investigates the value of circulating miR-21, -29b, -30c, and -133a as a 
biomarker for cardiac fibrosis. In addition, the fibrotic biomarkers will be compared to 
contrast enhanced T1 mapping, an upcoming technique that evaluates the extracellular 
volume extent.  
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In almost every pathological circumstance of the heart, pathways are activated that finally 
result in collagen deposition. When myocyte loss takes place due to ischemic circumstances, 
such as myocardial infarction, connective tissue will replace the apoptotic or necrotic area 
(replacement fibrosis), since myocytes have negligible regenerative capacity. On the other 
hand, collagen deposition can also occur without cell loss (reactive fibrosis): both the 
proportion and the activity of fibroblasts can increase in response to hormones and other 
auto- or paracrine factors released during cardiac stress. Although development of fibrosis is 
part of the pathological cascade during a cardiac disease, fibrosis itself affects both the 
mechanistic and electric activities of the heart. This results in a vicious circle of myocardial 
disease progression that maintains and even worsens the cardiac problems corresponding to 
the disease.  
 
Since fibrosis formation is a general characteristic of the pathophysiology of the heart and 
since it may severely affect proper cardiac function, assessing different kinds of fibrosis is of 
large interest in clinical practice. Determination of fibrosis does not have primarily a 
diagnostic purpose, but rather has additional value to evaluate disease onset, disease 
progression, and therapy evaluation or the adjustment of medicinal or mechanical therapy, 
preferably tailored to individual patients. To achieve this, cardiac fibrosis should be 
quantitatively established, and on an individual level. 
 
Although contra-indicated in kidney failure patients, late gadolinium enhanced (LGE) MRI is a 
well respected method nowadays to evaluate scarred tissue in chronic myocardial infarction 
(MI),1 but also to evaluate patches of fibrosis in hypertrophic cardiomyopathy patients.2 
However, as discussed in the introduction of this thesis, it is mainly the reactive fibrosis that, 
unnoticeably to the clinician, increases the vulnerability to arrhythmias and deteriorates 
diastolic function. Unfortunately, detection of this type of fibrosis is challenging. As discussed 
in chapter 3, histological laboratory analyses of cardiac tissue biopsies, such as Picrosirius Red 
and Masson’s Trichrome, can quantify all different types of fibrosis and although cardiac 
tissue is required for these techniques, they are still used as a gold standard when validating 
new methods to assess fibrosis.  
In addition to LGE MRI, T1 mapping and circulating collagen peptides are two other 
non-invasive techniques that have already been investigated extensively to assess fibrosis, 
though not yet incorporated in daily practice, among other things due to lack of 
standardisation and varying results between research groups. In addition to these 
explorative detection techniques, in this thesis additional (new) techniques are evaluated to 
assess cardiac fibrosis. As defined in the thesis outline, the aim of this thesis was to improve 
the evaluation of cardiac fibrosis by novel imaging techniques and/or circulating biomarkers 
in order to quantitatively assess different types of fibrosis. 
 
To evaluate this hypothesis, imaging and circulating biomarkers were investigated in 
different species and disease models. Table 1 shows an overview of the models that were 
used to verify the hypothesis, together with the gold standard and the experimental 
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technique that was used to assess fibrosis. The current perspectives of collagen detection 
with imaging and circulating biomarkers are discussed in the following sections. 
 
Table 1. Set up of the studies as described in this thesis. 

Chapter Species Model Fibrosis type Gold standard Experimental detection 
technique 

2 Mouse Calcineurin A 
overexpression Interstitial Histology CNA35 

3 Rat MI Compact Histology UTE MRI 

4 Human DCM Patchy 
Interstitial Histology T1ρ MRI 

6 Mouse TAC Interstitial 
Patchy Histology MiR-21, -29b, -30c, -133a 

(myocardium/ circulation) 

7 Human MI Compact LGE MRI 

PICP/ICTP (circulation) 
MiR-21, -29b, -30c, -133a 
(circulation) 
T1 mapping 

Discussion Rat MI Compact Histology 
LGE MRI 

UTE MRI 
T1ρ MRI 
T2 mapping 

MI = myocardial infarction, DCM = dilated cardiomyopathy, TAC = transverse aortic constriction, LGE = late 
gadolinium enhancement, UTE = ultra-short echo time, miR = microRNA, PICP = C-terminus of procollagen I, 
ICTP = telopeptide of collagen I.  

PART I: IMAGING 

In addition to the advantage that most imaging techniques are non-invasive, imaging has 
the possibility to localise cardiac fibrosis. Determination of the fibrosis localisation might 
have additional value in the clinics, e.g. during lead placement in cardiac resynchronisation 
therapy.3 
Although not investigated in this thesis, it is worth notifying that imaging techniques named 
diffusion tension and diffusion spectrum imaging (DTI and DSI respectively) are currently 
being developed to assess muscular structure at a (myo)fibre level, such as fibre angulations, 
not only in skeletal muscle,4 but also in the myocardium.5 This information may attribute to 
estimate the negative effects of fibrosis, since it has been shown already in the late 80’s that 
structure and arrangement of collagen fibres may determine the negative mechanical effects 
of fibrosis.6 That said, the discussion continues with the perspectives of CNA35 and the novel 
MRI techniques (table 2) as described in this thesis.  
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CNA35 
Chapter 4 describes the capability of fluorescently labelled CNA35 to bind to cardiac collagen 
and shows that it can enter the myocardium after intravenous administration. Although the 
use of CNA35 as a target agent for cardiac fibrosis shows promising results in rodent models, 
it will take a long way before a new contrast agent such as CNA35 will be available in the 
clinical situation, especially since the agent originates from a bacterial protein. However, also 
in the experimental setting there is an urge to develop non-invasive techniques to assess 
cardiac fibrosis. For example, it would have been a great improvement when we could have 
determined interstitial fibrosis non-invasively in the mouse cardiac pressure overload study 
as described in chapter 8; this would have saved animals and we could have evaluated 
temporal changes in collagen deposition more intensively. In a pilot study following up on 
the presented study in chapter 4, we have investigated whether gadolinium labelled CNA35 
may assess cardiac fibrosis with T1 weighted MRI after intravenous administration of CNA35 
in a rat with known MI. Unfortunately, no enhanced signal could be observed at the 
T1 weighted MR images, whereas fluorescent labelling was observed after processing the 
heart for histology. This may have been due to the limited amount of labelled gadolinium to 
each CNA35 molecule (only five gadolinium molecules per CNA35 peptide). Further research 
should be performed to investigate the opportunities of CNA35 labelled with a contrast 
agent useful in a non-invasive imaging technique.  

MRI 
MRI is in general preferred to non-invasively assess cardiac function and structure. Although 
it is beyond the scope of this discussion, one should not be limited to MR-related imaging 
when applying non-invasive imaging to evaluate fibrosis. It should be noted that other 
non-invasive imaging techniques such as echocardiographic speckle tracking7 and late 
enhanced multi-detector computed tomography (leMDCT)8 have shown to be able to 
determine cardiac fibrosis. Although these imaging techniques are less extensively studied 
than MR imaging, these techniques may have advantages over MR imaging; the techniques 
might be less time-consuming, more comfortable to the patient, and applicable to patients 
in which MRI is contra-indicated, such as patients having devices incompatible with MRI. 
 
T1 mapping 
T1 mapping shows promising results with regard to determination of small fibrotic strands in 
rodent models9 and humans.10 Although some hurdles need to be taken before T1 mapping 
can be incorporated into clinical practice,11 this technique may eventually replace previous 
mentioned methods for which a biopsy is needed as a gold standard for interstitial fibrosis. 
Especially to validate other MRI techniques, T1 mapping may be of particular importance, 
since the comparison between MRI signal and histology is difficult, as also discussed in the 
discussion section in both chapters 5 (UTE MRI) and 6 (T1ρ MRI). On the other hand, 
T1 mapping reflects the extracellular volume in the myocardium, in other words this is an 
indirect method to determine collagen content, and a gadolinium-based contrast agent is 
required, which means that patients with severe kidney failure are excluded for T1 mapping.  
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Table 2. Characteristics of the MRI techniques that are studied and discussed in the thesis.  

MRI technique Relaxation 
parameter Contrast mechanism Fibrosis texture Clinically available for 

fibrosis assessment 

LGE MRI T1 Gadolinium-based Compact, 
patchy Yes 

T1 mapping T1 Gadolinium-based Interstitial, 
diffuse Yes 

UTE MRI T2* Endogenous Compact, 
interstitial No 

T1ρ mapping T1ρ Endogenous 
Compact, 
patchy, 
interstitial 

Yes 

T2 mapping T2 Endogenous Interstitial No 

LGE = Late gadolinium enhancement, UTE = ultra-short echo time, MI = myocardial infarction, 
HCM = hypertrophic cardiomyopathy, PO = pressure overload, DCM = dilated cardiomyopathy.  

UTE MRI 
Regarding MRI, this thesis describes two new techniques for fibrosis detection; both are 
based on endogenous contrast of the fibrotic tissue. In chapter 5 is described that ultra-short 
echo time (UTE; a T2* weighted MRI technique) MRI can accurately determine the infarcted 
area, hence collagen, in isolated rat hearts. However, Kali et al., also observed short T2* values 
in both canine and human infarcted hearts in vivo, but they hypothesised that this signal 
derives primarily from iron deposition in the infarcted area.12 Although T2* weighted MRI is 
known to be sensitive to iron particles, we could observe only a negligible amount of iron in 
the infarcted area of the rat hearts. Our hypothesis that UTE MRI signal is based on 
collagenous tissue is strengthened by a study of Van Nierop et al., in which they observed a 
faster T2* signal decay of the myocardium in pressure overloaded mice compared to healthy 
mice, both in vivo and ex vivo, which they attributed to the amount of diffuse fibrosis as 
T2* signal decay is inversely related to the amount of diffuse fibrosis.13 On the other hand, 
data from our research centre showed hyperenhanced UTE MRI signal in swine with chronic 
MI;14 however, this signal was presumably based on severe iron deposition instead of 
collagenous tissue. On a cautionary note, in this swine study, the left anterior descending 
(LAD) was reperfused after 90 minutes occlusion, whereas in the rat study described in 
chapter 3, the LAD was occluded permanently. When applying the same UTE MRI settings as 
described in chapter 5 to a human patient with a known MI, no hyperenhanced signal was 
observed in the myocardium (unpublished data).  
Several aspects could explain the discrepancies between the observations. Firstly, the 
mechanism of the enhanced signal that is observed in UTE MRI is not entirely unravelled yet. 
In chapter 5, we assume that collagen-bound hydrogen molecules are responsible for the 
fast T2* signal decay; however, this has not been proven. Secondly, based on the unpublished 
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result that we do not see any UTE MRI signal in a patient with known MI, the age of the 
infarct may play a role. Unfortunately, to the author’s knowledge nothing is known yet about 
temporal molecular changes in chronic MI. Thirdly, although not expected, differences in 
fibrosis within species might play a role in its behaviour in the magnetic field.  
To unravel at least some of these discrepancies, a longitudinal study has been started in 
which rats are subjected to MI by permanent LAD ligation (n = 17) or sham surgery (n = 4) 
and UTE MRI is performed in vivo on several time points with a maximum of 58 weeks after 
MI (figure 1). To validate UTE MRI in vivo, LGE MRI is performed at every time point. In 
addition, T2 mapping and T1ρ MRI are performed to further investigate their potential in 
fibrosis detection (as discussed later on). Furthermore, in vivo MRI movies are produced (cine 
MRI) to evaluate cardiac function. At every time point, at least n = 4 rats are sacrificed; hearts 
are isolated and subsequently scanned for UTE MRI, T2 mapping, and T1ρ MRI ex vivo. After the 
ex vivo scanning procedure, myocardial fibrosis is analysed intensively. This longitudinal 
study aims to further validate UTE MRI, both by LGE MRI and by histology, to investigate 
temporal changes in UTE MRI signal, and to compare in vivo and ex vivo UTE MRI signalling. In 
addition, this study explores whether T2 mapping and T1ρ MRI can be used to assess cardiac 
fibrosis. 
 
T1ρ MRI 
T1ρ MRI, a MRI technique that is not sensitive to iron, might be as promising as UTE MRI, 
though less contradictory. In chapter 6 we show that T1ρ values are well correlated to the 
amount of fibrosis in explanted hearts from DCM patients in an end-stage of heart failure. 
Although this proof of principle study was performed in only three explanted hearts, in the 
porcine MI study from our research centre which is described in the previous section, they 
observed increased T1ρ values nicely correlating to the infarcted area as determined with 
triphenyltetrazolium chloride staining.14 Moreover, preliminary results from DCM patients 
showed increased myocardial T1ρ values compared to healthy controls (unpublished data), 
suggesting that T1ρ weighted MRI may also be of particular clinical value since we cannot 
determine fibrosis quantitatively yet without a contrast agent. These results are encouraging 
to further examine the feasibility of T1ρ MRI as a non-invasive tool to detect reactive fibrosis, 
based on endogenous contrast. 
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Figure 1. Schematic overview of the set up of the long-term longitudinal MRI study in rats.  
For rationale see text. MI = myocardial infarction, wk = weeks, LAD = left anterior descending. 

Beyond UTE and T1ρ MRI that were described in this thesis, other endogenous-based contrast 
MRI techniques are also explored to assess cardiac fibrosis. Native T1 en T2 mapping are two 
examples that have been suggested as a novel fibrosis detection technique. Recent studies 
investigating native T1 mapping to evaluate myocardial fibrosis showed contradictory 
results;15,16 more research is required to examine the usefulness of native T1 mapping in this 
field. T2 mapping, primarily known to be able to determine oedema and herewith calculate 
the area at risk in acute MI, is also investigated for fibrosis assessment. One study observed a 
strong inverse correlation between the collagen fractional area and T2 values in diabetic mice 
in vivo, albeit on a high magnetic field scanner (11.75 T).17 Based on this study, in the 
longitudinal MI rat study as depicted in figure 1, we also evaluate the capability of 
T2 mapping to assess replacement fibrosis at 7 T.  
 
In summary, research on novel endogenous-based MRI techniques to assess cardiac fibrosis 
rapidly increases. Although these techniques are still at an experimental level, the relatively 
easy translation and applicability of these techniques to patients highly potentiates 
incorporating them in clinical practice for disease progression, therapy evaluation, and risk 
stratification of patients.  
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PART II: BIOMARKERS 

For decades, biomarkers derived from body fluids are already of interest, since acquiring 
body fluid to extract the biomarker is relatively simple and with negligible risk. However, 
high sensitivity and specificity are key factors for a reliable biomarker, which may limit the 
translation of circulating biomarkers into daily clinical practice.  
Circulating biomarkers are already clinically used as an additional diagnostic tool for several 
cardiac diseases, such as circulating troponin and creatinin kinase levels to evaluate cardiac 
damage in acute MI, and circulating brain natriuretic protein to estimate cardiac failure. 
Although these biomarkers are additional to other diagnostic techniques, these examples 
have some characteristics that make them successful as a diagnostic biomarker. First, the 
biomarkers reflect one cardiac-specific process. Second, the biomarkers are easy to analyse 
and analysis is relatively cheap. Third, there is consensus about the threshold levels of the 
biomarkers in a diseased state.  
When we focus on fibrotic biomarkers regarding these three characteristics, the first 
challenge of a fibrotic biomarker is that collagen turnover is not a cardiac-specific 
phenomenon. Especially regarding collagen type I, the most abundant type of collagen 
present in the human body. To the author’s knowledge, there is no biomarker yet that 
detects collagen deposition specifically in the heart. However, this limitation could be 
circumvented by critically looking at co-morbidities of a cardiac patient, and if there are any, 
estimate whether the other pathophysiological processes might affect collagen turnover. 
Regarding the second characteristic, several commercially available kits to determine the 
pro- and telopeptides for collagen turnover are available. One drawback is that they are 
antibody-based assays, such as an enzyme linked immunosorbent assay, which makes them 
less efficient since 40 samples have to be analysed simultaneously. The third characteristic, a 
threshold or reference to put the biomarker levels into perspective, is most challenging for 
the already known biomarkers, the pro- and telopeptides for collagen type I and III (PICP, 
PINP, PIIINP, and ICTP; table 3) and potential biomarkers such as microRNAs (miRs). Since this 
limitation is caused by different reasons for each biomarker group, the rationale behind this 
challenge is discussed in the two sections below. 
  
Table 3. Collagen peptide biomarkers. 

Biomarker          Description 

PICP C-terminal peptide of procollagen I 
PINP N-terminal peptide of procollagen I 
PIIINP N-terminal peptide of procollagen III 
ICTP Telopeptide of collagen I 

 
Based upon the previous section, one could question whether these circulating biomarkers 
are worth investigating the capability of assessing cardiac fibrosis. In my opinion, the answer 
is yes; circulating biomarkers reflecting cardiac fibrosis can be of significant value, however 
not directly as a diagnostic marker. Moreover, when a patient is diagnosed with a certain 
cardiac disease in which fibrosis plays a role, circulating biomarkers may have additional 
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value to evaluate the progression of fibrosis and even the progression of the disease. 
Furthermore, when therapies are thought to limit cardiac remodelling or even reverse the 
structural remodelling, this could be evaluated by cardiac biomarkers on an individual level. 
When using circulating fibrotic biomarkers for this purpose, a reference is not necessary since 
baseline levels of an individual patient could serve as a reference. In addition, the limitation 
that biomarkers do not give any information concerning the localisation of the fibrosis is in 
that case less relevant.  

Collagen peptides 
The collagen peptides as circulating biomarkers to reflect cardiac collagen turnover have 
been investigated already since the early 90’s. These collagen peptides (table 3) are used 
with different research aims, such as the additive diagnostic value,18 therapy evaluation,19 
and the predictive value for disease progression20-22 or response to therapy.22,23 
 
Chapter 7 gives an extensive overview of the collagen peptides and their use in cardiac 
research, however a few remarks should be emphasised. Firstly, when interested in fibrosis 
development, one should look at both synthesis and breakdown of collagen types, since it 
has been shown that fibrosis does not only occur due to increased synthesis, but also due to 
alterations in the breakdown of collagen. Therefore, evaluating the ratio between synthesis 
and breakdown, for collagen type I e.g. the PICP/ICTP ratio, is recommended. Unfortunately, 
this ratio cannot be determined for collagen III since there is no collagen III-specific 
breakdown product known yet. Secondly, Risteli and co-workers showed that 
amino-peptides of procollagen are not always cleaved off from the procollagen molecule.24 
Although it was investigated by only one research group, one should be careful when 
interpreting research concerning PINP and PIIINP; these peptides might reflect both 
synthesis and breakdown of collagen type I and III respectively. Thirdly, as discussed in the 
previous section, these biomarkers are not specific for cardiac collagen turnover. Fourthly, 
only a limited amount of studies validated these collagen peptides as a proper reflection of 
collagen turnover. Klappacher et al. validated these biomarkers by comparing biomarker 
levels with tissue levels of collagen types, and observed a moderate correlation between 
ICTP and myocardial collagen type I and a good correlation between PIIINP and myocardial 
collagen type III.25 The research group of Diez observed a good correlation between 
circulating PICP and myocardial collagen levels.19,26,27 A recent study by Ellims et al. however 
showed no correlation of either PINP or PIIINP with myocardial fibrosis as assessed with 
T1 mapping in hypertrophic cardiomyopathy (HCM) patients, neither did they observe a 
gradient of these biomarkers from coronary sinus blood to peripheral blood.28  
 
To enrich validation of these biomarkers for cardiac fibrosis, the DEFI-MI trial has been 
initiated, as described in chapter 9. Taken the previous remarks into account, this study aims 
to determine the relation between the PICP/ICTP ratio and myocardial fibrosis as assessed by 
LGE MRI. Although myocardial tissue analysis would be preferred as a gold standard to assess 
fibrosis, this is ethically unacceptable, as is collecting coronary sinus blood to determine the 
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transcardiac gradient. To evaluate myocardial tissue, other patient groups might be 
interesting. For example, collecting myocardial tissue is more realistic from end-stage heart 
failure patients waiting for left ventricular assist device implantation or cardiac 
transplantation, or from HCM patients in which septal myectomy is indicated. To gain more 
knowledge on the transcardiac gradient, one could think of enrolling patients indicated for 
implantable cardioverter fibrillator (ICD) implantation. This patient group may also allow 
investigating the association between these collagen peptides and susceptibility to 
arrhythmias (as discussed later on in the section ‘Fibrosis and arrhythmias’).  
Another opportunity from the DEFI-MI trial is to examine temporal changes of the biomarker 
levels after MI. It is thought that after MI, the collagen deposition in the infarcted area starts 
around one week post-MI. Initially collagen type III is deposited, but this type is replaced by 
collagen type I after a few weeks.29 Although collagen deposition in the infarcted area 
reaches steady state around 6 weeks after MI,29,30 collagen deposition will also take place in 
the remote area of the infarct, especially in transmural infarctions. Finally this may result in 
the onset of ischemic cardiomyopathy.  
 
Although it is beyond the scope of this thesis, it is noteworthy that reducing fibrosis might 
not be favourable in every case. Scar formation in MI is a clear example; collagen fibres 
replace the dying cardiomyocytes and prevent the myocardium from rupture. However, the 
role of fibrosis in e.g. DCM is a two-edged sword. On one hand fibrosis may lead to 
arrhythmias, on the other hand fibrosis may maintain cardiac strength in an already thin and 
weak ventricle. This thought is of particular interest when interpreting studies that 
investigate circulating collagen peptides to evaluate chronic resynchronisation therapy 
(CRT). Garcia-Bolao et al. and Umar et al. both investigated circulating biomarkers of collagen 
type I synthesis (PICP and PINP respectively) in heart failure patients receiving CRT; the first 
study showed a decrease in PICP in patients responding to CRT,23 whereas the second study 
observed decreased PINP levels in CRT responders.22 It is difficult to answer the question 
which situation would be favourable for the patient. Moreover, this indicates that further 
research concerning the effects of fibrosis is required and that it may not be sufficient to only 
look at the quantity of fibrosis, but that also other characteristics such as cross-linking and 
location of fibrosis should be considered. 

MicroRNAs 
In the last decade it has been shown that miRs can regulate the translation of RNA to protein, 
and thus play a role in biological pathways. The mechanism behind their regulating role in 
biological processes is that miRs bind to their target RNA, herewith either preventing 
translation of the target RNA, or provoke degradation of the target RNA.  
MiR research primarily focuses on which miRs are involved in diseases, what their target 
genes are, and on the therapeutic effect of decreasing or enhancing miR levels in disease. In 
addition, especially since it has been shown that miRs are detectable in body fluids such as 
circulation and urine, miRs are investigated as a diagnostic or prognostic biomarker. In 
chapter 8 we aimed to investigate the quantitative value of four miRs that are related to the 
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cardiac fibrosis process: miR-21, miR-29b, miR-30c, and miR-133a, both in tissue and plasma. 
Although in our hands miR-29b was not altered in the mouse cardiac pressure overload 
model, the other three miRs were changed corresponding to results observed in previous 
literature. Regarding miR-21, only one study performed by Patrick et al. seems contradictory 
to the remainder of the studies; they showed that inhibiting miR-21 either by knockdown or 
by an antagomir against miR-21 did not reduce stress-dependent cardiac remodelling and 
fibrosis in various heart failure models in mice,31 which is not in line with the results of 
Thum et al., who showed a decrease in fibrosis after miR-21 inhibition,32 and with several 
other studies showing that miR-21 is increased in disease models with cardiac fibrosis (as 
discussed in chapter 8). The results of Patrick et al. may suggest that either miR-21 is not a key 
player in the adverse remodelling pathway in the investigated mouse models, or that there 
are also pathways independent of miR-21 to induce adverse remodelling.  
The main purpose of the study described in chapter 8 was to relate fibrotic miR levels to the 
amount of interstitial fibrosis; this proved to be a challenging step. Based on the obtained 
results we cannot conclude a convincing relation between fibrosis and miR levels in 
myocardium or plasma. However, excluding the quantitative value of these miRs is too early 
in my opinion, since there are still some technical limitations in miR detection. An important 
limitation is that there is a lack of a proper reference miR that can correct for technical 
variation. In addition, the technique of isolating miRs, especially from blood samples, has 
only recently been established. It has been shown that circulating miRs are remarkably 
stable,33 which is a great advantage when looking at the practical implantation of detection 
methods of circulating miRs. However, this relatively new technique may have other 
technical start-up problems not known yet, that may hamper conclusive studies that concern 
miR levels at an individual base. Although technical limitations hold true for miR detection in 
general, this may have less impact on research that investigates the diagnostic value of miR 
expression. Several studies have already shown that miR levels are significantly altered in 
cardiac diseases compared to the healthy situation.34-36 However, when aiming to use the miR 
as a biomarker reflecting a process such as fibrosis in individual patients, validation of the 
miR with a gold standard is of utmost importance.  
Another challenge in using miRs as a biomarker for fibrosis is that a miR has multiple target 
genes, meaning that miR up- or downregulation is observed in a cardiac disease, though in 
that disease more than one process is affected. For example miR-133, which has been shown 
to be involved in both fibrosis and hypertrophy.37 Regarding cardiac pressure overload, both 
processes are involved. Moreover, in an experimental setting, when the onset of pressure 
overload can be accurately determined, one can look at temporal changes of miR expression, 
taking into account that hypertrophy is thought to precede fibrosis.38  
The quantitative value of the fibrotic miRs (miR-21, -29b, -30c, and -133a) is also investigated 
in the DEFI-MI trial as described in chapter 9. Compared to chapter 8, the advantage of the 
study set up in DEFI-MI is that there is sufficient amount of plasma to isolate the miRs. 
Unfortunately, in DEFI-MI we cannot relate the miR levels directly to myocardial fibrosis, only 
to LGE MRI. In an elegant study Zile et al. investigated the temporal plasma profile of miR-21 
and miR-133a after acute MI in patients. At two days after MI, miR-21 was decreased, but 
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from day five onwards miR-21 was increased compared to healthy controls. MiR-133a was 
unaltered in the early phase after MI, but increased from five days on.39 In continuation of the 
results obtained by Zile et al., DEFI-MI will assess the temporal plasma profile of miR-21 and 
miR-133a at a longer follow up.  
In this thesis we focused on miRs that are related to fibrosis, however, there might be 
additional miRs involved in the fibrotic pathway. Recent studies described miR-101,40 
miR-24,41 and miR-9342 to be involved in organ fibrosis. More research is required to 
investigate the role of these miRs in cardiac fibrosis specifically, and the quantitative value of 
these miRs. 
Finally, to use miRs as a quantitative biomarker for cardiac fibrosis, it might be interesting to 
elucidate the pathways and miRs that are involved in different fibrosis types and different 
diseases responsible for the collagen deposition. Since especially the miRs are thought to be 
involved in specific pathways, these molecules may open the opportunity to distinguish 
between different fibrosis types, and may even distinguish between different collagen types. 
Due to their temporal profile changes, they may also be of particular interest for 
investigation of the progression of a disease. Although the road ahead for unravelling these 
mechanisms and the role of miRs therein is long, the exponential increase in miR knowledge 
in the last few years provides encouraging opportunities.  
 
FIBROSIS AND ARRHYTHMIAS 

Since the rising interest in non-invasive detection methods to evaluate different types of 
fibrosis, more research has been performed in using these non-invasive methods for risk 
stratification for cardiac arrhythmias. As already described in the introduction of the thesis, 
several studies investigated the use of LGE MRI to detect the arrhythmogenic cardiac 
substrate. As shown in the meta-analysis of Scott and co-workers, the extent of myocardial 
scarring as measured with LGE MRI was associated with ventricular arrhythmias, in patients 
with decreased ejection fraction.43 This finding was also observed in HCM patients,44,45 and in 
patients who survived a previous arrhythmia.46 The majority of studies that investigated the 
relation between arrhythmias and fibrosis (determined non-invasively) have used LGE MRI to 
assess fibrosis. Since new MRI techniques such as T1 mapping, but also UTE MRI and T1ρ MRI 
have been developed, there is a large opportunity to investigate the association between 
fibrosis and arrhythmias by these novel MRI techniques. 
The role of miRs in processes that lead to cardiac arrhythmias is subject of intense 
investigation nowadays. As nicely reviewed by Kim and by Wang, alterations in miRs that 
regulate the cardiac action potential and conduction of the electric impulse can lead to both 
atrial and ventricular arrhythmias.47,48 Dawson et al. investigated the role of miRs in atrial 
fibrillation (AF) and showed that miR-29b is significantly decreased both in plasma and in 
myocardial tissue of patients with AF. In addition, they observed that miR-21 is decreased in 
plasma of AF patients, although this decrease is not observed in patients with both AF and 
heart failure.49 In a study performed by Cardin et al., the reduction of miR-21 in atria caused a 
decrease in AF promotion in a rat model of heart failure, which is thought to be caused by 
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the observed decrease in atrial fibrosis.50 Regarding miR-133a, it has been shown that 
mir-133a affects potassium channel kinetics in addition to its involvement in the fibrotic 
process, which may lead to arrhythmias as well.51 To my knowledge, no studies have been 
performed yet to determine the role of miR-30c in cardiac arrhythmias. In addition, the role 
of miRs in ventricular arrhythmias or sudden cardiac death is until now largely unexplored.  
In an elegant study, Tamarappoo et al. investigated the ratio between collagen type I and III 
in myocardial tissue from left ventricular hypertrophic (LVH) patients who died from sudden 
cardiac death (SCD), and compared this ratio to LVH patients who died from a non-cardiac 
cause and a non-LVH control group that died from a non-cardiac cause. This study observed 
an increased amount of collagen in LVH patients who died from SCD compared to the 
control groups. Moreover, they showed a significant lower collagen type I/III ratio in LVH 
patients who died from SCD, suggesting that elevated collagen type III is more 
arrhythmogenic than collagen type I.52 This latter finding is contradictory to the results 
observed by Flevari et al., who investigated the relation between the PICP/PIIINP ratio and 
appropriate shock therapy in heart failure patients with an ICD,53 and to Blangy et al., who 
performed a similar study as Flevari et al., except that they measured the PINP/PIIINP ratio in 
MI patients with ICD for secondary prevention.54 In contrast to Tamarappoo et al., these latter 
two studies suggested increased levels of collagen type I to be associated with ventricular 
arrhythmias. The difference in patient categories might have caused the discrepancy 
between the studies. In addition, Tamarappoo and co-workers investigated the collagen 
types in the myocardium, whereas Flevari and Blangy with their colleagues examined 
circulating biomarkers, whose limitations are already described above. Despite the 
discrepancies between these few studies, the role of different collagen types in 
arrhythmogenic risk stratification is an interesting path to further elucidate.    
 
PERSPECTIVE 

As described in the thesis outline, the detection of cardiac fibrosis can be in improved in 
several ways: transforming the quantification method to non-invasive, no requirement of a 
contrast agent, and the capability to assess small amounts of fibrosis such as small patches or 
interstitial strands of fibrosis. The hypothesis of this thesis was that novel imaging techniques 
and circulating biomarkers are able to quantitatively assess different types of cardiac fibrosis. 
Regarding the novel imaging techniques we have shown in chapter 4 that fluorescently 
labelled CNA35 is able to determine interstitial fibrosis, however CNA35 is only useful in the 
experimental setting until now. In chapters 5 and 6, two new MRI techniques have been 
investigated, UTE MRI and T1ρ MRI. Although both techniques were performed with ex vivo 
tissue, the studies encourage further research to evaluate the assessment of cardiac fibrosis 
by these techniques in vivo and in clinical trials.  
To verify the hypothesis concerning the biomarkers, we have investigated in chapter 8 
whether miRs that have previously been associated with cardiac fibrosis, are useful as a 
quantitative value for interstitial fibrosis, in tissue but also in the circulation. Although the 
study did not show a conclusive quantitative value of these miRs, the results encourage a 
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further examination of the miRs as a quantitative marker for fibrosis. In addition, this study 
shows for the first time that the miRs are detectable in murine plasma. As described in 
chapter 9, both the fibrotic miRs and the currently known biomarkers, the collagen peptides, 
will be validated in the DEFI-MI trial.   
 
A central theme that returns in all chapters of the current thesis is validation of the 
investigated method: does the method actually reflect cardiac fibrosis? This question is of 
utmost importance to use the technique for response to therapy evaluation and risk 
stratification in an individual patient, and herewith finally translates the method into clinical 
practice. In addition, other characteristics such as easy accessibility, easy performance of the 
method, costs, and reliability of the technique, play a role in translating a method into the 
clinical situation. 
The general discussion of this thesis attempts to shed a light on the clinical value of fibrosis 
quantification. We should increase the knowledge of the effects of fibrosis, not only 
regarding the quantity of fibrosis, but also regarding the texture of fibrosis (replacement, 
patchy, interstitial, or diffuse), the structure of the collagen network, the type of collagen, the 
pathway that leads to fibrosis in a specific disease model, and the effects of fibrosis in a 
specific disease model. This could make the clinical value of fibrosis determination even 
more powerful. Current described imaging methods can mainly assess fibrosis quantification 
and fibrosis texture. In the future, they may even be able to assess the quality of the collagen 
network (e.g. cross-linking). Circulating biomarkers may have an additional value in assessing 
the pathways that lead to the fibrosis in a certain disease, and in the determination of the 
ratio between the different collagen types.  
As a last remark, though this thesis is entirely focused on cardiac collagen deposition, the 
formation of fibrosis is also widely observed in pathologies of other organs. Therefore, the 
novel fibrosis detection techniques can also be applied to many other diseases. 
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CARDIAC FIBROSIS 

The heart pumps blood into our circulation by coordinated contraction of cardiac muscle 
cells. Contraction of these cells is initiated by an electrical impulse that is conducted from cell 
to cell. Cardiac cells are embedded in a network that mainly consists of collagen, a triple 
helical structured protein that is produced in the cells as a procollagen molecule. Once 
procollagen is transported outside the cell, the two ends of the proteins are cleaved off and 
the mature collagen is incorporated in the collagen network. The network provides strength 
in cardiac muscle against tension that occurs during contraction and during the relaxation 
phase when the heart is filled with blood. 
In almost every cardiac disease an increase in collagen (fibrosis) is observed. Two types of 
fibrosis can be distinguished: replacement and reactive fibrosis. Replacement fibrosis 
consists of larger areas of fibrosis and occurs after cell loss, for example after myocardial 
infarction. Reactive fibrosis corresponds to increased collagen deposition under pathological 
circumstances but without any cell loss, for example due to increased workload of the heart. 
This latter type of fibrosis is observed as small patches of fibrosis or thin fibrotic strands 
(interstitial fibrosis). In this type of fibrosis an intermingling is observed between fibrotic and 
viable tissue. Although fibrosis is initially a compensatory mechanism, it finally has adverse 
effects such as increased stiffness of the heart that leads to reduced pump function and 
impaired relaxation of the cardiac muscle. Reactive fibrosis also hampers proper conduction 
of the electrical impulse, which is a major cause of lethal cardiac arrhythmias.  
 
DETECTION OF FIBROSIS 

Fibrosis is a main characteristic of almost every cardiac disease, however detection of cardiac 
fibrosis is challenging. One method to determine cardiac fibrosis is to microscopically analyse 
the structure and composition of tissue acquired by a biopsy. However, taking a biopsy is not 
without risk and this method only provides local information of the tissue structure. Another 
technique to detect cardiac fibrosis is contrast based MRI, the current clinical standard. This 
technique enables the detection of larger patches of fibrosis (mainly replacement fibrosis). 
The underlying mechanism of this technique is that the contrast agent is quickly removed 
from healthy myocardium, whereas it will remain longer in less perfused areas such as 
fibrotic tissue. Unfortunately, with this technique small patches of fibrosis and interstitial 
fibrosis cannot be determined, although these types of fibrosis are of particular interest to 
determine the susceptibility for cardiac arrhythmias. Additionally, this technique requires the 
use of a contrast agent, which may affect kidney function and is therefore contra-indicated in 
patients suffering from kidney failure. To overcome the first limitation, T1 mapping, a 
quantitative MRI technique, has been developed recently. T1 mapping is a quantitative 
method that calculates the MRI signal in every voxel. Research has already shown that 
T1 mapping nicely correlates to the amount of interstitial fibrosis in the heart. At current, this 
technique is further validated and standardisation of this technique in clinical practice is 
investigated. However, drawback of this technique is that a contrast agent is still required.  
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In addition to imaging techniques, circulating biomarkers to assess cardiac fibrosis have 
become of specific interest. Circulating biomarkers are molecules that are detectable in the 
blood stream and reflect a (pathological) process in the body. For example, the ends from 
procollagen that are cleaved off are eliminated via the circulation and may be potential 
biomarkers to evaluate collagen synthesis. Circulating molecules involved in collagen 
breakdown are also known. Although these biomarkers have already been investigated 
extensively, it is not yet elucidated whether they give a proper reflection of the amount of 
fibrosis present in the heart. Besides these known biomarkers, current research investigates 
the potential of other molecules as circulating biomarkers for fibrosis, such as microRNAs 
(miRs). MiRs are small strands of RNA that are involved in the translation of a gene to a 
protein. Several miRs have already been shown to play a role in the synthesis of collagen. 
However, it has not been investigated yet whether these miRs are useful as a circulating 
biomarker to reflect cardiac fibrosis. 
 
THIS THESIS 

As described in the previous section, tools are already available to assess cardiac fibrosis; 
however further improvement of detecting cardiac fibrosis is required. Improving current 
techniques should focus on non-invasiveness, no use of a contrast agent, and the ability to 
determine small patches and interstitial fibrosis. The research described in this thesis aims to 
improve fibrosis detection. More specifically, the development of novel imaging techniques 
and determination and validation of both existing and new circulating biomarkers is 
investigated.  
The thesis is introduced by the preface, giving a background on collagen and fibrosis, and by 
chapter 1, a literature study that describes the role of fibrosis in cardiac arrhythmias. The aim 
and the outline of the thesis are presented in chapter 2. Subsequently, the thesis is divided 
into two parts: 1) research that focuses on novel imaging techniques, and 2) research 
concerning circulating biomarkers. The content of these two parts are presented in the 
following sections. Finally, in chapter 10 the detection of cardiac fibrosis is discussed and the 
results of the previous chapters are put into perspective. 
 
IMAGING TECHNIQUES 

An overview of the existing and new techniques to detect cardiac fibrosis is depicted in 
chapter 3, and is the introductory chapter of part 1 concerning imaging techniques. In 
chapter 4 it was investigated whether CNA35, a molecule that specifically binds to collagen, 
is able to bind to cardiac collagen after intravenous administration. This study has shown 
that CNA35 – labelled to a fluorescent probe – is able to enter cardiac tissue and to 
specifically bind to cardiac collagen after intravenous administration. These results are 
promising to further investigate CNA35 labelled to another probe, such as a MRI probe, 
which may provide information about the localisation of fibrosis in a non-invasive way. In 
chapters 5 and 6, research is presented that investigated two new MRI techniques that may 
assess cardiac fibrosis without the use of a contrast agent. The study presented in chapter 5 
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investigated UTE MRI – a MRI technique that makes use of ultra-short echo times – that 
provides MRI signal based on endogenous contrast. Isolated rat hearts containing an 
infarcted area were used to examine signal from UTE MRI. The UTE MRI results were 
compared to microscopic results. This study shows that UTE MRI signal from the isolated 
infarcted hearts nicely corresponds to both the amount and the localisation of fibrosis as 
determined with microscopy. In chapter 6 the detection of cardiac fibrosis by another MRI 
technique, T1ρ MRI, is described. Comparable to UTE MRI, the T1ρ signal is based on 
endogenous contrast. For this study, three fibrotic human hearts acquired during heart 
transplantation have been analysed by T1ρ MRI and microscopy. The study shows a moderate 
correlation between the T1ρ signal and the amount of fibrosis as determined with 
microscopy. This result encourages further investigation in the capability of T1ρ MRI to 
non-invasively detect fibrosis in cardiac patients. 
 
CIRCULATING BIOMARKERS 
Part 2 consists of chapters 7, 8, and 9, in which research involving circulating biomarkers is 
presented. In chapter 7 a literature overview is provided of previous studies investigating 
the circulating procollagen ends. In this chapter, different types of studies are summarised; 
validation studies, studies that aim to relate the biomarker levels to cardiac function, and 
studies investigating the relation between the biomarkers and the severity of the disease. 
Chapter 8 focuses on four miRs that are involved in cardiac collagen synthesis. Levels of 
these miRs were evaluated in both healthy mice and in mice with an increased amount of 
cardiac fibrosis due to increased pathological workload of the heart. MiR levels in both 
cardiac tissue and in blood samples were determined and compared to the amount of 
cardiac fibrosis, measured by microscopy. This study shows a difference in miR levels 
between fibrotic hearts and healthy hearts. High correlation is observed between the miR 
levels in heart tissue and the amount of fibrosis. In addition, this is the first study showing 
that miRs are detectable in the murine circulation. Unfortunately, no relation is observed 
between the circulating miRs and the amount of fibrosis. In chapter 9 the rationale of a 
patient study is described. In this study circulating biomarker levels (both the procollagen 
ends and miRs) will be compared to contrast based MRI in patients with a myocardial 
infarction. This study aims to determine whether these circulating biomarkers accurately 
reflect the amount of fibrosis in the heart. Since this study is currently ongoing, no results are 
presented yet. 
 
CONCLUSION 

Fibrosis plays an important role in almost every cardiac disease; it leads to reduced pump 
function and may change the electrical activity of the heart. Assessment of cardiac fibrosis, 
hence the amount, the type, and the localisation of fibrosis, is of particular clinical interest. 
Increased knowledge about cardiac fibrosis may improve monitoring the progression of the 
disease, application of patient-tailored therapy, and therapy evaluation. The research 
described in this thesis aims to improve current fibrosis detection techniques and to 
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investigate new techniques for cardiac fibrosis examination. As shown in part 1 of this thesis, 
new imaging techniques such as UTE MRI and T1ρ MRI are promising non-invasive methods 
to assess cardiac fibrosis, without the use of a contrast agent. Part 2 describes studies that 
have an additive value in exploring the usage of circulating biomarkers to evaluate cardiac 
fibrosis. The potential of miRs as biomarkers for fibrosis has been investigated. Furthermore, 
the presented patient study will further validate both existing and new biomarkers as a 
non-invasive detection method for cardiac fibrosis.  
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FIBROSE IN HET HART 

Het hart bestaat uit miljoenen hartspiercellen die gecoördineerd samentrekken om het 
bloed in ons lichaam rond te pompen. Het samentrekken van de spiercellen wordt 
geïnitieerd door een elektrisch signaal dat van cel op cel wordt doorgegeven. De cellen in 
het hart worden omgeven door een netwerk van collageen; een eiwit dat bestaat uit 
3 aminozuurketens die als een helix om elkaar heen zijn gewikkeld. Collageen wordt in de cel 
geproduceerd als een procollageen. Wanneer procollageen wordt getransporteerd naar de 
ruimte buiten de cel, worden de uiteinden van het eiwit verwijderd en wordt collageen 
ingebed in een uitgebreid collageennetwerk. Dit netwerk vangt de kracht op die in de 
hartspier ontstaat tijdens het samentrekken, maar geeft ook stevigheid aan het hart wanneer 
de hartspier ontspannen is en het hart wordt gevuld met bloed.  
Bij vrijwel elke aandoening van het hart neemt de hoeveelheid collageen toe, dit wordt 
verbindweefseling of fibrose genoemd. Men onderscheidt 2 types fibrose: vervangende 
fibrose en reactieve fibrose. Het eerste type fibrose bestaat uit grote(re) stukken fibrose en 
ontstaat wanneer hartspiercellen afsterven, bijvoorbeeld na een infarct. Reactieve fibrose 
ontstaat als reactie op een hogere werkdruk van de hartspier onder pathologische 
omstandigheden. Reactieve fibrose kenmerkt zich over het algemeen door kleine plekjes of 
dunne strengen extra fibrose (interstitiële fibrose) waarbij het collageen is verstrengeld met 
het hartweefsel.  
Hoewel de vorming van fibrose in eerste instantie een compensatiemechanisme is, heeft de 
toename van collageen uiteindelijk nadelige effecten voor de functie van het hart. Fibrose 
maakt het hart stijver waardoor de pompfunctie wordt verslechterd en het ontspannen van 
de hartspier wordt bemoeilijkt. Daarnaast leidt reactieve fibrose ertoe dat het elektrische 
signaal van het hart niet meer optimaal kan worden doorgegeven. Deze veranderde 
elektrische activatie in het hart is een van de belangrijkste oorzaken van (levensbedreigende) 
hartritmestoornissen. 
 
DETECTIE VAN FIBROSE 
Fibrose speelt een belangrijke rol bij vrijwel elke hartaandoening, maar de 
detectiemogelijkheden van fibrose zijn beperkt. Momenteel zijn er verschillende manieren 
om fibrose in het hart aan te tonen. Er kan een hartbiopt worden afgenomen om de 
structuur en samenstelling van het hartweefsel op detailniveau te bestuderen. Dit heeft 
echter twee nadelen: het is een invasieve ingreep waar risico’s aan verbonden zijn voor de 
patiënt en het geeft alleen lokale weefselinformatie. Een andere mogelijkheid is contrast MRI; 
de huidige standaard in de kliniek. Met behulp van contrastmiddel kunnen grote stukken 
fibrose (met name vervangende fibrose) worden aangetoond. Het mechanisme van deze MRI 
techniek is dat het contrastmiddel snel wordt afgevoerd in gezond weefsel, maar langer 
aanwezig blijft in weefsel met een verminderde circulatie, zoals in een fibrotisch gebied. Een 
beperking is echter dat deze techniek kleine fibrotische gebieden of interstitiële fibrose niet 
kan aantonen, terwijl juist dit soort fibrose een belangrijke rol speelt in de ontwikkeling van 
hartritmestoornissen. Een tweede beperking is dat het contrastmiddel een negatieve invloed 
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kan hebben op de nierfunctie, waardoor het gebruik van contrastmiddel niet mogelijk is bij 
patiënten met nierfalen. Om de eerste beperking te overwinnen, is in de afgelopen jaren een 
nieuwe MRI techniek ontwikkeld: T1 mapping. Dit is een kwantitatieve methode waarbij het 
MRI signaal per voxel wordt berekend. Onderzoek naar deze techniek heeft aangetoond dat 
T1 mapping een goede indicatie geeft van de hoeveelheid interstitiële fibrose in het hart.  
Onderzoek richt zich nu op het verder valideren en het standaardiseren van deze techniek. 
Nadeel is dat ook bij deze techniek het gebruik van een contrastmiddel noodzakelijk is. 
Naast beeldvormende technieken wordt in de laatste jaren ook veel onderzoek gedaan naar 
circulerende biomarkers om fibrose te bestuderen. Circulerende biomarkers zijn moleculen 
zoals bijvoorbeeld eiwitten die terug te vinden zijn in het bloed en die een specifiek 
(ziekte)proces in het lichaam weergeven. Voor de ontwikkeling van fibrose in het hart zijn 
meerdere biomarkers bekend, bijvoorbeeld de procollageen-uiteinden die worden 
verwijderd tijdens de aanmaak van collageen, maar ook eiwitten die betrokken zijn bij de 
afbraak van collageen. Ondanks dat deze biomarkers al veelvuldig zijn gebruikt in 
onderzoeken naar verschillende hartaandoeningen, is nog niet duidelijk of zij ook 
daadwerkelijk een goede afspiegeling zijn van de hoeveelheid fibrose in het hart. Ook 
onderzoek naar nieuwe biomarkers zoals microRNAs (miRs) is de afgelopen jaren 
toegenomen. MiRs zijn kleine stukjes RNA die betrokken zijn bij de translatie van een gen 
naar eiwit. In het proces van collageenaanmaak spelen verschillende miRs een rol, maar of 
deze miRs als circulerende biomarker voor fibrose in het hart kunnen worden gebruikt is nog 
niet bekend.  
 
DIT PROEFSCHRIFT 

In voorgaande paragrafen zijn de technieken beschreven die momenteel beschikbaar zijn 
om fibrose in het hart te detecteren. Het aantonen van fibrose in het hart behoeft echter nog 
verdere verbeteringen. Belangrijke aandachtspunten daarbij zijn dat de detectiemethode 
niet-invasief is, dat er geen contrastmiddel nodig is en dat de methode ook kleine fibrotische 
gebieden en interstitiële fibrose kan aantonen. Het doel van dit proefschrift is om de detectie 
van fibrose in het hart te verbeteren. In het bijzonder gaat het in dit proefschrift over het 
ontwikkelen van nieuwe beeldvormende technieken, het valideren van bestaande 
biomarkers en het onderzoeken van nieuwe biomarkers.  
Het proefschrift wordt ingeleid met uitleg over collageen en fibrose (preface) en met een 
uitgebreide beschrijving over de rol van fibrose bij hartritmestoornissen (hoofdstuk 1). Het 
doel en de opzet van dit proefschrift worden benoemd in hoofdstuk 2. Vervolgens is het 
proefschrift opgedeeld in twee delen, te weten: 1) onderzoek dat zich richt op nieuwe 
beeldvormende technieken en 2) onderzoek naar circulerende biomarkers. De inhoud van 
deze twee delen wordt in onderstaande paragrafen besproken. Tot slot wordt in 
hoofdstuk 10 de detectie van fibrose in het hart bediscussieerd en worden de resultaten van 
de voorgaande hoofdstukken in perspectief geplaatst.  
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BEELDVORMENDE TECHNIEKEN 

Deel 1 over de beeldvormende technieken wordt vooraf gegaan door hoofdstuk 3, waarin 
zowel bestaande detectiemethoden worden beschreven als technieken die in ontwikkeling 
zijn om fibrose te detecteren. 
In hoofdstuk 4 is het onderzoek naar CNA35 uiteengezet. Er is onderzocht of CNA35, een 
molecuul dat specifiek bindt aan collageen, ook bindt aan collageen in het hart als het wordt 
toegediend via de circulatie. Na het toedienen van CNA35 – gelabeld met een fluorescerend 
molecuul – in muizen, komt CNA35 inderdaad vanuit de bloedvaten in de hartspier terecht 
en daar bindt het specifiek aan collageen. Dit onderzoek kan de basis zijn voor toekomstig 
onderzoek waarbij bijvoorbeeld een MRI-label gebonden kan worden aan CNA35, om 
hiermee op een niet-invasieve manier informatie te verkrijgen over de locatie van fibrose in 
het hart. In de hoofdstukken 5 en 6 worden twee nieuwe MRI technieken beschreven 
waarmee fibrose kan worden gedetecteerd zonder hulp van een contrastmiddel. 
Hoofdstuk 5 richt zich op UTE MRI, een door ons gepatenteerde techniek die gebruik maakt 
van zeer korte echotijden. Hierbij wordt signaal verkregen zonder hulp van een 
contrastmiddel. In dit onderzoek vergelijken we de resultaten van UTE MRI met 
microscopische beelden. Het onderzoek is uitgevoerd met geïsoleerde rattenharten met een 
infarct (vervangende fibrose). Uit dit onderzoek blijkt dat het signaal van UTE MRI in een 
geïsoleerd rattenhart goed overeen komt met zowel de hoeveelheid als de locatie van de 
fibrose in het hart, gedetecteerd met de microscopische analyse. In hoofdstuk 6 is een 
onderzoek beschreven dat de mogelijkheid van T1ρ MRI onderzoekt om fibrose te detecteren 
in het humane hart. T1ρ MRI is een techniek waarbij net als UTE MRI gebruik wordt gemaakt 
van endogeen contrast, een contrastmiddel is dus overbodig. In dit onderzoek zijn drie 
fibrotische harten geanalyseerd van patiënten die een harttransplantatie hebben ondergaan. 
Het T1ρ signaal van de geïsoleerde harten is vergeleken met microscopie. In dit onderzoek 
wordt aangetoond dat het T1ρ signaal redelijk goed overeenkomt met de hoeveelheid fibrose 
die is bepaald met de microscopische analyse. Uit dit onderzoek blijkt dat T1ρ een 
veelbelovende techniek is voor het detecteren van fibrose in het hart. 
 
CIRCULERENDE BIOMARKERS 

Het onderzoek naar de circulerende biomarkers wordt in deel 2 (hoofdstukken 7, 8 en 9) 
beschreven. Hoofdstuk 7 bediscussieert verschillende literatuur waarin onderzoek is gedaan 
naar de collageen-uiteinden die zijn gemeten in het bloed. In dit hoofdstuk worden 
onderzoeken besproken die deze biomarkers valideren, maar ook onderzoeken die de 
biomarkers gebruiken om de ernst van een hartaandoening in te schatten of een relatie te 
bepalen tussen de biomarkers en de functie van het hart. In hoofdstuk 8 staan vier miRs 
centraal die betrokken zijn bij fibroseontwikkeling in het hart. Deze miRs zijn onderzocht in 
een muismodel waarin reactieve fibrose in het hart ontstaat als gevolg van een verhoogde 
werkdruk van het hart. De concentratie miRs, zowel in het hart als in de circulatie, is 
vergeleken met de hoeveelheid fibrose in het hart (bepaald met microscopie). Dit hoofdstuk 
laat een verschil zien in de hoeveelheid miRs tussen fibrotische harten en gezonde harten. Er 
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is een goede correlatie aangetoond tussen de mate van fibrose en de concentratie miRs in 
het hartweefsel. Daarnaast hebben we voor het eerst aangetoond dat drie van de vier miRs 
gedetecteerd kunnen worden in de muizencirculatie. Er is echter geen relatie ontdekt tussen 
de circulerende miRs en de hoeveelheid fibrose. Hoofdstuk 9 beschrijft een 
patiëntenonderzoek waarin circulerende biomarkers (zowel de collageen-uiteinden als miRs) 
worden vergeleken met de uitkomsten van contrast MRI in patiënten met een hartinfarct. Dit 
onderzoek heeft als doel om te bepalen of de biomarkers een goede afspiegeling zijn van de 
hoeveelheid fibrose in het hart. Dit onderzoek wordt momenteel uitgevoerd, er zijn nog 
geen resultaten beschikbaar. 
 
CONCLUSIE 

Fibrosevorming is een belangrijk kenmerk van vrijwel elke hartaandoening en heeft nadelige 
effecten voor de pompfunctie en de elektrische activiteit van het hart. Het goed detecteren 
van fibrose, waaronder de hoeveelheid, het type en de locatie van fibrose, kan grote 
voordelen hebben voor de patiënt. Bijvoorbeeld bij het monitoren van de progressie van een 
hartaandoening, bij het opstellen van een behandelplan op maat en bij het evalueren van de 
behandeling. 
Dit proefschrift beschrijft het onderzoek naar het ontwikkelen van nieuwe detectiemethoden 
voor fibrose en voor het verbeteren van bestaande methoden. Uit de onderzoeken 
beschreven in deel 1 blijkt dat de beeldvormende technieken UTE en T1ρ MRI veelbelovend 
zijn om fibrose in het hart te detecteren op een niet-invasieve manier en zonder gebruik van 
contrastmiddel. In deel 2 van dit proefschrift staan onderzoeken beschreven die een bijdrage 
leveren aan de kennis over het gebruik van circulerende biomarkers als detectiemethode van 
fibrose in het hart. Er is een eerste stap gezet om fibrose in het hart te analyseren met behulp 
van miRs in de circulatie. Daarnaast is het beschreven patiëntenonderzoek erop gericht om 
de collageen-uiteinden en de circulerende miRs verder te valideren. De resultaten zullen 
leiden tot meer informatie over het gebruik van deze biomarkers als een accurate methode 
om fibrose in het hart te bepalen.   
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Vanaf de eerste week van mijn promotietraject kijk ik hier al naar uit, het schrijven van mijn 
dankwoord. En wat zijn er veel mensen die ik graag wil bedanken voor de totstandkoming 
van dit proefschrift.  
Laten we beginnen bij het begin. Harold, jij hebt me met jouw colleges en cursussen 
enthousiast gemaakt voor het hart. Ik was getriggerd door je enthousiasme over de 
elektrische activiteit van het hart en jouw onderzoekslijn. Je bent een goed voorbeeld van 
een vooruitstrevende docent en een gepassioneerde onderzoeker. Je hebt me geholpen aan 
een geslaagde stage bij Brenda Kwak in Genève. Vervolgens heb ik met veel plezier mijn 
stage en scriptie uitgevoerd bij de Medische fysiologie onder jouw supervisie. Ik ben je 
dankbaar voor de kans die jij me hebt geboden om onderzoek en onderwijs te combineren. 
Jouw begeleiding hierin was erg prettig, ik heb de vrijheid en het vertrouwen gekregen om 
zelfstandig te werken, maar, indien nodig, stond je klaar met advies. 
Marc, in de loop van de jaren is jouw begeleiding een steeds belangrijkere rol gaan spelen in 
mijn promotietraject. Daar ben ik blij om. Ik heb veel geleerd van jouw praktische 
benadering van onderzoek doen en van jouw kwaliteiten als manager bij de Medische 
fysiologie maar ook bij de divisie. Dankzij jouw hulp heb ik de patiëntenstudie DEFI-MI 
kunnen opzetten en heb ik mijn eigen wegen in de onderzoekswereld kunnen verkennen. Je 
hebt het vertrouwen uitgedragen in wat ik doe en wat mijn plannen zijn. Ik ben je dankbaar 
voor je steun tijdens het onderzoek. En mede door jouw vertrouwen kijk ik met veel plezier 
mijn toekomst in het onderzoek, het onderwijs en de ondersteuning van mensgebonden 
onderzoek  tegemoet.  
Marti, tijdens het opzetten en uitvoeren van het onderzoek naar miRs heb jij jouw rol als 
co-promotor duidelijk laten zien. Het was prettig om in zo’n moeizaam project een 
begeleider te hebben die gestructureerd en stap voor stap te werk gaat. Ik ben trots op de 
resultaten in dit onderzoek en dat we deze studie tot een goed einde hebben kunnen 
brengen. Bedankt voor je heldere, directe en kritische blik op mijn onderzoeken en de 
vervolgstappen. Jouw adviezen hebben mij goed geholpen bij het maken van keuzes in het 
onderzoek.   
Degene die mist op de keerzijde van de titelpagina, maar wie daar absoluut een plek zou 
verdienen is Jacques. Jacques, in elk hoofdstuk van dit proefschrift speel je een belangrijke 
rol. Dit kan zijn als adviseur, hulp bij de uitvoering of als begeleider die me heeft 
gestimuleerd om door te zetten in het onderzoek. Je bent bij uitstek een pionier in het 
onderzoeksveld van elektrische activiteit en ritmestoornissen in het hart, met als voorbeeld 
jouw ideeën over mogelijke toepassingen van de nieuwste MRI-snufjes in dit veld. Je hebt 
me geleerd dat kleine pilots kunnen uitgroeien tot mooie onderzoeken wanneer je met 
precisie, passie en doorzettingsvermogen werkt. Sinds je mij vertelde over je interesse voor 
bijen en hun gedrag geloof ik dat je deze karaktereigenschappen ook gebruikt in je dagelijks 
leven. Bedankt voor de prettige treinreizen van en naar Maastricht, welke in gezelschap toch 
een stuk korter leken te zijn, en voor alle inzichten die je me hebt gegeven in mijn eigen 
onderzoek en in het uitvoeren van goed en gedegen onderzoek. 
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Dan zijn er ook collega’s die officieel geen begeleidende rol hadden in mijn promotietraject, 
maar zonder wie dit proefschrift niet was geworden tot wat het nu is. Toon, bedankt voor je 
hulp vanaf de zijlijn. Je oprechte interesse in het cardiale onderzoek in de breedste zin van 
het woord maakte de drempel laag om bij je binnen te lopen voor hulp en advies. Hulp bij de 
microscoop, bij het kwantificeren van fibrose, of bij het formuleren van resultaten in een 
manuscript. Maar ook voor advies over algemene zaken rondom onderzoek of keuzes in het 
privéleven. Jouw toewijding aan onderzoek en aan de (medewerkers van de) Medische 
fysiologie is denk ik heel belangrijk voor zowel de afdeling als voor ons als AIOs en 
studenten.  
Tonny, ik geloof dat het al heel vaak is gezegd in een dankwoord en ook ik wil het je graag 
nog eens op het hart drukken, jij bent de drijvende kracht achter de goede sfeer op de 4e 
verdieping van het Alexander Numangebouw. Bedankt voor je luisterend oor en al je eerlijke 
adviezen. Hier blijf ik ook in de toekomst graag gebruik van maken. Ik, en volgens mij ook alle 
collega’s van de Medische fysiologie met mij, knijp in m’n handjes dat jij bij de Medische 
fysiologie zit.  
Bart, wat heb jij me enorm geholpen bij al het uitvoerende werk om die verdomde 
microRNAs nu eens te kunnen detecteren! Maar het is je gelukt. Zoals ik al eerder zei, ik ben 
trots op de resultaten uit hoofdstuk 8 die jij voornamelijk hebt verzameld. Daar ben ik je heel 
dankbaar voor. En daarnaast ben je ook nog eens een hele fijne collega, vol met verhalen en 
grapjes. Als je met de lunch, borrel of diner in de buurt van Bart zit, dan weet je dat het wel 
goed komt met de gezelligheid. 
 
En natuurlijk mijn dank aan de andere collega’s van de Medische fysiologie. Leonie, na even 
weg te zijn geweest gelukkig weer terug op het nest. In het onderzoeksgebied deelden we 
onze “liefde” voor de microscoop en de sirius rood kleuringen, maar daarnaast kletsten we 
ook gezellig over alles wat er gebeurt in ons leventje. Maria, een oude rot in het academisch 
onderwijs waar ik nog veel van kan leren! Ook is het leuk om te zien dat je je interesse in het 
fysiologie-onderzoek niet helemaal kwijt bent. Martin, bedankt voor het beantwoorden van 
mijn vragen over de basis van de elektrofysiologie als ik zelf weer eens een college hierover 
moest gaan geven voor leerlingen. Teun, jij bent de meest ontspannen en rustigste 
onderzoeker die ik ken. Ik kan veel leren van jouw redenaties en interpretaties van 
onderzoek. Marcel, wat fijn dat jouw deur altijd open stond voor een vraag. Meestal ging het 
om onderwijszaken, bijvoorbeeld hoe het ook alweer zit in die nier. Maar ook voor 
moleculaire experimenten kon ik met vragen bij je terecht. Marien, we hebben geen 
projecten samen gedaan. Althans, niet op onderzoeksgebied. In het onderwijs hebben we 
samen het bloed-practicum gegeven. Daar was je een gezellige collega die het lange 
wachten tijdens het practicum een stuk aangenamer maakte. Jet, altijd behulpzaam en 
geïnteresseerd in je collega’s. Bedankt voor al die keren dat ik leergierige studenten naar jou 
door kon sturen, waarna jij ze met veel enthousiasme meenam in de wereld van het AV-blok 
en de operaties.   
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John, eerst heb ik van jou mogen leren als student, daarna als collega-AIO. Een gedegen 
onderzoeker en gezellige, oprechte en vrolijke collega. Met veel plezier kijk ik terug op onze 
samenwerking. Malin en Maartje, vanaf het begin van mijn promotie was het een gezellige 
boel met jullie, zowel op de AIO kamer als bij de “triple date etentjes”. Heel jammer dat jullie 
nu weg zijn bij de Medische fysiologie, maar erg leuk dat we nog steeds contact hebben. Sid, 
one of my funniest colleagues! Although we did not collaborated on any project, I think that 
our desks always have been either next to each other or in front of each other. As a 
colleague, I have always appreciated your honesty and your enthusiasm. Thom, ik ken 
weinig onderzoekers die zo precies en accuraat als jij. En dat is een positieve eigenschap. Ik 
duim voor je dat je snel een opleidingsplek krijgt in de kliniek. Rosanne, een rustige maar oh 
zo prettige collega. Samen op congres in het zonnige San Francisco was erg gezellig! 
Vincent, jij weet van alles wel wat af. En als het niet zo is, dan ben je nieuwsgierig en recht 
door zee, dat siert je. We hebben een fijne tijd gehad als collega’s. Roel, jij hebt mij de 
technieken bijgebracht van het opereren van muizen. Het heeft me bloed, zweet en tranen 
gekost, maar het is uiteindelijk gelukt. Ik ben je dankbaar voor het overdragen van deze 
technieken, maar vooral ook voor al die gezellige jaren in het muizenlab, op de Medische 
fysiologie en bij de borrels. Tobias, Peter (Oosterhoff), Linda, Lukas, Hiroki, Christian, 
Tamara, Hanneke, and Helen thanks for all your “gezelligheid” and your help from a 
distance!  
 
Magda, we performed a lot of research and other activities together. You are patient and 
precise, two characteristics of a good researcher. Thank you for all the moments together in 
the mouse lab. Excitement when we saw an arrhythmia occurring at the screen, and 
frustration when the intubation still did not work out. Good luck “next week”, I am sure you 
will do a great job. Rianne, dankzij jou weet ik een stuk meer over onderzoek doen in het 
onderwijs. Dank voor al je interessante werkbesprekingen vol leuke resultaten en goede 
discussies. En natuurlijk voor de gezelligheid op onze kamer! Sofieke, inmiddels ben je druk 
in de kliniek. Daar zullen de patiënten blij zijn met zo’n betrokken arts. Heel veel succes met 
je opleiding en natuurlijk ook met het afronden van je boekje, het wordt vast en zeker een 
mooi exemplaar. Maike, inmiddels al lang niet meer “de nieuwe Roel”, nu ben je voor mij “de 
altijd vrolijke en gezellige Maike”! En de drijvende kracht achter het nieuwe muizenlab en de 
verbeterde samenwerking met de Experimentele cardiologie. Bedankt voor al je hulp, 
meedenken en ondersteuning bij de muizenexperimenten. Albert, Bastiaan, Yuan, Elise, 
Lotte and Alex, unfortunately we did not work together that much. However, I would like to 
thank you all for being such a nice colleague. I really should join the borrels and dinners that 
you organise much more often! Good luck with finalising your PhD at the Medical 
physiology.  
 
Ianthe, Fabian, Michelle en Khang, bedankt voor jullie hulp in de zoektocht naar het 
mechanisme van fibrose en naar nieuwe detectiemethoden. Naast dat jullie mij hebben 
geholpen in het onderzoek, heb ik ook veel geleerd van het begeleiden van jullie als 
studenten. 
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Een aanzienlijk deel van dit proefschrift bestaat uit MRI-experimenten. Door mijn gebrek aan 
kennis van de MRI heb ik deze onderzoeken uitgevoerd met de echte MRI-specialisten. Met 
heel veel plezier heb ik samen gewerkt met jullie, de manier hoe jullie tegen onderzoek 
aankijken is denk ik de juiste manier: “Niets is te gek en alles is te testen”. Dit maakt 
onderzoek doen spannend en creatief, en het heeft mij erg enthousiast gemaakt over de 
mogelijkheden die de MRI biedt.  
Peter Luijten, bedankt voor het faciliteren van de MRI-onderzoeken die ik heb kunnen 
uitvoeren. Ik kijk uit naar de discussie tijdens de verdediging. Jaco Zwanenburg en Fredy 
Visser, avondenlang hebben we op de 7T de rattenhartjes gescand. Veel gepruts om de lucht 
te verwijderen uit de hartjes, maar het resultaat mag er zijn. Bedankt voor jullie hulp en 
inspanning. Joep van Oorschot, onder het genot van een kopje koffie bij MiCaffé hebben we 
heel wat werkbesprekingen gehad. Bedankt voor al je hulp bij de MRI. Niet alleen in het 
T1ρ stuk waarbij we samen aan de resultaten hebben gewerkt, maar ook voor je hulp en 
advies bij al mijn andere MRI vragen. Succes met de laatste loodjes van je promotie en ik ben 
heel benieuwd naar de T1ρ ontwikkelingen.  
Ondanks dat het onderzoek nog niet uitgebreid staat beschreven in dit proefschrift, wil ik de 
afdeling BMT van de TU Eindhoven, en in het bijzonder Klaas Nicolay, Gustav Strijkers, 
Floortje de Groot en Leonie Niesen, hartelijk danken voor het faciliteren van de follow up 
studie met de UTE MRI en voor het welkome ontvangst dat ik daar altijd heb ontvangen. En 
natuurlijk Wolter de Graaf. Dagen, avonden en weekenden lang gingen we samen aan de 
slag met ons onderzoek. In je onderzoek ben je enthousiast en loyaal, dankzij jou kwam ik 
altijd weer met veel plezier naar Eindhoven toe om te scannen. Het lange wachten bij de MRI 
was zo veel gemakkelijker door het geklets met jou over van alles en nog wat. We hebben zo 
veel onderzoeksresultaten verzameld de afgelopen twee jaar, daar gaan we echt nog iets 
moois van maken! 
 
Ook de samenwerking met Maastricht in verschillende projecten heb ik zeer gewaardeerd. 
Frits Prinzen, bedankt voor je begeleiding in de gezamenlijke projecten en voor de 
overleggen over CRT, fibrose en CNA35. Marc van Zandvoort, bedankt voor je input en je 
hulp bij de CNA35-experimenten. Lars van Middendorp, we hebben op twee studies samen 
gewerkt, de CNA35 en de CRT studie. Na heel wat op en neer gependel met buisjes CNA35 
en diepgevroren coupes hebben we alle gewenste resultaten kunnen verzamelen en 
uiteindelijk kunnen publiceren. Het duurde even, maar dan heb je ook wat. En wat is het 
jammer dat de CRT studie niet heeft opgeleverd waar wij - en vooral jij - op hoopten. We 
hebben er vaak contact over gehad en ik heb hierdoor veel geleerd over CRT. Bedankt voor 
de prettige samenwerking en heel veel succes met je verdediging en de opleiding.  
 
Het klinkt zo leuk, als biomedische wetenschapper translationeel onderzoek uitvoeren en in 
het kader daarvan zelfstandig een patiëntenstudie opzetten. Ik heb me verkeken in dit hele 
traject, maar ik ben ook trots dat het uiteindelijk loopt. Dit was absoluut niet gelukt zonder 
een heleboel mensen vanuit de kliniek. Allereerst Maarten Jan Cramer, wat is het prettig om 
met zo’n enthousiaste cardioloog en onderzoeker te mogen werken. Jouw enthousiasme 
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over nieuwe onderzoeksideeën werkt aanstekelijk. Jij brengt mensen samen die iets voor 
elkaar kunnen betekenen in de onderzoekswereld van het UMC Utrecht, dat is heel 
waardevol. Birgitta Velthuis, je deur stond altijd open voor vragen en ik liep ook altijd de 
deur weer uit met een oplossing. Bedankt voor de lekkere kopjes koffie tijdens de 
overleggen. Maar vooral bedankt voor je support en het vertrouwen dat jij me hebt gegeven 
samen met Maarten Jan in de DEFI-MI studie. Fatih Arslan, door DEFI-MI en de experimenten 
in Eindhoven ben ik meer te weten gekomen over jouw onderzoeksinteresses en over jou als 
arts en onderzoeker: bevlogen, energiek en doelgericht. Door onze overleggen heb je me 
meer inzicht gegeven in het doen van onderzoek en het reilen en zeilen binnen het UMC 
Utrecht. Bedankt voor al je hulp en je stimulans bij het opzetten en uitvoeren van DEFI-MI. 
Thomas Mast, mijn redder in nood toen ik mocht genieten van mijn zwangerschapsverlof. Ik 
ben je erg dankbaar dat je de coördinatie van DEFI-MI hebt over genomen in die periode en 
dat je ook nu nog steeds beschikbaar bent. In je eigen onderzoek ben je ook geïnteresseerd 
in detectie van fibrose. Ik ben heel benieuwd naar de uitkomsten en wens je veel succes met 
je promotie. Hendrik Nathoe en Leo Timmers bedankt voor het meedenken over de opzet 
van DEFI-MI. Jonne Hos, Crystel Gijsberts, Jeroen Makkinje, Eveline Hooft van Huysduynen 
en Jan Martens, dank voor jullie inspanningen om mij wegwijs te maken in dataverzameling 
via het RDP en SAS. De #4009 onderzoekers, bedankt voor jullie seintjes als er weer een 
mogelijke DEFI-MI kandidaat in het UMCU was. Judith Groeneweg, Jetske van ’t Sant, 
Ing Han Gho, Geert van Hout, Iris ter Horst, Wouter van Everdingen, Mirjam Mastenbroek 
en Martine Beeftink, bedankt voor de gezellige kletspraatjes, de kennisuitwisseling en jullie 
uitleg aan mij over hoe het precies in zijn werk gaat bij de Cardiologie. De verpleging van 
de CCU en B4W, bedankt voor jullie hulp bij de inclusie en de bloedafnames van DEFI-MI 
patiënten. Irene Jonkers, ik hoop dat ik nu net zo’n prettige rol kan vervullen voor startende 
onderzoekers zoals jij voor mij hebt vervuld bij het maken van het METC dossier. Kim Urgel, 
Arco Teske, Fatih Guclu en de echo-laborantes Ineke Kastelijn, Elly Lutgert en Jeanette 
Bakker, bedankt voor jullie inzet voor het maken van de DEFI-MI echo’s. Jullie waren altijd 
bereikbaar en dachten mee voor mijn studie. Niels Blanken en Anneke Hamersma, bedankt 
voor jullie geduld en hulp bij het maken van de MRIs voor DEFI-MI. Mirjam Smeets en 
Judith de Haan, bedankt voor jullie hulp in de DEFI-MI bloedanalyses. 
 
Naast de samenwerking met de kliniek heb ik ook veel hulp gehad van een heel aantal 
onderzoeksgroepen uit het UMC Utrecht. Bij de Experimentele cardiologie wil ik 
Joost Sluijter bedanken voor het advies over het detecteren van miRs in plasma en 
Esther van Eeuwijk voor haar hulp bij het uitvoeren van alle 96-wells plaat assays. 
Voor de imaging onderzoeken heb ik dankbaar gebruik gemaakt van de hulp bij de 
pathologie-afdeling. Roel Goldschmeding, Aryan Vink, Nikolas Stathonikos, en 
Dionne van der Giezen, bedankt voor het gebruik maken van de pathologie-faciliteiten en 
bij jullie hulp om deze onderzoeken tot een goed einde te brengen. 
Voor het dierexperimenteel onderzoek ben ik Anja van der Sar en Helma Avezaath dank 
verschuldigd. Fijn dat ik altijd bij jullie terecht kon voor vragen en hulp bij mijn onderzoeken. 
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De afdeling Reumatologie, en speciaal Floris Lafeber, Simon Mastbergen en Tineke de Boer, 
ben ik ook zeker dank verschuldigd. Tijdens mijn eerste masterstage ben ik op deze afdeling 
met een warm welkom ontvangen en heb ik me altijd thuis gevoeld. Bedankt voor deze 
goede ervaring, hierdoor ging er een knop om in mijn hoofd dat promoveren nog best wel 
eens leuk kon zijn. 
 
Naast mijn onderzoek heb ik in die vijf jaar ook een heel aantal scholen bezocht om in het 
kader van de NLT-modules ‘Hart & Vaten’ en ‘Leef met je hart!’ gastcolleges te geven aan 
leerlingen. Met veel plezier heb ik dit gedaan voor enthousiaste leerlingen en enthousiaste 
docenten. Ik heb veel geleerd van al die verschillende docenten en leerlingen. Ik wil de 
Hartstichting en in het bijzonder Harry van der Zaag bedanken voor het vertrouwen in 
Harold en mij voor het landelijk uitrollen van deze modules. Veel succes met de toekomstige 
onderwijsprojecten.  
 
Sinds november werk ik op de woensdagen bij het bedrijfsbureau van de DH&L. Daar voel ik 
me vanaf de eerste dag thuis. Bedrijfsbureau collega’s, bedankt voor de gezellige 
woensdagen, de goede sfeer en jullie interesse in hoe het er nou voor staat met mijn 
proefschrift.  
 
En dan zijn er natuurlijk nog heel veel mensen die niet verbonden zijn aan de 
onderzoekswereld. Toch hebben zij indirect iets met dit proefschrift te maken, door een 
luisterend oor, interesse, steun en het plezier dat ze mij hebben gegeven.  
Mijn Asten-vriendjes die al sinds de middelbare school zo’n belangrijk deel uitmaken van 
mijn leven. Wouter, Koen, Jaap, Linsy, en later ook Sabrine en Klara, bedankt voor alles wat 
we samen hebben mee gemaakt. Nog steeds geldt, “een maand uit het oog maar geen dag 
uit het hart”. Ik kijk uit naar alle weekendjes, etentjes, borrels en feestjes die ons nog te 
wachten staan. Joost, voor jou geldt dit natuurlijk ook, maar jij hebt ook nog een speciale rol 
in dit hele proefschrift. Ik heb jou gevraagd als paranimf omdat je altijd alles tot in de puntjes 
wilde weten over mijn onderzoeken. En omdat je zo gemakkelijk out of the box denkt. Dat 
levert een hoop nieuwe inzichten en goede ideeën op, die ik ook in het afronden van mijn 
promotie goed kon gebruiken. Anne en Annelou, ook al een vriendschap sinds onze 
middelbare schooltijd. Wat hebben wij veel tijd door gebracht met elkaar. Bij jullie allebei 
voelde het als een tweede thuis, bedankt voor alle mooie maar soms ook moeilijke 
momenten. Nu we wat verder uit elkaar wonen, spreken we elkaar eigenlijk veel te weinig! 
Een speciaal plekje verdient Floor, mijn lieve vriendin vanaf de kleuterklas. We delen heel 
veel bijzondere herinneringen uit onze jeugd samen. Ik ben trots op jou als mijn vriendin. 
Bedankt voor onze fijne vriendschap en dat je er altijd voor me bent en bent geweest. 
De Fysiootjes, oftewel Taco, Nienke, Victor, Derek, Roos, Stef, Olivia, Femke, Susanne, 
Yvonne, Andràs, Guido en Judith en al jullie vriendjes en vriendinnetjes, bedankt voor de 
vele feestjes, de SOOS tot diep in de nacht, zamibo’s, en ontbijtjes op Koninginnedag. Of we 
nou in België zijn, Asten, onderweg van Parijs naar Rotterdam of gewoon in Utrecht, ik ben 
verzekerd van een groep geweldige mensen om me heen. En natuurlijk wil ik hierbij ook 
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Sandy bedanken, een speciaal fysio-vriendinnetje. Mede dankzij jou heb ik een geweldige 
tijd tijdens fysiotherapie gehad. Uren kunnen we kletsen over van alles en nog wat. Je bent 
nog steeds mijn steun en toeverlaat en houd me een spiegel voor wanneer het nodig is. 
Lieve Sen, je bent een geweldige vriendin.  
Roos, niet voor niets heb ik jou gevraagd om mijn paranimf te zijn. Je was altijd zo 
geïnteresseerd, in mijn onderzoek maar ook in alles er om heen. Je bent kritisch, slim en 
vooral ook erg grappig. Iedere keer kijk ik uit naar onze etentjes of borrels, het wordt altijd 
weer net te gezellig en net te laat. Fijn dat je mijn paranimf wilt zijn, dan komt het wel goed.  
Ka en Karin, al sinds jaren kan ik urenlang met jullie kletsen. Eerst ging het vooral over het 
hockey, maar jullie hebben mij ook wegwijs gemaakt in het volwassen leven en het leven als 
mama. Ondanks onze drukke leventjes ben ik heel blij dat we zo nu en dan even nèt te lang 
en nèt te gezellig de kroeg in gaan! 
Relinde, Arnout, Eelco en Marlies, wat fijn dat ik jullie sinds een jaar of vijf ook als ‘mijn 
vrienden’ kan beschouwen. Bedankt voor jullie oprechte interesse in mijn onderzoek en het 
hele onderzoekswereldje er omheen. 
 
Familie De Jong en familie Slangen, bedankt voor jullie betrokkenheid en voor de vele 
gezellige familieaangelegenheden. Schoonfamilie Ter Meulen, bedankt voor jullie warme 
ontvangst in de familie en de interesse en steun in mijn onderzoek. Pap en mam, jullie 
hebben mij gevormd tot wie ik nu ben, en daar ben ik heel blij mee. Samen hebben jullie mij 
geleerd om te doen wat je aan een ander verplicht bent, maar ook om te doen wat je leuk 
vindt. Deze combinatie heb ik gevonden met als eindresultaat dit proefschrift. Bedankt voor 
jullie advies bij mijn twijfels en jullie onvoorwaardelijke steun in mijn keuzes. Mijn broertjes, 
Jip en Sjors, de twee sfeermakers van de Heesakkerweg en de wijde omtrek. Het is elke keer 
weer een fijn gevoel om naar Asten te gaan en te weten dat ik jullie, samen met Chantal en 
Esther, daar ook weer zal zien. Ik ben trots op wie jullie zijn en de band die we samen 
hebben. 
 
Dit hoofdstuk wil ik eindigen door mijn dank uit te spreken naar Peter. Lieverd, wat ben ik 
blij dat jij op mijn pad terecht bent gekomen. Je zult altijd met me meedenken en je zoekt 
met me mee naar een oplossing. Ik weet dat je achter me staat en dat je er altijd voor me 
bent. Samen met Tijl ben jij mijn basis, jullie maken mij gelukkig. Zoals Guus zingt: “ik ben 
nergens zonder jou…” 
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Sanne de Jong was born on October 7th, 1982 in Helmond, 
the Netherlands. She attended secondary school 
(pre-university education) at the Varendonck College in 
Asten from 1994 to 2000. After graduation, she started the 
bachelor program Physical therapy at the Hogeschool 
Utrecht and received her BSc in 2004. In that same year, 
she started the Bachelor program Biomedical Sciences at 
the Utrecht University. In 2007 she obtained her BSc and 
she continued her academic studies at the Graduate 
School of Life Sciences of the Utrecht University with the 
master Biology of Disease. In this master she performed 

two internships. The first internship was performed at the Rheumatology & Clinical 
immunology department of the University Medical Center Utrecht where she analysed the 
tissue composition of knee cartilage from osteoarthritic patients. The second internship was 
performed at the Medical Physiology department of the same institute. The assignment 
within this internship focused on cardiac fibrosis in genetically modified mice. During this 
internship, she gained her interest in the cardiovascular field, particularly in cardiac 
arrhythmias and fibrosis. In 2009 she obtained her MSc with the qualification cum laude. After 
finishing her master, she started working at the Medical Physiology department as a PhD 
candidate and as a coordinator of two pre-university educational modules. The PhD program 
focused on improving detection of cardiac fibrosis, supervised by prof. dr. M.A. Vos, 
prof. dr. H.V.M. van Rijen, and dr. M.F.A. Bierhuizen. The results obtained during her PhD track 
are presented in the thesis entitled ‘Improved detection of cardiac fibrosis – biomarkers and 
novel imaging techniques’. Sanne will defend this thesis on August 27th, 2015.  
As of November 2014 Sanne started a combined position at the Medical Physiology 
department that involves quality assurance of clinical research, continuation of research 
initiated during her PhD project, and teaching at University Medical Center Utrecht.  
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