
Aus der Klinik für Kardiologie 

des Deutschen Herzzentrum Berlin  

DISSERTATION 

 

 Metabolic profiling in experimental autoimmune 

myocarditis (EAM) in a rodent model using ex-vivo 

proton magic angle spinning magnetic resonance 

spectroscopy (1H-MAS-MRS) to detect myocardial injury. 
 

zur Erlangung des akademischen Grades  

Doctor medicinae (Dr. med.) 

 

vorgelegt der Medizinischen Fakultät  

Charité – Universitätsmedizin Berlin 

 

von  

 Frédéric Münch,  
aus Bad Säckingen.  

 

 

 

 

 

Datum der Promotion: 22.09.2017 

 



 2 

 
Table of Contents 
 

ABSTRACT........................................................................................................................................... 4 
 
ABSTRACT (DEUTSCH):................................................................................................................... 5 
 
BACKGROUND ................................................................................................................................... 7 

 

MYOCARDITIS ..................................................................................................................................... 7 
Definition, Aetiology and Prognosis       7 
Pathogenesis          9 
Diagnosis           9 
Cardiac magnetic resonance (CMR) in myocarditis      10 
Clinical management and treatment       12 
Myocarditis, dilated cardiomyopathy (DCM) and heart failure (HF).   13 

 
CARDIAC ENERGY METABOLISM....................................................................................................... 14 

MAGNETIC RESONANCE SPECTROSCOPY (MRS) ............................................................................. 18 

General background         18 
1H-MAS-MRS          19 
Use in metabolomics         21 

 
EXPERIMENTAL AUTOIMMUNE MYOCARDITIS (EAM) .................................................................... 23 

 
MATERIALS AND METHODS ....................................................................................................... 25 
 

ANIMALS........................................................................................................................................... 25 
STUDY PROTOCOL............................................................................................................................. 25 
IMMUNIZATION ................................................................................................................................. 26 
CARDIAC MAGNETIC RESONANCE (CMR) ........................................................................................ 27 
EX-VIVO SAMPLE COLLECTION......................................................................................................... 27 
MAGNETIC RESONANCE SPECTROSCOPY (MRS) .............................................................................. 28 
HISTOLOGICAL AND IMMUNOHISTOCHEMICAL ANALYSIS ............................................................... 29 
STATISTICAL ANALYSIS .................................................................................................................... 30 

 
RESULTS ............................................................................................................................................ 31 
 

GENERAL EVALUATION OF EX-VIVO 1H-MAS-MRS IN RAT HEART SAMPLES................................. 31 
Reproducibility and resolution.        31 
Freezing effect          36 

 
21 D ACUTE EAM ANIMALS (MALE)................................................................................................. 38 

Histological and immunohistochemical analysis      39 
Magnetic resonance spectroscopy (MRS)       40 



 3 

Correlation of MRS with other parameters       41 
 

35 D CHRONIC EAM ANIMALS (MALE) ............................................................................................. 43 
Histological and immunohistochemical analysis      44 
Cardiac magnetic resonance (CMR)       45 
Magnetic resonance spectroscopy (MRS)       46 
Correlation of MRS with other parameters       47 

 
DIRECT COMPARISON: 21 D ACUTE EAM VS 35 D CHRONIC EAM AND CONTROLS ........................ 51 

Magnetic resonance spectroscopy (MRS)       52 
 
DISCUSSION ...................................................................................................................................... 53 
 
REFERENCES.................................................................................................................................... 59 
 
  



 4 

Abstract 
 

Background. Myocarditis is an inflammatory disease of the myocardium that can 

lead to dilated cardiomyopathy (DCM) and heart failure (HF). Experimental 

autoimmune myocarditis (EAM) in rodents is an accepted model of myocarditis and 

DCM. Altered cellular metabolism is thought to play an important role in the 

pathogenesis of DCM and generally in HF. Study of the metabolism may provide 

new diagnostic information and insights into the mechanisms of myocarditis and HF. 

As yet, proton magnetic resonance spectroscopy (1H-MRS) has not been used to 

study the changes occurring in myocarditis and subsequent HF. 1H-MRS allows to 

quantify metabolites and to correlate them to heart function data obtained by 

magnetic resonance imaging (MRI). We aimed to explore the diagnostic potential of 
1H-MRS for detecting and monitoring metabolic changes in the course of 

myocarditis. 

Methods. Myocardial function of male young Lewis rats with EAM was quantified by 

performing left ventricular ejection fraction (LVEF) analysis in short axis cine images 

covering the whole heart. Inflammatory cellular infiltrate was assessed by 

immunohistochemistry. Myocardial tissue was analyzed using ex-vivo proton magic 

angle spinning MRS (1H-MAS-MRS) by placing standardized pieces of a mid 

ventricular short axis slice of myocardium into a 4 mm zirconium rotor and spinning 

at 4kHz at 293K. Water presaturation was applied to obtain the proton spectrum.  

Results. Inflammation was confirmed histologically in myocarditis samples by the 

presence of an inflammatory cellular infiltrate and CD68 positive staining. A 

significant increase in the metabolic ratio of taurine/creatine (Tau/Cr) obtained by 

MRS was observed in myocarditis compared to healthy controls (21 d acute EAM: 

4.38 (±0.23), 21 d control: 2.84 (±0.08), 35 d chronic EAM: 4.47 (±0.83) and 35 d 

control: 2.59 (±0.38), P<0.001). LVEF was reduced in diseased animals 

(myocarditis: 55.2% (±11.3%), control: 72.6% (±3.8%), P<0.01) and correlated with 

Tau/Cr ratio (R=0.937, P<0.001).  

Conclusions. Metabolic alterations occur acutely with the development of 

myocarditis. Myocardial Tau/Cr ratio as detected by proton MRS is able to 

differentiate between healthy myocardium and myocardium from rats with EAM and 

correlates with functional parameters. 
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Abstract (deutsch): 
 
Einleitung. Experimentelle-Autoimmun-Myokarditis (EAM) in Nagern ist ein 

bekanntes Tiermodell für Myokarditis und dilatierte Kardiomyopathie (DCM). Ein 

veränderter Stoffwechsel spielt möglicherweise eine wichtige Rolle in der 

Pathogenese einer DCM und einer daraus resultierenden Herzinsuffizienz. Weitere 

Untersuchungen des Stoffwechsels könnten sowohl neue diagnostische 

Informationen liefern, als auch helfen mechanistische Abläufe während einer 

Myokarditis und bei Herzinsuffizienz besser zu verstehen. Magnetische 

Resonanzspektroskopie mit Protonen (1H-MRS) wurde bisher noch nicht zur 

Untersuchung von Veränderungen während einer Myokarditis und der daraus 

folgenden Herzinsuffizienz verwendet. Unser Ziel war es Unterschiede im 

Kreatinmetabolismus zwischen Ratten mit EAM und gesunden Tieren zu 

identifizieren.  

Methoden. Die Herzfunktion von jungen männlichen Lewis-Ratten mit EAM wurde 

durch Bestimmung der linksventrikulären Ejektionsfraktion (LVEF) in Kurzachsen 

Cine-Bildern quantifiziert. Inflammatorische zelluläre Infiltrate wurden durch 

immunhistologische Aufarbeitung von Myokardschnitten analysiert. Myokardgewebe 

wurde mit ex-vivo Protonen Magic Angle Spinning MRS  (1H-MAS-MRS) untersucht.  

Ergebnisse. Eine Myokarditis konnte histologisch durch inflammatorische 

Zellinfiltrate und durch ein positives CD68 in der Immunhistologie bestätigt werden. 

Ein signifikanter Anstieg des Metaboliten-Verhältnis von Tau/Cr (Taurin/Kreatin) 

konnte in den 1H-MAS-MRS Messungen in den Myokarditis-Tieren gegenüber den 

gesunden Kontrollen beobachtet werden (21 d acute EAM, 4.38 (±0.23); 21 d 

control, 2.84 (±0.08); 35 d chronic EAM, 4.47 (±0.83); 35 d control, 2.59 (±0.38); P < 

0.001). Die LVEF war in den kranken Tieren reduziert (EAM, 55.2% (±11.3%); 

control, 72.6% (±3.8%); P < 0.01) und korrelierte mit dem Tau/Cr Verhältnis (R = 

0.937, P < 0.001) der entsprechenden Ratten.  

Schlussfolgerung. Metabolische Veränderungen treten bereits in der akuten Phase 

einer Myokarditis auf. Es konnte gezeigt werden, dass das myokardiale Verhältnis 

von Tau/tCr aus den 1H-MRS Messungen mit der Myokard-Funktion korreliert und 

zwischen Myokardgewebe aus gesunden Ratten und Tieren mit EAM unterscheiden 

kann.
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Objectives 

 
Despite new developments and studies, diagnosing and monitoring myocarditis 

remains challenging. The mechanisms of the disease are poorly understood and 

clinical symptoms frequently do not correlate with functional impairment. Proton 

magnetic resonance spectroscopy (1H-MRS) can quantify metabolites and could be 

incorporated into protocols for magnetic resonance imaging (MRI) which assess 

morphology and function. As of yet 1H-MRS has not been used to study the changes 

occurring in myocarditis and subsequent heart failure. This project investigates the 

metabolic changes and explores the diagnostic potential of 1H-MRS in acute 

myocarditis and subsequent chronic cardiomyopathy. An experimental animal model 

of myocarditis, experimental autoimmune myocarditis (EAM) in rodents, causes 

significant pathological changes with high reproducibility. Ex-vivo proton magic angle 

spinning MRS (1H-MAS-MRS) is used to provide optimal acquisition quality. The aim 

is to develop new pathways for the assessment of myocarditis in order to enhance 

the understanding of the disease mechanisms and to identify imaging- based 

biomarkers for diagnosis and monitoring. 
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Background 
 

Myocarditis 
 

Definition, Aetiology and Prognosis 
 
Myocarditis is an inflammatory disease of the myocardium caused by infections, 

autoimmune diseases, hypersensitivity reactions, toxic drug reactions or other non-

infectious triggers (Table 1). In the classification of cardiomyopathies published in 

1996 by the World Health Organization (WHO), myocarditis is defined as an 

inflammatory disease of the heart muscle tissue and classified as a specific 

cardiomyopathy [1]. In 2007, the European Society of Cardiology working group on 

myocardial and pericardial disease defined myocarditis as inflammatory disorder of 

the heart with often preserved left ventricular size [2]. Despite limited sensitivity and 

specificity, endomyocardial biopsy (EMB) remains the invasive reference standard 

for diagnosing myocarditis. The main cause of myocarditis in North America and 

Europe is viral infection with enterovirus, adenovirus, influeza viruses, human herpes 

virus-6 (HHV-6), Epstein-Bar-Virus (EBV), cytomegalovirus and notably parvovirus 

B19 (PVB19) as demonstrated by polymerase chain reaction (PCR) after EMB. 

Nonviral infections such as Trypanosoma cruzi (Chagas disease), Borrelia 

burgdorferi (Lyme disease) and Corynebacterium diphtheriae are more common in 

developing countries [3] [4] [5]. Noninfectious causes include numerous medications 

including antibiotics (e.g. penicillins, tetracyclines), antipsychotics (e.g. clozapine) 

and antiphlogistics (e.g. mesalamine), which are usually reversible after withdrawal 

of the causative agent [6] [7]. Autoimmune diseases such as hypereosinophilic 

syndrome (Loeffler’s disease), systemic lupus erythematosus (SLE) and Churg-

Strauss syndrome as well as other systemic diseases such as sarcoidosis can also 

cause myocardial inflammation [8] [9] [10]. 
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Table 1: Tabular summary of causes of myocarditis subclassified into infectious, immune-mediated 

and toxic etiology according to Caforio et al [11] . The most common cause of human myocarditis is 

thought to be viral infection. 

1. Infectious myocarditis 
 

Bacterial Staphylococcus, Streptococcus, Pneumococcus, Meningococcus, Gonococcus, Salmonella, Corynebacterium 

diphtheriae, Haemophilus influenzae, Mycobacterium tuberculosis, Mycoplasma pneumoniae, Brucella 

Spirochaetal Borrelia, Leptospira 

Fungal Aspergillus, Actinomyces, Blastomyces, Candida, Coccidioides, Cryptococcus, Histoplasma, Mucomycoses, 

Nocardia, Sporothrix 

Protozoal Trypanosoma cruzi,  Toxoplasma gondii, Entamoeba, Leishmania 

Parasitic Trichinella spiralis, Echinococcus granulosus, Taenia solium 

Rickettsial Cociella brunetti, R. rickettsii, R. tsutsugamushi 

Viral Coxackieviruses A and B, echoviruses, polioviruses, influenza A and B viruses, respiratory syncytial virus, 

mumps virus, measles virus, rubella virus, hepatitis C virus, dengue virus, yellow fever virus, Chikungunya 

virus, Junin virus, Lassa fever virus, rabies virus, human immunodeficiency virus-1, adenoviruses, parvovirus 

B19, cytomegalovirus, human herpes virus-6, Epstein-Barr virus, varicella-zoster virus, herpes simplex virus, 

variola virus, vaccinia virus. 

2 Immune-mediated myocarditis 
 

Allergens Tetanus toxoid, vaccines, serum sickness, Drugs: penicillin, cefaclor, colchicine, furosemide, isoniazid, 

lidocaine, tetracycline, sulfonamides, phenytoin, phenylbutazone, methyldopa, thiazide diuretics, amitriptyline 

Alloantigens Heart transplant rejection 

Autoantigens Infection-negative lymphocytic, infection-negative giant cell 

Associated with autoimmune or immune-oriented disorders: systemic lupus erythematosus, rheumatoid 

arthritis, Churg-Strauss syndrome, Kawasaki’s disease, inflammatory bowel disease, scleroderma, 

polymyositis, myasthenia gravis, insulin-dependent diabetes mellitus, thryrotoxicosis, sarcoidosis, Wegener’s 

granulomatosis, rheumatic heart disease (rheumatic fever) 

3.Toxic myocarditis 
 

Drugs Amphetamines, anthracyclines, cocaine, cyclophosphamide, ethanol, fluorouracil, lithium, catecholamines, 

hemetine, interleukin-2, trastuzumab, clozapine 

Heavy metals Copper, iron, lead 

Miscellaneous Scorpion sting, snake and spider bites, bee and wasp stings, carbon monoxide, inhalants, phosphorus, 

arsenic sodium azide 

Hormones Pheochromocytoma, vitamins: beri-beri 

Physical agents Radiation, electric shock 

 

 

The disease may affect patients of all ages, but it is most frequent in the young (< 40 

years). Acute myocarditis resolves in 50% within 2-4 weeks, but in 25% of cases 

persistent cardiac dysfunction develops and 12-25% progress to dilated 

cardiomyopathy (DCM) and heart failure or die from sudden cardiac death [1] [11] 

[12] [13] [14]. In children with an identified cause of DCM, myocarditis was 
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documented in 46% of the cases [13]. Long-term follow-up in adult patients with 

acute myocarditis showed the development of DCM in over 20% of patients over 

three years [14]. Myocarditis is also one of the main causes of sudden cardiac death 

in young people as reported in studies addressing this issue, with a prevalence 

ranging from 2 to 42% of cases as determined by post-mortem analysis [15] [16] 

[17]. Overall prognosis of myocarditis however depends on its aetiology, its clinical 

presentation and the disease stage at time of diagnosis [12] [18] [19]. 

 

Pathogenesis 
 
The pathophysiology of human myocarditis is not completely understood. Most 

studies have been conducted in murine models of enteroviral myocarditis [20]. Viral 

myocarditis can be differentiated into three phases, beginning with the acute phase, 

which only takes a few days, followed by the subacute phase, which can range from 

weeks to months before finally evolving into a chronic phase. The acute phase 

involves the entry and replication of the virus and the imminent injury to 

(cardio)myocytes with myocyte necrosis, exposure of intracellular antigens, edema 

and the initial response of the immune system with infiltration of natural killer cells 

and macrophages. In the subacute phase, autoimmune processes lead to additional 

myocardial injury due to molecular mimicry of activated virus-specific T lymphocytes 

[12]. Further cytokine activation and viral and (auto)-immune antibodies increase 

tissue damage, lead to fibrotic changes and provoke deterioration of cardiac 

function. Most patients’ heart function recovers after elimination of the infectious or 

non-infectious trigger even though some fibrotic scars may remain. In some cases 

the autoimmune processes persist and a chronic phase develops, which is 

characterized by myocardial remodeling and DCM [4] [21]. In addition, genetic 

predisposition may play an important role for the development of myocarditis and its 

progression to a chronic phase and DCM [22] [23].  

 

 

Diagnosis 
 
The clinical presentation of myocarditis ranges from asymptomatic and mild 

symptoms of chest discomfort to ventricular arrhythmias and life-threatening 
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cardiogenic shock [12]. The diversity of the symptoms makes it challenging to 

establish the diagnosis in standard clinical settings. As yet, there is no single clinical 

or imaging finding that confirms the diagnosis of myocarditis with absolute certainty. 

The diagnosis is rather based on an integrated synopsis of clinical assessment and 

noninvasive test results that are associated with myocarditis: viral infection in the 

weeks prior to the onset of disease; new regional or global wall motion abnormalities 

as detected on echocardiography; ST-segment and T-wave changes, Q waves, AV 

block and ventricular tachycardia or fibrillation on ECG; increases in creatine kinase 

(CK), creatine kinase-myocardial band (CK-MB) and troponin. All of these findings 

have very low specificity for myocarditis and in many cases other cardiac conditions 

such as coronary heart disease (CAD), hereditary cardiomyopathy or valvular heart 

disease, have to be ruled out before the diagnosis of myocarditis can be established 

[11]. The reference standard for diagnosing myocarditis remains EMB with 

histopathology and immunohistology. Nevertheless, EMB is an invasive procedure 

with the potential for complications, a  relatively low sensitivity due to so-called 

sampling error and a high inter-observer variability in interpreting biopsy specimens 

[24] [12]. Current guidelines recommend EMB in severe clinical scenarios and in 

patients with heart failure that do not include the most common presentations of 

myocarditis [25]. EMB in suspected myocarditis is thus not routine practice. In order 

to improve recognition in clinical practice, new criteria in consensus of experts are 

proposed for EMB in suspected myocarditis: these include the referal of patients to 

tertiary referral units with experience in the procedure and the validation in future 

multicentre registries [11].  

 

Cardiac magnetic resonance (CMR) in myocarditis 
 
CMR imaging has evolved as the most sensitive and valuable noninvasive tool for 

diagnosing myocarditis in the recent years [26] [27] [28] [29]. It is suggested to 

perform CMR prior to EMB in stable patients, but this does not apply in life-

threatening situations [30] [31]. With CMR, various important parameters which may 

be altered in myocarditis can be evaluated: CMR allows the precise evaluation of the 

heart function, it can detect myocardial edema and pericardial effusions, and 

gadolinium (Gd) contrast agents can be used to detect focal myocardial injury. 

Initially, early gadolinium enhancement and T2 ratio were used to compare and 
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quantify the signal alterations between myocardial tissue versus skeletal muscle 

tissue. This helps to differentiate between specific patient groups, but for the 

individual diagnosis, these techniques may be susceptible to errors due to a 

significant overlap with the reference values of a healthy individual. To try to 

overcome some of the shortcomings of the single techniques and to combine their 

strengths (high specificity of LGE and good sensitivity of early Gd enhancement and 

T2 ratio), particular criteria have been defined by a international Consensus Group 

on CMR Diagnosis of Myocarditis [32]: These Lake Louise criteria give detailed 

recommendations on the indications, techniques and interpretation of CMR in 

myocarditis. The suggested scan protocol includes the use of the three 

aforementioned techniques and is considered positive for suspected clinical 

myocarditis when at least two of the following criteria are present [32]: 

 

1. Regional or global myocardial signal intensity increase in T2w edema images. 

2. Increased global myocardial early gadolinium-enhancement ratio between 

myocardium and skeletal muscle in gadolinium enhanced T1w images. 

3. At least one focal lesion with non-ischemic regional distribution in inversion 

recovery-prepared gadolinium-enhanced T1w images (LGE). 

 

It is suggested to repeat the CMR examination after 1-2 weeks if only one criterion 

was present or clinical symptoms suggest strong evidence for myocardial 

inflammation. 

 

In a study presented in 2009, a total of 1174 patients with troponin-positive acute 

chest pain underwent coronary angiography. For 82 of these patients, in which CAD 

was excluded by X-ray angiography, additional workup including CMR and EMB was 

performed, showing a good correlation between CMR and EMB results in detecting 

myocarditis [26]. This was not the case for patients with chronic myocarditis [33].  

 

New approaches in CMR are being developed to assess direct quantification of 

signal alterations in the myocardial tissue without the relative comparison to skeletal 

muscle. These techniques which include pT1 mapping [34] and T2 mapping [35], 

would make the results potentially less susceptible to measuring errors. 
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Clinical management and treatment 
 
The treatment of most forms of myocarditis is based on very limited evidence and 

remains non-specific. In acute myocarditis, haemodynamically unstable patients may 

require intensive care admission: this may include respiratory support, mechanical 

cardio-pulmonary support, ventricular assist devices or extracorporeal membrane 

oxygenation (ECMO) [11]. In cases of suspected myocarditis with mild symptoms, it 

is recommended to clinically monitor the patient until a definite diagnosis can be 

established. This is due to the fact that a haemodynamically stable patient can 

rapidly develop cardiopulmonary emergencies like severe heart block or life-

threatening arrhythmias [11]. If signs of heart failure develop, patients should be 

treated with angiotensin-converting enzyme inhibitors or angiotensin receptor 

inhibitors and beta-adrenergic blocker and diuretics if necessary in accordance with 

heart failure guidelines [36]. Management of arrhythmia in myocarditis should 

likewise be in line with current cardiology guidelines [37]. Physical activity should be 

strictly avoided during the acute phase of myocarditis independently of age, gender, 

severity of symptoms and therapy regimen [38]. For professional athletes, avoidance 

of physical activity is recommended until at least 6 months after the onset of the 

disease [39]. For non-athletes there is no such explicit recommendation but a similar 

period of time is regarded as reasonable. Specific therapy options in myocarditis are 

mainly experimental and efficacy has often not been proven. Nevertheless, 

immunohistochemical [40] [41] [42] and molecular biological analysis after EMB [25] 

as well as autoantibody serum testing is important to identify those patients in whom 

specific therapy may be appropriate. Such therapies include, for example, 

pharmacological treatment with acyclovir or ganciclovir in patients with herpes virus 

infection and myocarditis [43], interferon-beta therapy for elimination of enteroviral 

and adenoviral genomes [44], high dose intravenous immunoglobulin (IVIG) therapy 

in both viral and autoimmune antibody-mediated myocarditis when refractory to 

conventional heart failure treatment [45], and immunosuppressive therapy in virus-

negative forms of myocarditis (giant cell myocarditis, autoimmune myocarditis, and 

others) [46]. Immunosuppression should only be started after ruling out active 

infection by PCR based on EMB [11]. 
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Figure 1: Possible diagnostic and therapeutic approach in patients with suspected myocarditis as 

proposed by Kindermann et al. [12]. Ejection fraction (EF), biomarker (BM), cardiac magnetic 

resonance imaging (cMRI), transplantation (Tx), ECMO (extracorporeal membrane oxygenation),  

LVAD (left ventricular assist device). 

 

Myocarditis, dilated cardiomyopathy (DCM) and heart failure (HF). 
 
Myocarditis can be a precursor of DCM, which is a form of heart failure that evidently 

leads to reduced quality of life and life expectancy [2] [47]. In general, heart failure is 

a major societal burden with a rising prevalence and is associated with increasing 

costs for health care systems [48]. Despite intensive research, prognosis remains 

poor and only small prolongation of survival has been achieved.   

DCM is a clinical diagnosis.  It is characterized by impaired systolic contraction and 

dilatation of the left ventricle (or both ventricles), which cannot be explained by 

coronary artery disease (CAD), abnormal loading conditions or a valvular heart 

disease [1] [2]. DCM can be genetic in origin, but it can also originate from toxic 
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substances (for example alcohol or cocaine) or from inflammatory diseases like 

myocarditis. The percentage of DCM that originate from myocarditis remains 

unknown, as to date there is no reliable tool to differentiate various forms of end-

stage DCM in the absence of evident familial origin. Furthermore, it remains unclear 

why some cases progress towards DCM and HF over time, whereas others fully 

recover.  

 

Cardiac energy metabolism 
 
The human heart contracts about 100.000 times and cycles about 6 kg of adenosine 

triphosphate (ATP) every day. It generates the mechanical energy that is necessary 

to carry out its function by transferring chemical energy stored in fatty acids, glucose 

and lactate to the actin-myosin interaction of myofibrils [49].  

In a first step, energy substrates (glucose, fatty acids, (lactate)) are taken up into the 

cardiomyocytes by specific transporters. These metabolites are further broken down 

in glycolysis and beta-oxidation and introduced into the Krebs cycle (Figure 2). The 

next step includes the respiratory chain at the inner mitochondrial membrane to 

produce ATP from adenosine diphosphate (ADP) – oxidative phosphorylation. In a 

last step, the high-energy compound ATP has to be transferred to the sites of 

utilization, the myofibrils. This occurs with the help of the creatine kinase (CK) 

system [50].  
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Figure 2: Simplified schematic representation of cardiac energy metabolism based on [49]. Three 

main components are illustrated: the substrate (glucose and free fatty acids) uptake and Krebs cycle 

(orange), the production of energy by oxidative phosphorylation (blue) and the transfer and utilization 

of energy (green). The ATP transfer from the mitochondria to the myofibrillar ATPase and other 

consuming reactions is mainly achieved by the creatine kinase energy shuttle and by the adenosine 

nucleotide translocator (ANT). Creatine, as one of the main transport metabolites for energy in the 

heart, is not produced in the heart but taken up by a specific plasma-membrane creatine transporter. 

Taurine is present in relatively high concentrations in a cardiomyocytes and various nonspecific 

effects have been suggested, including a protective action against myocardial infarction by reducing 

calcium overload in myocytes and anti-inflammatory effects [86] [88]. 

 

ATP is a large molecule that cannot easily pass the mitochondrial membrane to 

reach the myofibrils where its energy is needed. Therefore, ATP reacts with creatine 

to form phosphocreatine and ADP: phosphocreatine is a small molecule that rapidly 

diffuses out of the mitochondria, where the CK catalyzes the reformation of ATP and 

creatine. The free creatine then diffuses back into mitochondria leading to this cyclic 
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shuttle transfer system of high-energy bound phosphorus, which composes one very 

important capacity of the CK system (i). The CK system with its high energy 

metabolite phosphocreatine, however, also has multiple other suggested functions:  

(ii) most importantly it serves as immediately available energy buffer system in case 

of increased physical activity, (iii) it acts as spatial energy buffer, directing 

intracellular energy flux, (iv) it keeps cellular free ADP low and prevents a net loss of 

adenine nucleotides and (v) it controls local ATP/ADP ratio and thus increases the 

thermodynamic efficiency of ATP hydrolysis  [51]. As one can see, all properties are 

directly associated with the correct and efficient functioning of energy supply and 

transport to myofibrils for contractile work in the cardiomyocytes. 

Creatine is synthesized in liver and kidney and then taken up from myocytes by a 

specific membrane creatine transporter [52]. Usually creatine is present in myocytes 

as free creatine (1/3) and phosphocreatine (2/3) and one of its main functions is to 

act as an energy buffer. However, in cases in which energy demand surpasses 

energy supply, phosphocreatine levels fall. ATP concentration is kept at normal level 

but ADP levels still rise [53]. Increased ADP levels may then inhibit intracellular 

enzymes, leading to failure of the heart’s contraction mechanism. 

In heart failure, various other changes occur at the energy metabolism level, leading 

to a metabolic derangement and further functional impairment [54] [55]. This altered 

metabolism is thought to play an important role in the pathogenesis [53] [56] [49]. 

Reduced substrate uptake and utilization may lead to limited cardiac function. 

Studies show that fatty acid utilization is significantly decreased in advanced heart 

failure, whereas it is slightly increased in early heart failure [57] [58]. For glucose 

utilization it was shown that it may be increased in early heart failure as well, and a 

decline has been described during later stages of the disease [59]. Some studies 

have conflicting results and the interpretation of intracellular metabolism data 

remains difficult, as concentrations of these substances in other compartments such 

as plasma may be altered as well [60]. Fibrosis in heart tissue may also lead to 

additional difficulties with interpretation. In addition, oxidative phosphorylation can 

reduce cardiac function when structural abnormalities are present in mitochondria 

[61], activity of membrane electron transport-chain complexes is reduced [62] or the 

regulation mechanisms based on substrates are impaired [63]. Even if at advanced 

stages of heart failure, ATP levels drop by 30% - 40%, average ATP levels remain 

above the requirements of ATP-consuming reactions and thus do not limit contractile 
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function [64] [65]. The main issue is a drop of total creatine (phosphocreatine and 

free creatine, 30% - 70%), leading to a reduction in energy buffering capacity and 

ATP transfer capacity through the mitochondrial membrane [66]. This may be one of 

the main reasons for the loss of contractile reserve [67]: the drop of creatine is thus 

discussed in the energy-starvation hypothesis in the failing heart [56] [49]. 

As mentioned in the previous chapter, chronic myocarditis is a potential precursor for 

the development of DCM and thus can be accompanied by the aforementioned 

metabolic changes. However, very little is known about alterations of cardiac 

metabolism in acute myocarditis. In one experimental study in mice [68] with 

experimental viral myocarditis, cytosolic and mitochondrial ATP/ADP ratios, as 

determined by nonaqueous fractionation, were significantly altered. This was based 

on an antibody-mediated modulation of the function of the adenine nucleotide 

translocator (ANT) in the inner mitochondrial membrane of myocytes, which is a 

known autoantigen in myocarditis. These changes have only been observed in case 

of antibody-positive infection, whereas the infected but antibody-negative mice were 

within the control range of non-infected animals. In the same antibody-positive 

animals, the authors observed a decrease of creatine phosphate but an increase of 

free creatine.  

Alterations of metabolic processes in the heart might be both source and 

consequence of other steps involved in the development of heart failure, including 

excess collagen production (myocardial fibrosis) and ventricular remodelling [49] [53] 

[59] [60].  

Study of the cardiac metabolism may thus provide insights into the pathology of 

myocarditis and heart failure and may provide new diagnostic tools.  
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Magnetic resonance spectroscopy (MRS) 
 

General background 
 
Nuclear magnetic resonance (NMR) spectroscopy, in biomedicine / medicine, often 

also referred to as magnetic resonance spectroscopy (MRS), is a powerful method 

for determining the structure of organic molecules and natural compounds. In 

contrast to magnetic resonance imaging (MRI), which is well established in clinical 

applications and makes use of the strong composite signal from water protons to 

provide morphological information on the body, MRS detects spectral information 

from various nuclei of small molecules with much weaker signals and much lower 

concentrations. The main nuclei that have been investigated in biomedicine are 

protons (1H), carbons (13C), phosphorus (31P) and to some extent nitrogen (15N) that 

all have the spin I=1/2. The magnetic moment  of a specific nucleus and the signal 

that can be obtained with it are dependent on the gyromagnetic ratio  and the 

isotopic occurrence in nature (Formula 1). 

 

 

 
1H and 31P have a high natural isotopic occurrence (99.98% and 100%, respectively) 

and a high , whereas 13C and 15N have low gyromagnetic ratios and are less 

common natural isotopes with 1.1% and 0.37%, respectively. The signals received 

from protons and phosphorus are therefore stronger than those of carbon and 

nitrogen. In general, the resonance signals of nuclei in MRS are dependent on the 

external magnetic field strength (B0), the radio frequency (RF) and the extranuclear 

electron shielding. To be able to assign an unambiguous numerical locater to each 

peak, the resonance frequencies are divided by the spectrometer frequency and put 

into relation with a reference substance (for 1H and 13C tetramethylsilane (TMS)) to 

obtain the chemical shift. The raw data from an FT-NMR (Fourier transform NMR) 

experiment are the free induction decay (FID) of all nuclei in their different chemical 

environments. This information in the time domain can be transferred into the 

frequency domain with Fourier’s transformation. These results are then presented in 
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the well-known chemical shift spectra with parts per million (ppm) as ‘unity’ due to 

the fact that the frequency differences between nuclei (in Hz) have been divided by 

the spectrometer frequency (in MHz). The difference in chemical shift of nuclei of the 

same type (for example protons) then results from the different chemical 

environments in the molecules e.g. adjacent functional groups, direct binding 

partners, solvent etc. The chemical environment has a direct effect on the electron 

shielding and leads to an observable chemical shift. Interpretation of the chemical 

shift then gives information about the chemical structure of a molecule. 

 

In a mixture of metabolites, it is possible to obtain information about ratios and 

concentrations from MRS experiments, as the area under the peak in the MRS 

spectrum is directly proportional to the concentration of a specific metabolite. 

Molecules with high concentrations have therefore peaks of high amplitude 

compared to substances at low concentration. For absolute quantification, an 

external standard in a known concentration may be added (e.g. TMS). 

 

Unlike other imaging modalities such as positron electron tomography (PET) and 

single-photon emission computer tomography (SPECT), MRS inherently provides 

information about metabolites without the use of ionising radiation and without 

requiring the administration of external tracers and contrast agents. Proton MRS is a 

non-invasive, non-destructive and non-radiation technique that, among others, 

allows to quantify myocardial metabolites such as creatine, taurine, and lipids [69] 

[70]. As it is based on the same basic physical principles as MRI, it may be used on 

the same equipment, which makes it a potential candidate for use in clinical 

applications.  

 

1H-MAS-MRS 
 
Proton magic angle spinning magnetic resonance spectroscopy (1H-MAS-MRS) is a 

method used mainly in materials science and protein biology for spectral analysis of 

non-liquid samples [71]. It has excellent spectral resolution and can be used to 

analyze ex-vivo samples of a variety of tissues  [72] [73], where it is often referred to 

as high resolution MAS-MRS (HR-MAS-MRS). It combines techniques from both 

solid-state and classical liquid NMR, as classical solution state pulse sequences are 
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used but the sample is spun at the magic angle as in solid-state NMR. In liquid state 

NMR, molecules at temperatures not close to 0 K have no motional restrictions and 

move and rotate faster than the NMR observation frequency. This leads to an 

averaging in molecular orientation and results in narrow spectral lines. This 

averaging does not apply to non-liquid samples and molecular interactions such as 

dipolar coupling, chemical shift anisotropy and quadrupolar coupling result in 

spectral broadening in NMR experiments. However, dipolar interaction and chemical 

shift anisotropy have an angular dependence (3*cos2 -1), which can be used to 

undo their effect. If , which is the angle between the static magnetic field and the 

internuclear vector of the interaction, is =54.7° the equation 3*cos2 -1 = 0 is 

satisfied (Figure 4). Rotating at high rates at this particular angle leads to significant 

reduction of interactions and spectral line broadening. The dipolar coupling then 

averages to zero, the chemical shift anisotropy averages to a non-zero value and the 

quadrupolar interaction is partially reduced as well. The angle =54.7° is therefore 

called the magic angle as MAS mimicks the time-averaged molecular motion in liquid 

samples.  

 

 
 

Figure 3 [74]: Schematic representation of the magic angle spinning and the angle =54.7° (left) and 

a MAS rotor with cylindrical sample space, insert (also called spacer), insert screw and cap. Most 

MAS rotors are made of zirconium and have a diameter of 3.2 mm or 4 mm.  

 

Usually, 10-50 mg of tissue is required to perform ex-vivo MAS-MRS experiments. 

The spectrometers for these ex-vivo experiments have magnetic fields up to 21.2 T 

(900 MHz), which are very high compared to the standard clinical MR systems with 

1.5 T (64 MHz) and 3 T (128 MHz) for in-vivo experiments (in specific scientific 

centres, clinical MR systems with 7 T are available). Therefore, the resolution is 

better in ex-vivo experiments, which makes them suitable for identifying target 
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metabolites before planning in-vivo studies. Furthermore, sample preparation is 

relatively easy and quick to perform which makes 1H-MAS-MRS an ideal method for 

the study of intact tissue. 

 

Use in metabolomics 
 

Metabolomics is a systematic approach to profile low molecular weight metabolites in 

tissue and cells. The information that is gathered arises downstream of transcription 

and translation and may therefore be a better indicator of enzyme activity than the 

determination of mRNA or other gene activity markers [75]. The results are 

complementary to histopathology and immunohistochemistry as they permit 

biochemical composition to be related to quantitative histopathologic findings from 

the same tissue. The techniques used for metabolic analysis include high-pressure 

liquid chromatography (HPLC), gas chromatography (GC), mass spectroscopy (MS), 

and NMR spectroscopy. These methods all use tissue or tissue extracts for the 

analysis, which means that they are ex-vivo techniques (apart from in-vivo NMR). 

Chromatography and MS have very high sensitivity and reproducibility but require a 

more complicated sample preparation, which includes using media that are in the 

liquid or gas phase. In NMR on the other hand, ex-vivo experiments can be 

performed on aqueous extracts from tissue or on unaltered whole tissue samples 

directly.  

Various tissues and tumors have been investigated with HR-MAS-MRS. Martinez-

Bisbal et al. [76] investigated biopsy samples (and aqueous chemical extracts) of 

human high-grade gliomas with ex-vivo HR-MAS spectroscopy and conducted a 

detailed assignment of the biochemical compounds. Wilson et al. [77] compared the 

metabolite signals in ex-vivo HR-MAS-MRS to the in-vivo results in childhood brain 

tumors, suggesting that the main source of correlation errors was based on low 

signal-to-noise ratio in in-vivo measurements. Millis et al. [78] classified human 

liposarcoma and lipoma using ex-vivo HR-MAS spectroscopy and correlated their 

results with histological findings. Varma et al. [79] performed ex-vivo MRS on colonic 

mucosal samples of an animal inflammatory bowel disease model and showed that it 

is possible to differentiate diseased tissue from healthy tissue. Sitter et al. [80] 

compared the spectroscopic profiles of breast cancer tissue in 85 patients with non-
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involved tissue and clinical parameters using ex-vivo HR-MAS-MRS. Chan et al. [81] 

investigated the MAS spectra of specimens of human colorectal cancer and 

compared their metabolic profile with normal mucosae tissue, identifying a set of 

metabolites, which had different concentrations in the affected tissue. Tessem et al. 

[82] used proton HR-MAS spectroscopy to analyze lactate and alanine as metabolic 

markers in prostate cancer tissue acquired by transrectal ultrasound-guided biopsy 

in 98 patients. They found low concentrations of lactate and alanine in benign 

prostate biopsy tissue, whereas in prostate cancer tissue the concentrations were 

significantly higher. 

Studies of in-vivo MRS have the advantage that there is no need for sample 

preparation and thus no procedure-induced alteration of the investigated tissue. On 

the other hand, in-vivo MRS has much lower spectral resolution than in-vitro MRS, 

and subtle changes in affected tissues may be overlooked without previous 

knowledge from ex-vivo experiments. For in-vivo MRS, the choice of the location of 

the voxel (volume pixel) is very important and should include the tissue of interest in 

at least 50% of the volume. This means for example that for brain tumors, at least 

50% of the voxel should be tumorous tissue if one does not want to miss differences 

in the altered spectrum. 

 

MRS is not very well integrated into clinical routine and diagnosis. However, MRS, in 

combination with other clinical results such as blood tests, tumor markers, and 

morphological information from imaging, might be of help in clinical situations. 

 

In neurology for example, MRS can be applied for specific indications in 

neurometabolic disorders such as adrenoleukodystrophy, Canavan’s disease, 

Alzheimer’s disease, and human immunodeficiency virus dementia [83]. It has been 

stated that in these conditions there is an added value of MRS when MRI is positive; 

there is a unique decision-making information in MRS when MRI is negative; and 

MRS provides useful information in regard of neurologic therapeutics. 31P-MRS can 

be integrated into a clinical protocol for tumor grading, as it is able to separate and 

quantify relatively the metabolites of phosphocholine and glycerophosphocholine, 

which have opposite associations with tumor grade [84]. 
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As more 3 T and higher MR systems are installed in clinical institutions and pulse 

techniques and post-processing tools get optimized [85], MRS may develop a more 

widespread role in clinical protocols.  

 

MRS is thus a non-invasive tool for the analysis of chemical tissue composition and 

metabolomics in disease processes. It can be used in biomedical research to study 

disease processes and conduct metabolic profiling, and may be used as an add-on 

diagnostic tool for specific indications. 

 

Our main peaks of interest in our ex-vivo experiments were creatine, taurine and 

lipids. They are the most abundant small-molecule metabolites in the myocardium 

and can thus be detected quantitatively in future in-vivo experiments. Taurine is a 

sulfur amino acid with high concentration in the myocardium [86]. Various effects 

have been attributed to taurine, including a protective action against myocardial 

infarction by reducing calcium overload in myocytes [87] and anti-inflammatory 

effects [88]. 

 

Experimental autoimmune myocarditis (EAM) 
 

As diagnostic workup of myocarditis remains controversial and challenging, there is 

a need for reliable animal models that can be used to validate existing and test novel 

diagnostic methods. Experimental autoimmune myocarditis (EAM) in rodents mimics 

human myocarditis in the acute and chronic phases [89] [90] [91] and may thus be 

used for the development and testing of diagnostic tools. Different protocols have 

been used to induce EAM in rats by immunization with cardiac myosin, using various 

application sites and doses. All protocols use Lewis rats, which are reported to be 

the only rat strain susceptible to EAM induction [89] [92] [93]. In previous research 

projects, our group has established an optimized immunization protocol to induce a 

strong and reproducible inflammatory reaction of the myocardium, which has been 

confirmed by immunohistochemistry analysis [94]. 

 

The assessment of myocarditis and its course of inflammatory activity over time 

remain challenging. New diagnostic tools are required to facilitate diagnosis and 
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monitoring of myocarditis. 1H-MRS is able to provide in-vivo information that is not 

accessible with other non-invasive diagnostic tools. We therefore aimed to study the 

metabolic changes occurring in an animal model of experimental autoimmune 

myocarditis (EAM) using 1H-MAS-MRS in order to identify potential targets for in-vivo 
1H-MRS in human myocarditis. 
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Materials and Methods 
 

Animals 
 
Young male (if not stated otherwise) Lewis rats (Janvier, Le Genest-St-Isle, France) 

weighing 200-280 grams were used (n=41). The rats were housed in a specific 

pathogen-free barrier under standardized conditions with controlled temperature and 

humidity on a 12 hours light / 12 hours dark cycle in groups of four or five with 

access to food and water ad libitum. All procedures and experimental protocols were 

performed in accordance with the Guide for the Care and Use of Laboratory Animals 

published by the US National Institutes of Health, and were approved by the 

Landesamt für Gesundheit und Soziales in Berlin, Germany 

(http://www.berlin.de/lageso; Reg 0276/11, 19.12.2011; T 0190/11, 16.05.2013). 

 

Study protocol 
 
Animals were randomly assigned to four study groups: (A) 21 d acute EAM (n=10), 

(B) 21 d control (n=7), (C) 35 d chronic EAM (n=10) and (D) 35 d control (n=8). 

Animals of EAM groups were immunized on day 0 and experiments (CMR (only 

groups (C) and (D)), MRS, histology, immunohistochemistry) were conducted in the 

course of the disease on day 21 for acute phase EAM and day 35 for chronic EAM 

(Figure 5). Preliminary experiments had shown histologically that the inflammation 

was most acute at day 21 (highest amount of inflammatory infiltrate) and had 

developed into chronic stage at day 35 (high amount of collagen (fibrosis), no more 

inflammatory infiltrate). 
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Figure 4: Study protocol with animals assigned to groups (A) 21 d acute EAM (n=10), (B) 21 d control 

(n=7), (C) 35 d chronic EAM (n=10) and (D) 35 d control (n=8). To investigate the effects of shock 

freezing (which enables temporary storage of samples and subsequent batch examination on MRS) 

animals of groups A and B were examined in a fresh stage (21 d acute EAM-fresh, 21 d control-fresh) 

before shock-freezing. Samples for histology and immunohistochemistry were collected and stored for 

all groups. 

 

Immunization 
 
Myocarditis was provoked by a cross immune reaction between porcine myocardial 

myosin and the myocardium of the rats. We used an EAM model, in which animals 

were immunized by injection of a suspension containing porcine myocardial myosin 

and Freund’s adjuvant into each rear footpad [89]. The immunization was performed 

using an optimized protocol developed by our group [94]: The rats were immunized 

with a suspension containing porcine myocardial myosin (2.5 mg myosin in 1 ml 

suspension). To prepare 4 ml of suspension, 0.5 ml phosphate-buffered solution with 

1.05 ml calcium-activated myosin from porcine heart (9.5 mg ml-1 in 50% glycerol, 

Sigma-Aldrich, Munich, Germany) was first mixed in a tube. Then, in a separate 

tube, 2.0 ml of complete Freund’s adjuvant (Sigma-Aldrich, Munich, Germany) was 

mixed with 20 mg of solid Mycobacterium tuberculosis H37 RA (DIFCO 

LABORATORIES, Detroit, MI, USA). The suspensions from both tubes were then 

mixed, vortexed and transferred to a 10 ml record syringe (FORTUNA OPTIMA 10-
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ml record syringe), which was then connected through a three-way connector 

(Discofix) to an empty syringe of the same type. Air bubbles were then expelled to 

exclude air from the suspension. The suspension was homogenized by moving the 

content back and forth between the two syringes for 10 min. The homogeneity of the 

suspension was confirmed by a drop of water on the top of that did not disperse [92]. 

The suspension was drawn into 1-ml sterile syringe with Luer-Lock tip and 

connected to a 26 G needle. The suspension was prepared freshly on the day of 

immunization. The rats were then immunized with 0.125 mg myosin (0.05 ml of 

suspension) to each rear footpad. 

 

Cardiac magnetic resonance (CMR) 
 
To assess cardiac function in vivo, rats were examined using ECG-triggered CMR 

imaging on a 3 T clinical MR system (Ingenia, Philips Healthcare, Best, The 

Netherlands) with a dedicated 70 mm solenoid small animal coil under isoflurane 

anaesthesia (2-3% in oxygen 1 L min-1). Animals were positioned headfirst, supine, 

breathing freely throughout the entire imaging procedure. ECG electrodes were 

placed on the rat’s paws. Long axis (2-chamber and 4-chamber) and a stack of short 

axis (seven slices) cine images were acquired to assess the following parameters 

using cmr42 software (version 3.4.1, Circle Cardiovascular Imaging Inc., Calgary, 

Canada): left ventricular ejection fraction (LVEF) and left ventricular end-diastolic 

volume (LVEDV). 

 

Ex-vivo sample collection 
 
Before MRS experiments (groups A, B) and directly after the CMR examination 

(groups C, D) animals were euthanized through an overdose of isoflurane and the 

heart was explanted by thoracotomy. It was rinsed with freshly prepared phosphate 

buffered saline (PBS) to remove blood. The heart was dried with paper towels and 

placed into a specific metal block to be cut into four equal transverse slices of the 

ventricular myocardium without the atria. A mid ventricular slice was stored in 

formalin (4%) for histological analysis. The remaining tissue slices were used for ex-

vivo MRS experiments: samples were put into Eppendorf tubes, shock frozen in 

liquid nitrogen and stored at –80°C. To investigate the effects of shock freezing 
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(which enables temporary storage of samples and subsequent batch examination on 

MRS), animals of groups A and B were examined in a fresh stage (21 d acute EAM-

fresh, 21 d control-fresh) before shock freezing. Fresh implies that the ex-vivo MRS 

experiments were conducted immediately after the death of the animals (< 5 min). 

 

Magnetic resonance spectroscopy (MRS) 
 
Shock-frozen samples were taken out of the freezer (-80°C) and allowed to warm on 

air (2 min). The remaining procedure is similar for frozen and fresh samples. Using a 

surgical scalpel, the myocardial sample (35-45 mg) was cut out of the heart slice 

avoiding epicardial tissue. The sample was placed into a 4 mm zirconium rotor, a 

spacer (insert + screw) was placed into the rotor to avoid displacement of the sample 

during acquisition, and the rotor was closed with a cap for the measurement [74] 

(Figure 6.B).  

 

 
 
Figure 5: (A): Bruker 600 MHz (14.1 T) spectrometer equipped with Bruker BL4 MAS probe head. 

Samples are introduced vertically into the spectrometer (B): 4 mm zirconium rotor (a.) with spacer 

(b.), spacer-screw (c.), and screw to insert the spacer into the rotor (d.). Closure of the sample is 

achieved by use of a cap (not shown on the picture).  

A B 
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Putting the rotor with the sample into a centrifuge helped packing the sample more 

homogeneously. All experiments were performed on a 600 MHz spectrometer 

(Bruker BioSpin GmbH, Rheinstetten, Germany) equipped with a Bruker BL4 MAS 

probe head at 293 K and at a MAS frequency of 4 kHz (Figure 6.A). Water in the 

sample was presaturated with a low-power pulse (47 dB). The proton nutation 

frequency was 5000 Hz at 2.4 dB. For each experiment, 128 scans were acquired 

with 79988 points in a spectral width of 167 ppm (measurement time of 7 min). The 

spectral 1H width was set to 100 kHz, which corresponds to 167 ppm on a 600 MHz 

spectrometer. The 31P nutation frequency was 35714 Hz at 5.00 dB. For each 

experiment, 128 scans were acquired with a time domain of 14590 points in a 

spectral width of 412 ppm. The relaxation delay was 5.00 s. All data were processed 

using Bruker Topspin (Bruker BioSpin GmbH, Rheinstetten, Germany) and iNMR 

(version 5.3, Mestrelab Research, Santiago de Compostela, Spain) software. 

Spectra were phased and the lactate doublet at 1.330 ppm was used as internal 

chemical shift reference [95]. Phase correction of zero order and first order, and 

baseline correction using polynomial fit to the regions of interest was applied before 

integration. Ratios for relative quantification were obtained by calculating the area 

under the peak. Ratio was either calculated between two peaks of interest directly 

(e.g. creatine, taurine) or by dividing the area of the peak of interest through the 

entire spectral region from 0.6 ppm – 4.2 ppm to avoid artifacts created by 

suppression of the water peak at 4.6 ppm. In samples with external standard TSP (3-

(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt, 98%, Sigma-Aldrich, Munich, 

Germany), chemical shift was referenced to TSP. Using fixed amounts of standard 

solution (5 𝜇l of a solution of 100 mg TSP in 2 ml of distilled water), experiments 

were conducted to test if TSP could be used as an external standard for absolute 

quantification of metabolites.  

 

 

Histological and immunohistochemical analysis 
 
Samples for the immunohistochemical analysis were obtained from the freshly 

explanted rat heart and fixed in formalin (4%). The formalin-fixed myocardium was 
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embedded in paraffin and stored at 21 °C. Macrophage infiltration of the myocardium 

was determined by immunohistochemical staining of CD68 from formalin-fixed 

paraffin-embedded cardiac tissue sections (Mouse Monoclonal antibody to CD68, 

Gene-Tex, Irvine, CA, USA; Secondary antibody from Bond-Max-Kit, Post Primary 

AL rabbit-anti-mouse IgG: Polymer Ap anti-rabbit-poly-Ap-IgG, Leica Biosystems 

Nussloch GmbH, Nussloch, Germany). All myocardial examinations were quantified 

by automated delineation through the microscope analysis software (Keyence BZ 

9000+ analysis software, Itasca, IL, USA). 

 

 

Statistical analysis 
 
Statistical analysis was performed using the SPSS statistical programm (version 

11.0, SPSS Inc., Chicago, IL, USA). All values were expressed as the mean ± 

standard deviation. Differences between groups were evaluated using the one-way 

ANOVA test and P<0.05 was considered to indicate a statistically significant 

difference (*= P<0.05, **= P<0.01, ***= P<0.001). Correlation analysis was 

conducted using two-tailed Pearson correlation coefficient with linear regression. 

Reliability of the spectral analysis was tested with two-way random single measure 

intraclass correlation (ICC) based on absolute agreement. 
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Results 
 

General evaluation of ex-vivo 1H-MAS-MRS in rat heart samples 
 

Reproducibility and resolution. 

  
MRS measurements were reproducible in all acquired samples. Nineteen out of 22 

different peaks in the spectrum could be assigned based on the previously published 

spectral data from human skeletal muscle and rat heart muscle (Figure 7) [96] [97]. 

Doubts arose regarding the peak number 14, which might either be caused by 

carnitine or phosphocholine. The two other peaks that could not be assigned (peak 6 

and peak 21) are small peaks and may be attributed to lipids or non-carbon-bound 

hydrogens. The resolution was comparable to the spectra of heart muscle and 

skeletal muscle tissue published in recent years [96] [97]. Importantly, the resolution 

obtained allowed relevant multiplets such as the two taurine triplets, the lactate 

doublet and the alanine doublet to be detected (Figure 8). 
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Figure 6: 1H-MAS-MRS spectrum of a freshly excized healthy rat heart sample (5 min after cardiac 

arrest). (1) lipids (-CH3), 0.89 ppm; (2) lipids (-CH2-)n, 1.28 ppm; (3) lactate (-CH3), 1.33 ppm, d 

(reference); (4) alanine (-CH3), 1.47 ppm, d; (5) lipids, 1.58 ppm; (7) lipids, 2.04 ppm; (8) glutamine 

(β-CH3), 2.14 ppm; (9) lipids, 2.24 ppm; (10) glutamate (γ-CH3), 2.35 ppm; (11) glutamine (γ-CH3),  

2.45 ppm; (12) lipids, 2.75 ppm; (13) creatine (-CH3), 3.03 ppm, s; (14) carnitine/(or phosphocholine) 

3.19 ppm; (15) choline (N-CH3), 3.22 ppm, s;  (16) taurine (S-CH3), 3.26 ppm, t; (17) taurine (N-CH3), 

3.48 ppm, t; (18) alanine (-CH), 3.78 ppm; (19) creatine (-CH2), 3.39 ppm; (20) lactate (-CH), 4.13 

ppm; (22) water, 4.8 ppm; (6), (21) not assigned [96][97]. 
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Figure 7: Fresh control sample with spectral area of taurine and creatine (2.9 ppm – 3.5 ppm) (left) 

and spectral area of the methylene peak, lactate and alanine (1.0 ppm – 1.6 ppm) (right) showing the 

excellent resolution obtained in the experiments. The two taurine triplets, the lactate doublet and the 

alanine doublet are well resolved. The lactate doublet was used as internal chemical shift reference 

(right) [95]. 
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Figure 8: Whole spectrum of frozen control sample with adjusted baseline correction (right) and 

chemical shift reference (left). The baseline is used for calculating the integrals and thus for the 

quantitative analysis: Phase correction of zero order and first order is done first and baseline 

correction is conducted using polynomial fit to the regions of interest. The lactate doublet (1.33 ppm) 

was used as an internal chemical shift reference in all samples compared to the external reference 

TSP (0.00 ppm), which was used for verification experiments.   

 

Additional experiments with an external standard (TSP) were conducted to evaluate 

if quantitative analysis of metabolites would be possible. TSP is used in NMR 

spectroscopy with water samples, however in our case, the samples were not liquid 

but solid samples. Once an appropriate concentration of TSP was found, we 

repeated the MRS measurement with the same prepared sample three times in a 

row (at 0 min, after 8 min, and after 16 min) without taking the rotor with the sample 

out of the spectrometer (Figure 10).  
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Figure 9: Full spectrum results of three repeated measurements from the same prepared frozen 

control sample with TSP as external standard. This sample was measured three times in a row to test 

if the use of TSP (0.00 ppm) as an external quantitative standard could be helpful in this application, 

which was not the case: the ratio of Tau/Cr was very stable with values of 2.80 / 2.75 / 2.82 whereas 

the ratio of TSP/creatine varied extremely with values 6.28 / 3.01 / 4.44.  

 

We observed that the ratio of taurine/creatine (Tau/Cr) was very stable with values of 

2.80 / 2.75 / 2.82, whereas the ratio of TSP/creatine was not consistent and varied 

extremely with values 6.28 / 3.01 / 4.44. Therefore therefore not use TSP for 

quantitative purposes in our samples. The water peak is often used as internal 

standard in in-vivo experiments [98]. However, the interstitial edema, which was 

confirmed histologically in the myocarditis animals, may intrinsically change the 

water content of a sample, rendering this approach unreliable for gaining more 

information on ratios of metabolites.  

 

Inter-observer agreement of the spectral analysis was tested with intraclass 

correlation (ICC). 10 spectra of randomly assigned study groups were analyzed by a 

second observer and the Tau/Cr ratio was calculated, leading to an ICC=0.942 
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(P<0.001), indicating a highly reproducible analysis method. This ICC is based on 

schrieblesque absolute agreement meaning that all observers had the same 

previously discussed criteria for data analysis. 

 

Freezing effect  
 
In order to assess the effect of shock freezing on the samples (which was necessary 

to allow for storage of the samples after MRI and batch examination on MRS), 1H-

MAS-MRS spectra of shock frozen samples were compared to freshly prepared 

samples (< 5 min). It was observed that freezing of the samples by shock freezing in 

liquid nitrogen and storing at – 80 °C led to changes in the 1H-MAS-MRS spectra 

(Figure 11). The difference could be best seen in the methylene peak at 1.28 ppm 

and this peak was used for quantifying the difference.  

 

 

 
 
Figure 10: Part of ex-vivo 1H-MAS-MRS spectrum (0.4 ppm – 1.8 ppm) of fresh (A) and 1 day frozen 

(B) samples of healthy rat myocardium. Characteristic lipid peaks show morphologic changes in the 

spectrum after shock-freezing in liquid nitrogen. The difference is best seen in the methylene peak at 

1.28 ppm. The changes may be related to lipid degradation in freezing as previously described in 
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other tissues e.g. from rat kidneys [99]. Relative integral was calculated by dividing the area of the 

peak of interest (methylene) by the entire spectral region from 0.6 ppm to 4.2 ppm to avoid artifacts 

created by suppression of the water peak at 4.6 ppm. 

 

The relative quantification of lipid peaks of fresh samples yields different results from 

those of frozen ones (Figure 12). The effect of shock freezing on the important 

spectral region of taurine and creatine was investigated using the Tau/Cr ratio in 

controls and in myocarditis animals. There was no significant different in this ratio 

when comparing fresh with previously shock-frozen myocardium (21 d control-fresh: 

2.59 (±0.09), 21 d control: 2.84 (±0.08), 21 d acute EAM-fresh 4.14 (±0.32), 21 d 

acute EAM: 4.38 (±0.23); p>0.05). This leads to the assumption that only lipids 

degrade during the shock freezing procedure, whereas the other metabolites seem 

not to be affected. The lipid peaks also show morphologic changes (Figure 11: 

methyl and methylene peaks), which mainly result in broader peaks after shock-

freezing. Similar changes of lipid peaks have been described in the literature for 

other tissues [99]. Multiplets of peaks in the spectrum that were well identifiable in 

the fresh sample measurements were not completely resolved in frozen spectra. 
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Figure 11: Comparison of relative integral of methylene peak at 1.28 ppm in spectra of fresh samples 

(n=13), 1 day frozen samples (n=10) and 6 months frozen samples (n=9) of rat heart tissue. Relative 

integral was obtained by dividing the specific integral of the peak at 1.28 ppm by the overall integrated 

spectrum (from 0.6 ppm – 4.2 ppm) in each case. 

 

 

After shock-freezing, the samples were kept in a freezer at – 80 °C (for at least 1 day 

to maximally 6 months) and measured again to observe the effect of the storing time 

on the MRS spectrum. No significant difference in lipid peaks was observed in the 

spectrum between 1 day frozen and 6 months frozen samples. 

 

21 d acute EAM animals (male) 
 
Animals with disease had a total weight of 232.50 g (±10.52 g) compared to 209.50 g 

(±6.41 g) for frozen controls. Heart weight was 1.34 g (±0.13 g) in myocarditis 

animals and 1.02 g (±0.04) in the correspondent controls. The ratio of heart weight to 

body weight (HW/BW) was significantly increased in myocarditis animals (21 d acute 

EAM: 5.80 g/kg (±0.70 g/kg), 21 d controls: 4.84 g/kg (±0.23 g/kg), P<0.05). 
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Histological and immunohistochemical analysis 
 
The hearts of the rats were examined histologically (HE, Sirius red) and 

immunohistologically (CD68) on day 21 and investigated for cell infiltrations and 

fibrosis by the department of cardiovascular pathology at Deutsches Herzzentrum 

Berlin (Dr. Katharina Wassilew) (Figure 13). Fibrosis was assessed by calculating 

the collagen volume fraction (CVF) as the percentage of the pink-colored collagen 

from the total area in the Sirius red stained myocardial slices. No inflammatory 

infiltrate, low levels of collagen (< 5%) and no CD68 positive staining could be 

identified in control samples of healthy animals (group D). Histological analysis of 21 

days myocarditis animals (group C) showed signs of highly flouride purulent 

inflammation with microabscess formation in the left ventricular and right ventricular 

myocardium in all samples. A mean of 38.7% (±9.6%) of the myocardial cross-

section surface area of the short axis slice was infiltrated by inflammatory cells. 

Localization of the inflammatory infiltrate was mostly transmural, although the inner 

third of the myocardium closest to the endocardium was spared in 30% of the cases. 

CD68 staining indicating an infiltration with macrophages was strongly positive in 

90% and discretely positive in 10% of the samples. Also, interstitial edema and 

pericarditis was confirmed in all samples. CVF was assessed in the Sirius red 

stained specimen revealing 12.4% (±3.3%) of fibrotic tissue. 
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Figure 12: Histological findings of mid ventricular short axis slices of 21 d acute EAM (A) and 21 d 

acute controls (B) stained with HE (i), Sirius red (ii) and CD68 immunohistochemistry (iii)r. In Aiii, the 

myocardium is highly positive for CD68 staining, indicating the acute inflammation with inflammatory 

infiltrate. In Aii fibrosis calculated as the CVF affects especially the left ventricle. 

 

 

The overall picture of the inflammation showed an active and ongoing process with 

typical signs of an acute inflammatory reaction. 

 

Magnetic resonance spectroscopy (MRS) 
 
For each animal, the proton spectrum was analyzed and investigated for differences 

between groups. Figure 14.A shows the spectral region of the creatine and taurine 

metabolites from one animal of each group. The ratio of Tau/Cr was calculated and 

compared between disease and control group. The ratio was 4.38 (±0.23) for 21 d 

acute EAM (4.13 (±0.32) for 21 d acute EAM-fresh) and 2.84 (±0.08) for 21 d control 

(2.59 (±0.09) for 21 d control-fresh) (p<0.001). 
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Figure 13: (A) Spectral region from 2.9 ppm to 3.6 ppm of one animal of 21 d acute EAM-fresh (left) 

and 21 d acute control-fresh (right). Spectra are normalized on taurine peak so that differences in the 

Tau/Cr ratio can be easily identified. Arrow indicates change in Tau/Cr ratio. (B) Tau/Cr ratio was 

found to be significantly different between 21 d acute EAM–fresh animals and 21 d control–fresh 

(P<0.001). 

 

Evaluation of lipids in the 21 d acute EAM-fresh versus 21 d control-fresh using the 

methylene peak at 1.28 ppm demonstrated no significant change in lipid/taurine ratio 

(21 d acute EAM-fresh: 2.63 (±0.39), 21 d control-fresh: 2.50 (±0.30), P>0.05).  
 

Correlation of MRS with other parameters 
 
The Tau/Cr ratio was linearly correlated with the heart weight (HW) of 21 d acute 

EAM directly after explantation (Figure 15) and with the heart weight / body weight 

ratio (HW/BW) (Figure 16), respectively. Neither HW nor HW/BW correlated with the 

spectroscopy findings (R<0.5). 
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Figure 14: Scatter dot plot of correlation of heart weight versus Tau/Cr ratio with fitted regression line: 

no linear correlation could be observed (R<0.5). 

 

 
 
Figure 15: Scatter dot plot of correlation of HW/BW versus Tau/Cr ratio with fitted regression line: no 

linear correlation could be observed (R>0.5). 
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Figure 16: Scatter dot plot of correlation of percentage of CD68 stained myocardium (in mid 

ventricular slice of myocardium) versus Tau/Cr ratio (left) and of percentage of sirius red stained 

myocardium (in mid ventricular slice of myocardium) versus Tau/Cr ratio (right). No linear correlation 

could be observed (Pearson’s correlation coefficient R<0.5). 

 

Correlation analysis was also performed in MRS and histological/ 

immunohistochemical results of 21 d acute EAM animals (Figure 17). Tau/Cr ratio 

did not correlate linearly with percentage of CD68 stained myocardium and 

percentage of Sirius red stained myocardium, respectively. For both, Pearson’s 

correlation coefficient was R<0.5. 

 

35 d chronic EAM animals (male) 
 
Animals with disease had a total weight of 300.0 g (±19.89 g) compared to 280.5 g 

(±37.63 g) for controls. Heart weight was 1.38 g (±0.14 g) in myocarditis animals and 

1.01 g (±0.11) in the correspondent controls. The ratio of heart weight to body weight 

(HW/BW) was significantly increased in myocarditis animals (35 d chronic EAM: 4.65 

g/kg (±0.67 g/kg), 35 d chronic control: 3.64 g/kg (±0.61 g/kg), P<0.01). 
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Histological and immunohistochemical analysis 
 
The hearts of the rats were examined histologically (HE, Sirius red, CD68) on day 35 

and investigated for cell infiltrations and fibrosis by the department of cardiovascular 

pathology at Deutsches Herzzentrum Berlin (Dr. Katharina Wassilew) (Figure 18). 

No inflammatory infiltrate, no collagen and no relevant CD68 positive staining could 

be identified in control samples of healthy animals. Histological analysis of 35 d 

chronic EAM animals showed signs of a slight inflammatory reaction in the 

myocardium without microabscess formation. A mean of 6.2% (±6.1%) of the 

myocardial cross-section surface area of the short axis slice was infiltrated by 

inflammatory cells. Localization of the inflammatory infiltrate was mostly located in 

the outer two thirds of the myocardium. CD68 staining indicating an infiltration with 

macrophages was positive in 80% and slightly positive in 20% of the samples.  

 

 

 
Figure 17: Histological findings of mid ventricular short axis slices of 35 d chronic EAM (C) and 35 d 

control (D) stained with HE (i), Sirius red (ii) and CD68 immunohistochemistry (iii): In Cii, the 

myocardium shows a high degree of fibrosis calculated as the CVF, which is typical for the chronic 

phase in EAM (with low inflammatory cell infiltrate in Ciii). 
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Interstitial edema was confirmed in 50% of the samples. The CVF was assessed in 

the Sirius red stained samples and led to a value of 21.8% (±11.5%) of the 

myocardial cross-section surface area of the short axis slice as fibrotic tissue. The 

overall picture corresponded to a typical chronic inflammatory reaction.  

 

Cardiac magnetic resonance (CMR) 
 
Three myocarditis animals died during CMR acquisition before relevant data could 

be obtained, but heart samples were collected and shock frozen immediately after 

death for MRS analysis.  

LVEF was reduced in the animals with chronic myocarditis (compared to controls 

(55.2% ±11.3% vs. 72.6% ±3.8%, P<0.01) as determined by multi-slice short axis 

analysis throughout the whole heart. Left ventricular end-diastolic volume (LVEDV) 

was also increased (0.47 ml ±0.11 ml versus 0.35 ml ±0.05 ml, P<0.05). Figure 19 

illustrates the increased left-ventricular volume and reduced systolic contraction in a 

chronic myocarditis animal as compared to a control animal on end-diastolic and 

end-systolic short axis cine images.  
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Figure 18: Short axis images of an animal from the 35 d chronic EAM group (Ai in end-diastole, Aii 

end-systole) and a 35 d control animal (Bi in end-diastole, Bii in end-systole). Large hearts (confirmed 

by the HW/BW values between groups) and reduced systolic contraction indicate secondary DCM in 

the diseased heart. 
 

Magnetic resonance spectroscopy (MRS) 
 

For each animal, the proton spectrum was analyzed and investigated for differences 

between groups. Figure 20.A shows the spectral region of the creatine and taurine 

metabolites, which are two of the most abundant small molecules in the heart. The 

ratio of Tau/Cr was calculated and compared between disease and control group. 

The ratio was 4.47 (±0.83) for 35 d chronic EAM animals and 2.59 (±0.38) for 35 d 

chronic controls. The change in this particular ratio was found to be highly significant 

between diseased and control groups (P<0.001).  
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Figure 19:  (A) Spectral region from 2.9 ppm to 3.6 ppm of one animal from the 35 d chronic EAM 

group (left) vs. one from the 35 d control group (right). Spectra are normalized on taurine peak so that 

differences in the Tau/Cr ratio can be easily seen. Arrow indicates change in Tau/Cr ratio. (B) Tau/Cr 

ratio was found to be significantly different between disease group and control (P<0.001). 

 

Lipids could not be evaluated in the 35 d chronic EAM group versus frozen controls 

due to the aforementioned changes in lipid peaks after shock freezing in liquid 

nitrogen. 

 

 

Correlation of MRS with other parameters 
 
There was a strong negative correlation of LVEF with Tau/Cr ratio with a Pearson’s 

correlation coefficient of R=0.937 (P<0.001) (Figure 21). All healthy animals had a 

high ejection fraction and a low Tau/Cr ratio. Animals with myocarditis but preserved 

ejection fraction had relatively low Tau/Cr ratios as well, whereas animals whose 

function was strongly impaired (low LVEF) had high Tau/Cr ratios. 
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Figure 20: Linear correlation of Tau/Cr ratio versus LVEF with fitted regression line and 95% 

confidence intervals. Full rhombuses correspond to 35 d chronic EAM animals and empty circles 

correspond to healthy 35 d control animals. Pearson’s correlation coefficient was R=0.937 (P<0.001). 

The cut-off value of 3.10 in the Tau/Cr ratio is indicated as dotted line. Arrows indicate animals that 

had normal functional parameters (LVEF > 60) but showed increased Tau/Cr ratio. 

 

There was a moderate negative correlation of LVEDV with the Tau/Cr with a 

Pearson’s coefficient of R=0.790 (P<0.01). The correlation appeared similar to the 

results found with LVEF: all healthy animals had low end-diastolic volumes and low 

Tau/Cr ratios, whereas in the myocarditis animals, the higher the Tau/Cr ratio, the 

higher was the LVEDV. A cut-off value of 3.10 in the Tau/Cr ratio was able to 

distinguish between hearts with and without myocarditis with both sensitivity and 

specificity of 100%, even in cases where LVEF and LVEDV, respectively were found 

to be normal (Figure 21 and 22). 
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Figure 21: Linear correlation of Tau/Cr ratio versus LVEDV with fitted regression line and 95% 

confidence intervals. Full rhombuses correspond to 35 d chronic EAM animals and empty circles 

correspond to healthy 35 d control animals. Pearson’s correlation coefficient was R=0.790 (P<0.01). 

The cut-off value of 3.10 in the Tau/Cr ratio is indicated as dotted line. Arrows indicate animals that 

have normal functional parameters (LVEDV < 45 ml) but show increased Tau/Cr ratio. 

 

The Tau/Cr ratio was linearly correlated with the heart weight (HW) of 35 d chronic 

animals directly after explantation (Figure 23) and with the heart weight / body weight 

ratio (HW/BW) (Figure 24), respectively. HW/BW correlated to a higher extent with 

the spectroscopy resulting in a Pearson correlation coefficient of R=0.749 (P<0.05), 

whereas HW values alone correlated with a coefficient of R=0.617 (P>0.05). HW/BW 

may give a better estimation of how strong the heart disease of a single animal is 

evolved, based on the fact that bigger animals intrinsically have bigger hearts as 

well. 
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Figure 22: Linear correlation of heart weight vs. Tau/Cr ratio of 35 d chronic EAM animals with fitted 

regression line. Pearson’s correlation coefficient was R=0.617 (P>0.05).  

 

 
 
Figure 23: Linear correlation of HW/BW versus Tau/Cr ratio 35 d chronic EAM animals with fitted 

regression line and 95% confidence intervals. Pearson’s correlation coefficient was R=0.749 (P<0.05) 

 

MRS results were also compared to  histological and immunohistochemical results of 

myocarditis animals (Figure 25). Tau/Cr ratio did not correlate linearly with 
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percentage of CD68 stained myocardium and percentage of Sirius red stained 

myocardium, respectively. For both, Pearson’s correlation coefficient was R<0.5.  

 

 

 
 

Figure 24: Scatter dot plot of correlation of percentage of CD68 stained myocardium (in mid 

ventricular slice of myocardium) versus Tau/Cr ratio (left) and of percentage of sirius red stained 

myocardium (in mid ventricular slice of myocardium) versus Tau/Cr ratio (right) of 35 d chronic EAM 

animals. No linear correlation could be observed (Pearson’s correlation coefficient R<0.5). 

 

Direct comparison: 21 d acute EAM vs 35 d chronic EAM and controls 
 
Comparison of the groups A, B, C and D in Figure 25 to visualize the fact that the 

differences between groups are similar in the acute as well as in the chronic 

myocarditis animals.  
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Magnetic resonance spectroscopy (MRS).  
 

 
Figure 27: Overview of both male disease groups (21 d acute EAM and 35 d chronic EAM). As 

previously stated Tau/Cr ratio was found to be significantly different between disease groups and 

controls (P<0.001). As for comparison of acute and chronic animals, no statistically significant 

difference was found. 
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Discussion 
 

Our study demonstrates that the metabolic ratio of myocardial Tau/Cr as detected by 

proton MRS is able to differentiate between healthy myocardium and myocardium 

with EAM in rats. Tau/Cr ratio not only correlates with functional parameters as 

detected in CMR (LVEF, LVEDV), but also detects diseased animals with normal 

functional parameters. 

 

The diagnosis and monitoring of myocarditis can be considered on different levels. 

On an organ level, methods such as 2D echocardiography or cine MRI allow the 

detection of changes in cardiac function and ventricular remodelling. On a tissue 

level, MRI has been shown to detect myocardial edema (using T2-weighted 

techniques [27] or parametric mapping [34]) and focal inflammatory lesions (using 

late gadolinium enhancement [100]). On the cellular level, molecular imaging of 

disease-specific molecular targets using nuclear medicine and MRI offers 

approaches focused on marking inflammatory cells [101] [102]. Due to a variety of 

reasons, including limited sensitivity and significant toxicity of molecular probes, 

none of these cell-level techniques have found their way into clinical routine. 

 

A number of studies have demonstrated the feasibility and diagnostic potential of 
31P-MRS for the assessment of cardiac metabolism [103] [104] [105]. This approach 

enables the quantification of ATP, ADP and phosphocreatine, but it is technically 

demanding not only because of the need for multi-nuclei-enabled MR systems and 

specific coils, but also due to the low proportion of phosphorus in the body when 

compared to hydrogen protons and thus low signal-to-noise ratio and long scan 

times. The recent introduction of dynamic hyperpolarization (DNP) [106] provides the 

potential to visualize the metabolism of hyperpolarized carbon-based probes such as 

pyruvate. However, this approach not only requires multi-nuclei-enabled MR systems 

and specific coils, but also an on-site DNP polarizer for the production of 

hyperpolarized 13C agents. In contrast, proton MRS utilizes the same nucleus as 

standard MRI, aiming to analyze the spectrum and distribution of compounds that 

together generate the standard imaging signal. There is no need for specific 
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hardware, and the resulting signal is relatively high compared to other non-

hyperpolarized spectroscopic MR approaches. Proton-containing molecules of 

interest for cardiac metabolism include creatine, phosphocreatine and lipids. 

 

We demonstrated significant differences in the ratio of myocardial Tau/Cr between 

healthy myocardium and myocardium from rats with EAM as detected by proton 

MRS. Similar alterations in the creatine to taurine ratio have been found in the 

urinary MRS profile of patients with ischemic heart failure [107]. The change of 

Tau/Cr ratio in 21 d acute EAM indicates that metabolic alterations occur acutely with 

the development of myocarditis.  

Taurine increase has been described in inflammatory processes, which may explain 

the higher Tau/Cr as a result of myocardial inflammation [88] [108]. The change of 

the ratio during the acute phase with a lot of inflammatory cellular infiltrate would 

seem to support this theory. On the other hand, HF models in animals and in-vivo 

measurements in humans showed that metabolic alterations, including depletion of 

creatine occurred in HF [54] [55] [98]. A depletion in creatine would also be 

consistent with our results of a higher Tau/Cr ratio in EAM. There are several other 

reasons to believe that a depletion in creatine might be the main driver of the 

observed changes in Tau/Cr in our study. First, the Tau/Cr ratio changed equally for 

both the acute myocarditis group (21 d acute EAM) and the chronic myocarditis 

group (35 d chronic EAM), whereas the corresponding histological analysis could 

distinguish between acute myocarditis with highly inflammatory tissue and a more 

chronic myocarditis with a mild inflammatory reaction. Second, there was a positive 

correlation of LVEF with the Tau/Cr ratio change in chronic myocarditis. But the most 

probable explanation seems to be that both mechanisms are present in myocarditis 

(taurine increase AND creatine depletion).  

One very important finding in our analysis is that an abnormal Tau/Cr ratio was able 

to detect myocarditis in animals even when the LVEF or LVEDV was within the 

normal range (2 animals with normal LVEF, 3 animals with normal LVEDV). This is a 

highly interesting, as it shows that although Tau/Cr and LVEF results correlate (and 

do so better the higher the Tau/Cr ratio and the lower the LVEF), MRS was able to 

detect individual animals that had the disease but showed no functional impairment. 

As functional impairment is correlated with creatine depletion in the literature sources 

[54] [55], this finding may then again lead us to the conclusion that taurine increase 
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in inflammation is significantly involved in the alteration in the Tau/Cr ratio. In this 

particular experiment, Tau/Cr ratio was thus better suited to detect and diagnose 

animals with the disease than LVEF as obtained from MRI. If in-vivo experiments 

would lead to equivalent results, some myocarditis cases, which may so far have 

been missed based on functional assessment, might be detected and monitored 

accordingly. This demonstrates the potential of this method in assisting in the 

diagnosis of myocarditis and inflammatory cardiomyopathy. MRS may possibly be 

considered as an additional diagnostic tool. Sensitivity and specificity of this method 

to identify diseased animals were very high (100% and 100%, respectively). On the 

other hand, MRS might not be able to differentiate between myocarditis and other 

diseases that might exhibit altered cardiac metabolism as well (e.g. other forms of 

heart failure).  

 

The Tau/Cr ratio is not affected by the shock-freezing procedure either, fresh and 

frozen disease and control groups, had similar values. We found that once shock 

frozen in liquid nitrogen, the samples were stable for months when stored at -80 °C. 

This facilitated the planning of further ex-vivo experiments, and allowed for batch 

processing of the samples, rather than processing them individually after the 

harvesting of each heart. To allow comparison of the MRI results with ex-vivo MRS 

results, it is important to know that freezing does not change this particular region of 

the spectrum, as high-resolution MRS facilities are usually located at chemical 

research departments which might not have animal housing facilities. Animals that 

are in the acute phase of the disease are extremely sensitive and would most 

probably not survive transportation between facilities, so that examination of fresh 

samples would not be possible.  

 

The lipid / taurine ratio was used in our study to compare a possible lipid content 

variation between healthy and diseased animals, but no significant difference was 

found. The evaluation of this ratio was only possible in the fresh groups (21 d acute 

EAM-fresh, 21 d control-fresh) due to changes of lipid peaks after freezing. 

Assuming a relatively constant level of taurine (as with the Tau/Cr ratio), we could 

conclude that lipids do not accumulate in the myocardium in the acute phase of 

myocarditis. In the literature, intramyocardial lipid accumulation has been discussed 

in the context of metabolism of the failing heart. Studies e.g. by Nakae et al. [98] 
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showed that there is no correlation between lipid concentration and LVEF in DCM 

and that lipid concentration correlated with BMI. This would be consistent with our 

results, although we only studied acute phase myocarditis, which in a later phase 

may lead to DCM. In general, the lipid content has been found to depend primarily 

on the feeding state, level of exercise, and metabolic diseases like diabetes and 

obesity [109]. In myocardial infarction, changes in lipid content have been detected 

by magnetic resonance spectroscopy [110], indicating that myocardial lipid 

deposition started already 6h after coronary artery occlusion. 

 

The assessment of metabolic changes in the myocardium and in muscle tissue in 

general differs from other tissue in the way that muscular diseases lead to 

quantitative rather than qualitative changes in metabolites. Tumors are well known to 

produce specific metabolites, which makes them an easier target for specific 

spectroscopic measurements [117] [118] [80] [81]. Also, tissue from mucosae, liver 

and kidneys possess a large variety of different metabolic pathways with small 

molecule metabolites, which can be detected by spectroscopy and might be altered 

in diseased states of the organ [79] [119]. When cardiac metabolism is affected, 

there are proportional changes within the set of given metabolites rather than shifts 

towards new metabolites, which makes detection and interpretation easier but rather 

non-specific [73] [60]. 

 

 

Clinical impact. The integration of in-vivo metabolic imaging into conventional MRI 

protocols would add a new layer of information to clinical cardiac imaging. There are 

several pulse sequences available (e.g. PRESS, STEAM) that allow for in-vivo 1H-

MR single-voxel spectroscopy or multi-voxel spectroscopic imaging [120] [121]. 3T 

MR systems are now widely available and are able to provide high-quality MRS data 

within <10 minutes. Thus, the integration of 1H-MRS for the assessment of cardiac 

metabolism into clinical routine protocols seems feasible but requires further 

development of standardized post-processing and analysis tools. 

 

 

Limitations. High resolution MAS (HR-MAS) is mentioned in the literature as a 

means of achieving an additional increase of spectral resolution compared to 
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standard MAS [122] [123] [124]. This method requires an additional transmission 

channel on the MR spectrometer to emit radio waves on the deuterium frequency of 

D2O to stabilize the experiment in case of shifting of the magnetic field. This 

hardware was not available for our study, but resolution was found to be very good 

nevertheless, as illustrated in Figure 8. Multiplets such as the taurine triplets (taurine 

(S-CH3), 3.26 ppm, t; taurine (N-CH3), 3.48 ppm, t), the lactate doublet (lactate (-

CH3), 1.33 ppm, d) and the alanine doublet (alanine (-CH3), 1.47 ppm, d) were well 

resolved in all fresh spectra. Also, various relatively close peaks in the spectral 

region between 2.0 ppm and 2.5 ppm (lipids, 2.04 ppm; glutamine (β-CH3), 2.14 

ppm; lipids, 2.24 ppm; glutamate (γ-CH3), 2.35 ppm; glutamine (γ-CH3), 2.45 ppm) 

could be easily differentiated. The high resolution was reproducible in all samples 

and was slightly lower in the spectra of frozen samples.  

 

TSP used as external standard in water [125] was found to have low reproducibility 

in our MAS-MRS experiments. Thus, no external standard was used and absolute 

quantification of lipids, taurine and creatine was not possible. Our MRS results are of 

a relative nature, although evidence indicates that the ratio change is based on a 

creatine decrease rather than taurine increase. Another method that could be 

applied for quantitative measurements is electronic reference to in-vivo 

concentrations (ERETIC) [125]. This is a pulse technique that employs a synthesized 

RF pulse during the acquisition period to produce its signal from which quantitative 

information about metabolites can be derived. As no chemical substance is added, 

there are no concerns about toxicity to the tissue, chemical activity, binding and 

volatility. Furthermore ERETIC has been shown to provide reproducible and stable 

quantitative results with HR-MAS MR spectroscopy. Unfortunately, this method 

requires multi-channel capabilities and specific pulse sequences that were not 

available in our experimental setting. Other analytic methods such as high-pressure 

liquid chromatography could also be used for quantitative analysis concomitantly 

with the MRS measurements. Also, the water peak is often used as an internal 

standard in in-vivo experiments [98]. However, interstitial edema, which was 

confirmed histologically in the myocarditis animals, may intrinsically change the 

water content of a sample and interfere with this technique.  
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The number of animals in each group was relatively small, especially in the control 

groups (7 and 8 animals). This must be considered when interpretating the results. 

The same applies to the correlation of LVEF and LVEDV with Tau/Cr ratio, as only 7 

myocarditis animals survived the MRI scanning. 

Finally, we did not test the performance of MRS in other models of HF than EAM. 

Thus, our data do not allow us to comment on the specificity of MRS for 

differentiating EAM from other myocardial diseases.   

 

Conclusions. Our study shows that metabolic alterations occur acutely with the 

development of myocarditis and that myocardial Tau/Cr ratio as detected by proton 

MRS is able to differentiate between healthy and diseased myocardium in rats with 

acute and chronic EAM. Tau/Cr ratio correlates strongly with LVEF when both 

parameters show pathologic values, and furthermore, it detects diseased animals 

even when function is considered normal. 1H-MRS reveals metabolic information in 

the course of inflammatory heart disease and might be of additional diagnostic value 

in the non-invasive assessment of myocarditis. 
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Mein Lebenslauf wird aus datenschutzrechtlichen Gründen in der elektronischen Version meiner 
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