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Chapter 1 

 

Endogenous contrast MRI of cardiac fibrosis – 

beyond late gadolinium enhancement 

 

Abstract 

The aim of this introduction is to provide an overview of detection of cardiac fibrosis with 

MRI, using standard- and novel endogenous MRI techniques available at the start of this PhD 

research project. Assessment of cardiac fibrosis is important for diagnosis, prediction of 

prognosis and follow up after therapy. Over the years, much research has focused on fibrosis 

detection using MRI. Cardiac infarct size can be assessed non-invasively with late 

gadolinium enhancement (LGE). Several methods for fibrosis detection using endogenous 

contrast have been developed, such as native T1-mapping, T1ρ-mapping, Magnetization 

Transfer Imaging and T2*-mapping. Most of these techniques have only been applied in a pre-

clinical setting in animal models or ex vivo tissue. This illustrates the need for translational 

research that further develops these techniques towards clinical application, which is the 

purpose of this PhD research project. Each of the methods with potential for clinical 

translation will be described, providing the basic methodology, showing potential 

applications from applied studies, and discussing its potential, challenges and pitfalls. We 

will identify future steps and developments that are needed for bringing these methods to the 

clinical practice and illustrate these methods with own data from an animal model of 

myocardial infarction. 

 

The contents of this chapter are based on: 

Endogenous contrast MRI of cardiac fibrosis – beyond late gadolinium enhancement;  

van Oorschot et al. ; Journal of Magnetic Resonance Imaging 2014  
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1.1 Introduction 

In myocardial tissue, the interstitial collagen matrix surrounds and supports the cardiac 

myocytes. An excessive increase in myocardial collagen is defined by thickening and 

scarring of connective tissue, usually as a result of injury. Scar tissue can lead to heart failure 

by decreasing ventricular systolic function, induction of diastolic dysfunction and adverse 

cardiac remodeling.  There are different types of myocardial fibrosis that result from different 

etiologies. The first type is replacement fibrosis, that results from the replacement of dead 

cardiomyocytes. Replacement fibrosis occurs after injury such as myocardial infarction, and 

leads to a localized distribution of collagen, which mainly consists of type 1 collagen.  

The second type is interstitial reactive fibrosis, which is a progressive form of fibrosis 

resulting from an increase in collagen synthesis by myofibroblasts. Interstitial fibrosis 

normally shows a diffuse distribution. It can be seen in almost any cardiac disease, and is 

common in idiopathic dilated cardiomyopathy  and hypertrophic cardiomyopathy 1–3, but 

other pathologies, such as amyloidosis and hypertension have also been associated with 

infiltrative interstitial fibrosis in the heart and expansion of the extracellular matrix 4,5.  

Regardless of etiology, maladaptive cardiac fibrosis increases the risk of potentially lethal 

complications such as arrhythmias and heart failure, underlining the importance of effective 

treatment. In addition to existing treatments, there is an emerging focus on regenerative 

medicine. One example is stem cell therapy, which aims to restore damaged myocardium by 

stem cell injection and as a result myocardial function 6. Adequate diagnosis and precise 

identification of the fibrotic region will improve the effectiveness of the treatment, but also 

allows for better prediction of the prognosis and outcome after therapy 7. Hence, precise 

detection of myocardial fibrosis becomes more important 8.  

Current techniques such as endomyocardial biopsies can provide a qualitative and 

quantitative assessment of collagen. However they do require an invasive procedure and 

provide only regional information 2. Cardiac infarct size can be assessed non-invasively with 

Cardiac Magnetic Resonance Imaging (MR). The most common technique is late gadolinium 

enhancement (LGE), which allows for indirect detection of fibrosis using an exogenous 

contrast agent 9.  

Currently, there is an increased interest for direct detection of myocardial fibrosis without the 

use of an exogenous contrast agent, to overcome the limitations associated with contrast 

agents and to obtain a quantitative standardized measurement to assess myocardial fibrosis. 

This is possible by exploiting the various endogenous contrast mechanisms available using 

MRI. Several MR contrast mechanisms for direct detection of myocardial fibrosis have been 

proposed, T1, T2, T2* ,T1ρ and Magnetization Transfer Imaging. First the theory behind these 

MR contrast mechanisms will be explained. This is followed by a description of the current 

standard MRI method for fibrosis detection, LGE, and an overview of the current status on 

the application of the novel contrast mechanisms. 
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1.2 MR contrast mechanisms 

Magnetic Resonance Imaging has become the reference standard for non-invasive imaging of 

tissue characteristics in the body. Typically in an MR experiment, the effect of two primary 

relaxation mechanisms on the water protons are used to create image contrast, T1 and T2 

relaxation. By varying the parameters echo-time (TE) and repetition time (TR), different 

image contrast can be generated, based on the T1 and T2 of the tissue.  

1.2.1 T1-relaxation 

T1 relaxation is determined by the interaction of spins with the surrounding environment, 

consisting of atoms and molecules with different sizes and shapes. All these atoms and 

molecules have their own characteristic tumbling rate driven by the thermal energy and 

dependent on the size and structure of the molecule. If this tumbling rate is close to the 

Larmor frequency of the spin in the main magnetic field, more energy will be transferred, and 

the  T1 relaxation time will be shorter.  

1.2.2 T2-relaxation 

T2 relaxation is determined by the interactions between spins in the tissue, while the 

magnetization is in the transverse plane. At the Larmor frequency, small dipolar interactions 

between the different spins will lead to slight differences of resonant frequency. This 

difference in resonance frequency is measured by the dephasing of spins, and generates the 

T2 contrast.  

1.2.3 T2*-relaxation 

In addition to T2-relaxation, also T2*-relaxation is observed. T2* described the total dephasing 

in the transverse plane caused by a combination of spin-spin relaxation (described by T2) and 

magnetic field inhomogeneity. The spin-spin relaxation described by T2 results is irreversible 

dephasing of the transverse magnetization, as a result of random interactions at atomic and 

molecular levels. However, also local field inhomogeneities, from differences in magnetic 

susceptibility, chemical shift, and spatial encoding gradients and the main magnetic field 

inhomogeneity, result in dephasing. However, since these inhomogeneities are constant, this 

dephasing can be eliminated using a 180 degree inversion pulse, leaving only the dephasing 

effect of T2 relaxation on the magnetization.  

1.2.4 T1ρ -relaxation 

Another relaxation parameter is T1ρ relaxation, which is the spin-lattice relaxation time in the 

rotating frame. The T1ρ relaxation time is measured using a long continuous radiofrequent 

(RF) pulse, which is applied aligned with the spins. This pulse is also known as a spin-lock 

(SL) pulse. After the magnetization is put in the transverse plane, this spin-lock pulse is 

applied on-resonance with the precession frequency of the spins (Figure 1). As a result the 

spins are in phase with this RF field. Where normally in the transverse plane, spins would 
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dephase due to T2 relaxation, the spin-lock pulse will force spins to precess along the spin-

lock field direction, reducing the dephasing of spins.  

 

 

 

 

 

 

 

 

In the rotating frame, the spin-locking B1 field plays the role of the static B0 field in the 

laboratory frame. Analogously to T1 relaxation,  the relaxation occurring during a spin-lock 

pulse is referred to as spin-lattice relaxation in the rotating frame (T1ρ).  

The rate of relaxation is described by the T1ρ- relaxation time. The signal intensity after a 

spin-lock pulse is described by equation 1.1, where TSL is the duration of the spin-lock pulse 

and S0 the signal for a spin-lock pulse of 0 ms.  

	
     [1.1] 

T1 and T2 describe relaxation mechanisms of spin interactions at the Larmor frequency 

created by the main magnetic field B0, which is in typically between 50-300 MHz in MR 

systems. In presence of a spin-lock pulse, spins can interact with the surrounding at 

frequencies close to the spin-lock amplitude, which is typically between 300-1000 Hz, and 

far below the Larmor frequency. The T1ρ- relaxation time is therefore sensitive to low 

frequency interactions between water and macromolecules, which have slower tumbling 

rates.  

1.2.5 Magnetization Transfer 

Another MR relaxation mechanism that is sensitive to macromolecular interactions is 

Magnetization Transfer. Magnetization Transfer describes the through-space exchange of 

magnetization between water and macromolecules. In tissue both free water protons, and 

water protons bound to macromolecules can be found. The free water protons have resonance 

frequencies close to the Larmor frequency. However, protons bound to macromolecules will 

have extensive interactions with the macromolecules, and local field inhomogeneities will 

occur. This results in faster dephasing of the magnetization, and therefore a short T2* 

relaxation time, with a corresponding broad range of resonance frequencies. The 

Figure 1:  Diagram of the application of a spin-lock pulse in the rotating frame. During the spin-

lock pulse T1ρ- relaxation occurs. 
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Magnetization Transfer effect can be measured using a saturation transfer experiment. A 

saturation off-resonance RF pulse is applied that irradiates the protons bound to 

macromolecules (Figure 2). Exchange of this saturation to the free water protons by chemical 

exchange results in a decrease in the magnitude of the free water signal.  

The Magnetization Transfer effect can be quantified using the Magnetization Transfer Ratio 

(MTR), which is described by equation 1.2, where M0 is an image acquired without an off-

resonance saturation pulse, and Mt is an image acquired with a preceding off-resonance 

saturation pulse.  

      [1.2] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2:  Magnetization Transfer experiment. An off resonance saturation RF pulse is applied.  

Chemical Exchange leads to a decrease of the free water signal. 
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1.3 Contrast enhanced MRI of myocardial fibrosis 

1.3.1 Late gadolinium enhancement 

Late gadolinium enhancement is the non-invasive reference standard for detection of 

myocardial infarct size and location. The technique relies on the difference in contrast agent 

washout between normal and diseased myocardium 10. Gadolinium contrast agents reduce the 

T1 relaxation time of tissue. In regions of myocardial fibrosis or necrosis, the retention of 

gadolinium contrast agent is prolonged compared to healthy myocardium. This results in an 

increased signal intensity of this region on a T1 weighted MRI image, by adding an inversion 

pulse with a well-chosen inversion time to null the signal of healthy myocardium. 

Replacement fibrosis e.g., due to ischemic heart disease can be clearly distinguished as it is 

well-delineated on LGE images.  

LGE cardiac MR provides prognostic value as has been demonstrated in several 

ischemic and non-ischemic cardiomyopathies 11–14. LGE also provides guidance to 

therapeutic strategies, usually in combination with other modalities (e.g., echocardiography 

and  electromechanical mapping). This has been demonstrated for different therapeutic 

interventions. LGE in combination with electromechanical mapping allows to guide cell 

injections to the target area in stem cell therapy experimentally 15. The use of LGE prior to 

cardiac resynchronization therapy (CRT) can improve appropriateness of CRT, and 

implantable cardioverter-defribillator (ICD) implantation. This reduces the rate of ‘non-

responders’ and improve arrhythmia risk stratification by guidance of left ventricular lead 

deployment away from scarred myocardium for an improved clinical outcome 16–18. 

Despite the clinical value of LGE in determining infarct size, there are some 

limitations and drawbacks to this method. Adverse reactions after intravenous administration 

of gadolinium-based contrast agents are rare but potentially life threatening, including  

anaphylactic reactions and especially in patients with renal failure contrast induced 

nephropathy and nephrogenic systemic fibrosis 19,20. Using data from the Food and Drug 

Administrations Adverse Event Reporting system between 1988 and 2012, 614 anaphylaxis 

cases have been reported, leading to mortality in 7.2% of the reports related to gadolinium 

based contrast agents (GBCA) 21. GBCAs have also been associated with nephrotoxicity, 

especially when given at high doses (>0.3 mmol/kg) 22. The incidence nephrogenic systemic 

fibrosis (NSF) prior to 2008 varied from 0.26% in patients on dialysis up to 8.8% in patients 

with a eGFR smaller than 15 ml/min/1.73m2 without hemodialysis 23. Since the connection 

between NSF and GBCAs has become known, MRI protocols have changed and incorporated 

a contra-indication for using GBCAs in patients with severe renal failure. MRI methods 

based on endogenous contrast may be particularly important for these patients. 

Next to adverse reactions, the results from LGE vary between different imaging 

studies. The infarct size can be significantly overestimated, depending on the applied 

intensity threshold settings, or on the human observer if manual outlining is performed 9,24. 
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The sensitivity to the intensity threshold is even higher in patients with in various 

cardiomyopathies that result in less focal areas of fibrosis 2. Furthermore, precise timing of 

the MRI exam after contrast agent administration is important to prevent over- or 

underestimation of scarred tissue and thus an adequate, standardized protocol is needed. 

Because of this variability, the LGE method is less suitable for longitudinal studies, such as 

follow up after treatment. Finally, the most important limitation is the difficulty to apply LGE 

for the detection of diffuse interstitial myocardial fibrosis. LGE relies on the difference in 

signal intensity between fibrotic and normal areas to generate contrast. Lack of an area with 

clearly unaffected myocardium will impair detection of diffuse fibrosis by LGE.  

1.3.2 Contrast enhanced T1 mapping (ECV mapping)  

Recent developments have enabled the measurement of a high resolution T1 map of 

the human myocardium in a single breath hold, with the so called Modified Look-Locker 

Inversion Recovery (MOLLI) sequence 25. Similar to the LGE method, a T1 map acquired 

after gadolinium injection can show differences in local gadolinium concentration. T1 

mapping however provides a quantitative T1 relaxation time per voxel, which alleviates the 

need for a remote or healthy area in the analysis. By measuring the quantitative T1 relaxation 

time constants instead of using qualitative T1 contrast, it is possible to overcome the 

limitations of LGE in patients with diffuse myocardial fibrosis 26. 

With the pre- and post-contrast T1 of myocardium and blood, adjusted for hematocrit, 

the extracellular volume (ECV) can be calculated 27, using the following formula: 

1 	 ∆ 1 ∆ 1⁄ 		 .  It was shown that contrast-enhanced T1 

mapping allows non-invasive quantification of diffuse myocardial fibrosis by the calculation 

of an ECV map 28,29. Using equilibrium contrast assessment, increased diffuse myocardial 

fibrosis was found in case of LV impairment and diastolic dysfunction in case of patients 

with severe aortic stenosis 30. In a large group of 793 patients, the ECV (in areas not 

containing an infarct) was found to be associated with mortality and/or the need for a heart 

transplant or cardiac assist device 31. 

The equilibrium contrast method requires 30 to 45 minutes to reach contrast 

equilibrium, making this a complex and time-consuming technique 28. Recent studies showed 

that a single bolus approach is a suitable alternative in clinical practice sufficient for most 

myocardial ECV applications 32, as equally accurate estimates of the ECV were found 33.   

Although the application of contrast enhanced myocardial T1 mapping and ECV 

mapping provides a valuable tool to study cardiac fibrosis, it still needs to be validated in 

further clinical studies 34. Nonetheless, there are still limitations that stimulate the search for 

other imaging techniques. Calculation of an ECV map requires the acquisition of 2 different 

T1 maps, one before and one 15-20 minutes after contrast injection. Furthermore, the 

hematocrit value should be determined, which requires the withdrawal of blood before the 

MRI exam. This can be done by the intravenous line that is already in place for the 
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gadolinium injection, but creates a time-consuming procedure in clinical workflow, as the 

blood sample needs to be analyzed, and the resulting ECV map can only be calculated 

afterwards with the hematocrit value, pre- and post T1 map combined. To overcome these 

problems and further simplify the procedure, a single post-contrast T1 measurement was 

proposed. It was shown that an isolated post-contrast T1 measurement is insufficient to 

provide reliable results 35.  
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1.4 Endogenous MRI contrast myocardial fibrosis 

1.4.1 Native T1 mapping 

Where the native T1 map is needed for the calculation of an ECV map, the information that 

can be obtained from an isolated native T1 map can also be used. It has been shown that T1 

mapping without contrast agent can provide information on diffuse fibrosis 36,37. Native T1 

values provide diagnostic accuracy to discriminate between normal and diffuse fibrosis in 

patients with non-ischemic dilated cardiomyopathy and hypertrophic cardiomyopathy 38. An 

example of T1 mapping to detect myocardial fibrosis in patients with aortic stenosis is shown 

in Figure 3 37.  Benefits of native T1 mapping without the use of a contrast agent would be the 

independence of renal function and timing of the measurement of the outcome of the 

quantitative T1 map.  Main drawback of the method is that reported changes in T1 after 

fibrosis are very small, which leads to weak sensitivity of the method 37. Moreover, since the 

resulting T1 values in the T1 map are sensitive to the pulse sequence and scanner used in the 

experiment, use of native T1 mapping for diagnosis of diffuse fibrosis might be challenging. 

A standardized imaging protocol should be used to overcome these problems 32.   

A recent study in a canine animal model has shown the first evidence that native T1 mapping 

at 3T can be used to determine the location, size and transmurality of chronic myocardial 

infarction, with high sensitivity (95 %) and high specificity (97%) 39. Future work should 

focus on the translation and validation of this technique in patient studies.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3:  Color maps of T1 values using shortened modified Look–Locker inversion in a mid-

ventricular short-axis slice with the corresponding slice with late gadolinium enhancement (LGE) 

imaging. The left-hand panel shows a normal volunteer (T1=944 ms). The middle panels show 

moderate aortic stenosis (AS) with moderate left ventricular hypertrophy (T1=951 ms). The right-

hand panel shows severe AS with severe left ventricular hypertrophy (T1=1020 ms). Adapted from 

Bull et al. 37.  
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1.4.2 T2 mapping 

The T2 relaxation parameter is prolonged in regions of edema. Edema measured by T2 

mapping in animal studies has been shown to correlate with the region of acute ischemic 

injury, which led to interest in using T2-weighted imaging to assess myocardial damage in the 

acute stage of ischemia 40. An example of detection of acute myocardial edema in an animal 

model with T2 mapping is shown in Figure 4 41. Also in patients the T2 relaxation time 

provides an effective parameter to detect myocardial edema in the case of acute myocardial 

infarction 42.  

For chronic myocardial fibrosis, T2 is less effective to generate contrast with healthy 

myocardium 42. In  a study in diabetic mice at ultrahigh field (11.75 T) however, a significant 

relation was found between collagen fractional area and T2 relaxation times 43. Further 

research is needed to investigate if these results can be translated to application in a clinical 

setting at lower field strengths.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: T2 maps with corresponding LGE images of three animals with acute myocardial 

infarction. The area of the myocardium with a higher T2 correlates with the enhanced area on the 

LGE images. Adapted from Giri et al. 41. 
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1.4.3 T2* mapping  

The T2* relaxation time constant characterizes the relaxation of the transverse magnetization, 

as a result of static magnetic field inhomogeneities 44. Therefore, T2* mapping enables the 

measurement of macroscopic and mesoscopic magnetic field inhomogeneities. Macroscopic 

inhomogeneities are mainly caused by inhomogeneity of the main magnetic field such as 

imperfect shimming or to air-tissue transitions. Mesoscopic field inhomogeneities, however, 

are induced by the biological structure of the tissue. For example, it has been shown that T2* 

mapping enables the imaging of myocardial fiber structure 45. Currently the main use of T2* 

mapping cardiac MR is for assessment of myocardial iron. It has been proven that T2* 

mapping can provide insight on cardiac iron overload in thalassemia major patients and other 

iron overload conditions 46,47.  

From cartilage, it is known that the T2*  relaxation time in collagen rich tissue becomes very 

short 48. A short T2* means that the signal decays very quickly after excitation. To enable 

detection of such ‘short living’ signal, Ultra Short Echo Time (UTE) MRI can be used 49. Ex 

vivo results in a rat model of myocardial infarction show that the area with a short T2* as 

detected with UTE MRI, correlates with the area of myocardial fibrosis as determined by 

histology using a picrosirius red staining 50. Iron staining was negative in this study, so the 

T2* shortening could be attributed to the presence of collagen only.  

In addition, it has been shown in an in vivo mouse model that the T2* value decreases during 

the initial weeks, when the infarction progresses into the chronic phase 51. An example of T2* 

mapping in a porcine model of chronic myocardial infarction is shown in Figure 5 (see 

Appendix for Materials and MRI methods section). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Detection of chronic myocardial infarction (4 weeks post infarction) with T2* mapping 

in a porcine animal model, see Materials and MRI methods section. Left: post mortem TTC 

staining of the infarction area. Mid: late gadolinium enhancement (LGE) image. Right: native R2* 

(1/T2*) map. The arrow indicates the infarcted area. Artifacts arising from macroscopic field 

inhomogeneities can be observed by the lung-tissue interface.
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extravasation of erythrocytes, during reperfusion after acute coronary occlusion, may lead to 

chronic iron deposition and chronic inflammation. Recently, Kali et al. have shown a 

relationship between postreperfusion intramyocardial hemorrhage iron deposits and changes 

in signal intensity on T2* weighted images 52. Further research is necessary to investigate to 

what extent shortening of T2* can be attributed to collagen, and what the influence is of 

hemorrhage on T2* shortening in myocardial fibrosis detection after infarction.   

A limitation for the use of T2* mapping MRI for detection of myocardial fibrosis is the 

influence of macroscopic field inhomogeneities. These field differences, mainly induced at 

the lung-heart transition, influence the T2* map and indicate false positive areas 53. Therefore, 

good shimming of the heart region is very important, or sophisticated image analysis software 

is needed that aims to correct for the effects of macroscopic inhomogeneity with the use of 

the phase image 54.  

1.4.4 T1ρ  mapping  

T1ρ is a less known and less used MRI relaxation mechanism, which is commonly applied to 

study articular cartilage 55,56.  

An increase of T1ρ relaxation time was found in a swine model of chronic myocardial 

infarction. The area with a significantly higher T1ρ relaxation time constant (compared to 

healthy myocardium) correlated with the infarcted area confirmed by histology 57,58. It was 

also shown that the area of the myocardium with a significant higher T1ρ relaxation time 

constant correlates with the infarct area indicated by the gold standard LGE, both in a swine 

model of chronic myocardial infarction, and a mouse model of chronic myocardial infarction 
58,59. Figure 6 shows an example of the difference in T1ρ between an infarcted area and the 

remote myocardium in a porcine infarct model (see Materials and MRI methods section). 

 

 

 

 

 

 

 

 

 

 

Figure 6: Detection of chronic myocardial infarction (4 weeks post infarction) with T1ρ mapping 

in a porcine animal model, see Materials and MRI methods section. Left: post mortem TTC 

staining of the infarction area. Mid: late gadolinium enhancement (LGE) image. Right: native T1ρ 

map. The arrow indicates the infarcted area.
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It has been shown that with increasing spin-lock pulse amplitude, the contrast between 

infarct, border zone and remote tissue is increased 60,61. However, for clinical application of 

T1ρ MRI, the specific absorption rate (SAR) delivered to the subjects limits the maximum 

achievable spin-lock amplitudes. As T1ρ mapping is a relative new technique in the field of 

cardiac MR, future research should aim at further elucidating the potential of this technique 

regarding the assessment of cardiac fibrosis. Additionally, it is important that the underlying 

mechanism of the effect of myocardial fibrosis on T1ρ is studied further. Where in myocardial 

infarction tissue consistently a higher T1ρ time is found compared to healthy myocardium 62–

64, studies in cartilage and protein solutions show an opposite effect with a decrease of T1ρ 

time corresponding with a higher macromolecule content 65. 

1.4.5 Magnetization Transfer Imaging 

Magnetization Transfer Imaging is assumed to have similarity with T1ρ relaxation 66. It has 

been shown ex vivo in a rat model that the magnetization transfer rate is decreased in acute 

and chronically infarcted myocardium compared to healthy tissue 67. It was suggested that 

this decrease in magnetization transfer is induced by a change in macromolecular interactions 

with the surrounding water as a result of myocardial infarction.  

The use of magnetization transfer imaging has been tested in vivo in patients with acute 

myocardial infarction 68. By acquiring two balanced steady-state free precession images with 

different levels of RF power deposition, a magnetization transfer ratio (MTR) image could be 

calculated (Figure 7). A significantly reduced magnetization transfer ratio was found in the 

infarct region in patients with subacute (2-5 days) myocardial infarction, corresponding well 

with the LGE images.  

Magnetization transfer imaging for detection of myocardial infarction is a promising 

technique. However, it needs to be investigated if this technique can also provide information 

on chronic myocardial infarction and the formation of fibrosis. Since T1ρ relaxation and 

magnetization transfer imaging are both associated with macromolecular sensitivity, it is 

important to investigate the underlying principle on how the concentration of myocardial 

fibrosis influences T1ρ and MTI 69.  
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Figure 7: Short‐axis view of a 59‐year old male patient with an anterior‐septal infarct. Left is the 

late enhancement (LGE) image. Right is an magnetization transfer  (MTR)  map calculated from 

two SSFP images with different levels of RF power deposition. Reproduced from Weber et al. 68.  
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Table 1: Overview of MR Fibrosis Detection Methods 

 Methodology  Advantages Disadvantages 

Contrast-enhanced methods  

Late 

gadolinium 

enhancement 

(LGE) 

- Relies on difference in 

contrast agent washout 

between normal and diseased 

myocardium 

 - Clinically validated 

- Qualitative 

assessment of 

fibrosis 

- Prognostic value 

- Limited quantitative 

assessment of fibrosis 

- Restricted assessment 

of diffuse fibrosis  

- Contrast administration, 

causing possible toxic 

effects / variability due to 

lack of standardized 

protocol 

Contrast-

enhanced T1 

mapping 

(ECV-

mapping) 

- Contrast enhanced T1 

mapping relies on the same 

principle as LGE, but 

provides absolute T1-

relaxation times after 

contrast injection. 

 - Quantitative 

assessment Extra 

Cellular Volume 

(ECV)  

- Contrast administration, 

causing variability and 

possible toxic effects 

- Require long 

acquisition time to 

acquire pre- and post 

contrast T1 map 

- Blood sample analysis 

necessary for hematocrit  

- Not yet clinically 

validated 

Methods using endogenous contrast (without contrast agents) 

Native 

T1 mapping 

- T1 depends on tissue 

composition and could 

change with varying collagen 

content 

 - Assessment of 

diffuse fibrosis 

- Direct method 

without need for 

exogenous contrast 

- Only minor contrast 

differences (low 

sensitivity)  

- Not yet clinically 

validated 

- Specificity for collagen 

not yet known 

T2 mapping - T2 depends on tissue 

composition and is mainly 

influenced by edema 

 -Assessment of 

myocardial edema in 

acute phase 

-Only proven to work in 

acute phase 

- Minor tissue contrast in 

chronic myocardial 

fibrosis 

T2* -T2* reflects both local tissue 

content and structure, which 

are both changed when 

collagen content changes 

 - Direct method 

without need for 

exogenous contrast 

- Detection of 

intramyocardial 

hemorrhage 

- Influence of 

macroscopic field 

inhomogeneities 

- Shimming is very 

important 

- Unclear whether 

hemorrhage can be 
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distinguished from 

fibrosis 

- Not yet clinically 

validated 

T1ρ -T1ρ  depends mainly on 

macromolecular interactions 

in the tissue 

 - Direct method 

without need for 

exogenous contrast 

- Homogeneity of the 

spin lock pulse is 

important 

- High Specific 

absorption rate (SAR) of 

spin lock pulses 

- Long acquisition time to 

obtain a T1ρ  map  

- Specificity for fibrosis 

not yet known 

- Not yet clinically 

validated 

Magnetization 

Transfer 

Imaging 

- Based on the transfer of 

magnetization from the 

hydrogen nuclei with 

restricted motion to 

hydrogen nuclei of free 

water, associated with 

macromolecular sensitivity 

 - Direct method 

without need for 

exogenous contrast 

- Not yet (pre-)clinically 

validated 
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1.5 Aim 

The need for detecting diffuse fibrosis in a non-invasive quantitative way has driven the 

search for new methods to detect fibrosis with or without using contrast-agents, e.g. T1 

mapping, T2 mapping, T2* mapping, UTE imaging , T1ρ mapping, and Magnetization Transfer 

Imaging. These MRI techniques show promising initial results, but further research is needed 

to better understand how the contrast is formed. ECV mapping shows promising initial results 

in clinical studies, but has the downsides that it requires contrast administration and blood 

sampling. Currently, in the field of non-invasive endogenous MRI detection of myocardial 

fibrosis, native T1, T1ρ mapping and Magnetization Transfer Imaging look most promising.  

The purpose of this thesis is the development of these methods towards clinical application, 

by making clinical protocols, and further validation in clinical trials and correlation with 

histology. Once established, these techniques might be applicable to a broad clinical 

spectrum, including ablation therapy, valvular diseases, cardiomyopathies, ischemic heart 

disease and stem cell therapy. Broad application of non-contrast enhanced fibrosis detection 

could result in a significant decrease of scan time for cardiac MR exams, and have a large 

impact on the workflow of cardiac MR exams.  
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1.6 Thesis outline 

In this thesis we study the clinical application of endogenous MRI techniques for the 

detection of myocardial fibrosis, and show the first evidence in patients. A large animal study 

is performed, testing the use of T2* - and T1ρ - mapping for the endogenous detection of 

myocardial fibrosis. Results of this study indicate that the T1ρ relaxation parameter is the 

most promising candidate for quantitative endogenous cardiac fibrosis measurement. This 

method is performed in a patient study to study the detection of chronic myocardial infarction 

tissue. Chapter 2 describes the first clinical results of endogenous fibrosis detection with T1ρ 

MRI in patients, and the results of the large animal study.  

Based on the initial clinical results of T1ρ mapping in patients, significant improvements are 

made to the method. In chapter 3 this newly developed method is described, and tested in 

another group of patients with chronic myocardial infarction. Furthermore reference values in 

a group of young healthy volunteers are provided for different field strengths, and the 

repeatability of the method is shown. The accuracy of the new developed method is validated 

in phantoms.  

After the results of T1ρ mapping for compact fibrosis detection in myocardial infarction 

patients, we study the application of T1ρ mapping for the detection of diffuse myocardial 

fibrosis. Chapter 4 describes the feasibility of T1ρ mapping for the detection of diffuse 

fibrosis. For this we set up a study in patients with dilated cardiomyopathy (DCM). 

Furthermore the results are correlated with histology, and we measured reference values for 

T1ρ relaxation times in an age-matched healthy control group.  

Another promising endogenous MR contrast that is sensitive to macromolecules is 

Magnetization Transfer Imaging. In chapter 5 we test the use of Magnetization Transfer 

Imaging (MTI) for infarct detection, and compare the results with T1ρ mapping. We perform 

another study in a large animal model, using the newly developed state-of-the-art MRI 

techniques to perform T1ρ mapping and Magnetization Transfer Imaging. Healthy reference 

values are measured in a new healthy control group, and the effect of the saturation pulses on 

the T1ρ relaxation time is studied.  

 

 

 

 

 

 

 



  Beyond late gadolinium enhancement 

19 
 

1.7 References 

1.  Marijianowski MM, Teeling P, Mann J, Becker  a E. Dilated cardiomyopathy is 
associated with an increase in the type I/type III collagen ratio: a quantitative 
assessment. J Am Coll Cardiol. 1995;25(6):1263–72.  

2.  Mewton N, Liu CY, Croisille P, Bluemke D, Lima J a C. Assessment of myocardial 
fibrosis with cardiovascular magnetic resonance. J Am Coll Cardiol. 2011;57(8):891–
903.  

3.  Maron BJ. Hypertrophic Cardiomyopathy. JAMA. 2002;287(10):1308–1320.  

4.  Robbers LFHJ, Baars EN, Brouwer WP, et al. T1 mapping shows increased 
extracellular matrix size in the myocardium due to amyloid depositions. Circ 
Cardiovasc Imaging. 2012;5(3):423–6.  

5.  Díez J, González A, López B, Querejeta R. Mechanisms of disease: pathologic 
structural remodeling is more than adaptive hypertrophy in hypertensive heart disease. 
Nat Clin Pract Cardiovasc Med. 2005;2(4):209–16.  

6.  Koudstaal S, Jansen Of Lorkeers SJ, Gaetani R, et al. Concise review: heart 
regeneration and the role of cardiac stem cells. Stem Cells Transl Med. 2013;2(6):434–
43.  

7.  Gulati A, Jabbour A, Ismail TF, et al. Association of fibrosis with mortality and 
sudden cardiac death in patients with nonischemic dilated cardiomyopathy. JAMA. 
2013;309(9):896–908.  

8.  van Slochteren FJ, Teske AJ, van der Spoel TIG, et al. Advanced measurement 
techniques of regional myocardial function to assess the effects of cardiac regenerative 
therapy in different models of ischaemic cardiomyopathy. Eur Heart J Cardiovasc 
Imaging. 2012;13(10):808–18.  

9.  Bondarenko O, Beek A, Hofman M, et al. Standardizing the Definition of 
Hyperenhancement in the Quantitative Assessment of Infarct Size and Myocardial 
Viability Using Delayed Contrast-Enhanced CMR. J Cardiovasc Magn Reson. 
2005;7(2):481–485.  

10.  Kim RJ, Fieno DS, Parrish TB, et al. Relationship of MRI Delayed Contrast 
Enhancement to Irreversible Injury, Infarct Age, and Contractile Function. Circulation. 
1999;100(19):1992–2002.  

11.  Kwong RY, Chan AK, Brown K a, et al. Impact of unrecognized myocardial scar 
detected by cardiac magnetic resonance imaging on event-free survival in patients 
presenting with signs or symptoms of coronary artery disease. Circulation. 
2006;113(23):2733–43.  

12.  Assomull RG, Prasad SK, Lyne J, et al. Cardiovascular magnetic resonance, fibrosis, 
and prognosis in dilated cardiomyopathy. J Am Coll Cardiol. 2006;48(10):1977–85.  

13.  Müller K a L, Müller I, Kramer U, et al. Prognostic Value of Contrast-enhanced 
Cardiac Magnetic Resonance Imaging in Patients with Newly Diagnosed Non-
Ischemic Cardiomyopathy: Cohort Study. PLoS One. 2013;8(2):e57077.  

14.  Karamitsos TD, Francis JM, Myerson S, Selvanayagam JB, Neubauer S. The role of 
cardiovascular magnetic resonance imaging in heart failure. J Am Coll Cardiol. 
2009;54(15):1407–24.  

15.  van Slochteren FJ, van Es R, Koudstaal S, et al. A novel software toolbox (3D 



Chapter 1 

 

20 
 

CartBox) for multimodality assessment of myocardial fibrosis using the NOGA®XP 
system and MRI: towards real-time image guided intramyocardial stem cell injections. 
Netherlands Hear J. 2014 

16.  Leyva F, Foley PWX, Chalil S, et al. Cardiac resynchronization therapy guided by late 
gadolinium-enhancement cardiovascular magnetic resonance. J Cardiovasc Magn 
Reson. 2011;13(1):29.  

17.  Aggarwal NR, Martinez MW, Gersh BJ, Chareonthaitawee P. Role of cardiac MRI and 
nuclear imaging in cardiac resynchronization therapy. Nat Rev Cardiol. 
2009;6(12):759–70.  

18.  Vernooy K, van Deursen CJM, Strik M, Prinzen FW. Strategies to improve cardiac 
resynchronization therapy. Nat Rev Cardiol. 2014;advance on.  

19.  Bellin M-F, Van Der Molen AJ. Extracellular gadolinium-based contrast media: an 
overview. Eur J Radiol. 2008;66(2):160–7.  

20.  Murphy KP, Szopinski KT, Cohan RH, Mermillod B, Ellis JH. Occurrence of adverse 
reactions to gadolinium-based contrast material and management of patients at 
increased risk: a survey of the American Society of Neuroradiology Fellowship 
Directors. Acad Radiol. 1999;6(11):656–64.  

21.  Raisch DW, Garg V, Arabyat R, et al. Anaphylaxis associated with gadolinium-based 
contrast agents: data from the Food and Drug Administration’s adverse event reporting 
system and review of case reports in the literature. Expert Opin Drug Saf. 
2014;13(1):15–23.  

22.  Perazella M. Gadolinium-contrast toxicity in patients with kidney disease: 
nephrotoxicity and nephrogenic systemic fibrosis. Curr Drug Saf. 2008;3(1):67–75. 

23.  Reiter T, Ritter O, Prince M. Minimizing risk of nephrogenic systemic fibrosis in 
cardiovascular magnetic resonance. Magn Reson. 2012;14:31. 

24.  Beek AM, Bondarenko O, Afsharzada F, van Rossum AC. Quantification of late 
gadolinium enhanced CMR in viability assessment in chronic ischemic heart disease: a 
comparison to functional outcome. J Cardiovasc Magn Reson. 2009;11(1):6.  

25.  Messroghli DR, Greiser A, Fröhlich M, Dietz R, Schulz-Menger J. Optimization and 
validation of a fully-integrated pulse sequence for modified look-locker inversion-
recovery (MOLLI) T1 mapping of the heart. J Magn Reson Imaging. 
2007;26(4):1081–6.  

26.  Sibley CT, Noureldin RA, Gai N, et al. T1 Mapping in cardiomyopathy at cardiac MR: 
comparison with endomyocardial biopsy. Radiology. 2012;265(3):724–32.  

27.  Messroghli DR, Nordmeyer S, Dietrich T, et al. Assessment of diffuse myocardial 
fibrosis in rats using small-animal Look-Locker inversion recovery T1 mapping. Circ 
Cardiovasc Imaging. 2011;4(6):636–40.  

28.  Flett AS, Hayward MP, Ashworth MT, et al. Equilibrium contrast cardiovascular 
magnetic resonance for the measurement of diffuse myocardial fibrosis: preliminary 
validation in humans. Circulation. 2010;122(2):138–44.  

29.  Kellman P, Wilson JR, Xue H, Ugander M, Arai AE. Extracellular volume fraction 
mapping in the myocardium, part 1: evaluation of an automated method. J Cardiovasc 
Magn Reson. 2012;14(1):63.  

30.  Flett AS, Sado DM, Quarta G, et al. Diffuse myocardial fibrosis in severe aortic 
stenosis: an equilibrium contrast cardiovascular magnetic resonance study. Eur Heart J 



  Beyond late gadolinium enhancement 

21 
 

Cardiovasc Imaging. 2012;13(10):819–26.  

31.  Wong TC, Piehler K, Meier CG, et al. Association between extracellular matrix 
expansion quantified by cardiovascular magnetic resonance and short-term mortality. 
Circulation. 2012;126(10):1206–16.  

32.  Moon JC, Messroghli DR, Kellman P, et al. Myocardial T1 mapping and extracellular 
volume quantification: a Society for Cardiovascular Magnetic Resonance (SCMR) and 
CMR Working Group of the European Society of Cardiology consensus statement. J 
Cardiovasc Magn Reson. 2013;15(1):92.  

33.  White SK, Sado DM, Fontana M, et al. T1 mapping for myocardial extracellular 
volume measurement by CMR: bolus only versus primed infusion technique. JACC 
Cardiovasc Imaging. 2013;6(9):955–62.  

34.  Kellman P, Wilson JR, Xue H, et al. Extracellular volume fraction mapping in the 
myocardium, part 2: initial clinical experience. J Cardiovasc Magn Reson. 2012;14:64.  

35.  Miller CA, Naish JH, Bishop P, et al. Comprehensive validation of cardiovascular 
magnetic resonance techniques for the assessment of myocardial extracellular volume. 
Circ Cardiovasc Imaging. 2013;6(3):373–83.  

36.  Dass S, Suttie JJ, Piechnik SK, et al. Myocardial tissue characterization using magnetic 
resonance noncontrast T1 mapping in hypertrophic and dilated cardiomyopathy. Circ 
Cardiovasc Imaging. 2012;5(6):726–33. 

37.  Bull S, White SK, Piechnik SK, et al. Human non-contrast T1 values and correlation 
with histology in diffuse fibrosis. Heart. 2013:1–6.  

38.  Puntmann VO, Voigt T, Chen Z, et al. Native T1 Mapping in Differentiation of 
Normal Myocardium From Diffuse Disease in Hypertrophic and Dilated 
Cardiomyopathy. JACC Cardiovasc Imaging. 2013;xx(x).  

39.  Kali A, Cokic I, Tang RLQ, et al. Determination of location, size, and transmurality of 
chronic myocardial infarction without exogenous contrast media by using cardiac 
magnetic resonance imaging at 3 T. Circ Cardiovasc Imaging. 2014;7(3):471–81.  

40.  Salerno M, Kramer CM. Advances in parametric mapping with CMR imaging. JACC 
Cardiovasc Imaging. 2013;6(7):806–22.  

41.  Giri S, Chung Y-C, Merchant A, et al. T2 quantification for improved detection of 
myocardial edema. J Cardiovasc Magn Reson. 2009;11:56.  

42.  Abdel-Aty H, Zagrosek A, Schulz-Menger J, et al. Delayed enhancement and T2-
weighted cardiovascular magnetic resonance imaging differentiate acute from chronic 
myocardial infarction. Circulation. 2004;109(20):2411–6.  

43.  Bun S-S, Kober F, Jacquier A, et al. Value of in vivo T2 measurement for myocardial 
fibrosis assessment in diabetic mice at 11.75 T. Invest Radiol. 2012;47(5):319–23.  

44.  Reeder SB, Faranesh AZ, Boxerman JL, McVeigh ER. In vivo measurement of T*2 
and field inhomogeneity maps in the human heart at 1.5 T. Magn Reson Med. 
1998;39(6):988–98. 

45.  Köhler S, Hiller K-H, Waller C, Jakob PM, Bauer WR, Haase A. Visualization of 
myocardial microstructure using high-resolution T2* imaging at high magnetic field. 
Magn Reson Med. 2003;49(2):371–5.  

46.  Carpenter J-P, Roughton M, Pennell DJ. International survey of T2* cardiovascular 
magnetic resonance in β-thalassemia major. Haematologica. 2013;98(9):1368–74.  



Chapter 1 

 

22 
 

47.  Baksi AJ, Pennell DJ. T2* imaging of the heart: methods, applications, and outcomes. 
Top Magn Reson Imaging. 2014;23(1):13–20.  

48.  Reiter DA, Lin P-C, Fishbein KW, Spencer RG. Multicomponent T2 relaxation 
analysis in cartilage. Magn Reson Med. 2009;61(4):803–9.  

49.  Holmes JE, Bydder GM. MR imaging with ultrashort TE (UTE) pulse sequences: 
Basic principles. Radiography. 2005;11(3):163–174.  

50.  de Jong S, Zwanenburg JJ, Visser F, et al. Direct detection of myocardial fibrosis by 
MRI. J Mol Cell Cardiol. 2011;51(6):974–9.  

51.  Aguor ENE, Arslan F, van de Kolk CW a, et al. Quantitative T 2* assessment of acute 
and chronic myocardial ischemia/reperfusion injury in mice. MAGMA. 
2012;25(5):369–79.  

52.  Kali A, Kumar A, Cokic I, et al. Chronic manifestation of postreperfusion 
intramyocardial hemorrhage as regional iron deposition: a cardiovascular magnetic 
resonance study with ex vivo validation. Circ Cardiovasc Imaging. 2013;6(2):218–28.  

53.  Atalay MK, Poncelet BP, Kantor HL, Brady TJ, Weisskoff RM. Cardiac susceptibility 
artifacts arising from the heart-lung interface. Magn Reson Med. 2001;45(2):341–5. 

54.  de Leeuw H, Bakker CJG. Correction of gradient echo images for first and second 
order macroscopic signal dephasing using phase derivative mapping. Neuroimage. 
2012;60(1):818–29.  

55.  Menezes NM, Gray ML, Hartke JR, Burstein D. T2 and T1rho MRI in articular 
cartilage systems. Magn Reson Med. 2004;51(3):503–9.  

56.  Li X, Cheng J, Lin K, et al. Quantitative MRI using T1ρ and T2 in human 
osteoarthritic cartilage specimens: correlation with biochemical measurements and 
histology. Magn Reson Imaging. 2011;29(3):324–34.  

57.  Witschey WRT, Pilla JJ, Ferrari G, et al. Rotating frame spin lattice relaxation in a 
swine model of chronic, left ventricular myocardial infarction. Magn Reson Med. 
2010;64(5):1453–60.  

58.  Musthafa H-SN, Dragneva G, Lottonen L, et al. Longitudinal rotating frame relaxation 
time measurements in infarcted mouse myocardium in vivo. Magn Reson Med. 
2013;69(5):1389–1395. 

59.  Witschey WR, Zsido G a, Koomalsingh K, et al. In vivo chronic myocardial infarction 
characterization by spin locked cardiovascular magnetic resonance. J Cardiovasc 
Magn Reson. 2012;14(1):37.  

60.  Oorschot JWM, Kaplan M, Baldus M, Luijten P, Zwanenburg J. Analysis of T1 , T2 
and T1rho spin lock field dependency in myocardial infarction tissue using HRMAS 
spectroscopy at 11.7T. Proc Int Soc Magn Reson Med. 2012:3069. 

61.  Witschey W, Pilla J, Kevin FG, Koomalsingh. Rotating frame spin lattice relaxation in 
a swine model of chronic, left ventricular myocardial infarction. Magn Reson Med. 
2010;64(5):1453–1460.  

62.  Han Y, Liimatainen T, Gorman RC, Witschey WRT. Assessing Myocardial Disease 
Using T1ρ MRI. Curr Cardiovasc Imaging Rep. 2014;7(2):9248. 

63.  Muthupillai R, Flamm SD, Wilson JM, Pettigrew RI. Radiology Acute Myocardial 
Infarction : Tissue Characterization with T1rho -weighted MR Imaging — Initial 
Experience. Radiology. 2004;(232):606–610. 



  Beyond late gadolinium enhancement 

23 
 

64.  Musthafa H-SN, Dragneva G, Lottonen L, et al. Longitudinal rotating frame relaxation 
time measurements in infarcted mouse myocardium in vivo. Magn Reson Med. 
2012;000:1–7.  

65.  Andrasko J. Water in agarose gels studied by nuclear magnetic resonance relaxation in 
the rotating frame. Biophys J. 1975;15(12):1235–43.  

66.  Ulmer JL, Mathews VP, Hamilton C a, Elster  a D, Moran PR. Magnetization transfer 
or spin-lock? An investigation of off-resonance saturation pulse imaging with varying 
frequency offsets. AJNR Am J Neuroradiol. 1996;17(5):805–19. 

67.  Scholz TD, Hoyt RF, DeLeonardis JR, Ceckler TL, Balaban RS. Water-
macromolecular proton magnetization transfer in infarcted myocardium: a method to 
enhance magnetic resonance image contrast. Magn Reson Med. 1995;33(2):178–84. 

68.  Weber OM, Speier P, Scheffler K, Bieri O. Assessment of magnetization transfer 
effects in myocardial tissue using balanced steady-state free precession (bSSFP) cine 
MRI. Magn Reson Med. 2009;62(3):699–705.  

69.  Scholz TD, Ceckler TL, Balaban RS. Magnetization transfer characterization of 
hypertensive cardiomyopathy: significance of tissue water content. Magn Reson Med. 
1993;29(3):352–7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 

 

24 
 

Appendix: Materials and MRI methods 

All in vivo experiments were conducted in accordance with the Guide for the Care and Use of 

Laboratory Animals prepared by the Institute of Laboratory Animal Resources. Experiments 

were approved by the Animal Experimentation Committee of the University Medical Center 

Utrecht. Two Dalland landrace pigs (69 ± 5 kg) underwent a 90-minute percutaneous balloon 

occlusion of the left anterior descending (LAD) coronary artery distal to the second diagonal 

branch, followed by reperfusion. Four weeks after myocardial infarction, an in vivo MRI was 

performed under anesthesia on a clinical 3 T scanner (Achieva TX, Philips Healthcare, Best, 

the Netherlands) with a 32-channel receive coil. The pigs were sacrificed for TTC staining of 

serial sectioned heart slices and histology.  

For the T1ρ map a single slice T1ρ-prepared, multishot gradient echo sequence with Cartesian 

readout was used (TE/TR = 2.1 / 4.2, slice thickness = 10 mm, resolution = 1.5 x 1.5 mm2, 

FOV = 350 x 350 mm2, flip angle = 15 degrees, echo train length = 15. Five different pulse 

lengths were set for the T1ρ preparation pulse (3, 10, 20, 30, 40 ms), with a spin lock 

amplitude of 500 Hz (total scan time = 7 minutes).   

The T2* map was acquired with a multi-echo gradient echo sequence with Cartesian readout 

(10 echoes, first TE = 1.46 ms, ΔTE = 0.9 ms, TR = 1875 ms, 6 slices, slice thickness = 6 

mm, resolution = 2x2 mm2, FOV = 300 x 300 mm2, flip angle = 90 degrees, total scan time = 

5 minutes). The T1ρ and T2* maps were calculated by pixelwise fitting of an exponential 

decay function.  

LGE MRI was performed using a 3D gradient echo sequence, fifteen minutes after injection 

of a gadolinium based contrast agent (TE/TR = 1.38/4.3, 20 slices, slice thickness = 6 mm, 

resolution = 1.75 x 1.75 mm2, FOV = 320 x 320 mm2, flip angle = 25 degrees, inversion 

delay = 330 ms, total scan time = 3 minutes).  

 

 

 

 

 



 

Chapter 2 

 

Endogenous assessment of chronic myocardial 

infarction with T1ρ-mapping in patients 

 

Abstract 

Detection of cardiac fibrosis based on endogenous MR characteristics of the myocardium 

would yield a measurement that can provide quantitative information, is independent of 

contrast agent concentration, renal function and timing. In ex vivo myocardial infarction (MI) 

tissue, it has been shown that a significantly higher T1ρ is found in the MI region, and studies 

in animal models of chronic MI showed the first in vivo evidence for the ability to detect 

myocardial fibrosis with native T1ρ-mapping. In this study we aimed to translate and validate 

T1ρ-mapping for endogenous detection of chronic MI in patients.  

In the near future, improvements on the T1ρ -mapping sequence could provide a higher 

sensitivity and specificity. This endogenous method could be an alternative for LGE imaging, 

and provide additional quantitative information on myocardial tissue characteristics. 

 

 

 

 

 

The contents of this chapter are based on:  

Endogenous assessment of chronic myocardial infarction with T1ρ-mapping in patients 

van Oorschot et al. ; Journal of Cardiovascular Magnetic Resonance 2014  
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2.1 Introduction 

Detection of the location and extent of myocardial scarring is important for the prognosis of 

patients with myocardial remodeling 1. Post-infarct formation of myocardial fibrosis can lead 

to adverse cardiac remodeling and subsequently, to heart failure. The current in vivo 

reference standard for detection of myocardial scar tissue is late gadolinium enhancement 

(LGE), where the prolonged retention of gadolinium contrast agent (CA) in regions of 

myocardial fibrosis results in an increased signal intensity on a T1 weighted cardiovascular 

magnetic resonance (CMR) image . Presence and extent of LGE CMR carries important 

prognostic value as has been demonstrated in several ischemic and non-ischemic 

cardiomyopathies 2–4.  

LGE is a validated method with a high sensitivity to discriminate infarcted from healthy 

myocardium. However, to guide and evaluate medical treatment, more information is needed 

about the heterogeneity of myocardial damage associated with diverse cardiac disease 

processes, as this damage is the substrate of arrhythmias, and a possible target for CMR-

guided arrhythmia ablation.  In order to provide this information, a shift from mere 

visualization to quantification of myocardial fibrosis is needed. Furthermore, a truly 

noninvasive method based on endogenous contrast without the requirement for an exogenous 

contrast agent would be preferable, since gadolinium enhanced MRI of the heart is off-label 

use 5. Allergic reactions after intravenous administration of gadolinium-based contrast agents 

are very rare but potentially life threatening 6,7, and the method cannot be applied in patients 

with severe renal failure 8. A quantitative method capable of detecting myocardial fibrosis 

based on endogenous MR characteristics of the myocardium could, therefore, be a valuable 

tool, complementary to LGE 9.  

In the field of orthopedics, the MRI relaxation parameter T1 in the rotating frame (T1ρ) is well 

established as measure for the collagen content in cartilage 10,11. Recent studies have 

hypothesized that this method may be applicable to directly image collagen in the heart, and 

therefore would be a promising candidate for detection of chronic myocardial infarction 12,13. 

The T1ρ relaxation time describes relaxation while the magnetization is in the rotating frame, 

in the presence of a so-called spin-lock pulse. A spin-lock pulse is a low amplitude 

radiofrequency (RF) pulse on-resonance with the precessing transverse magnetization. By 

acquiring images with varying T1ρ weighting, a so-called T1ρ-map can be calculated. 

In ex vivo MI tissue, it has been shown that the T1ρ relaxation time is sensitive to changes in 

macromolecular content, and that a significantly higher T1ρ is found in the MI region 12. 

Studies in animal models of chronic MI showed the first in vivo evidence for the ability to 

detect myocardial fibrosis with T1ρ-mapping 14,15. Furthermore it has been shown that the 

addition of T1ρ  weighting to a conventional gradient echo sequence improves the contrast 

between acutely infarcted and noninfarcted myocardium in patients in an acute (63±40 hours) 
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myocardial infarction 13. However, this method has not yet been reported for assessment of 

chronic MI in humans. 

Recently it was shown in a small animal model that Ultrashort Echo Time imaging (UTE) 

and T2* mapping show a significant lower T2* in the infarct area 16,17. From cartilage, it is 

known that the T2*  relaxation time in collagen rich tissue becomes very short 18. By detecting 

these very short relaxation times, the hypothesis is that we could directly measure the field 

inhomogeneities induced by myocardial fibrosis. 

The aim of the current study is to explore the potential of T2*- and T1ρ-mapping to detect 

fibrosis in chronic ischemic heart disease on a standard clinical MRI scanner. Therefore, we 

first performed a study in a porcine animal model of chronic MI to reproduce initial results in 

literature and to validate the implementation of the techniques. In a second study the method 

was translated to a clinical protocol, and the feasibility of detecting scar tissue with native 

T1ρ-mapping in patients with chronic MI was assessed and correlated with LGE MRI.  
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2.2 Methods 

2.2.1 Animal model 

All in vivo animal experiments were conducted in accordance with the Guide for the Care and 

Use of Laboratory Animals prepared by the Institute of Laboratory Animal Resources. 

Experiments were approved by the Animal Experimentation Committee of the University 

Medical Center Utrecht.  

Nineteen Dalland landrace pigs (69 ± 5 kg) underwent a 90-minute percutaneous balloon 

occlusion of the midpart of the left anterior descending (LAD) coronary artery, followed by 

reperfusion. 16 animals survived the LAD occlusion.  

2.2.2 MRI method: In vivo animal study 

Eight weeks after myocardial infarction, an in vivo MRI was performed under anesthesia on a 

clinical 3T MR scanner (Achieva TX, Software release 3.2.1, Philips Healthcare, Best, The 

Netherlands), using a commercially available 32-channel cardiac receive coil.  

T2*-mapping was performed using a  multi-echo gradient echo sequence with Cartesian 

readout, with 10 echoes: TE1 = 1.56 ms, ΔTE  = 0.9 ms, TR = 1000 ms,  resolution = 1.5 x 

1.5 mm,  slice thickness = 6 mm, FOV = 336x336 mm2, flip angle = 90 degrees, NSA = 1, 

Bandwidth/pixel = 1560 Hz. 

T1ρ-mapping was performed using a 3D, T1ρ -prepared, multi-shot gradient echo sequence.  

T1ρ –preparation was performed using a spin-lock pulse (Figure 1) consisting of 2 continuous 

RF pulses  with opposite phase to compensate for B1 variations, and  a refocusing pulse 

between the spin-locking halves to compensate for B0 errors 19,20. The amplitude of the spin-

lock pulse was set to 500 Hz (11.7 μT), and five images with different spin-lock (SL) 

preparation times were acquired  (SL = 1, 10, 20, 30, 40 ms). Other parameters were: TE/TR 

= 2.6/5.3 ms, resolution = 1.5 x 1.5 mm2, slice thickness = 6 mm, FOV = 336x336 mm2, flip 

angle = 8 degrees, 8 TFE shots, number of signals averaged (NSA) =2, shot interval = 2 heart 

beats, bandwidth/pixel = 287 Hz.  

After the T1ρ-mapping 0.2 ml/kg gadobutrol  (Gadovist, Bayer Healthcare, Berlin, Germany) 

was injected and LGE MRI was performed 15 minutes after injection. A look-locker scout 

sequence was performed to optimize nulling of the remote myocardium. LGE imaging 

parameters were: TI = 200-250 ms, TE/TR = 1.5/4.7 ms, resolution = 1.5 x 1.5 mm2, slice 

thickness = 6 mm, FOV = 300x300 mm2, flip angle = 25 degrees, 63 TFE shots). 
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2.2.3 Histology 

After the MRI examination the animals were sacrificed, and triphenyltetrazolium chloride 

(TTC) staining of serially sectioned heart slices was performed (slice thickness = 2 cm). 

Heart tissue from infarct, borderzone and remote areas were fixated in formalin, embedded in 

parafine, and 5µm slides were stained with picrosirius red for fibrosis quantification. Perls’ 

Prussians blue staining (PPB) of remote and infarct areas was performed for detection of iron. 

2.2.4 MRI methods: Ex vivo animal study 

From 5 pigs the third sectioned slice from the apex, was scanned before histology on a 

clinical 1.5 T MR scanner (Achieva, Philips Healthcare, Best, the Netherlands) in an 8 

channel head coil. T1ρ dispersion was measured using a 3D, T1ρ -prepared, multi-shot gradient 

echo sequence.  T1ρ map was calculated by acquiring five images with different spin-lock 

preparation time (SL = 1, 10, 20, 30, 40 ms). The amplitude (B1) of the spin-lock pulse was 

varied, to assess the T1ρ dispersion (B1 = 0, 100, 200, 500, 750, 925 Hz). The maximum B1 of 

the spin-lock pulse was limited by the maximum B1 achievable by the transmit coil. Other 

imaging parameters were: bandwidth/pixel = 889 Hz, TE/TR = 1.7/3.9 ms, resolution = 1 x 1 

mm2, slice thickness = 1 mm, 25 slices,  FOV = 180x180 mm2, flip angle = 8 degrees, 64 

TFE shots, NSA =1 and shot interval = 3000 ms. 

2.2.5 Patients 

Twenty-one patients with a first reperfused ST-segment elevation MI underwent a CMR 

between 3 and 12 months after the acute event (Table 1). Written informed consent was 

obtained from all participants, and the study was approved by the local Ethical Review Board 

of the University Medical Center Utrecht. Five healthy young control subjects (5 male, age 

25 ± 3 years) were scanned to confirm measurement of the remote tissue.  

 

 

 

 

Figure 1:  Spin lock pulse sequence used to obtain T1ρ weighted images. The pulse sequence 

consists of 2 continuous RF pulses  with opposite phase to compensate for B1 variations, and  a 

refocusing pulse between the spin-locking halves to compensate for B0 errors, followed by the 
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Table 1: Patient characteristics 

 Patients with MI (n=21) 

  

Sex 19 male, 2 female 

Age, years 55.4 ± 8.7 

BMI 27.0  ± 3.2 

Smoking n = 6; 28.6%  

Hypertension n = 10; 47.6 % 

Diabetes n = 3; 14.3 % 

Hyperlipidemia n = 13; 65 % 

Family history of vascular disease n = 5; 23.8 % 

Antihypertensive drugs n = 20; 95.2 % (70% β-blockers, 25% 

Diuretics, 5% ACE-inhibitors) 

Statin use n = 20; 95.2 % 

Antithrombotic therapy n = 21; 100 %  

Age infarct, days 263 ± 139 

Lesion n= 10; 47.6% LAD, n = 10; 47.6% RCA, n = 

1; 4.8% LCX 

LV ejection fraction 55.7 ± 7.4 % 

 

2.2.6 MRI Methods 

All patients were imaged on a clinical 1.5 T MR scanner (Achieva, Philips Healthcare, Best, 

the Netherlands), using a 5-channel cardiac receive coil. T1ρ-mapping was performed using a 

2D T1ρ-prepared balanced steady-state free precession (SSFP) gradient echo sequence, using 

the same spin-lock preparation scheme as in the animal study (figure 1). In the first three 

patients a multi-shot gradient echo readout instead of a balanced  SSFP readout was used, due 

to further optimization of the protocol. The amplitude of the spin-lock pulse was set to 750 

Hz (17.6 μT), and four images with different spin-lock preparation times were acquired  (SL 

= 1, 13, 27, 45 ms).  Other parameters were: bandwidth/pixel = 530 Hz, TE/TR = 1.94/3.9 

ms, resolution = 1.5 x 1.65 mm,  slice thickness = 6 mm, slice gap = 4 mm, FOV = 288x288 

mm2, flip angle = 50 degrees, 2 TFE shots, NSA = 2, SENSE acceleration = 1.5, shot interval 

= 3 heart beats. In all participants, the T1ρ-mapping was performed in 8 short axis slices, 

acquired in late diastole during expiration breath holds, covering the heart from apex to base.  

In the patients, LGE MRI was performed in the same 8 short axis slices, 15 minutes after 

intravenous contrast injection (0.2 ml/kg contrast agent, Gadovist, Bayer Healthcare). A look-

locker scout was performed to optimize nulling of the remote myocardium. LGE imaging 

parameters were: TI = 300-340 ms, TE/TR = 3.5/7.1 ms, resolution = 1.5 x 1.65 mm2,  slice 

thickness = 8 mm, slice gap = 4 mm, FOV = 288x288 mm2, flip angle = 25 degrees, 5 shots). 



 T1ρ-mapping in patients 

31 
 

2.2.7 Post processing and Image analysis 

For both the animal and the patient studies, T2*- and T1ρ-maps were calculated by pixelwise 

fitting of a mono-exponential decay function in Matlab (Release 2012a, Mathworks, 

Massachusetts, United States).  

The LGE images and T1ρ maps were scored  by a radiologist (TL) with over 10 years 

experience in the evaluation of cardiac MRI.  Images were scored for image quality, location 

of the infarct, and transmurality.  

The LGE images and T1ρ maps were scored separately using the 17 segments AHA-model 21. 

The T1ρ-maps were scored two times by the observer. The first time the observer was 

untrained, and blinded for clinical characteristics, results of conventional LGE imaging and 

the LGE images were not shown. The second time the observer was trained for looking at 

T1ρ-maps, and the LGE images were shown along with the T1ρ-maps, but the observer was 

blinded for clinical characteristics and the results on the scoring of the LGE images.  

Segmentation of infarct and remote myocardium was based on the 2SD segmentation method 

on the LGE images, and this mask was then applied on the corresponding T1ρ-maps to 

calculate T1ρ-values for infarct and remote myocardium 22.   

2.2.8 Statistics 

Statistical analysis was performed with GraphPad Prism (GraphPad Software, California, 

United States). Group comparison was performed using a two-way ANOVA analysis, and 

considered significant at p < 0.05.  
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2.3 Results 

2.3.1 Animal study 

In 9 out of 16 animals, image quality of the images was sufficient to calculate a T1ρ map. In 

the other animals, acquisition problems (trigger problems, n = 1) and artifacts (field 

inhomogeneities (n=3), foldover-artifacts (n=2), and motion artifacts due to breathing (n=1)) 

led to insufficient image quality to calculate a map. Mean ejection fraction in the animals 8 

weeks after MI was 39.4 ± 8.1 %. The T1ρ relaxation time was significantly higher in the 

infarcted region (57 ± 11 ms), compared to healthy remote myocardium (37 ± 4 ms) 

(p<0.0001) (figure 2a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2a: T1ρ relaxation time measured in vivo in a porcine animal model is significantly higher 

in infarct area (57 ± 11 ms) compared to healthy myocardium (37 ± 4 ms) (p<0.001) 2b: The 

amount of fibrosis in the infarct area (44.9 ± 13.2 %) was also significantly higher compared to 

the remote myocardium (6.6 ± 7.1 %) (p<0.0001). 
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T2* was found significantly lower in the infarct region (17 ± 5 ms), compared to the remote 

area (24 ± 7 ms) (p<0.002) (Figure 4). Histology showed that the amount of fibrosis in the 

infarct area (44.9 ± 13.2 %) was also significantly higher compared to the remote 

myocardium (6.6 ± 7.1 %) (p<0.0001) (figure 2b).  Perls' Prussian blue staining showed an 

abundance of iron in the infarct area compared to remote myocardium. 

 

 

 

 

 

 

 Figure 4: Short axis in vivo T2*-map with corresponding LGE images, ex vivo TTC staining and 

Pearls’ Prussian blue iron staining in a porcine animal model 8 weeks after MI. The iron staining 

indicates iron depositions in the infarct area.  

Figure 3: Short axis in vivo T1ρ-maps of two different animals with corresponding LGE images 

and ex vivo TTC staining in a porcine animal model 8 weeks after MI. In the top T1ρ-map artefacts 

can be observed in the left ventricular free wall, which are likely caused by the effect of B0 and B1 

inhomogeneities on the spin-lock pulse.  
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Ex vivo scans of the sectioned heart slices showed that the T1ρ contrast between healthy and 

infarct myocardium increases with an increasing spin lock amplitude (Figure 5). 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.2 Patient study 

The patient characteristics of the 21 patients are listed in Table 1. Mean ejection fraction in 

the patients after MI was 55.7 ± 7.4 % (Table 1). Image quality of the T1ρ-maps was good in 

8 out of 21 patients, acceptable in 6 patients, and poor in 6 patients. Most important reasons 

for reduced image quality of the T1ρ-maps were misregistration of the different T1ρ-weighted 

images, due to a difference in breath hold position for the scans, and fold-over artefacts.  

The T1ρ relaxation time was significantly higher in the infarct region (79 ± 11 ms), compared 

to healthy remote myocardium (54 ± 6 ms), p<0.0005. In the healthy young control 

participants the T1ρ relaxation time was significantly lower compared to the infarct region (50 

± 3 ms),  p < 0.0005. The difference between remote myocardium in patients and 

myocardium in the healthy young control participants was not significant (p= 0.24). 

 

 

 

 

 

 

Figure 5: T1ρ dispersion measured in ex vivo porcine hearts (n=5) 8 weeks after MI. Error bars 

indicate standard deviation.  
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On both LGE and T1ρ  357 segments were scored, of which 31 segments could not be 

assessed, due to registration artefacts.   

The results of the double blinded untrained scoring are listed in Table 2a. In 93 segments 

enhancement was scored on a LGE image, and in 63 segments on the T1ρ map. Overall 

overlap on LGE images and T1ρ-maps was 72 %.  

Results of the unblinded scoring after training can be found in Table 2b. A significant 

increase in sensitivity was found (0.76 vs. 0.34). In 93 segments enhancement was scored on 

a LGE image, and in 134 segments on the T1ρ map. Overall overlap on LGE images and T1ρ-

maps was 74 %.  

 

 

 

 

 

 

 

 

 

Figure 6: T1ρ relaxation time measured in patients with chronic MI is significantly higher in the 

infarct area (79 ± 11 ms) compared to healthy myocardium (54 ± 6 ms) (p<0.0005), and 

compared to myocardium in healthy young volunteers (50 ± 3 ms) (p < 0.0005). 
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Table 2: Score LGE versus T1ρ in patients with chronic MI (n=21), using the 17 segments 

AHA-model 

A LGE positive LGE negative  

T1ρ positive 32 31 0.51 (positive predictive 

value) 

T1ρ negative 61 203 0.77 (negative predictive 

value) 

 0.34 (sensitivity) 0.87 (specificity)  

 

B LGE positive LGE negative  

T1ρ positive 72 63 0.53 (positive predictive 

value) 

T1ρ negative 21 171 0.89 (negative predictive 

value) 

 0.76 (sensitivity) 0.73 (specificity)  

A: Scoring was performed double-blinded and the radiologist was not trained to look at T1ρ 

maps. 

B: Scoring of the T1ρ maps was performed unblinded with the T1ρ map next to the LGE 

image, and the radiologist was trained to look at the T1ρ maps. 
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2.4 Discussion 

To our knowledge, this is the first report of in vivo detection of chronic myocardial infarction 

in patients using native T1ρ –mapping without the use of gadolinium contrast agents. Areas of 

myocardial fibrosis as identified with this approach corresponded reasonably well with 

conventional LGE images. While the results with the current implementation are promising, 

sensitivity and specificity is lower compared to the LGE method. We expect that 

improvements to the implementation will solve this issue, as discussed below. Since T1ρ -

mapping requires no contrast agent, it provides a truly noninvasive method, and therefore has 

the potential to become an alternative to the LGE method in patients with severe renal failure 

who are unable to receive a contrast agent.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the animal model we found a significantly higher T1ρ relaxation in the infarct region, 

compared to healthy myocardium (Figure 2). We also observed a significantly lower T2* 

value in the infarct region, compared to healthy myocardium. Histology showed that the 

collagen fraction in this area was higher compared to macroscopically normal remote 

myocardium.  These results are in accordance with previous findings in other animal studies 
12,15–17. We did however observe an abundant iron deposition in the infarct region, and 

therefore the chronic changes in T2* signal intensity could relate to post-reperfusion 

intramyocardial hemorrhage. We therefore concluded that the T2* -mapping technique in this 

study was not specific enough for myocardial fibrosis. From literature it is known that T1ρ 

Figure 7: Short axis T1ρ-maps with corresponding LGE images in 3 different patients.  Arrows 

indicate the infarcted area. 
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decreases with increasing iron concentrations 23. Since we observe an increase of T1ρ in the 

infarct, another contrast mechanism outweighs this negative effect, resulting in a higher T1ρ. 

We therefore only performed T1ρ –mapping in the patient study.  

Similar to the findings in the animal model, in patients with a chronic myocardial infarction 

we also found a significant higher T1ρ value in the infarct area. The T1ρ relaxation times found 

in patients were higher than in the animal model, which could be caused by multiple factors. 

It is known that the T1ρ relaxation time depends on the strength of the main B0 field, and 

decreases with a higher B0 
24. Also, the higher amplitude for the spin-lock B1 pulse in the 

patient study leads to higher values for T1ρ, as we also found in the T1ρ dispersion results 

(Figure 5). Finally we used an increased trigger interval of 3 beats in the patient study, which 

enabled a better estimation of the true T1ρ value because of reduced T1 weighting due to 

incomplete relaxation of the magnetization prior to the next acquisition.  

The ex vivo T1ρ dispersion results showed that the T1ρ contrast between healthy myocardium 

and scar tissue increases with a higher B1 amplitude of the spin-lock pulse (figure 5). This 

implies that for T1ρ –mapping we should aim for the highest possible B1 amplitude. However, 

on a clinical MR scanner the maximum B1 amplitude is limited by the specific absorption rate 

(SAR) and the performance of the hardware (transmit coil and RF amplifiers). To stay within 

human SAR limits, a spin-lock amplitude of 500 Hz (11.7 μT) was used at a field strength of 

3T in the animal experiment. The patient study was performed on a 1.5 T system, enabling a 

higher B1 amplitude for the spin-lock pulse of 750 Hz (17.6 μT), because of lower SAR 

values and a higher B1 field available. Another reason to perform the patient study on a 1.5 T 

system, is that artefacts caused by B1 and B0 inhomogeneities, as can be seen in figure 3, are 

reduced on a lower field strength. The dispersion data suggests that an even higher B1 

amplitude for the spin-lock pulse would generate more contrast between healthy and fibrotic 

myocardium. New MRI contrast developments such as relaxation along a fictitious field 

(RAFF) may have the potential to generate more contrast between infarct and remote tissue 

for a given B1 amplitude and SAR level 25.  

Double-blinded qualitative scoring of the LGE images and T1ρ maps in patients was 

performed to investigate if the native T1ρ maps can be used to assess the presence and 

location of myocardial scar accurately. We found a 72 % agreement between both methods in 

the patients (Table 2a). However compared with in vivo gold standard LGE imaging, the 

sensitivity of T1ρ –mapping to detect scar tissue was found to be lower using the present 

implementation.  

The most important reason for the lower sensitivity is that the contrast to noise ratio between 

healthy myocardium and scar tissue is much higher in LGE imaging. Although the difference 

in native T1ρ between healthy and infarct tissue is significant, especially smaller infarcts 

might be more difficult to detect with this method. The infarct size of the patients in this 
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study was small, which can also be concluded from the mean LV ejection fraction of 55.7 ± 

7.4 % 26.    

Important to keep in mind is that the underlying principle to discriminate myocardial scar 

tissue from normal myocardium with LGE imaging and T1ρ mapping is different. In LGE 

imaging the difference in contrast agent washout between normal and diseased myocardium 

is used to identify scar tissue, which reflects changes in perfusion and extracellular volume in 

the scar area 27. On the other hand, native T1ρ mapping directly measures the effect of tissue 

damage and scar tissue formation on the T1ρ relaxation time. T1ρ is known to be sensitive to 

changes in macromolecular content, and the histology results show that in the infarct region 

both a significant increase in T1ρ time and fibrosis percentage is found. It is unknown, 

however, if the increase in T1ρ directly reflects an increase of collagen in scar tissue, or that 

other changes in tissue composition after MI are involved. Studies in cartilage and protein 

solutions suggest that other factors such as cellular content and exchange might be involved, 

since in agarose gels an increase in macromolecule content leads to a decrease in T1ρ time, 

which is in the opposite direction of our findings 28,29. Further research should be performed 

on the mechanism and relation between myocardial fibrosis formation and the myocardial T1ρ 

relaxation time. 

Another reason for the higher sensitivity of LGE, can be that the radiologist is trained to 

assess myocardial scar on LGE images, but has no experience in looking at T1ρ maps. After 

the T1ρ maps were scored double blinded, the radiologist was trained to look at T1ρ maps, and 

scored again with the LGE images shown alongside. This resulted in a significant increase of 

sensitivity for the detection of infarct area with T1ρ mapping compared to LGE imaging. We 

also observed that endocardial infarcts were more difficult to detect on T1ρ maps, since partial 

volume effects, combined with the high T1ρ relaxation time of the blood, make it difficult to 

distinguish the transition from myocardium to blood on a T1ρ map. Furthermore, since we 

used multiple breath holds to calculate a T1ρ map, misregistration between the different breath 

hold positions leads to problems with the calculation of the T1ρ map at the edges of the 

myocardium.  

Future work should aim to overcome these limitations that reduced image quality and 

assessability of the T1ρ maps in our study. Most important step is the development of a single 

breath hold T1ρ mapping sequence to obtain a high quality T1ρ map, without registration errors 

due to multiple breath hold acquisitions. This requires faster cardiac T1ρ mapping sequences, 

using acceleration methods. Furthermore, a black-blood readout will enable the detection of 

an endocardial infarct close to the blood, by reducing partial volume effects.  

One of the main drawbacks of LGE imaging is the lack of the ability to measure myocardial 

fibrosis quantitatively.  Currently there is a lot of interest in quantitative imaging of 

myocardial tissue to overcome these limitations, by measuring quantitative contrast enhanced 

T1-maps and extracellular volume (ECV)-maps 30,31. We believe that native T1ρ –mapping 
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could provide additional quantitative information on myocardial fibrosis in cardiomyopathies, 

also in patients with diffuse interstitial myocardial fibrosis . Native T1ρ –mapping requires no 

separate pre- and post-contrast  scan, no hematocrit measurement, and is therefore easier to 

incorporate in a clinical protocol, compared to ECV-mapping.  Here we have shown the first 

evidence that T1ρ mapping can provide quantitative information on myocardial fibrosis in 

patients with a chronic myocardial infarction. Though speculative, the finding that the remote 

myocardium of the patients was about 1 standard deviation above the T1ρ value of the healthy 

subjects, may suggest a slight increase in diffuse interstitial fibrosis in this area, which could 

become significant if a larger group with more statistical power would be studied. Future 

work should focus on further validation of the relation between myocardial fibrosis and T1ρ, 

and on the relation with native and contrast-enhanced T1 and ECV-mapping. 

In conclusion, we have demonstrated the feasibility of T1ρ mapping for infarct detection, 

without the use of an exogenous contrast agent, in patients with a chronic myocardial 

infarction. Although the sensitivity of T1ρ mapping is lower than LGE imaging, there is room 

for improvements on the T1ρ mapping sequence that could provide a higher sensitivity and 

specificity. We believe that T1ρ mapping could provide additional information on myocardial 

tissue characteristics, and be used in the clinic along with quantitative T1, T2 and ECV 

mapping methods, to further understand the development of ischemic and non-ischemic 

cardiomyopathies.  



 T1ρ-mapping in patients 

41 
 

2.5 References 

1.  Kim RJ, Wu E, Rafael A, et al. The use of contrast-enhanced magnetic resonance 
imaging to identify reversible myocardial dysfunction. N Engl J Med. 
2000;343(20):1445–1453.  

2.  Kwong RY, Chan AK, Brown K a, et al. Impact of unrecognized myocardial scar 
detected by cardiac magnetic resonance imaging on event-free survival in patients 
presenting with signs or symptoms of coronary artery disease. Circulation. 
2006;113(23):2733–43.  

3.  Müller K a L, Müller I, Kramer U, et al. Prognostic Value of Contrast-enhanced 
Cardiac Magnetic Resonance Imaging in Patients with Newly Diagnosed Non-
Ischemic Cardiomyopathy: Cohort Study. PLoS One. 2013;8(2):e57077.  

4.  El Aidi H, Adams A, Moons KGM, et al. Cardiac magnetic resonance imaging 
findings and the risk of cardiovascular events in patients with recent myocardial 
infarction or suspected or known coronary artery disease: a systematic review of 
prognostic studies. J Am Coll Cardiol. 2014;63(11):1031–45.  

5.  Nacif MS, Arai AE, Lima JAC, Bluemke DA. Gadolinium-enhanced cardiovascular 
magnetic resonance: administered dose in relationship to United States Food and Drug 
Administration (FDA) guidelines. J Cardiovasc Magn Reson. 2012;14(1):18.  

6.  Bellin M-F, Van Der Molen AJ. Extracellular gadolinium-based contrast media: an 
overview. Eur J Radiol. 2008;66(2):160–7.  

7.  Raisch DW, Garg V, Arabyat R, et al. Anaphylaxis associated with gadolinium-based 
contrast agents: data from the Food and Drug Administration’s adverse event reporting 
system and review of case reports in the literature. Expert Opin Drug Saf. 
2014;13(1):15–23.  

8.  Zou Z, Zhang HL, Roditi GH, Leiner T, Kucharczyk W, Prince MR. Nephrogenic 
systemic fibrosis: review of 370 biopsy-confirmed cases. JACC Cardiovasc Imaging. 
2011;4(11):1206–16.  

9.  van Oorschot JWM, Gho JMIH, van Hout GPJ, et al. Endogenous contrast MRI of 
cardiac fibrosis: Beyond late gadolinium enhancement. J Magn Reson Imaging. 2014  

10.  Menezes NM, Gray ML, Hartke JR, Burstein D. T2 and T1rho MRI in articular 
cartilage systems. Magn Reson Med. 2004;51(3):503–9. doi:10.1002/mrm.10710. 

11.  Li X, Cheng J, Lin K, et al. Quantitative MRI using T1ρ and T2 in human 
osteoarthritic cartilage specimens: correlation with biochemical measurements and 
histology. Magn Reson Imaging. 2011;29(3):324–34.  

12.  Witschey WR, Zsido G a, Koomalsingh K, et al. In vivo chronic myocardial infarction 
characterization by spin locked cardiovascular magnetic resonance. JCMR 2012;14(1)  

13.  Muthupillai R, Flamm SD, Wilson JM, Pettigrew RI. Radiology Acute Myocardial 
Infarction : Tissue Characterization with T1rho -weighted MR Imaging — Initial 
Experience. Radiology. 2004;(232):606–610. 

14.  Witschey W, Pilla J, Kevin FG, Koomalsingh. Rotating frame spin lattice relaxation in 
a swine model of chronic, left ventricular myocardial infarction. Magn Reson Med. 
2010;64(5):1453–1460.  

15.  Musthafa H-SN, Dragneva G, Lottonen L, et al. Longitudinal rotating frame relaxation 
time measurements in infarcted mouse myocardium in vivo. Magn Reson Med. 2012  



Chapter 2 
 

42 
 

16.  de Jong S, Zwanenburg JJ, Visser F, et al. Direct detection of myocardial fibrosis by 
MRI. J Mol Cell Cardiol. 2011;51(6):974–9.  

17.  Aguor ENE, Arslan F, van de Kolk CW a, et al. Quantitative T 2* assessment of acute 
and chronic myocardial ischemia/reperfusion injury in mice. MAGMA. 2012;25(5):36  

18.  Reiter DA, Lin P-C, Fishbein KW, Spencer RG. Multicomponent T2 relaxation 
analysis in cartilage. Magn Reson Med. 2009;61(4):803–9.  

19.  Borthakur A, Charagundla SR, Wheaton A, Reddy R. T1rho-weighted MRI using a 
surface coil to transmit spin-lock pulses. J Magn Reson. 2004;167(2):306–16.  

20.  Ii WRTW, Borthakur A, Elliott MA, et al. Artifacts in T1ρ-Weighted Imaging: 
Compensation for B1 and B0 Field Imperfections. 2007;186(1):75–85. 

21.  Cerqueira MD. Standardized Myocardial Segmentation and Nomenclature for 
Tomographic Imaging of the Heart: A Statement for Healthcare Professionals From 
the Cardiac Imaging Committee of the Council on Clinical Cardiology of the 
American Heart Association. Circulation. 2002;105(4):539–542.  

22.  Hsu L-Y, Natanzon A, Kellman P, Hirsch GA, Aletras AH, Arai AE. Quantitative 
myocardial infarction on delayed enhancement MRI. Part I: Animal validation of an 
automated feature analysis and combined thresholding infarct sizing algorithm. J 
Magn Reson Imaging. 2006;23(3):298–308.  

23.  Moonen RPM, Tol P Van Der, Hectors SJCG, Nicolay K, Strijkers GJ. Enhanced 
contrast of superparamagnetic iron oxide contrast agents by spin-lock mr. Proc Int Soc 
Magn Reson Med. 2013;21:4199. 

24.  Mäkelä HI, De Vita E, Gröhn OHJ, et al. B0 dependence of the on-resonance 
longitudinal relaxation time in the rotating frame (T1rho) in protein phantoms and rat 
brain in vivo. Magn Reson Med. 2004;51(1):4–8.  

25.  Liimatainen T, Sorce DJ, O’Connell R, Garwood M, Michaeli S. MRI contrast from 
relaxation along a fictitious field (RAFF). Magn Reson Med. 2010;64(4):983–94.  

26.  Burns RJ, Gibbons RJ, Yi Q, et al. The relationships of left ventricular ejection 
fraction, end-systolic volume index and infarct size to six-month mortality after 
hospital discharge following myocardial infarction treated by thrombolysis. J Am Coll 
Cardiol. 2002;39(1):30–6.  

27.  Kim RJ, Fieno DS, Parrish TB, et al. Relationship of MRI Delayed Contrast 
Enhancement to Irreversible Injury, Infarct Age, and Contractile Function. Circulation. 
1999;100(19):1992–2002.  

28.  Andrasko J. Water in agarose gels studied by nuclear magnetic resonance relaxation in 
the rotating frame. Biophys J. 1975;15(12):1235–43.  

29.  Virta  a, Komu M, Kormano M. T1rho of protein solutions at very low fields: 
dependence on molecular weight, concentration, and structure. Magn Reson Med. 
1997;37(1):53–7.  

30.  White SK, Sado DM, Fontana M, et al. T1 mapping for myocardial extracellular 
volume measurement by CMR: bolus only versus primed infusion technique. JACC 
Cardiovasc Imaging. 2013;6(9):955–62.  

31.  Bull S, White SK, Piechnik SK, et al. Human non-contrast T1 values and correlation 
with histology in diffuse fibrosis. Heart. 2013:1–6.  

 



 

Chapter 3 

 

Single breath-hold T1ρ-mapping of the heart for 

endogenous assessment of myocardial fibrosis 

 

Abstract 

We propose a method to acquire high spatial-resolution T1ρ-maps, that allows bright and 

black blood imaging, in a single breath hold. T1ρ-mapping was performed using a T1ρ-

prepared bSSFP sequence at 1.5T and 3T. Black-blood imaging was performed using a 

double inversion pulse sequence. The method was tested in 2 times 10 healthy volunteers at 

1.5 and 3T and in nine myocardial infarction patients at 1.5 T. T1ρ-maps and LGE images 

were scored for presence and extent of myocardial scarring. Phantom results show that the 

proposed T1ρ-mapping method gives accurate T1ρ-values. Mean T1ρ-relaxation time of the 

myocardium in healthy controls was 52.8 ± 1.8 ms at 1.5 T, and 46.4 ± 1.8 ms at 3T. In 

patients, the T1ρ of infarcted myocardium was (82.4 ± 5.2 ms), and the T1ρ of remote 

myocardium was (54.2 ± 2.8 ms), p<0.0001).  Sensitivity of infarct detection on a T1ρ-map 

was 70%, with a specificity of 94%, compared to LGE. This method proved to be 

reproducible and had high agreement with LGE and can thus be used for the endogenous 

detection of myocardial fibrosis in patients with ischemic cardiomyopathy. 

 

 

 

The contents of this chapter are based on:  

Single breath-hold T1ρ-mapping of the heart for endogenous assessment of myocardial 

fibrosis; van Oorschot et al.; Investigative Radiology, 2016  
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3.1 Introduction 

Quantitative imaging of the heart is currently the subject of intense research efforts 1. 

Mapping tissue parameters quantitatively can be beneficial to characterize disease 

mechanisms and monitor patients with a variety of myocardial diseases. Furthermore, tissue 

mapping has advantages over current qualitative cardiac imaging techniques, such as Late 

Gadolinium Enhancement (LGE) imaging for monitoring of non-focal subtle changes in the 

myocardium such as diffuse myocardial fibrosis in non-ischemic dilated cardiomyopathy 2.  

In addition to the more established T1- and T2-mapping methods, T1ρ-mapping shows 

promising results for the endogenous detection of myocardial fibrosis, which has been 

illustrated in rodents and pig models of myocardial infarction 3,4. In the field of orthopedics, 

T1ρ is a well-established measure of collagen content in cartilage 5,6. Recently, it has been 

shown that native T1ρ-mapping enables detection of myocardial scar tissue in patients with 

chronic myocardial infarction, without the use of an exogenous contrast agent 7.  

A truly noninvasive method without the requirement for an exogenous contrast agent would 

be preferable over contrast enhanced MRI methods 8. Allergic reactions after intravenous 

administration of gadolinium-based contrast agents are very rare but potentially life 

threatening 9,10, and contrast agents cannot be applied in patients with severe renal failure11. A 

quantitative method capable of detecting myocardial fibrosis based on endogenous MR 

characteristics of the myocardium could, therefore, be a valuable tool, complementary to 

LGE in these patient groups. Furthermore, endogenous detection of myocardial fibrosis has 

the potential to reduce the total scan duration of a cardiac MR exam considerably, since the 

required fifteen minute delay time between contrast agent injection and LGE image 

acquisition would no longer be required.   

The T1ρ relaxation time describes relaxation in the presence of a so-called spin-lock pulse, 

while the magnetization is in the transverse plane12. A spin-lock pulse is a low amplitude 

radiofrequency (RF) pulse on-resonance with the precessing transverse magnetization. A T1ρ-

map can be calculated from multiple T1ρ-weighted images with different spin-lock (SL) 

preparation times, which until now required different breath-holds. In cardiac imaging 

combining images from different breath-holds is challenging, since small changes in breath-

hold position will lead to artefacts in the resulting T1ρ-map. Although image registration 

could correct for in plane motion, through plane motion effects in the different T1ρ-weighted 

images cannot be corrected for retrospectively. This was also observed in a previous patient 

study, where the feasibility of T1ρ-mapping for infarct detection was shown 7. A fast cardiac 

T1ρ-mapping method in a single breath-hold would overcome this limitation.  

In addition to motion artifacts, clear depiction of the blood-myocardium interface was also 

found to be a challenge for detection of subendocardial myocardial scar tissue with T1ρ-

mapping 7. Since the T1ρ relaxation times of both blood and infarct tissue are higher 
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compared to healthy myocardium, an infarct area close to the blood-myocardium interface is 

difficult to detect. A black-blood readout could overcome this limitation.  

For clinical application of cardiac T1ρ-mapping, e.g. follow up of infarct patients or 

quantification of both diffuse and compact myocardial fibrosis, it is essential that the 

proposed method had high repeatability. Therefore, the aim of this study was to develop a 

fast and robust cardiac T1ρ-mapping method, which enables the acquisition of a T1ρ-map in a 

single breath-hold, with high repeatability.  

First, phantom measurements were performed to assess the accuracy of the proposed fast 

method relative to a long comprehensive T1ρ-mapping method. Secondly, T1ρ-maps using 

bright and black blood methods were acquired in healthy volunteers at 1.5 T and 3 T to test 

reproducibility, obtain reference values and investigate the benefit of black blood imaging. 

Lastly, T1ρ-maps in patients with myocardial infarction were obtained. The inter-rater 

agreement for scoring infarction on T1ρ-maps was determined and results were compared to 

the current gold standard, late gadolinium enhancement. 
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3.2 Materials and Methods 

3.2.1 T1ρ-prepared SSFP pulse sequence 

T1ρ-mapping was performed using a T1ρ-prepared steady-state free precession (SSFP) 

sequence. Five images with different spin-lock (SL) preparation times (SL = 0, 10, 20, 30, 40 

ms) were acquired. Each SL pulse consisted of 2 continuous RF pulses with opposite phase to 

compensate for B1 variations, and a refocusing pulse between the spin-locking halves to 

compensate for B0 errors (Figure 1) 13. All the spin-lock preparation pulses were non slice 

selective. Amplitude of the spin-lock pulse was set to 500 Hz (11.7 μT), to stay within the 

allowed limits for the Specific Absorption Rate (SAR).  

For image acquisition a single shot balanced SSFP readout was chosen over a conventional 

gradient-echo readout because of the higher signal to noise ratio (SNR).  The SSFP readout 

was performed using a linear readout order and included eight startup pulses with linearly 

increasing flip angles to initialize the steady state. 

To obtain black blood T1ρ-maps  a double inversion preparation pulse sequence was added 14. 

All magnetization was inverted using a nonselective 180-degree pulse, immediately followed 

by a slice selective 180-degree pulse to restore the longitudinal magnetization in the imaging 

slice . After an inversion time, the blood signal was nulled, the T1ρ-preparation pulse was 

applied, followed by the single shot balanced SSFP readout, thus resulting in a black blood 

image.  

3.2.2 Experiment 1: Validation in phantoms 

Five agar phantoms were made by dissolving agar in water, with a concentration of 1.2, 1.4, 

2, 2.5 and 2.8 %. These phantoms were imaged on a 1.5 MR system (Philips Ingenia) and a 3 

T MR system (Philips Achieva), using  16-channel receive head-coils, to measure the 

accuracy of the T1ρ-relaxation times of the fast balanced SSFP readout compared to reference 

values. Specific acquisition parameters of the SSFP sequence are given in table 1.  The 

reference T1ρ-values were acquired using a T1ρ-prepared gradient echo experiment, acquiring 

1 k-line per T1ρ-preparation pulse (TSL = 0, 10, 20, 30, 40 ms, amplitude = 500 Hz).  The 

measurement times of the acquisitions were 13 seconds for the bSSFP readout, and 18 

minutes for the reference gradient echo experiment.  

Next to T1ρ , also the T1 and T2 relaxation times were measured. T1 was measured using  a 

Look-Locker experiment (TR = 3000 ms), and T2 was measured by a multi-echo spin-echo 

sequence (16 echoes, ΔTE = 6.1 ms, TR = 3000 ms).  
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Figure 1: Schematic overview of the sequence for T1ρ-mapping in a single breath hold, 
together with example short axis images from a healthy subject. The numbers indicate the five 
images with different spin-lock (SL) preparation times (SL = 0, 10, 20, 30, 40 ms).  Each T1ρ-
weighted image was obtained in a single-shot acquisition in late diastole. The repetition time 
was set to 3 beats resulting in a total scan time of 13 heart beats. The color map shows the 
resulting T1ρ-map from the example images. 
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Table 1: Imaging parameters for the balanced SSFP T1ρ-mapping method used in the 
phantom experiments.   
 T1   Look-locker T2 spin echo T1ρ-reference T1ρ-balanced 
BW/pixel 282 Hz 298 Hz 256 Hz 723 Hz 
TE/TR 2.7/ 6.2 ms N * 6.1 / 564 ms 2.9/5.9 ms 1.98/4.0 ms 
Resolution 2 x 2 mm2 2 x 2 mm2 1.4 x 1.4 mm2 1.4 x 1.4 mm2 
FOV 200 x 200 mm2 200 x 200 mm2 200 x 200 mm2 200 x 200 mm2 
Slice 
thickness 

10 mm 10 mm 10 mm 10 mm 

Flip angle 3 degrees 90 degrees 35 degrees 35 degrees 
SENSE 
factor 

0 2 2 2 

Nr startup 
pulses 

0 0 8 8 

Scan 
duration 

9 seconds 18 seconds 18 minutes, 3 seconds 13 seconds 

 

In vivo imaging 

For the MRI experiments in volunteers and patients, the T1ρ-weighted images were obtained 

using the previously described single-shot SSFP acquisition in late diastole, during expiration 

breath hold. The repetition time between the different T1ρ-weighted images was set to 3 heart 

beats to allow for sufficient recovery of the magnetization between the separate images. 

Therefore, a total of 13 heart beats were required to acquire the 5 T1ρ-weighted images 

needed for calculating the T1ρ-map.  

3.2.3 Experiment 2: Healthy volunteers 

To assess reproducibility, assess the benefit of black blood imaging and to obtain in vivo 

reference values of the proposed T1ρ-mapping method, twenty healthy young control subjects 

were imaged. Ten subjects (8 male, 2 female, age 27 ± 3 years) underwent a MRI exam at a 

1.5 T system (Philips Ingenia), and ten subjects (4 male, 6 female, age 30 ± 3 years years)  

underwent a 3 T scan (Philips Achieva). The specific imaging parameters can be found in 

table 1. In volunteers 3 axial slices were acquired at the basal, mid and apical level of the 

heart.  

To assess repeatability, all 10 healthy control subjects undergoing a 1.5 T scan were scanned 

twice with the same protocol. In between the two scans the volunteers were taken out of the 

scanner room.  

Because of the longer T1 of blood at 3T, the inversion delay required for black-blood imaging 

could not be applied within the heartbeat at this field strength. Therefore, experiments to 

assess the benefit of black blood imaging were only performed on the 10 volunteers that 
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underwent the MRI examination at 1.5 T (see Table 2 for imaging parameters). The black 

blood acquisition was also performed in both repetitions of the protocol.   

In vivo reference values of T1ρ relaxation using the bright blood method were obtained from 

all 20 volunteers imaged at both field strengths (10 at 1.5 T and 10 at 3T). To accurately 

evaluate the effect of field strength, the acquisition parameters for 1.5 and 3T were kept 

identical. 

Table 2: In vivo imaging parameters for the balanced SSFP T1ρ-mapping method 

 1.5 T Healthy volunteers 3 T Healthy Volunteers 1.5 T Patients 

BW/pixel 723 Hz 723 Hz 723 Hz 

TE/TR 1.74/3.5 ms 1.79/3.6 ms 1.74/3.5 ms 

Resolution 2 x 2 mm2 2 x 2 mm2 2 x 2 mm2 

FOV 288 x 288 mm2 288 x 288 mm2 288 x 288 mm2 

Slice 

thickness 

8 mm 8 mm 8 mm 

Flip angle 35 degrees 35 degrees 35 degrees 

SENSE 

factor 

2 2 2 

Nr startup 

pulses 

8 8 8 

TSL  0, 10, 20, 30, 40 0, 10, 20, 30, 40 0, 10, 20, 30, 40 

SL amplitude 500 Hz 500 Hz 500 Hz 

 

3.2.4 Experiment 3: Myocardial infarction patients 

Written informed consent was obtained from all participants, and the study was approved by 

the local Ethical Review Board of Utrecht University Medical Center. Nine patients (9 male, 

age 61 ± 8 years) with a first re-perfused ST-segment elevation myocardial infarction (MI) 

were included. All underwent a cardiac MRI exam between 3 and 12 months after the acute 

event on a 1.5T scanner (Philips Ingenia). In the MI patients 8 short axis slices were acquired, 

covering the heart from apex to base (see Table 2 for parameters). Additionally, in four 

patients repeatability was tested, by scanning the patients twice with the same T1ρ mapping 

protocol. In between the two scans the patients were taken out of the scanner room.  At the 

end of the scan session, 15 minutes after administration of 0.2 mmol/kg contrast agent 

(Gadovist, Bayer Healthcare, Berlin, Germany), conventional LGE images were acquired 

with the same spatial resolution and number of slices as the T1ρ-maps. Imaging parameters 

were: bandwidth/pixel = 723 Hz, TE/TR = 1.74/3.5 ms, resolution = 2 x 2 mm2, slice 

thickness = 8 mm, FOV = 288x288 mm2, flip angle = 35 degrees, SENSE factor = 2.  
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3.2.5 Post-processing and image analysis 

To correct for residual cardiac motion between acquisition of the different T1ρ weighted 

images , a non-rigid registration was performed using a b-spline algorithm (Elastix, Image 

Sciences Institute, Utrecht, The Netherlands) 15.  

 T1ρ-maps were calculated by pixelwise fitting of a mono-exponential decay function using 

Matlab (Version R2014b, Mathworks, Natick, MA, United States). A mono-exponential two-

parameter decay model was applied using a Levenberg-Marquardt algorithm of nonlinear 

estimation to fit the T1ρ relaxation time 16.  

The myocardium of the left ventricle was delineated by manually contouring the endocardial 

and epicardial border on the T1ρ-map, and the mean T1ρ-relaxation time was calculated over 

all slices. T1ρ-values for remote and infarcted myocardium in patients were measured by 

manual segmentation of the remote and infarct area, guided by the corresponding LGE 

images. T1ρ-values for all voxels of healthy controls and patients were plotted in a histogram 

to show the distribution.  

3.2.6 Evaluation 

The LGE images and T1ρ maps were scored independently using the 17 segments AHA-

model 17 by two radiologists (TL and EV), both with over 10 years experience in the 

evaluation of cardiac MRI. Images were scored for image quality and location of the infarct. 

Segments were scored qualitatively for presence of T1ρ-hyperintensity, when a region was 

observed with T1ρ-values higher than the remote myocardium. The T1ρ and the LGE images 

were scored in two separate sessions.  

3.2.7 Statistics 

Statistical analysis was performed with GraphPad Prism (GraphPad Software, California, 

United States).  

Repeatability of the method in healthy volunteers undergoing a 1.5 T scan was assessed by 

calculating the coefficient of repeatability (CR) for each subject. The CR was defined as 

follows: = 1.96 ∑ − − 1⁄   18, where d1 and d2 are the T1ρ values in the 

healthy volunteers from the first and second measurement, respectively. Repeatability was 

visualized using Bland-Altman plots for the single breath hold method (Figure 3a) and the 

black blood method (Figure 3b) 19. Intra- and inter subject variability of the measured T1ρ 

relaxation times in healthy controls was assessed using a two-way ANOVA analysis over the 

mean T1ρ relaxation time in the heart for the first and second measurement, and over the 

different healthy subjects.  

Repeatability in patients was assessed by comparing the AHA 17 segment-model  scores for 

the first and second T1ρ maps. Segments with T1ρ -hyperintensity were compared for the first 
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and second measurement, and the overlap was calculated, and compared with LGE as gold 

standard.  

Inter rater variability was scored by measuring the overlap in segments indicated with T1ρ-

hyperintensity by the two separate observers.
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3.3 Results 

3.3.1 Experiment 1: Phantom imaging 

The results of the phantom measurements are listed in Table 3. The T1ρ-relaxation times 

measured using the balanced SSFP were in good agreement with the reference T1ρ-relaxation 

values measured using the T1ρ-prepared gradient echo experiment. We do however observe 

that the balanced SSFP method gives a slight underestimation of the true T1ρ-values, 

especially for higher T1ρ-values. 

Table 3: Measured T1ρ-relaxation times at 1.5 T and 3T for five agar phantoms comparing a 
gradient echo readout to obtain reference T1ρ-values, and the proposed balanced SSFP T1ρ-
mapping method. The measured values using the fast T1ρ-mapping method are in good 
agreement with the reference T1ρ-values.  

1.5 T      
Phantom Concentration 

Agar 
T1 T2 T1ρ-reference T1ρ-balanced 

1 1.2 % 1134 ± 35 ms 98.9 ± 1.5 ms 98.1 ± 1.8 ms 93.3 ± 2.5 ms 
2 1.4 % 1118 ± 32 ms 84.8 ± 1.4 ms 84.5 ± 1.5 ms 84.5 ± 1.8 ms 
3 2 % 1067 ± 39 ms 72.7 ± 1.6 ms 74.5 ± 1.1 ms 74.9 ± 1.5 ms 
4 2.5 % 1027 ± 24 ms 63.3 ± 0.7 ms 60.2 ± 1.2 ms 57.8 ± 0.9 ms 
5 2.8 % 980 ± 20 ms 50.5 ± 0.6 ms 48.8 ± 0.4 ms 46.0 ± 0.6 ms 
3 T      
Phantom Concentration T1 T2 T1ρ-reference T1ρ-balanced 
 Agar     
1 1.2 % 1184 ± 33 ms 98.9 ± 3.1 ms 98.4 ± 2.5 ms 90.4 ± 1.9 ms 
2 1.4 % 1168 ± 28 ms 87.8 ± 2.3 ms 83.4 ± 2.0 ms 78.8 ± 1.5 ms 
3 2 % 1157 ± 34 ms 75.1 ± 1.6 ms 72.4 ± 2.4 ms 67.7 ± 1.3 ms 
4 2.5 % 1127 ± 21 ms 56.9 ± 1.6 ms 60.5 ± 0.7 ms 60.3 ± 1.2 ms 
5 2.8 % 1092 ± 30 ms 49.9 ± 0.7 ms 50.3 ± 1.3 ms 51.3 ± 1.2 ms 
 

3.3.2 Experiment 2: Healthy control subjects 

The T1ρ-maps were successfully acquired in all healthy volunteers (Figure 2) at 1.5 and 3.0T. 

At 1.5 T the mean T1ρ-relaxation time in the left ventricle using the single breath hold method 

in healthy controls was 52.8 ± 1.8 ms. The coefficient of repeatability of the single breath 

hold T1ρ-mapping was 2.8 ms (Figure 3a). The inter subject variability of T1ρ values in 

healthy subjects was found to be significant (p = 0.02), while the intra subject variability in 

the different slice was not significant (p = 0.3). At 3 T the mean T1ρ-relaxation time in the left 

ventricle using the single breath hold method in healthy controls was 46.4 ± 1.8 ms. 

Black-blood T1ρ weighted images were acquired in all subjects at 1.5 T. In subjects with a 

heart rate higher than 75 beats per minute, the inversion delay had to be shorter than the 

optimal time for blood signal nulling, because of a high heart rate. Therefore blood 

suppression was not optimal in these subjects. The mean T1ρ-relaxation time using the black 
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blood method in healthy controls was 54.0 ± 3.1 ms. The coefficient of repeatability of the 

black-blood T1ρ-mapping was 4.1 ms (Figure 3b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2:  Representative examples of T1ρ-maps in healthy control subjects at 1.5 and 3T. Three 

short axis slices are shown for each field strength. Mean T1ρ-relaxation times Hz in healthy 

control subjects using the proposed T1ρ-mapping method with a spin-lock amplitude of 500 Hz 

were  52.8 ± 1.8 ms at 1.5 T, and 46.4 ± 1.8 ms at 3T.  

 

Figure 3a: Repeatability of the single breath hold method in healthy controls (n=10). Mean 

T1ρ-relaxation time at a field strength of 1.5 T is 52.8 ± 1.8 ms, with a coefficient of 

repeatability of 2.6 ms. 3b: Repeatability of the black blood readout in healthy controls 

(n=10). Mean T1ρ-relaxation time at a field strength of 1.5 T is 54.0 ± 3.1 ms, with a 

coefficient of repeatability of 4.1 ms 
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3.3.3 Experiment 3: Myocardial infarction patients 

Image quality of the T1ρ-maps was scored good to excellent in all patients and slices. Only 7 

out of 144 segments (4.9%) had an image quality that limited diagnosis due to the presence of 

artefacts. Mean left ventricular ejection fraction in the patients was 48.6 ± 6.1 %. The mean 

T1ρ-relaxation time in remote tissue in patients was 54.2 ± 2.8 ms. In the infarct area, a 

significantly higher T1ρ-relaxation time of 82.4 ± 5.2 ms was found, p < 0.0001. The 

histogram of T1ρ-values measured in healthy controls and patients, showed a broader 

distribution and a higher average for T1ρ-values in patients compared to healthy control 

subjects (Figure 5). 

Repeatability of the score was 83% for the single breath hold method. The T1ρ-map scoring of 

the two observers showed  an overlap of 91%. T1ρ-hyperintensity was compared with LGE 

enhancement for all patients. Sensitivity of infarct detection on a T1ρ-map was 69%, with a 

specificity of 94%, compared to LGE as gold standard.  

An example of imperfect blood suppression is shown in figure 6, where in a subject with an 

endomyocardial infarct, blood suppression was not perfect close to the infarct due to slow 

flow effects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Short axis slice examples of two patients with a chronic myocardial infarction. The 

LGE image is shown, together with a T1ρ-map acquired using the single breath hold method, 

and the black-blood readout. Arrows indicate the infarcted area. 
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Figure 5: Histogram showing the distribution of T1ρ-values found in the left ventricle of 

healthy controls and chronic MI patients. Each voxel of the left ventricle is included, and 

the histogram is normalized to the total amount of voxels for both groups. The mean T1ρ-

relaxation time in remote tissue in patients was 54.2 ± 2.8 ms, compared to 52.8 ± 1.8 ms 

in healthy volunteers at 1.5 T.

Figure 6: T1ρ-weighted image with a black-blood readout, with corresponding black-blood T1ρ-

maps and LGE image in a patient with chronic myocardial infarction. The white arrow indicates 

the infarct area. In other areas of the heart blood suppression was not perfect (blue arrow) due to 

slow flow effects, resulting in a false positive enhancement on the T1ρ-map.  
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3.4 Discussion 

Recently the feasibility of native T1ρ mapping for chronic myocardial infarction detection in 

patients was shown 7. Here, we have developed an improved cardiac T1ρ-mapping method 

that enables the acquisition of a T1ρ-map in a single breath-hold. Phantom experiments show 

a good agreement between the measured and reference T1ρ-values. The single breath-hold 

T1ρ-mapping method showed excellent reproducibility with the majority of the variance in the 

data of the healthy volunteers being explained by the inter-subject variation. Patients showed 

significantly higher T1ρ-values in infarcted areas compared to remote myocardium.  

A balanced SSFP readout was used to acquire the separate T1ρ-weighted images. This readout 

is advantageous over a spoiled gradient echo in terms of signal to noise ratio. The effect of a 

balanced SSFP readout on the measured T1ρ-relaxation times has been studied extensively in 

the past by Witschey et al.  20. Furthermore, since we used a relatively low readout flip angle 

(35 degrees), and a total readout length of approximately 280 ms, the theoretic  effect of 

relaxation during readout on the effective measured T1ρ-relaxation time is small. This is 

confirmed by the phantom measurements which showed that the balanced SSFP T1ρ-mapping 

method gives approximately the same T1ρ-values compared to a reference gradient echo 

readout. For higher T1ρ-values, we did however observe a slight underestimation of the true 

T1ρ-relaxation time using the balanced SSFP readout. 

The proposed T1ρ-mapping method requires the acquisition of 5 T1ρ-weighted images with 

different spin-lock preparation times (SL=0, 10, 20, 30, 40 ms). For an optimal fit of the 

exponential T1ρ magnetization decay, the longest time point should be larger than the T1ρ-

relaxation time. However, the maximum spin-lock pulse duration is limited by the SAR and 

by the RF amplifier performance of the MR system, and therefore the maximum spin-lock 

duration achievable was 40 ms.  

The repetition time between the T1ρ-weighted images was set to 3 R-R intervals, to allow 

regrowth of the magnetization before every acquisition, and therefore minimize T1  saturation 

effects on the measured T1ρ-relaxation times. Using a total of 5 T1ρ-weighted images results 

in a breath hold time of 13 heartbeats, which is within the capabilities of most of the patients. 

In patients with a higher heart rate, the repetition time could be increased to 4 or 5 beats, to 

minimize the T1  saturation effects, as long as the total breath hold duration does not become 

too long. Although a single breath hold approach overcomes most of the motion artifacts, 

there is still the possibility of misregistration between images, with different spin lock 

preparation times, which causes error in the T1ρ-maps because of variation within the breath 

hold and heartbeats 21. Therefore, we used a non-rigid b-spline registration post processing 

tool, before calculation of the T1ρ-maps. 

As expected, the T1ρ values found in this study in healthy subjects are slightly higher 

compared to literature values reported for T2 
22–24. The reported values in healthy volunteers 

at 1.5 and 3T could potentially be used in future studies in other cardiomyopathies as 
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reference values, if the single breath-hold sequence proposed in this study is used. Since the 

T1ρ relaxation time is not only dependent on the main magnetic field strength (i.e. B0), but 

also on the applied spin-lock amplitude B1 25, it is important to keep in mind is that these T1ρ 

values were measured with spin-lock amplitude (B1 field) of 500 Hz (11.7 μT). Therefore, 

for studies at different spin-lock amplitudes, reference values remain to be established. 

Repeatability of the proposed single breath hold T1ρ-mapping method was very high in 

healthy control subjects. The proposed method provides a fast, quantitative approach to 

measure the T1ρ-relaxation time in the heart with high repeatability.  

An increased T1ρ-relaxation time has been associated with fibrosis formation in the heart after 

myocardial infarction. Here we observed a significantly higher T1ρ-value in the infarct region, 

compared to healthy myocardium in patients (Figure 5). A sensitivity of 70% was found for 

the detection of myocardial scar, compared to LGE, with a specificity of 94%. The sensitivity 

for detection of infarct area with T1ρ-mapping of 70% compared to LGE is moderate. 

However, it is important to keep in mind that the underlying principle to discriminate 

myocardial scar tissue from normal myocardium with LGE imaging and T1ρ mapping is 

different. In LGE imaging the difference in contrast agent washout between normal and 

diseased myocardium is used to identify scar tissue, which reflects changes in perfusion and 

extracellular volume in the scar area 26. On the other hand, native T1ρ mapping directly 

measures the effect of tissue damage and scar tissue formation on the T1ρ relaxation time. 

Studies in cartilage have shown that T1ρ  is sensitive to changes in macromolecular content. It 

is unknown, however, if the increase in T1ρ directly reflects an increase of collagen in scar 

tissue, or that other changes in tissue composition after MI are involved. Studies in cartilage 

and protein solutions suggest that other factors such as cellular content and changes in 

extracellular volume might be involved, since an increase in macromolecule content leads to 

a decrease in T1ρ time, just as the increase in agarose concentration lead to a decreased T1ρ in 

our agarose gels, which is in the opposite direction of the in vivo findings 27,28. Further 

research should be performed on the mechanism and relation between myocardial fibrosis 

formation and the myocardial T1ρ relaxation time. 

A more detailed analysis of the infarct score using the  T1ρ-maps and LGE images suggests 

that the main location where the T1ρ method fails, is at the blood-myocardium interface. A 

black-blood readout was implemented to improve detection of subendocardial infarcts. We 

did however observe that the coefficient of repeatability at 1.5 T in healthy subjects was 

slightly higher for the black-blood method. Furthermore, we observed blood suppression was 

not perfect  due to slow flow effects, resulting in residual blood signal at the blood-

myocardium interface (Figure 6), which lead to false positive T1ρ-enhancement. Also in some 

subjects, we were unable to allow full inversion time because the R-R interval was too short, 

resulting in an imperfect nulling of the blood signal. Black-blood methods that saturate the 

blood could overcome this problem, however these methods require SAR intensive saturation 

pulses, and can therefore be challenging in spin-lock preparation, which is SAR intensive 



Chapter 3 
 

58 
 

itself. Therefore, we conclude that, in the current implementation, the single breath-hold 

method without the black-blood readout is more suitable in clinical practice for accurate T1ρ-

mapping of the heart, and that further work is needed to combine black-blood successfully 

with T1ρ-mapping .  

Despite the moderate sensitivity of the proposed method compared to LGE imaging, we 

believe that native T1ρ-mapping is a promising method for clinical use, since it does not 

require a contrast agent. Especially in patients that are unable to receive a Gadolinium based 

contrast agent, this method could be an alternative to provide information on tissue 

characteristics and infarct location. Other endogenous MRI contrast have shown promising 

results in animal studies for infarct detection, such as native T1-mapping 29, T2* -mapping 30, 

diffusion weighted imaging 31 and Magnetization Transfer Imaging 32. When comparing T1ρ-

mapping  and T1-mapping, it is important to discriminate between native and contrast 

enhanced T1-mapping, where for T1ρ-mapping  we only measure the native T1ρ. In this study 

we have compared T1ρ-mapping only with LGE imaging, because this is the gold standard in 

the clinic for infarct detection.  

After a myocardial infarction, an increase in fibrosis is not only found in the infarcted area, 

but also remote remodeling occurs. Given the high repeatability and low intra subject 

variability, our hypothesis is that the proposed method could also be used to characterize 

more subtle changes in myocardial tissue, in patients with other cardiomyopathies. Recently 

it was shown that T1ρ-mapping could be used for the detection of fibrosis in patients with 

hypertrophic cardiomyopathy (HCM), where a more diffuse distribution of  fibrosis is present 

in the heart 33. Future research should be performed to see if the T1ρ-parameter could also 

provide additional information in other cardiomyopathies. Furthermore, novel methods to 

increase the sensitivity of the T1ρ-mapping method could increase the clinical usability. 

In conclusion, we have systematically investigated a method to acquire a T1ρ-map of the heart 

in a single breath hold for accuracy, sensitivity and repeatability. Potentially, this method 

could be used for the detection of myocardial fibrosis without the need for a contrast agent, in 

patients with different ischemic and non-ischemic cardiomyopathies.  
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Detecting diffuse cardiac fibrosis with T1ρ MRI 

 

Abstract 

In this study we investigated the feasibility of native T1ρ-mapping for the detection of diffuse 

myocardial fibrosis in DCM patients, and made a comparison with histology, native T1 

mapping and ECV-mapping. Ex vivo T1ρ-mapping was performed on three explanted hearts 

from DCM patients, and in vivo in twenty DCM patients. A significant correlation (Pearson r 

= 0.49) was found between T1ρ-values and fibrosis fraction, and between T1ρ-values and 

ECV-values (Pearson r = 0.66). This indicates that T1ρ provides information on diffuse 

cardiac fibrosis, and since it only requires a single non-contrast scan, it could be a patient-

friendly alternative for ECV-mapping. 

 

 

 

 

 

 

 

The contents of this chapter are based on:  

Endogenous assessment of diffuse myocardial fibrosis in patients with T1ρ-mapping. 

van Oorschot et al.; Under review 
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4.1 Introduction 

Adverse structural remodeling of the myocardium occurs in almost every cardiac disease. A 

major result of the adverse remodeling process is the deposition of collagen. Reactive fibrosis 

corresponds to collagen that is deposited under pathological circumstances without cell loss, 

and increases stiffness of the heart, which contributes to diastolic failure and reduced 

contractility. In addition, diffuse reactive fibrosis can alter the electrical activity pattern in the 

heart, which may result in arrhythmias 1. 

The standard of reference to assess cardiac fibrosis non-invasively is the late gadolinium 

enhancement (LGE) method 2. This technique relies on the difference in contrast agent 

washout between normal and diseased myocardium.  However, the main limitation is the 

difficulty to apply LGE for visual detection of diffuse interstitial myocardial fibrosis. LGE 

relies on the difference in signal intensity between fibrotic and normal areas to generate 

contrast. Lack of an area with clearly unaffected myocardium will impair detection of diffuse 

fibrosis by LGE 3. 

In order to detect the presence of diffuse fibrosis, methods for quantitative mapping of 

extracellular volume (ECV) have been developed over the past years 4,5 . ECV mapping 

requires quantitative measurements of the longitudinal relaxation time, T1, before and after 

the administration of a contrast agent 6. Furthermore, the change in T1 after contrast 

administration also depends on the hematocrit.  

Although the application of contrast enhanced myocardial T1 mapping and quantification of 

ECV provides a valuable tool to study reactive fibrosis, there are still limitations that 

stimulate the search for other imaging techniques. Both acute and delayed reactions due to 

administration of the gadolinium based contrast agent have been described, and this has led to 

the recommendation not to use these agents in patients with severe renal failure 7,8. 

Furthermore, the calculation of an ECV map requires the acquisition of two different T1 

maps, one before and one 15-20 minutes after contrast injection, which requires a long scan 

time. These drawbacks can potentially be overcome when endogenous MRI contrast 

mechanisms are used to detect myocardial fibrosis 9.  

A promising endogenous MRI contrast mechanism to measure myocardial fibrosis is T1ρ 

MRI. The T1ρ relaxation time describes relaxation while the magnetization is in the transverse 

plane, in the presence of a so-called spin-lock RF pulse.  This parameter is known to be 

sensitive to macromolecular interactions, and is successfully used in the field of orthopedics 

to assess cartilage degeneration 10,11. It is important to note the difference between T1 

relaxation and T1ρ relaxation. The T1 relaxation time describes the relaxation mechanisms of 

spin interactions at the Larmor frequency created by the main magnetic field B0, which is 

typically between 50-300 MHz in MR systems. On the other hand, T1ρ –relaxation describes 

the relaxation of magnetization during a spin-lock pulse.  In presence of a spin-lock pulse, 

spins can interact with the surrounding at frequencies close to the spin-lock amplitude, which 
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is typically between 300-1000 Hz, far below the Larmor frequency. The T1ρ- relaxation time 

is, therefore, sensitive to low frequency interactions between water and macromolecules, 

which have slower tumbling rates. 

It has been shown that a significantly higher T1ρ is found in compact myocardial fibrosis after 

chronic myocardial infarction in experimental animal models 12–14. Recently, a study in 

patients has shown that native T1ρ-mapping can be used to detect myocardial scar in patients 

with a chronic myocardial infarction 15.  

Another promising endogenous MR contrast for the detection of diffuse fibrosis is native T1-

mapping. Significant changes in native T1 relaxation time have been found in patients with 

dilated cardiomyopathy 16, and a correlation was shown with collagen volume fraction in 

other cardiomyopathies such as aortic stenosis 17,18.  

Here we demonstrate the feasibility of native T1ρ MRI to detect interstitial myocardial 

fibrosis. T1ρ mapping was performed on human hearts of patients suffering from end-stage 

dilated cardiomyopathy (DCM), and subsequently compared to histology to evaluate the 

relation between T1ρ relaxation time and myocardial collagen levels. Subsequently, we 

studied the feasibility of T1ρ mapping to detect diffuse myocardial fibrosis in vivo in DCM 

patients. Patient T1ρ relaxation times were compared with a reference group consisting of 

healthy control subjects, and the relation between T1ρ relaxation time, native T1, and ECV 

was quantified in patients.  
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4.2 Methods 

4.2.1 Explanted hearts study 

Explanted hearts (n=3) from end-stage dilated cardiomyopathy (DCM) patients admitted to 

the University Medical Centre Utrecht for heart transplantation, were used. Prior to cardiac 

transplantation, all patients gave written informed consent for using the explanted hearts for 

research purposes.  

After explantation, hearts were cut in transverse slices (± 1 cm thickness). Per heart one fresh 

slice was kept at 4°C and used for MRI within 24 hours.  

4.2.2 MRI methods  

MR imaging was performed on a 3 T clinical MR Scanner (Achieva TX, Software release 

3.2.1, Philips Healthcare, Best, The Netherlands) using an 8-channel head coil. The explanted 

heart slice was placed in a perfluoropolyether solution (Fomblin, Solvay, Brussels, Belgium), 

to reduce the magnetic field inhomogeneities around the tissue boundaries. Image acquisition 

was performed at room temperature. 

T1ρ-mapping was performed using a 3D, T1ρ -prepared, multi-shot gradient echo sequence.  

T1ρ –preparation was performed using a spin-lock pulse consisting of 2 RF pulses, with 

opposite phase to compensate for B1 variations, and a refocusing pulse in between to 

compensate for B0 errors 19. The amplitude of the spin-lock pulse was set to 500 Hz (11.7 

μT), and five images with different spin-lock (SL) preparation times were acquired  (SL = 1, 

10, 20, 30, 40 ms). Other parameters were: bandwidth/pixel = 985 Hz, TE/TR = 1.7/3.4 ms, 

spatial resolution = 0.75 × 0.75 mm2, slice thickness = 0.75 mm, FOV = 120 × 120 mm2, flip 

angle = 10 degrees, TFE factor = 64, number of averages (NSA) = 1, and shot interval = 3000 

ms (Table 1). 

Table 1: Imaging parameters for the balanced SSFP T1ρ-mapping method used in the 
experiments. 

 Ex vivo imaging In vivo imaging 
Field strength 3 T 1.5 T 
BW/pixel 985 Hz 723 Hz 
TE/TR 1.7/3.4 ms 1.74/3.5 ms 
Resolution 0.75 x 0.75 mm2 2 x 2 mm2 
FOV 120 x 120 mm2 288 x 288 mm2 
Slice thickness 0.75 mm 8 mm 
Flip angle 10 degrees 35 degrees 
SENSE factor 2 2 
Nr startup pulses 0 8 
TSL  0, 10, 20, 30, 40 0, 10, 20, 30, 40 
SL amplitude 500 Hz 500 Hz 
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4.2.3 Histology 

Immediately after the image acquisition was completed, cardiac slices were fixated in 4% 

formaldehyde. Fixated slices were divided into 9 - 12 transmural pieces based on a dissection 

scheme and subsequently embedded in paraffin (Figure 1). Embedded pieces were sectioned 

(4 µm thickness) and stained with Masson’s Trichrome for detection and quantification of 

myocardial fibrosis, cardiomyocytes and adipose tissue. Stained sections were scanned at 20× 

magnification and subsequently extracted for analysis as described previously 20.  

 

 

 

 

 

 

 

 

 
 

 

 

4.2.4 Patient study 

4.2.5 Subjects 

Twenty patients with idiopathic DCM underwent cardiac MRI (CMR). Written informed 

consent was obtained from all participants, and the local Ethical Review Board of the 

University Medical Center Utrecht approved the study. Eight healthy control subjects (6 

male, 2 female, age 51 ± 6 years) were imaged to obtain reference values in subjects without 

cardiovascular disease.  

 
 
 
 
 
 

Figure 1:  Representative example of a T1ρ map of a transverse cardiac slice from an explanted 

human heart. In the T1ρ map the region of interest is depicted corresponding with the cardiac 

piece analyzed with Masson’s Trichrome shown on the right. The inset shows a detailed view of 

the stained myocardium; scale bar = 200 μm. Blue = fibrosis, red = cardiomyocytes, white (not 
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Table 2: Patient characteristics 

 Controls (n=8) DCM Patients (n=20) 
Sex Male n = 6; 75 % 

Female n = 2; 25% 
Male n = 7; 35 % 
Female n = 13; 65% 

Age, years 51 ± 6 60 ± 13 
BMI 22 ± 2 25 ± 5 
Smoking n=1; 5% n = 2; 10%  
Hypertension n=0; 0% n = 8; 40 % 
Diabetes n=0; 0% n = 2; 10 % 
Hyperlipidemia n=0; 0% n = 0; 0 % 
Family history of vascular 
disease 

n=0; 0% n = 10; 50 % 

Antihypertensive drugs n=0; 0% β-blockers  n = 10; 50 % 
Diuretics n = 16; 80 %  
ACE-inhibitors n = 8; 40 %  
AT antagonists n = 5; 25 % 

Statin use n=0; 0% n = 8; 40 % 
Antithrombotic therapy n=0; 0% n = 10; 50 % 

4.2.6 MR Imaging 

All subjects were imaged on a clinical 1.5 T MR scanner (Philips Ingenia, Software release 

5.1.7, Philips Healthcare, Best, The Netherlands). T1ρ-mapping was performed using a 2D, 

single shot T1ρ-prepared steady-state free precession (SSFP) sequence. Five images were 

obtained with different spin-lock (SL) preparation times (SL = 0, 10, 20, 30, 35 ms) in 

diastole. The amplitude of the spin-lock pulse was set to 500 Hz (11.7 μT). Other parameters 

were: bandwidth/pixel = 723 Hz, TE/TR = 1.74/3.5 ms, resolution = 2 x 2 mm2, slice 

thickness = 8 mm, FOV = 288x288 mm2, flip angle = 35 degrees, SENSE acceleration = 2, 

shot interval = 3 heart beats. In all patients, the T1ρ-mapping was performed in 3 short axis 

slices. The middle slice was located at the mid ventricular level, and the slice gap was 15 

mm. Data for each T1 ρ map was acquired in a single breath-hold in end-expiration of 13 heart 

beats duration.  

To assess the ability of T1ρ-mapping to detect diffuse myocardial fibrosis in vivo, 

corresponding T1 maps were acquired in all patients, before and 15 minutes after 

administration of 0.2 mmol/kg contrast agent (Gadovist, Bayer Healthcare, Berlin, Germany). 

Native T1 maps were acquired using a MOLLI 5(3)3 scheme, and the contrast enhanced T1 

maps were acquired using the MOLLI 4(1)3(1)2 scheme 21. Other parameters were: 

bandwidth/pixel = 723 Hz, TE/TR = 1.74/3.5 ms, resolution = 2 x 2 mm2,  slice thickness = 8 

mm, slice gap = 15 mm, FOV = 288x288 mm2, flip angle = 35 degrees, SENSE acceleration 

= 2. Blood samples were acquired directly before the MR exam to determine hematocrit. In 

the healthy control subjects, only the T1ρ- and native T1-maps were acquired. Post-contrast T1 

maps and hematocrit was not acquired in the control subjects, since we did not have Medical 

Ethical permission for gadolinium administration and blood withdrawal in healthy subjects.  
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Left ventricular ejection fraction (LVEF) in patients was determined using a CINE 

acquisition. Fifteen short axis slices with 30 heart phases were acquired using a bSSFP 

sequence. Other parameters were: bandwidth/pixel = 1036 Hz, TE/TR = 2.4/4.7 ms, 

resolution = 1.67 x 1.75 mm2,  slice thickness = 8 mm, FOV = 320 x 320 mm2, flip angle = 

60 degrees, SENSE acceleration = 3.  

4.2.7 Post-processing and analysis 

T1ρ-maps were calculated by pixelwise fitting of a mono-exponential decay function using 

Matlab (Version R2014b, Mathworks, Natick, MA, United States). A mono-exponential two-

parameter decay model was applied using a Levenberg-Marquardt algorithm of nonlinear 

estimation to fit the T1ρ relaxation time 22.  

From the histological slices of the explanted hearts, the percentage of fibrosis, 

cardiomyocytes, and adipose tissue in each section was determined using MATLAB (release 

2014b, Mathworks, Natick, MA, USA). Technical details about the quantification method 

performed by MATLAB were described previously 20. Subsequently, regions of interest 

(ROIs) were outlined on the T1ρ maps, matching with the dissection scheme and guided by 

the histology images. Mean T1ρ relaxation time per ROI was calculated and compared to the 

percentage fibrosis per piece. 

Using the pre- and post-contrast T1 maps and the hematocrit value, extracellular volume 

fraction maps were calculated for each slice in patients, using the same approach as described 

elsewhere 6.  

The myocardium of the left ventricle was delineated by manually contouring the endocardial 

and epicardial border on the T1ρ-maps of both patients and healthy volunteers. These ROIs 

were used to calculate the mean T1ρ-relaxation time and the mean native T1 -relaxation time 

for each slice, and for the patients, also the extracellular volume fraction.  

Native T1, T1ρ and ECV maps were scored for overall quality based on a 5 point scale, as 

described by Kellman et al 6. The rating was based on image artefacts, delineation of 

myocardial blood pool borders, and homogeneity of myocardial signal. The range of the scale 

consisted of on image quality of non-diagnostic, poor, fair, good and excellent.  

4.2.8 Statistical analysis 

Statistical analysis was performed with GraphPad Prism (GraphPad Software, California, 

United States).  

The Pearson correlation coefficient was calculated to determine the correlation between the 

percent fibrosis at histology and T1ρ values.  

Group comparisons were performed using an unpaired student’s t-test, and considered 

significant at p < 0.05. The correlation between native T1ρ-relaxation time and ECV fraction, 

as well as the correlation between native T1ρ and native T1 –values was also calculated using 

the Pearson correlation coefficient.  
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4.3 Results 

4.3.1 Explanted hearts study 

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). Figure 1 shows a representative 

T1ρ map with a corresponding picture of a histological image stained with Masson’s 

Trichrome. 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 Pearson correlation coefficient r = 0.49 (p = 0.005) was observed (Figure 2).  

 

 

 

 

 

 

 

 

 

 

 

4.3.2 Patient  study 

The patient characteristics of the 20 patients are listed in Table 2. Mean ejection fraction in 

the DCM patients was 25 ± 13 %. An example of a T1ρ -map, pre- and post-contrast T1 -

maps, and corresponding ECV-map is given in Figure 3. For the T1ρ –maps, image quality 

was excellent in 8 patients (40%), good in 9 patients (45%), and fair in 3 patients (15%). The 

native T1-maps had an excellent image quality in 12 patients (60%), good in 6 patients (30%) 

and fair in 2 patients (10%). The ECV-maps had an excellent image quality in 10 patients 

(50%), good in 4 patients (20%) and fair in 6 patients (30%).  

The T1ρ relaxation time was significantly higher in the DCM patients (55.2 ± 2.7 ms), 

compared to the healthy control subjects (51.5 ± 1.2 ms), p = 0.0024, see Figure 4. A 

significant correlation was found between the T1ρ relaxation time and the Extracellular 

Figure 2:  A significant correlation with a Pearson r of 0.49 was found between amount of fibrosis 

and T1ρ relaxation time in explanted hearts of end stage DCM patients.  
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Volume fraction in patients, with a Pearson correlation coefficient r = 0.66 (p = 0.0015) 

(Figure 5a). Mean ECV-value in the DCM patients was 0.32 ± 0.04.  

 

 

 

 

 

 

 

The native T1 relaxation time was significantly higher in the DCM patients (1166 ± 62 ms), 

compared to the healthy control subjects (1026 ± 21 ms, p < 0.0001). However, no significant 

correlation was found between the T1ρ relaxation time and native T1 values in patients  

(Pearson r = 0.26, p = 0.28), and between the native T1 and Extracellular Volume fraction in 

patients (Pearson r = 0.03, p = 0.89), as shown in Figure 5b. The age difference between the 

DCM patients and healthy control subjects was not significant (p = 0.07).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3:  In vivo short axis T1ρ-map, with corresponding pre- and post-contrast T1-map and 

resulting ECV-map, in a DCM patient. 

Figure 4:  Whisker box plot showing the T1ρ values for DCM patients and healthy controls. The 

mean T1ρ relaxation time in DCM patients is significantly higher (55.2 ± 2.7 ms) compared to 

healthy myocardium (51.5 ± 1.2 ms) (p=0.0024). 
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Figure 5a:  Correlation between the extracellular volume fraction and T1ρ relaxation time in vivo 

in DCM patients. A significant correlation with a Pearson r of 0.66 was found (p = 0.0015). 5b: 

No significant correlation was found between the extracellular volume fraction and native T1 

relaxation time in DCM patients (Pearson r = 0.03, p = 0.89).
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4.4 Discussion 

In this study we demonstrate the first proof of principle for in vivo detection of diffuse 

myocardial fibrosis in patients with end-stage DCM using native T1ρ –mapping. We found a 

significant correlation between T1ρ values and fibrosis as determined by histology in ex vivo 

human end-stage heart failure myocardium due to DCM. In vivo we found a significantly 

higher T1ρ relaxation time in DCM patients compared to healthy control subjects, and a 

significant correlation between T1ρ values and extracellular volume fraction in DCM patients. 

Myocardial native T1 was also significantly higher in the DCM patients, but no correlation 

was found between native T1 and T1ρ or between native T1 and ECV. 

In chronic myocardial infarct scar tissue, the T1ρ relaxation time has already been found to be 

significantly higher compared to remote myocardium . The ex vivo results presented here 

show a modest but significant correlation (r = 0.49) between T1ρ values and fibrosis  fraction, 

suggesting that T1ρ MRI may also provide information on diffuse fibrosis formation. The 

modest correlation coefficient could be explained by challenges in the experiment setup. 

When validating MR images with histology as a reference, there are some pitfalls that may 

limit the correlation. Firstly, in this study the MR images gather information from tissue 

slices with a thickness of 0.75 mm thickness. In contrast, histology is performed on slices of 

only 4 µm thickness. This implies that MR images average much more tissue information 

compared to 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. Similarly, the in-plane ROIs may not perfectly match the 

sections made for histology. A direct comparison of the T1ρ relaxation times found in the 

explanted hearts and the in vivo patients is difficult, since the measurements are performed at 

a different field strength, and at a different temperature. The T1ρ values we found in the ex 

vivo hearts were higher than in in vivo. We believe this is mainly caused by a more severe 

state of disease and more fibrosis in these explanted hearts, and not by the difference in main 

magnetic field strength.  

In vivo both significantly higher T1ρ relaxation times and significantly higher native T1 

relaxation times were found in DCM patients. The higher native T1 values are in accordance 

with other studies in literature where it was shown that higher native T1 values can be found 

in DCM patients 23. However, this is the first study that report a significantly higher T1ρ 

relaxation time in DCM patients. Another recent study has shown that in patients with 

Hypertrophic CardioMyopathy (HCM) an increase in T1ρ relaxation time is found in the 

heart, and that the fibrosis in the heart can be assessed using this method 24. In comparing 

with this study, one should realize that in Hypertrophic Cardiomyopathy  larger patches of 

fibrosis are formed, where in DCM patients diffuse interstitial fibrosis is formed.  
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Results of biopsy studies have shown that the Extracellular Volume fraction, calculated with 

native T1, contrast enhanced T1 and hematocrit value combined, is an excellent predictor of 

the amount of myocardial fibrosis 25,26. The significant correlation between T1ρ relaxation 

time and ECV suggests that a single T1ρ experiment could potentially provide similar 

information.  

In other studies, the use of native T1-mapping for detection of diffuse myocardial fibrosis has 

been investigated. It has been shown that T1 mapping without contrast agent can provide 

information on diffuse fibrosis 17,27. Another study found that native T1 values can provide 

diagnostic accuracy to discriminate between normal and diffuse fibrosis in patients with non-

ischemic dilated cardiomyopathy, and is superior to ECV at distinguishing between controls 

and cardiomyopathy patients 23. In this study, no significant relation between native T1 and 

T1ρ relaxation time was found.  This is unexpected, since both the native T1 and the T1ρ 

relaxation time are increased in the DCM patients, and both relaxation parameters have 

shown significant correlation with collagen volume fraction on histology, as was shown for 

T1ρ in this study, and for native T1 in a study by Bull et al. 17.   

In addition, there was no significant relation between native T1 and extracellular volume 

fraction. Since we did find a significant correlation between T1ρ  and ECV in this study, and 

although the patients sample size is small in our study, these results suggest that the T1ρ 

relaxation time is potentially a better predictor of the ECV value than the native T1 value. It is 

important to keep in mind that T1 and T1ρ –relaxation are different tissue parameters, affected 

by other relaxation mechanisms.  

Patients with heart failure commonly suffer from concomitant renal impairment and use of a 

gadolinium based contrast agent might therefore be contra-indicated in these patients 28. 

Since the T1ρ mapping method does not require the use of a contrast agent, this method could 

function as an alternative in these patients. Another advantage of T1ρ -mapping over ECV-

mapping, is that T1ρ –mapping only requires a single acquisition, which requires 1 breath hold 

per slice. This results in a significant decrease in total scan time, since ECV-mapping requires 

a pre- and post-contrast T1-map, and a 15-20 minutes waiting time after contrast agent 

injection.  

Main limitation for the use of T1ρ mapping for fibrosis detection is that the T1ρ relaxation time 

found in DCM patients is only approximately 2 standard deviations higher compared to 

healthy control subjects. Although this appears to be sufficient to distinguish healthy and 

diseased myocardium, more contrast could improve the sensitivity of the method. It was 

shown in infarct tissue, that a higher B1 amplitude for the spin-lock pulse would generate 

more contrast between healthy and diseased myocardium 15. Since the B1 of the spin-lock 

pulse is limited by the SAR and RF performance of the MR system, there is a limit on the 

maximum spin-lock amplitude. New MRI contrast developments such as relaxation along a 
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fictitious field (RAFF) may have the potential to generate more contrast between infarct and 

remote tissue for a given B1 amplitude and SAR level 29.  

In conclusion, we demonstrate the first proof of principle for the endogenous detection of 

diffuse myocardial fibrosis with T1ρ MRI. Ex vivo and in vivo experiments showed promising 

results, and a significant correlation between the T1ρ relaxation time and the ECV fraction 

was found in DCM patients. Native T1ρ –mapping requires no separate pre- and post-contrast 

acquisitions with mandatory delays, and removes the need for hematocrit measurement. Thus, 

native T1ρ –mapping is  easier to incorporate in a clinical protocol as opposed to ECV-

mapping. In further studies it is important that a larger patient group is studied, and patients 

with other cardiomyopathies should be included, to study the changes in T1ρ. 
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Chapter 5 

 

Endogenous assessment of chronic myocardial 

infarction with Magnetization Transfer 

 

Abstract 

Two promising techniques for endogenous detection of myocardial fibrosis are Magnetization 

Transfer and T1ρ  MRI. In this study we performed MT and T1ρ mapping in an animal model 

of chronic myocardial infarction, by scanning the heart in vivo and ex vivo. Ex vivo the 

Magnetization Transfer Ratio measured in a porcine animal model is significantly lower in 

the infarct area (0.21 ± 0.01) compared to healthy myocardium (0.30 ± 0.01) and the  T1ρ 

relaxation time is significantly higher in infarct area (87 ± 3 ms) compared to healthy 

myocardium (59 ± 3 ms). After addition of an off-resonance saturation prepulse the T1ρ-

values increased significantly. In vivo the Magnetization Transfer Ratio measured in a 

porcine animal model is significantly lower in the infarct area (0.29 ± 0.03) compared to 

healthy myocardium (0.40 ± 0.03) and the T1ρ relaxation time is significantly higher in infarct 

area (85.7 ± 4.4 ms) compared to healthy myocardium (56.5 ± 1.9 ms). 

 

 

 

 

 

The contents of this chapter are based on:  

Endogenous assessment of chronic myocardial infarction with Magnetization Transfer. 

van Oorschot et al.; Under review 
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5.1 Introduction 

Direct detection of myocardial fibrosis without the use of an exogenous contrast agent would 

overcome limitations associated with contrast agents.  A quantitative endogenous 

standardized measurement to assess myocardial fibrosis would be beneficial for diagnosis, 

treatment planning and treatment follow-up. Recently, there has been an increased interest in 

MR parameters that directly use the changes in tissue composition in cardiomyopathies to 

generate contrast between healthy and diseased myocardium 1. Two promising techniques are 

Magnetization Transfer and T1ρ  MRI.  

Magnetization transfer imaging (MTI) is an MRI technique based on the transfer of 

magnetization from the hydrogen nuclei with restricted motion, to hydrogen nuclei of free 

water 2. The hydrogen nuclei with restricted motion are mainly associated to be bound to 

macromolecules through hydrogen bonds. The amount of magnetization transfer can be 

assessed by measuring the difference in signal of free water obtained with and without the 

application of an off-resonance RF pulse prior to imaging. Hydrogen in bound water has a 

broad frequency distribution, and will be partly saturated by the off-resonance RF pulse. Due 

to the continuous exchange between bound and free water, the saturated hydrogen will 

exchange with the free water, thereby reducing the signal intensity of the image obtained, 

when an off-resonance pulse is applied.  

It has been shown ex vivo in a rat model that the magnetization transfer rate is decreased in 

acute and chronically infarcted myocardium compared to healthy tissue 3. It was suggested 

that this decrease in magnetization transfer is induced by a change in macromolecular 

interactions with the surrounding water as a result of myocardial infarction.  

The use of magnetization transfer imaging has been tested in vivo in patients with acute 

myocardial infarction 4. A significantly reduced magnetization transfer ratio was found in the 

infarct region in patients with subacute (2-5 days) myocardial infarction, corresponding well 

with the LGE images. However, it needs to be investigated if MT can also provide 

information on chronic myocardial infarction and the formation of fibrosis in patients. 

Another promising endogenous MRI technique is T1ρ MRI. It has been shown recently that 

the T1ρ relaxation parameter can be used to detect chronic myocardial infarcts in patients, 

without the use of a contrast agent 5. Magnetization transfer imaging and T1ρ relaxation are 

both known to be sensitive to changes in macromolecular tissue composition. Therefore, it is 

important to investigate how T1ρ and MT are related to each other 6. In this study we 

performed MT and T1ρ mapping in an animal model of chronic myocardial infarction. LGE 

imaging was used as gold standard reference for fibrosis detection. Furthermore reference 

values for Magnetization Transfer Ratio and T1ρ-relaxation time were acquired in healthy 

volunteers. 
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5.2 Methods 

5.2.1 Animal model 

All in vivo animal experiments were conducted in accordance with the Guide for the Care and 

Use of Laboratory Animals prepared by the Institute of Laboratory Animal Resources. These 

animal experiments were part of a larger stem cell therapy study where imaging was 

performed. Experiments were approved by the Animal Experimentation Committee of the 

University Medical Center Utrecht.  

Eight Dalland landrace pigs (69 ± 2 kg) underwent a 90-minute percutaneous balloon 

occlusion of the midpart of the left anterior descending (LAD) coronary artery, followed by 

reperfusion.  

5.2.2 Experiment 1: Ex vivo animal study 

The third sectioned slice from the apex from 2 pigs was fixated in formalin. The heart slice 

was  scanned on a clinical 1.5 T MR scanner (Ingenia, Philips Healthcare, Best, the 

Netherlands) in an 8 channel head coil.  

Magnetization Transfer Imaging was performed using a 2D, multi-shot gradient echo 

sequence. Two images were acquired, one with and one without an off-resonance saturation 

pre-pulse. The saturation pre-pulse consisted of 8 hyperbolic shaped RF pulses, with a flip 

angle of 800 degrees and a duration of 20 ms, resulting in a total duration of 160 ms (figure 

1). The saturation prepulse had a frequency offset of 1000 Hz. Other imaging parameters 

were: TE/TR = 2.1/4.2 ms, resolution = 1.4 x 1.4 mm2, FOV = 150x150 mm2, flip angle = 35 

degrees, slice thickness = 3 mm, 2 slices,  bandwidth/pixel = 723 Hz, 64 TFE shots, NSA =1 

and shot interval = 5000 ms. Total scan time was 20 seconds. 

T1ρ-mapping was performed using a 2D, single shot T1ρ-prepared steady-state free precession 

(SSFP) sequence (figure 1). A T1ρ map was calculated by acquiring five images with different 

spin-lock preparation time (SL = 1, 10, 20, 30, 40 ms). Other imaging parameters were: 

TE/TR = 2.1/4.2 ms, resolution = 1.4 x 1.4 mm2, FOV = 150x150 mm2, flip angle = 35 

degrees, slice thickness = 3 mm, 2 slices,  bandwidth/pixel = 723 Hz, NSA =1 and shot 

interval = 5000 ms. Total scan time was 50 seconds. 

To study the effect of the saturation prepulse on the T1ρ relaxation, an MT- T1ρ experiment 

was performed. The T1ρ –mapping experiment was repeated, but with an additional MT 

prepulse prior to the spin-lock pulse. The MT pulse was the same as in the MT experiment 

(Figure 1).  
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5.2.3 Experiment 2: In vivo animal study 

Four weeks after myocardial infarction, an in vivo MRI was performed under anesthesia on a 

clinical 1.5T MR scanner (Ingenia, Software release 4.1.3, Philips Healthcare, Best, The 

Netherlands).  

Magnetization Transfer Imaging was performed using a 2D, multi-shot gradient echo 

sequence. Two images were acquired, one with and one without an off-resonance saturation 

pre-pulse. The saturation pre-pulse in this experiment was slightly higher compared to the ex 

vivo study, and consisted of 10 hyperbolic shaped RF pulses, with a flip angle of 1000 

degrees, a duration of 20 ms and a frequency offset of 1000 Hz.  Other parameters were: 

TE/TR = 1.74/3.5 ms, resolution = 2 x 2 mm2, slice thickness = 8 mm, 8 slices, FOV = 

288x288 mm2, flip angle = 35 degrees, number of signals averaged (NSA) =1, shot interval = 

3 heart beats, bandwidth/pixel = 723 Hz. The MT image was acquired in diastole, and the 

total scan time was 48 seconds. 

T1ρ-mapping was performed using a 2D, single shot T1ρ-prepared steady-state free precession 

(SSFP) sequence, as described before in chapter 3.  T1ρ –preparation was performed using a 

spin-lock pulse consisting of 2 RF pulses,  with opposite phase to compensate for B1 

variations, and  a refocusing pulse between the spin-locking halves to compensate for B0 

errors 7,8. The amplitude of the spin-lock pulse was set to 500 Hz (11.7 μT), and five images 

with different spin-lock (SL) preparation times were acquired  (SL = 1, 10, 20, 30, 40 ms). 

Figure 1:  Schematic overview of the sequences used in this study. Magnetization Transfer 

Imaging was performed measuring with and without a saturation pre-pulse, consisting of 8 

adiabatic prepulses, with a flip angle of 800 degrees and a duration of 20 ms, and a frequency 

offset of 1000 Hz. T1ρ mapping  was performed by acquiring five images with different spin-lock 

(SL) preparation times (SL = 0, 10, 20, 30, 40 ms).  The effect of the off-resonance saturation 

prepulse on the T1ρ- relaxation time was measured, by adding the saturation prepulses  before the 

T1ρ- spin-lock pulses. 
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Other parameters were: TE/TR = 1.74/3.5 ms, resolution = 2 x 2 mm2, slice thickness = 8 

mm, 8 slices, FOV = 288x288 mm2, flip angle = 35 degrees, number of signals averaged 

(NSA) =1, shot interval = 3 heart beats, bandwidth/pixel = 723 Hz. The T1ρ-map was 

acquired in and the total scan time was 2 minutes. 

After the MT imaging and T1ρ-mapping 0.2 ml/kg gadobutrol  (Gadovist, Bayer Healthcare, 

Berlin, Germany) was injected and LGE MRI was performed 15 minutes after injection. A 

look-locker scout sequence was performed to optimize nulling of the remote myocardium. 

LGE imaging parameters were: TI = 200-250 ms, TE/TR = 1.18/3.6 ms, resolution = 1.25 x 

1.25 mm2, slice thickness = 5 mm, FOV = 320x296 mm2, flip angle = 25 degrees, 30 TFE 

shots).  

5.2.4 Experiment 3: Healthy control subjects 

To obtain in vivo reference values for the Magnetization Transfer Ratio at 1.5T, five healthy 

control subjects were imaged. Five subjects (3 male, 2 female, age 27 ± 4 years) underwent a 

MRI exam at a 1.5 T system (Philips Ingenia). In the healthy controls 3 slices were acquired; 

a basal, mid and apical slice. The same protocol as in the animal study was used for 

magnetization transfer imaging and T1ρ-mapping. The effect of the off-resonance saturation 

prepulse on the T1ρ- relaxation time was studied in the healthy control subject, by adding 10 

adiabatic prepulses, with a flip angle of 1000 degrees, a duration of 20 ms and a frequency 

offset of 1000 Hz, before the T1ρ- spin-lock pulses. The MT-T1ρ-map was acquired in diastole 

during an expiration breath hold. 

5.2.5 Post-processing and image analysis 

To correct for residual cardiac motion between acquisition of the different T1ρ weighted 

images , a non-rigid registration was performed using a b-spline algorithm (Elastix, Image 

Sciences Institute, Utrecht, The Netherlands) 9.  

Magnetization Transfer Ratio maps were calculated using the following formula: 

  2. T1ρ-maps were calculated by pixelwise fitting of a mono-exponential decay function 

using Matlab (Version R2014b, Mathworks, Natick, MA, United States). A mono-

exponential two-parameter decay model was fitted using a Levenberg-Marquardt algorithm 

for nonlinear fitting of the T1ρ relaxation time 10.  

The myocardium of the left ventricle was delineated by manually contouring the endocardial 

and epicardial border on the MTR and T1ρ-map. MT and T1ρ-values for infarct and remote 

myocardium in the animals were measured by manual segmentation of the infarct and remote 

area, guided by the corresponding LGE images.  

5.2.6 Statistics 

Statistical analysis was performed with GraphPad Prism (GraphPad Software, California, 

United States). Group comparison was performed using a two-way ANOVA analysis, and 

considered significant at p < 0.05. 
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5.3 Results 

5.3.1 Experiment 1: Ex vivo animal study 

In the ex vivo porcine heart slices we found a significantly lower (0.21 ± 0.01) magnetization 

transfer ratio in the infarct area compared to healthy myocardium (0.30 ± 0.01) (p = 0.006) 

(Figure 2a). The T1ρ-relaxation time was significantly higher in the infarct area (87 ± 3 ms) 

compared to healthy remote myocardium (59 ± 3 ms) (p = 0.01) (Figure 2b). After addition of 

an off-resonance saturation pre-pulse before the T1ρ-readout, the T1ρ-relaxation time was 95 ± 

5 ms in the infarct area, compared to 64 ± 2 ms in the remote myocardium (p  = 0.01) (Figure 

2b). The T1ρ-values in the infarct and remote tissue after addition of a MT pre-pulse were 

significantly higher compared to the regular T1ρ-relaxation times.  

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.2 Experiment 2: In vivo animal study 

The MTR- and T1ρ-maps were successfully acquired in both animals (Figure 3). The 

Magnetization Transfer Ratio was significantly lower in the infarcted region (0.29 ± 0.03 

ms), compared to remote myocardium (0.40 ± 0.03 ms), (p<0.0001), (Figure 4a). The T1ρ 

relaxation time was significantly higher in the infarcted region (85.7 ± 1.9 ms), compared to 

healthy remote myocardium (56.5 ±  1.9 ms), (p<0.0001) (Figure 4b). 

5.3.3 Experiment 3: Healthy control subjects 

The mean Magnetization Transfer Ratio in the left ventricle in healthy volunteers was 0.41 ± 

0.05.  The mean T1ρ-relaxation time in the left ventricle in healthy controls was 51.5 ± 1.2 

Figure 2a: Ex vivo the Magnetization Transfer Ratio measured in a porcine animal model is 

significantly lower in the infarct area (0.21 ± 0.01) compared to healthy myocardium (0.30 ± 

0.01) (p = 0.006) 2b: T1ρ relaxation time measured ex vivo in a porcine animal model is 

significantly higher in infarct area (87 ± 3 ms) compared to healthy myocardium (59 ± 3 ms) (p = 

0.01). After addition of an off-resonance saturation prepulse before the T1ρ-readout, a T1ρ-

relaxation time of 95 ± 5 ms was found in the infarct area, compared to 64 ± 2 ms in the remote 

myocardium (p  = 0.01).
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ms. After addition of an off-resonance saturation prepulse before the T1ρ-readout, a 

significantly higher T1ρ-relaxation time of 56.2 ± 1.9 ms was measured in the left ventricle of 

the healthy subjects (p < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Short axis in vivo LGE images with corresponding T1ρ-maps and MTR-maps of two 

different animals with corresponding in a porcine animal model 4 weeks after MI. Arrows indicate 

the infarct area.  

Figure 4a: In vivo the Magnetization Transfer Ratio measured in a porcine animal model is 

significantly lower in the infarct area (0.29 ± 0.03) compared to healthy myocardium (0.40 ± 0.03) 

(p < 0.0001) 4b: T1ρ relaxation time measured in vivo in a porcine animal model is significantly 

higher in infarct area (85.7 ± 1 ms) compared to healthy myocardium (56.5 ± 1.9 ms) (p < 0.0001) 
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5.4 Discussion 

In this study we investigated the changes in Magnetization Transfer and T1ρ relaxation time in 

cardiac tissue after a chronic myocardial infarction. Both ex vivo and in vivo we found a 

significantly lower magnetization transfer ratio and a significantly higher T1ρ relaxation time 

in the infarct area, compared to remote myocardium. Ex vivo results show that the addition of 

an off resonance saturation pulse before the T1ρ readout leads to significantly higher T1ρ 

relaxation times in both the infarct area and the remote myocardium, and in vivo 

measurements in healthy volunteers also show an increases in the T1ρ relaxation time after an 

off resonance pre-pulse.  

The decreased Magnetization Transfer Ratio and the increased T1ρ relaxation time in the 

infarct area, both suggest that there is a decrease in water-macromolecule interactions in the 

infarct region. The decrease in Magnetization Transfer Ratio in the infarct region is in 

accordance with other studies in literature 3,4. When the Magnetization Transfer Ratio is 

lower, this indicates that there is less interaction between macromolecules and the water 

signal. Likewise, the increased T1ρ relaxation time suggest less interaction between the water 

protons and the surrounding, and therefore less relaxation, resulting in a longer relaxation 

time.  

The MT- T1ρ results show that the addition of an off-resonance saturation prepulse before T1ρ 

readout, results in a significant increase in T1ρ relaxation time, both in vivo and in ex vivo 

animal infarct and remote tissue, and in vivo in normal myocardial tissue in healthy 

volunteers. This indicates that saturation of part of the macromolecular pool, results in a 

decreased visibility of the interactions between water and the surrounding, as measured by 

the increased T1ρ relaxation time. This suggests that the T1ρ relaxation time and the 

Magnetization Transfer coefficient are sensitive for similar same water-macromolecular 

interactions, despite the fact that the MR relaxation mechanisms are different.  

Both Magnetization Transfer Imaging and T1ρ mapping are MRI methods that require long 

RF pulses. The maximum power that can be used for the experiments is limited by the RF 

amplifier performance of the MR system, and the specific absorption rate (SAR) that can be 

distributed into the body. Studies have shown that the T1ρ contrast between healthy and 

infarcted myocardium is dependent on the amplitude of the spin-lock pulse 5,11. MR systems 

that can achieve sufficient B1 in the heart, are therefore necessary to perform Magnetization 

Transfer and T1ρ experiments.  

Limitation of this study is that we only performed the saturation pre-pulse at a single off-

resonance frequency. It would be interesting to measure the magnetization transfer effect 

with different off-resonance frequencies, or by measuring a whole chemical exchange 

saturation transfer (CEST) spectrum. With CEST imaging, a specific frequency could be 

selected, at which the contrast between healthy and infarct tissue is the highest.   
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Main drawback of Magnetization Transfer Imaging is that the amount of Magnetization 

Transfer observed depends on the number and strength of the off-resonance saturation pre-

pulses. The T1ρ relaxation time mapping is less dependent on the used acquisition method. 

Therefore, we believe that T1ρ mapping is more promising for the quantitative measurement 

of myocardial fibrosis in the clinic.  

Both Magnetization Transfer Imaging and T1ρ mapping have shown promising results for the 

endogenous detection of myocardial fibrosis. In this study we have shown in an animal model 

of chronic myocardial infarction that both the Magnetization Transfer map and the T1ρ map 

can be used to detect the infarction area without the use of a contrast agent. The ex vivo data 

and in vivo results in healthy volunteers suggest that the underlying principles of T1ρ  and MT 

MRI overlap, and both target the water-macromolecular interactions. In future studies, the 

application of MT MRI in patients with chronic myocardial infarction needs to be studied. A 

study comparing the sensitivity of T1ρ mapping and Magnetization Transfer Imaging for 

infarct detection can indicate which MR contrast is most promising for endogenous infarct 

detection.  
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6.1 Introduction 

In this thesis, we have studied the use of quantitative MR contrast mechanisms, that could 

potentially be used for endogenous detection of myocardial fibrosis in the clinic. In the 

introduction of this thesis, multiple promising endogenous MRI contrast methods were 

proposed and discussed; T1 -, T2 -, T2* -, T1ρ -mapping, UTE and Magnetization Transfer 

imaging, and we have shown the first human applications of many of these techniques. Here 

we will discuss the main findings in this thesis, and make a comparison with other studies in 

literature.  
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6.2 Endogenous fibrosis detection: T2*, T1ρ MRI and Magnetization Transfer Imaging 

In our research, we have mainly focused on T2*, T1ρ MRI and Magnetization Transfer 

Imaging, and found that T1ρ -mapping, and Magnetization Transfer imaging are most 

promising. We found a significantly higher T1ρ-relaxation time in myocardial infarct tissue, 

compared to healthy remote tissue, both in a porcine animal model and chronic infarct 

patients. A comparison with LGE as gold standard for infarct detection, showed that native 

T1ρ –maps can be used to locate the myocardial scar area. For diffuse myocardial fibrosis, we 

have shown that T1ρ relaxation times correlate with the amount of fibrosis, determined by 

histology, and with extracellular volume fraction, measured in vivo. The results of native T1 –

mapping in DCM patients did not indicate a significant relation with extracellular volume 

fraction in patients. Measurements of magnetization transfer in an animal model showed a 

decrease in magnetization transfer ratio in the infarct area, and the addition of an MT pulse in 

front of a T1ρ-mapping experiment resulted in a significantly higher T1ρ-relaxation time.  

The T2* -mapping results suggested that the decrease of T2*, in the infarct area in the porcine 

animal model, was mainly due to hemorrhage iron depositions. Therefore, our conclusion 

was that changes observed in T2* relaxation time, are not specific for collagen, but could also 

be induced by iron. The preclinical studies in literature where it was shown that with UTE/ 

T2* imaging, at ultrahigh field strength, myocardial fibrosis could be detected, showed no 

extensive iron depositions in the infarct area  1,2. The difference with our results are most 

likely do to the difference in the animal model: these preclinical studies used permanent 

occlusion models, while we used a model with reperfusion, in which hemorrhages are more 

likely to occur. Since infarct patients also have reperfusion after an event, we believe that the 

reperfusion model is most accurate compared to clinical practice. 

The feasibility of T1ρ –mapping for the detection of diffuse interstitial myocardial fibrosis 

was studied, and compared with native T1 – mapping and extracellular volume fraction in the 

heart. Recent results in literature have shown that ECV values correlate with the amount of 

myocardial fibrosis determined by biopsy 3. The significant correlation between T1ρ and ECV 

values in patients indicates that the T1ρ parameter can also provide information about diffuse 

myocardial fibrosis.  

Although the sensitivity of T1ρ –mapping seems to be lower compared to ECV-mapping, it 

has several significant advantages, as the T1ρ –mapping method does not require hematocrit 

assessment, two separate acquisitions, contrast agent administration, and the corresponding 

waiting time, all required to calculate an ECV-map.  Therefore T1ρ –mapping is much easier 

to incorporate in clinical daily clinical routine. Further larger patient studies need to be 

performed to investigate if T1ρ –mapping can provide sufficient information to substitute an 

ECV-mapping experiment in clinical practice. However, we believe that T1ρ –mapping can 

already be used as an alternative in patients which are unable to receive a gadolinium based 

contrast agent.  
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The T1ρ relaxation was compared to Magnetization Transfer and it was shown that both 

relaxation mechanisms can be used for endogenous detection of the infarct area. Both 

contrast mechanisms are known to be sensitive for water-macromolecular interactions. The 

increased T1ρ relaxation time and the decrease in Magnetization Transfer in the infarcted area, 

both point towards a decrease in these water-macromolecular interactions. The formation of 

myocardial scar is associated with an increase of collagen macromolecules in the infarct 

region, which theoretically would lead to an increase in water-macromolecule interactions, 

thus a decrease in T1ρ and increase in MT. However, our experiments show the opposite 

effect. Our hypothesis is, that other changes in tissue composition dominate the observed T1ρ 

and MT contrast in cardiomyopathies. After an infarct there is a decrease of viable cardiac 

cells with cellular macromolecules, and an increase of extracellular volume in the cardiac 

tissue. Also in diffuse fibrosis there is an increase in extracellular volume. We therefore 

believe that with T1ρ  and MT MRI we are measuring the effect of the loss of cardiac muscle 

cells and the increase of extracellular volume, instead of directly measuring the relaxation 

effect of the interactions with collagen fibers.  
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6.3 Endogenous fibrosis detection: T1  and T2  MRI 

It is interesting to compare our results with those of other groups which performed studies 

with native T1-, and T2- mapping. 

The use of native T1 mapping for chronic infarct detection was shown first in an animal 

model 4, and applied in a patient study of chronic myocardial infarction by Kali et al. 5. At a 

field strength of 3 T, an increase in T1 of about 20% was found in the infarct area, compared 

to the healthy remote myocardium. For T1ρ , we observe a significantly higher increase of 

around 80% in the infarct area compared to healthy remote tissue. However, the sensitivity 

and specificity for infarct detection compared to LGE presented in literature with native T1 in 

patients were approximately the same as we reported in our T1ρ patient studies.  

It has been shown that T1 mapping without contrast agent can provide information on diffuse 

fibrosis 6,7. Another study found that native T1 values can provide diagnostic accuracy to 

discriminate between normal and diffuse fibrosis in patients with non-ischemic dilated 

cardiomyopathy 8. However, no significant relation between native T1 and T1ρ relaxation time 

was found in this study. In addition, there was no significant relation between native T1 and 

extracellular volume fraction 

The use of T2-mapping for fibrosis detection has been shown Bun et al. 9. However, the main 

use of cardiac T2-mapping in clinical studies is for edema detection in the infarct area in the 

acute phase after an myocardial infarction 10. The T1ρ –dispersion data in chapter 2 can be 

used to illustrate the shortcomings of T2-mapping for endogenous infarct detection, compared 

to T1ρ-mapping, as follows. If the spin-lock amplitude in a T1ρ - experiment would be set to 

an amplitude of 0, only the excitation and inversion pulses remain, thus the spin-lock pulse 

would change into a T2-preparation pulse. Therefore, a T1ρ - experiment with spin-lock 

amplitude 0 can be considered as a T2 –experiment. Although the dispersion data in chapter 2 

already show a significant difference between infarct and remote for a spin-lock amplitude of 

0 Hz, an increase of the spin-lock amplitude increases the contrast between healthy and 

infarct tissue. The addition of a spin-lock pulse increases the contrast, and therefore the T1ρ –

relaxation parameter is more sensitive, and promising for endogenous cardiac fibrosis 

detection, compared to T2. 
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6.4 Future recommendations and Perspective 

To increase the clinical usability of T1ρ –mapping for endogenous fibrosis detection, we 

believe that a larger contrast between healthy and diseased myocardium is necessary. The T1ρ 

dispersion results suggest that for a higher B1 amplitude of the spin-lock pulse, the contrast 

between remote and infarct tissue increases. This suggests that to obtain maximum contrast, 

we should aim for the maximum B1 amplitude. With the current clinical MRI scanners, T1ρ –

mapping is limited by SAR limitations, and by the performance of the RF amplifier of the 

MR system. In order to obtain more contrast, hardware modifications should be made to the 

MR system, by introducing higher RF amplifier performance (allowing for longer pulse 

durations), and better SAR monitoring, enabling to increase the maximum spin-lock 

amplitude and duration in practice.  

We believe that the application of T2* MRI at ultrahigh field might still be a promising 

method for direct detection of collagen in the heart. Since collagen is known to be 

diamagnetic 11, and iron in deoxyhemoglobin is paramagnetic , the application of 

susceptibility-weighted imaging could be used to distinguish the field disturbances created by 

collagen and iron. However, to make T2*-mapping and susceptibility-weighted imaging in the 

heart at ultrahigh field clinically feasible, technical challenges have to be solved. Cardiac 

imaging at ultrahigh field will require ingenious solutions to obtain a homogenous B1 RF 

field in the heart. Furthermore advanced shimming solutions need to be implemented to 

obtain an homogenous B0 fields, especially at the myocardium-lung interface.  

Cardiac MRI at ultrahigh field is also promising for the application of the native T1 relaxation 

time for fibrosis detection. As the T1 relaxation time increases with field strength 12, we 

hypothesize that the contrast between healthy and fibrotic cardiac tissue increases at ultra-

high field, too. Therefore, the small changes in native T1 induced in different 

cardiomyopathies, which have been observed at 1.5 T and 3T, could increase at ultrahigh 

field strength. For T1ρ and magnetization transfer a higher field strength is not beneficial, 

since these techniques require long RF pulses, and the specific absorption rate increases 

quadratic with field strength for a given RF amplitude.  

In this thesis we have successfully applied T1ρ –mapping for the detection of both chronic 

infarct tissue and diffuse fibrosis. For infarct detection with T1ρ –mapping the main advantage 

compared to gold standard LGE imaging is that a contrast agent is no longer required. As a 

first step towards clinical applications, this technique could be used as an alternative in 

patients that are unable to receive a gadolinium based contrast agent, such as patients with 

severe renal failure. Also for diffuse fibrosis, T1ρ –mapping can be used as an alternative to 

the gadolinium based ECV-mapping. When the sensitivity of the technique is significantly 

increased, it could be considered as an alternative for LGE and ECV-mapping in clinical 

practice for all patients. 
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Despite the unique capabilities of cardiac MRI to accurately identify the cause of cardiac 

disease and to quantify the cardiac function, the long examination duration is a major 

drawback. The total scan duration of a cardiac MR exam make it time-consuming, expensive 

and limited in availability. Therefore, often cardiac patients do not undergo MRI. Routine use 

of endogenous MRI contrast methods for fibrosis detection, will have an impact on the 

application of cardiac MR exams in clinical practice. Removing the need of a gadolinium 

based contrast agent, with the corresponding 15-20 minutes waiting time, could radically 

reduce the total scan time of a cardiac MR exam. As a result, a cardiac MRI would be much 

faster,  with proportional reduction in the cost of an exam. This will enable the application of 

cardiac MR for a larger group of patients, and therefore better diagnosis for cardiac patients 

with more patient friendly examination at reduced costs.  
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Samenvatting 
In hartweefsel omringt en ondersteunt een interstitiële collageen matrix de hart spiercellen. 

Als gevolg van letsel, kan de hoeveelheid collageen in het hart enorm toenemen in de vorm 

van littekenweefsel. Dit littekenweefsel kan leiden tot hartfalen door afname van de pomp 

functie van het hart, en het veroorzaken van disfunctie in de diastole fase. Daarnaast kan 

diffuus fibrose het patroon van elektrische activiteit in het hart veranderen, hetgeen kan 

leiden tot aritmie.  

De standaard methode om fibrose in het hart te meten is de LGE methode. Deze techniek 

berust op het principe dat een contrast middel in normaal en ziek hartweefsel in een 

verschillende mate aanwezig blijft. LGE is een klinisch gevalideerde methode, met een hoge 

gevoeligheid om infarct en gezond hartweefsel te onderscheiden. Een volledig niet invasieve 

methode, gebaseerd op endogeen contrast, zonder het gebruik van een contrast middel zou 

echter nog beter zijn, omdat er verschillende nadelen zijn aan het gebruik van gadolinium 

voor het maken van een hart MRI. Daarnaast is de grootste limitatie van de LGE methode de 

beperking om het te kunnen gebruiken voor het visualiseren van diffuus fibrose in het hart, 

omdat er dan geen gebied is met duidelijk niet aangetast hart weefsel.  

We hebben het gebruik van kwantitatieve MR contrast methodes onderzocht, die potentieel 

gebruikt kunnen worden voor het endogeen detecteren van fibrose in het hart in de kliniek. 

Deze contrast methodes zijn T1 -, T2 -, T2* -, T1ρ -mapping, UTE and Magnetization Transfer 

imaging. Onze bevinding was dat T1ρ -mapping en Magnetization Transfer imaging de meest 

veelbelovende technieken zijn. We hebben een significant hogere T1ρ-relaxatie tijd gemeten 

in infarct weefsel, ten opzichte van gezond weefsel, zowel in een varkensmodel als in 

patiënten met een chronisch hart infarct. Een vergelijking met LGE als gouden standaard 

voor infarct detectie, liet ons zien dat een T1ρ-map gebruikt kan worden om het infarct gebied 

te lokaliseren. Voor diffuus fibrose in het hart hebben we laten zien dat de T1ρ-relaxatie tijden 

zowel correleren met de hoeveelheid fibrose, bepaald met histologie, als met extracellulair 

volume, in vivo gemeten met MRI. Het meten van Magnetization Transfer in een dier model 

liet een significante afname in Magnetization Transfer zien in het infarct gebied, en de 

toevoeging van een MT pulse voor een T1ρ-mapping experiment gaf een significant lagere 

T1ρ-relaxatie tijd.  

De T2* -mapping  resultaten in het varkens diermodel geven aan dat de afname in T2* in het 

infarct gebied is toe te schrijven aan ijzer deposities. Daarom is onze conclusie dat de 

veranderingen die we zien in T2* -relaxatie tijden niet specifiek zijn voor collageen, maar ook 

door ijzer veroorzaakt kunnen worden.  
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Summary 
In myocardial tissue, the interstitial collagen matrix surrounds and supports the cardiac 

myocytes. An excessive increase in myocardial collagen is defined by thickening and 

scarring of connective tissue, usually as a result of injury. Scar tissue can lead to heart failure 

by decreasing ventricular systolic function, induction of diastolic dysfunction and adverse 

cardiac remodeling. In addition, diffuse reactive fibrosis can alter the electrical activity 

pattern in the heart, which may result in arrhythmias. The standard of reference to assess 

cardiac fibrosis non-invasively is the late gadolinium enhancement (LGE) method. This 

technique relies on the difference in contrast agent washout between normal and diseased 

myocardium.  LGE is a validated method with a high sensitivity to discriminate infarcted 

from healthy myocardium. However, a truly noninvasive method based on endogenous 

contrast without the requirement for an exogenous contrast agent would be preferable, since 

gadolinium enhanced MRI of the heart is off-label use. Furthermore, the main limitation is 

the difficulty to apply LGE for visual detection of diffuse interstitial myocardial fibrosis, 

since there is a lack of an area with clearly unaffected myocardium.  

We have studied the use of quantitative MR contrast mechanisms, that could potentially be 

used for endogenous detection of myocardial fibrosis in the clinic. These contrast 

mechanisms are T1 -, T2 -, T2* -, T1ρ -mapping, UTE and Magnetization Transfer imaging. We 

found that T1ρ -mapping, and Magnetization Transfer imaging are most promising. A 

significantly higher T1ρ-relaxation time was measured in myocardial infarct tissue, compared 

to healthy remote tissue, both in a porcine animal model and chronic infarct patients. A 

comparison with LGE as gold standard for infarct detection, showed that native T1ρ –maps 

can be used to locate the myocardial scar area. For diffuse myocardial fibrosis, we have 

shown that T1ρ relaxation times correlate with the amount of fibrosis, determined by 

histology, and with extracellular volume fraction, measured in vivo. The results of native T1 –

mapping in DCM patients did not indicate a significant relation with extracellular volume 

fraction in patients. Measurements of magnetization transfer in an animal model showed a 

decrease in magnetization transfer ratio in the infarct area, and the addition of an MT pulse in 

front of a T1ρ-mapping experiment resulted in a significantly higher T1ρ-relaxation time.  

The T2* -mapping results suggested that the decrease of T2*, in the infarct area in the porcine 

animal model, was mainly due to hemorrhage iron depositions. Therefore, our conclusion 

was that changes observed in T2* relaxation time, are not specific for collagen, but could also 

be induced by iron. The preclinical studies in literature where it was shown that with UTE/ 

T2* imaging, at ultrahigh field strength, myocardial fibrosis could be detected, showed no 

extensive iron depositions in the infarct area.  
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