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“My tongue will tell the anger of my heart, or else my heart, concealing it,  

will break.”  

— Katherina, in The Taming of the Shrew, by William Shakespeare (1590-1592) 

 

 

 

In loving memory of my mother Anja and grandmother Herta. You were both 

strong and caring women who taught me to follow my heart and aim for the 

stars. 

 

 





 

 

Popular science summary of the thesis 
Cardiovascular disease, including myocardial infarction (MI), is the leading cause 

of death globally. A genetic predisposition, smoking, diabetes, high blood 

pressure and cholesterol levels exacerbate atherosclerosis and are recognised 

as cardiovascular risk factors. MI typically results from the rupture of an 

atherosclerotic plaque in a coronary artery, leading to the formation of a clot 

that obstructs blood flow to the heart muscle. Around 6-9% of all MIs, however, 

occur in the absence of obstructive coronary artery disease. This condition is 

referred to as myocardial infarction with non-obstructive coronary arteries 

(MINOCA), or myocardial infarction with normal coronary arteries (MINCA) if no 

signs of atherosclerosis can be visualised. MINOCA should be considered a 

working diagnosis since it encompasses diverse underlying causes. One of them 

is Takotsubo syndrome (TTS), a condition of reversible and often stress-induced 

acute heart failure that mimics MI and mainly affects women after menopause. 

The leading theory proposes that TTS arises due to an intense activation of the 

“fight-or-flight” system with a massive release of stress hormones, inducing 

heart failure through mechanisms such as direct toxicity and coronary spasm. 

The prognosis of patients with MINOCA and TTS is not as benign as initially 

perceived, and a better understanding of these conditions is needed to improve 

patient care and guide treatment. The overall aim of this thesis was therefore to 

expand the knowledge on the underlying mechanisms of MINOCA and TTS. 

In the first study, Stockholm Myocardial Infarction with Normal Coronaries 

(SMINC), we aimed to characterise 100 MINCA patients regarding risk factors 

and measures of vascular function and atherosclerosis. An equal number of 

patients with MI due to coronary obstructions, as well as healthy volunteers, 

served as controls. We found that MINCA patients shared several risk factors 

with true MI patients, that a majority were female and that ¼ had TTS. Measures 

of vascular function and atherosclerosis did not differ between the three group. 

In the second study, SMINC-2, we investigated 148 MINOCA patients with 

advanced cardiovascular magnetic resonance (CMR) imaging of the heart on 

average 3 days after hospital admission. 150 patients from the screening phase 

of the first SMINC study, investigated with standard CMR imaging on average 12 

days after the acute event, served as controls. The underlying diagnosis of 

MINOCA was identified in 77% of SMINC-2 patients, compared with 47% in the 

control group. This diagnostic improvement was mainly due to an increased 



detection of TTS and heart muscle inflammation, two conditions where CMR 

findings commonly are transient. 

In the third study, Sympathetic And vascular Function in Takotsubo syndrome 

(SAFT), we included 27 female TTS patients. The function of the smallest 

coronary arteries, the so-called coronary microvascular function, was measured 

during coronary angiography. 27 female chest pain patients of matching age 

without obstructed coronary arteries served as controls. We found that 78% of 

TTS patients had coronary microvascular dysfunction, compared with 44% of 

controls, and that coronary microvascular dysfunction was related to the 

severity of heart failure in TTS. 

In the fourth study, we investigated 18 TTS patients from the SAFT with 

microneurography, a method that measures the activity of the “fight-or-flight” 

system with a thin electrode in a nerve below the knee. 13 female healthy 

volunteers served as controls. We found that the activity did not differ between 

TTS patients and controls at rest or during a stress test. The “fight-or-flight” 

system activity in the heart was also assessed in 10 TTS patients with 

scintigraphy, an imaging method, showing increased activity in all patients. 

From the results of our four studies, we conclude the following: MINCA is 

associated with most cardiovascular risk factors, female sex, and TTS. Early and 

advanced CMR imaging improves the diagnostic yield and should therefore be 

recommended as a standard diagnostic tool in MINOCA. Coronary microvascular 

dysfunction is common in acute TTS and suggested to be a key mediating 

mechanism of the syndrome. A disturbed cardiac response to stress, rather than 

an underlying hyperactivity or hyperreactivity of the “fight-or-flight” system, is 

likely central for TTS development. 

  



 

 

Populärvetenskaplig sammanfattning 
Hjärt-kärlsjukdom, inklusive hjärtinfarkt, är den vanligaste dödsorsaken världen 

över. Ärftlighet, rökning, diabetes, högt blodtryck och höga blodfetter bidrar till 

åderförkalkning och är erkända riskfaktorer för hjärt-kärlsjukdom. Hjärtinfarkt 

uppstår vanligen då ett åderförkalkat plack i ett av hjärtats kranskärl spricker, 

varpå en blodpropp bildas och blodflödet till hjärtmuskeln försämras. Hos 

omkring 6–9% av alla patienter med hjärtinfarkt kan dock inga förträngningar i 

kranskärlen påvisas vid kranskärlsröntgen. Detta tillstånd kallas MINOCA 

(myocardial infarction with non-obstructive coronary arteries), eller MINCA 

(myocardial infarction with normal coronary arteries) om kranskärlen är helt utan 

synlig åderförkalkning. MINOCA bör ses som en arbetsdiagnos då de 

bakomliggande orsakerna har olika ursprung. En av dessa är Takotsubo syndrom 

(TTS), en typ av övergående stressinducerad akut hjärtsvikt som liknar 

hjärtinfarkt och företrädelsevis drabbar kvinnor efter klimakteriet. Den ledande 

teorin förespråkar att TTS orsakas av överaktivitet i kroppens stressnervsystem 

med massiv utsöndring av stresshormoner, som förlamar hjärtat till följd av bland 

annat kranskärlsspasm. Prognosen vid MINOCA och TTS har visats vara sämre än 

man tidigare trott, och en ökad förståelse av dessa tillstånd behövs för att kunna 

förbättra vården och behandlingen för dessa patienter. Det övergripande syftet 

med denna avhandling var därför att utöka kunskapen om de mekanismer som 

orsakar MINOCA och TTS. 

I den första studien, Stockholm Myocardial Infarction with Normal Coronaries 

(SMINC), ämnade vi karaktärisera 100 MINCA-patienter avseende riskfaktorer 

och mått på kärlfunktion och åderförkalkning. Lika många patienter med vanlig 

hjärtinfarkt samt friska frivilliga användes som kontroller. Vi fann att MINCA-

patienternas riskfaktorer delvis liknande dem hos hjärtinfarktpatienterna, att 

majoriteten var kvinnor, och att ¼ hade TTS. Mått på kärlfunktion och 

åderförkalkning skilde sig inte mellan de tre grupperna. 

I den andra studien, SMINC-2, undersökte vi 148 MINOCA-patienter med 

avancerad magnetkameraundersökning av hjärtat i snitt 3 dagar efter 

sjukhusinläggning. 150 patienter från screening-fasen av den första SMINC-

studien, undersökta med standardmässig magnetkameraundersökning i snitt 12 

dagar efter sjukhusinläggning, användes som kontroller. Den underliggande 

diagnosen kunde fastställas hos 77% av SMINC-2-patienterna, jämfört med 47% 

hos kontrollgruppen. Den förbättrade diagnostiken berodde främst på ökad 



detektion av TTS och hjärtmuskelinflammation, vars synliga förändringar vid 

magnetkameraundersökning ofta är övergående. 

I den tredje studien, Sympathetic And vascular Function in Takotsubo syndrome 

(SAFT), inkluderade vi 27 kvinnliga patienter med TTS. Flödet i hjärtats minsta 

kranskärl, så kallad koronar mikrovaskulär funktion, mättes i samband med 

kranskärlsröntgen. 27 kvinnliga patienter med kärlkramp utan förträngda 

kranskärl användes som kontroller. Vi fann att 78% av TTS-patienterna, jämfört 

med 44% av kontrollerna, hade koronar mikrovaskulär dysfunktion, och att denna 

var relaterat till graden av hjärtsvikt vid TTS. 

I den fjärde studien undersökte vi 18 av TTS-patienterna från SAFT-studien med 

mikroneurografi, en metod som mäter aktiviteten i kroppens stressnervsystem 

via en tunn nål i en nerv nedom knät. 13 friska frivilliga kvinnor rekryterades som 

kontroller. Vi fann att TTS-patienterna hade liknande aktivitetsnivå i 

stressnervsystemet som kontrollerna, både i vila och då de utsattes för stress. 

Hos 10 av TTS-patienterna undersöktes också aktiviteten i stressnervsystemet 

specifikt till hjärtat med skintigrafi, även kallat gammakamera, vilket visade ökad 

aktivitet hos alla. 

Utifrån resultaten av våra fyra studier konkluderade vi följande: MINCA är 

associerat med många riskfaktorer för hjärt-kärlsjukdom, kvinnligt kön och TTS. 

Tidig och avancerad magnetkameraundersökning av hjärtat förbättrar 

diagnostiken, och bör därför rekommenderas standardmässigt i utredningen av 

MINOCA. Koronar mikrovaskulär dysfunktion är vanligt förekommande vid TTS 

och föreslås vara en viktig medverkande mekanism vid TTS. Hjärtats reglering 

och svar på stress, snarare än en bakomliggande överaktivitet eller 

överreaktivitet i stressnervsystemet, är sannolikt centralt för uppkomsten av TTS. 

  



 

 

Abstract 
Introduction 

The working diagnosis myocardial infarction with non-obstructive coronary 

arteries (MINOCA), with the subgroup myocardial infarction with normal coronary 

arteries (MINCA), encompasses conditions of diverse aetiological origin. One of 

them is Takotsubo syndrome (TTS), a reversible and often stress-induced 

condition of acute heart failure, predominantly affecting postmenopausal 

women. Both MINOCA and TTS are associated with substantial morbidity and 

mortality, yet evidence-based treatment is lacking. The overall aim of this thesis 

was to expand the knowledge on pathophysiological mechanisms of MINOCA 

and TTS, with a view to guide future clinical management. The study specific 

aims were I) to characterise MINCA patients regarding risk factors and markers 

for endothelial function and atherosclerosis, II) to improve the diagnostics of 

MINOCA, III) to study if coronary microvascular dysfunction (CMD) is a 

prominent feature of acute TTS, and whether CMD in TTS is associated with 

clinical parameters, and IV) to determine whether sympathetic activity and 

reactivity are enhanced in the early recovery phase of TTS. 

Methods and results 

In study I, the first Stockholm Myocardial Infarction with Normal Coronaries 

(SMINC) study, we included 100 MINCA patients together with two age- and sex-

matched control groups of MI patients with coronary heart disease, respectively 

healthy volunteers. Endothelial function was evaluated with peripheral arterial 

tonometry measuring reactive hyperaemia index. Atherosclerosis was evaluated 

with carotid ultrasound measuring intima-media thickness. MINCA was 

associated with many established cardiovascular risk factors and female sex. 

Measures of endothelial function and atherosclerosis did not differ between 

study groups. One out of four MINCA patients received a clinical diagnosis of 

TTS. 

In study II, the SMINC-2 study, 148 MINOCA patients were examined by 

comprehensive cardiovascular magnetic resonance (CMR) imaging at median 3 

days after admission. 150 patients from the screening phase of the SMINC-1 

study, examined by standard CMR imaging at median 12 days after admission, 

served as historical controls. The underlying diagnosis was identified in 77% of 

patients in the SMINC-2 study, compared to 47% of patients in SMINC-1. The 



improved diagnostic yield was mainly due to increased detection of myocarditis 

and TTS. 

In study III, the Sympathetic And vascular Function in Takotsubo syndrome 

(SAFT) study, we included 27 female TTS patients together with age- and sex-

matched controls with ischemia and no obstructive coronary arteries (INOCA). 

CMD was assessed invasively with thermodilution technique during index 

coronary angiography. Cardiac function was determined by echocardiography 

and CMR imaging in TTS patients. CMD was more common in TTS patients than 

in INOCA controls (78% vs. 44%). CMD was related to left ventricular function in 

TTS and more pronounced in the apical than midventricular phenotype. 

In study IV, muscle sympathetic nerve activity (MSNA) was determined by 

microneurography of the peroneal nerve at rest and during stress in 18 TTS 

patients from the SAFT study together with 13 age- and sex-matched healthy 

controls. Cardiac specific sympathetic activity was depicted by 123I-

metaiodobenzylguanidine scintigraphy in 10 TTS patients. Despite signs of 

increased cardiac sympathetic activity in TTS, MSNA at rest and in response to 

stress did not differ between TTS patients and controls. 

Conclusions 

MINCA is associated with many cardiovascular risk factors, female sex, and TTS, 

but not with markers of endothelial function and atherosclerosis. Early and 

comprehensive CMR imaging significantly improves the diagnostic yield in 

MINOCA and is therefore strongly suggested as a standard diagnostic tool. CMD 

is highly prevalent in the acute phase of TTS, associated with left ventricular 

function, and thus proposed as a key mediator in TTS pathophysiology. An 

altered cardiac response to sympathetic activation, rather than an underlying 

sympathetic hyperactivity or hyperreactivity, is likely central for TTS 

development. 
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Introduction 
Cardiovascular disease is the leading cause of death globally1 as well as in 

Sweden2, with almost 60 deaths per 100 000 inhabitants due to myocardial 

infarction (MI) in 20213. MI has been defined as the evidence of myocardial 

necrosis with dynamic elevation of cardiac troponin in a clinical setting 

consistent with acute myocardial ischemia. MI is classified according to the 

underlying cause of myocardial necrosis, for example spontaneous MI of 

coronary atherosclerotic origin with plaque disruption and thrombus formation 

(MI type 1) and secondary MI due to myocardial oxygen supply and demand 

imbalance (MI type 2). Elevation of cardiac troponin without clinical signs of 

acute myocardial ischemia is referred to as myocardial injury4. In the clinical 

setting MI is divided according to findings on electrocardiogram (ECG) into ST-

segment elevation myocardial infarction (STEMI) or non-ST-segment elevation 

myocardial infarction (NSTEMI), determining treatment strategies. STEMI, NSTEMI 

and unstable angina pectoris are also grouped under the label acute coronary 

syndrome (ACS). The introduction and development of coronary care units, 

troponin assays, coronary angiography, and reperfusion therapies over the last 

decades have resulted in markedly improved diagnostics, treatment, and 

prognosis for patient with MI type 1 with evident coronary artery disease (MI-

CAD)5-7. With the routine use of coronary angiography, it has however become 

evident that MI can occur also without significant CAD. The term myocardial 

infarction with non-obstructive coronary arteries (MINOCA) has been introduced 

for this condition, as a working diagnosis requiring additional investigations. A 

subset of patients with MINOCA presents with acute and reversible left 

ventricular dysfunction extending beyond the territory of a single coronary 

artery; a condition referred to as Takotsubo syndrome (TTS). MINOCA and TTS 

have emerged as relatively new clinical entities with an urgent need for better 

understanding of underlying pathophysiology, as well as optimised diagnostics 

and treatment. 
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1 Literature review 

1.1 MINOCA 

1.1.1 Definition 

Patients who meet the diagnostic criteria for MI in the absence of obstructive 

CAD (<50% stenosis) on coronary angiogram, without a clinically overt specific 

cause for the acute presentation, are given a preliminary diagnosis of MINOCA. 

MI with normal coronary arteries or <30% stenosis is also referred to as 

myocardial infarction with normal coronary arteries (MINCA) and can be 

considered a subgroup of MINOCA. However, due to practical difficulties in 

distinguishing MINCA from MINOCA, the term MINCA is now more or less 

abandoned8,9. 

1.1.2 Epidemiology and clinical characteristics 

MINOCA accounts for 6-9% of all MI10,11. In a large meta-analysis, around ⅓ of 

MINOCA patients presented as STEMI, ⅔ as NSTEMI and ½ were sub-grouped as 

MINCA. In comparison to MI-CAD patients, MINOCA patients were younger 

(median age 55 years), more likely female (40%), and less likely to have 

hyperlipidaemia although other cardiovascular risk factors were similar between 

the groups10. Others have shown that MINOCA patients are less likely to have 

diabetes mellitus, hyperlipidaemia, and hypertension than MI-CAD patients12. In a 

Swedish registry-based cohort study comparing MINOCA and MI-CAD patients, 

MINOCA patients were younger (median age 65 years), more likely female (61%), 

had a lower prevalence of cardiovascular risk factors (hypertension, diabetes, 

smoking and hyperlipidaemia) but a higher prevalence of heart failure, chronic 

obstructive pulmonary disease and atrial fibrillation13. 

1.1.3 Pathophysiology 

The MINOCA concept encompasses conditions of diverse aetiology. MINOCA 

should therefore be considered a syndrome or a working diagnosis demanding 

further investigation of the underlying cause6,8,9. The underlying causes can be 

divided into coronary, cardiac and extra-cardiac7 (Figure 1). 



 

2 

 

Figure 1. Underlying causes of MINOCA. 

1.1.3.1 Coronary causes 

The coronary arterial system comprises four continuous compartments of 

decreasing size: the epicardial arteries transporting blood, the pre-arterioles and 

arterioles regulating blood flow, and the capillaries responsible for metabolic 

exchange. The pre-arterioles, arterioles, and capillaries together compose the 

coronary microvasculature14 (Figure 2). Coronary angiography visualises merely 

the lumen of the main epicardial coronary arteries and their major branches with 

limited ability to detect occult coronary plaque rupture or erosion, subtle 

spontaneous coronary artery dissection (SCAD), transient coronary artery 

vasospasm or embolism, or coronary microvascular dysfunction (CMD). 

Intracoronary imaging techniques such as intravascular ultrasound (IVUS) and 

optical coherence tomography (OCT) can add information about the status of 

the epicardial coronary vessel wall and have been shown to identify a coronary 

plaque rupture or erosion in up to 40% of female MINOCA patients15,16. In SCAD, a 

hematoma forms within the layers of the coronary vessel wall which comprises 

the true coronary lumen and obstructs coronary blood flow. SCAD has been 

detected with intracoronary imaging in 16% of MINOCA patients17, is associated 

with vascular diseases18, and mostly affects younger females19. Epicardial 

coronary artery vasospasm can be provoked in 28% of MINOCA patients and is 

therefore suspected to be a common cause of MINOCA10,17. Coronary artery 

embolism as a cause of MINOCA has been observed in conjunction with atrial 

fibrillation, heart valve prostheses, endocarditis, and cancer, and coagulopathies 

have been detected in 11-14% of patients10,17. CMD has been found with invasive 

coronary functional assessment in 32% of MINOCA patients17, and has been 

MINOCA
Myocardial Infarction with Non-Obstructive Coronary Arteries

Coronary causes
• plaque rupture or erosion
• coronary artery dissection
• coronary artery vasospasm
• coronary artery embolism
• coronary microvascular

dysfunction

Cardiac causes
• myocardi>s
• Takotsubo syndrome
• cardiomyopathy
• pericardi>s
• tachyarrhythmia
• cardiotoxic agents
• cardiac trauma

Extra-cardiac causes
• pulmonary embolism
• stroke
• sepsis
• hypoxaemia
• renal failure
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shown to be associated with a worse clinical outcome20. Coronary causes of 

MINOCA are considered to be of ischemic origin, either as MI type 1 (plaque 

rupture or erosion) or type 2 (SCAD, CMD, coronary artery vasospasm or 

embolism)4. 

 

Figure 2. The compartments of the coronary arterial system and their main functions. Adapted from Del 
Buono et al.14. 

1.1.3.2 Cardiac causes 

With the development of cardiovascular magnetic resonance (CMR) imaging, it 

has become possible to differentiate normal myocardium from MI and cardiac 

causes of MINOCA, such as myocarditis, TTS, and various cardiomyopathies. 

When evaluated in meta-analyses10,21,22, CMR imaging detected myocardial 

scarring in 18-24% of MINOCA patients, indicating an ischemic cause of MI. 

Myocarditis was detected in 33-35%, and TTS in 11-22%, implying that the clinical 

presentation of these diagnoses can mimic that of MI. Less common cardiac 

causes of MINOCA are hypertrophic and dilated cardiomyopathy, pericarditis 

and amyloidosis10. Myocarditis, TTS, and cardiomyopathies are considered to 

have a non-ischemic origin and are therefore classified as myocardial injury4. 

Tachyarrhythmia, cardiotoxic agents and cardiac trauma are other cardiac 

causes of MINOCA8. 
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1.1.3.3 Extra-cardiac causes 

Severe hypoxaemia, anaemia, and hypotension are examples of extra-cardiac 

causes of MINOCA that are classified as MI type 2. Dynamic troponin elevation in 

the setting of extra-cardiac conditions such as pulmonary embolism, stroke, 

sepsis, or renal failure are classified as myocardial injury4. 

1.1.4 Clinical assessment 

To identify the underlying cause of the working diagnosis MINOCA is of utmost 

importance since further management and treatment vary widely between the 

different final diagnoses. It has been proposed to perform the further 

investigation step-by-step6,7,9. First, one should consider the clinical context by 

reviewing clinical status, vital signs, and laboratory results to detect extra-

cardiac causes of MINOCA. Second, the coronary angiogram should be reviewed 

for missed coronary obstructions and SCAD, and suspected coronary lesions 

evaluated with intravascular imaging to identify coronary causes of MINOCA. 

Third, assessment of left ventricular function with left ventricular angiography 

(LVA) and/or echocardiography is encouraged to reveal cardiac causes of 

MINOCA such as TTS and cardiomyopathies. Fourth, CMR imaging is 

recommended to distinguish normal myocardium from MI, myocarditis, TTS, and 

cardiomyopathies. Fifth, invasive coronary functional assessment should be 

considered in unclear cases of MINOCA to detect coronary artery vasospasm 

and CMD. Sixth, thrombophilia screening is recommended in cases with a 

suspected thromboembolic cause. Despite these extensive investigations a few 

cases will remain as unclassified MINOCA9. It is important to point out that the 

latest consensus documents now exclude myocarditis and TTS from the final 

diagnosis of MINOCA, which is reserved merely for patients with a suspected 

ischemic origin6,9. 

1.1.5 Prognosis 

The prognosis of MINOCA is bound to vary amongst the different underlying 

causes. In earlier studies the prognosis of MINOCA was perceived as 

favourable23,24, a perception that still influences the management of this patient 

group. However, later studies have shown that the overall prognosis of MINOCA 

is worse than previously expected. MINOCA patients have an adverse outcome 

rate doubled that of age- and sex-matched controls without cardiovascular 

disease25. A large registry study showed that in-hospital mortality was lower for 

MINOCA patients than for MI-CAD patients, but still substantial26. According to 
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meta-analyses, event rates and mortality for MINOCA patients are lower than for 

MI-CAD patients10,12,27. Furthermore, MINOCA patients have a similar outcome and 

one-year prognosis as NSTEMI CAD patients with one- and two-vessel disease28, 

and a similar or even worse prognosis than STEMI CAD patients29. The prognosis 

is however more favourable for patients with MINCA than MINOCA28,30. The long-

term prognosis of MINOCA has also been evaluated in Swedish registry 

studies13,31. The adjusted hazard ratio for major adverse events (composite of all-

cause mortality, recurrent MI and hospitalisation for heart failure or stroke) was 

2.1 for MINOCA patients and 4.0 for MI-CAD patients in relation to non-MI 

controls. MINOCA patients had a higher risk of respiratory and cancer-related 

mortality than the control groups, and a considerable risk of cardiovascular 

mortality31. In summary, the overall prognosis of MINOCA is better than for MI-

CAD but worse than for the general population, thus medical attention needs to 

be drawn to this group of patients regarding clinical assessment and treatment. 

1.1.6 Treatment 

Reperfusion strategies and the development of medical therapies have greatly 

improved the survival for MI-CAD patients during the last decades, but there is 

still a lack of evidence for the treatment of MINOCA. In a large observational 

study from the SWEDEHEART registry, treatment with statins and angiotensin-

converting enzyme inhibitors (ACE-I) or angiotensin receptor blockers (ARB) had 

positive impacts on the outcome for MINOCA. Treatment with beta-blockers 

indicated a tendency towards a favourable effect, but treatment with dual 

antiplatelet therapy (DAPT) did not influence outcome13. Another SWEDEHEART 

registry study showed prognostic benefits of statin treatment and participation 

in an exercise training program for MINOCA patients32. A recent meta-analysis on 

the impact of secondary prevention medical therapies on outcome for MINOCA 

patients suggested that treatment vid beta-blockers, statins and DAPT were 

associated with a survival benefit. Treatment with ACE-I/ARB were also 

associated with lower rates of major adverse cardiovascular events, but none of 

the treatments lowered the risk for subsequent MI33. The results of these studies 

must however be interpreted with caution due to the limitations of observational 

studies. Identification of the underlying cause of MINOCA is crucial to tailor 

treatment according to the diverse mechanisms of disease. Once a final 

diagnosis is established, management according to the disease-specific 

guideline is recommended7. For example, DAPT and statin treatment is 

recommended for MINOCA caused by occult coronary plaque rupture and 
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anticoagulant treatment for an established thromboembolic genesis. Future 

randomised controlled trials are warranted for the treatment of MINOCA. 

1.2 Takotsubo syndrome 

1.2.1 History 

Sudden death in association with psychological and physical stress such as 

horror, bereavement, and torture, has historically been recognised for centuries 

in folklore and even described in biblical terms. In medical literature, an 

excessive cardiac-related mortality amongst widowers was reported in the late 

sixties, and the baneful effects of bereavement on physical health was called 

“broken heart”34. A few case reports from the eighties, including clinical features 

and cardiac investigations, revealed a more detailed picture of a cardiac 

condition of stress-induced transient cardiac dysfunction unrelated to coronary 

insult35. Sato and Dote entitled this condition Takotsubo, Japanese for octopus 

trapping jar, due to the pot-shaped heart contour on left ventricular angiogram, 

which is the most distinctive feature of the syndrome36,37 (Figure 3). Despite 

earlier descriptions, these Japanese authors are commonly accredited for the 

discovery of the syndrome. Their reports paved the way for establishing 

research regarding clinical features, diagnostic criteria, and registry datasets for 

Takotsubo in Japan. For example, the incidence of Takotsubo was shown to 

increase in close relation to great earthquakes in the country38. The interest in 

this intriguing condition has since increased worldwide, resulting in expanded 

knowledge. However, many questions remain to be answered. 

 

Figure 3. Left ventricular angiogram in Takotsubo resembling the shape of an octopus trapping jar. 
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1.2.2 Definition and diagnostic criteria 

As mentioned above, a subset of MINOCA patients presents with a peculiar 

pattern of circumferential akinesia in the apical and/or midventricular left 

ventricular segments in combination with hyperdynamic basal contractions. This 

reversible and often stress-induced condition mimicking MI has been called 

stress cardiomyopathy, broken heart syndrome, apical ballooning syndrome, 

ampullary-shaped cardiomyopathy or Takotsubo cardiomyopathy. Recently, TTS 

has been proposed as a unifying term for this clinical condition39. However, a 

general agreement on the diagnostic criteria for TTS has been challenging. The 

modified Mayo Criteria have commonly been used40, but later amended into the 

International Takotsubo Diagnostic Criteria41 (Figure 4).  

 

Figure 4. International Takotsubo Diagnostic Criteria. Ghadri et al. International Expert Consensus Document 
on Takotsubo Syndrome (Part I): Clinical Characteristics, Diagnostic Criteria, and Pathophysiology. Eur Hear J. 
2018 Jun 7;39(22):2035. doi: 10.1093/eurheartj/ehy076. Reproduced with permission of Oxford University 
Press on behalf of the European Society of Cardiology. 

A transient left ventricular dysfunction extending beyond the distribution area of 

a single coronary artery is the main criterion for TTS. Apart from this, these 

diagnostic criteria incorporate important features of TTS such as specifying 

different subtypes, pheochromocytoma as a potential trigger, the ratio between 

brain natriuretic peptide (BNP) and troponin elevation, a potential co-presence 

of CAD, and the predominance for postmenopausal women. According to the 

latest consensus TTS should be classified as myocardial injury4, although one 

could argue that the syndrome fulfils the diagnostic criteria for MI type 2 with 

clinical evidence of acute myocardial ischemia and dynamic elevation of cardiac 

troponin. 
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1.2.3 Epidemiology and clinical characteristics 

Approximately 2% of all patients presenting as ACS are subsequently diagnosed 

with TTS42-44. The incidence of TTS has increased during the last decades45,46, 

speculatively due to a higher awareness of the syndrome as well as increased 

psychosocial stress in society. An increased incidence was also seen during the 

COVID-19 pandemic47. About 90% of TTS patients are female and the average 

age is 67 years. Postmenopausal women have a higher risk of developing TTS 

whereas no association with age is seen for men48,49. High socio-economic 

status, hyperlipidaemia, smoking, alcohol abuse, pulmonary diseases, 

neurological and psychiatric disorders, malignancies, hyperthyroidism, and 

migraine have been associated with the development of TTS48-51. A triggering 

emotional and/or physical stress preceding the acute illness can be identified in 

around 70% of TTS patients. A physical trigger is more common than an 

emotional, especially in male patients49. Negative emotions such as 

bereavement, anger or fear were initially associated with the development of 

TTS, and the term “broken heart syndrome” was used to describe the condition. 

Since then, also positive emotions such as joy and relief have been identified as 

emotional triggers52. A great variety of acute somatic conditions, strenuous 

exercise and drug overdosing are examples of physical stress triggering TTS. TTS 

is classified as primary when cardiac symptoms prompt the individual to seek 

medical care, and as secondary when TTS develops as a complication to another 

acute condition39. 

1.2.4 Pathophysiology 

1.2.4.1 Massive sympathetic activation 

The exact pathophysiological mechanisms of TTS are not yet fully understood. 

An initial theory suggested transient ischemia, due to spontaneous 

recanalization of occlusive thrombus in a wrap-around left anterior descending 

artery (LAD), to be the cause of TTS. This theory seems unlikely since 

intracoronary imaging studies have failed to reveal evidence of coronary plaque 

rupture or thrombosis in TTS patients53,54, and this coronary anatomy is not more 

prevalent amongst TTS patients than controls55. The strong association with 

stress preceding the onset of TTS has brought on the hypothesis that the 

syndrome is caused by massive sympathetic activation including excessive 

catecholamine release. The autonomic nervous system acts as an unconscious 

link between the brain and the body, balancing sympathetic (stressing) and 

parasympathetic (relaxing) pathways. Cerebral regions involved in modulating 
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stress response are the neocortex, limbic system, hypothalamus, and spinal 

cord. Upon stress, activation of the central sympathetic nervous system 

mediates an increased release of the catecholamine norepinephrine from 

efferent sympathetic nerve terminals directly onto the organs. Stress also 

activates hormonal pathways of the neuroendocrine system with adrenal 

catecholamine release, mainly epinephrine, reaching the organs through the 

circulation56,57. Plasma catecholamine levels have in one study been shown to be 

markedly elevated in patients with TTS compared to MI58. However, this finding 

has not been reproduced by others59,60. TTS has also been shown to be induced 

by dobutamine during stress echocardiography and by epinephrine injections61, 

and to be associated with conditions of excessive catecholamine release such 

as pheochromocytoma62 and cerebral disorders63. The activity of the 

sympathetic nervous system can be estimated by measuring norepinephrine 

spill-over in different organs, comparing the concentration in the supplying 

vessels with that in draining vessels. Increased levels of cardiac norepinephrine 

have been measured in TTS patients64. Direct and dynamic recordings of 

sympathetic activity can be achieved with microneurography of peripheral 

nerves. Muscle sympathetic nerve activity (MSNA) in the peroneal nerve has 

been shown to correlate with cardiac, renal, and cerebral norepinephrine spill-

over65-67. Studies measuring MSNA in TTS patients have, however, shown 

diverging results68-70. The norepinephrine analogue 123I-metaiodobenzylguanidine 

(123I-mIBG) can be used to visualise cardiac sympathetic innervation and activity 

with scintigraphy. Increased sympathetic activity results in a gradual depletion 

of norepinephrine in the presynaptic cardiac neuron and an accumulation in the 

synaptic cleft71. Studies with 123I-mIBG-scintigraphy consistently show signs of 

cardiac sympathetic hyperactivity in the acute phase of TTS with normalisation 

at follow-up72-75. In summary, there is considerable evidence supporting the 

theory of massive cardiac sympathetic activation as a central mechanism in the 

pathophysiology of TTS (Figure 5). 
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Figure 5. Schematic illustration of the proposed pathophysiology of Takotsubo syndrome. Upon massive 
stress, the heart is flooded by epinephrine (E) released from the adrenals into the circulation as part of the 
neuroendocrine system, and norepinephrine (NE) released from sympathetic cardiac nerves. Cardiac 
catecholamine excess may induce Takotsubo by means of coronary microvascular dysfunction (CMD), b-
adrenoreceptor (bAR) signal trafficking, direct catecholamine toxicity and afterload-dependant cardiac wall-
tension. Catecholamine levels in blood and urine are estimates of neuroendocrine system activity. 
Microneurography of peripheral nerves, NE organ spill-over and 123I-metaiodobenzylguanidine (123I-mIBG) 
scintigraphy can be used to estimate sympathetic nervous system activity. 

1.2.4.2 Effects of massive cardiac sympathetic activation 

The mechanisms by which massive cardiac sympathetic activation induces 

myocardial stunning in the variety of ballooning patterns that characterise TTS 

are still elusive. An abnormal coronary vasoreactivity is common in TTS patients, 

why sympathetic-mediated vasospasm is suspected to be the cause of 

transient ischemia and myocardial stunning in TTS76. Since catecholamines exert 

their vasoconstrictor effects mainly on the coronary microvasculature, CMD 

proposedly has a central role in the pathogenesis of TTS77. Results from both 

invasive76,78,79 and non-invasive80-83 studies support the presence of CMD in the 

acute phase of TTS. CMD in TTS has been shown to be transient, with 

microvascular function restored along with left ventricular recovery81-83. In normal 

physiology, catecholamines stimulate the cardiomyocytes by binding to 

adrenergic receptors (AR), activating pathways with increasing inotropic, 

dromotropic and chronotropic effects. High doses of epinephrine, with higher 
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affinity to β2AR than norepinephrine, have been shown to induce signal trafficking 

switching β2AR-stimulating pathways to inhibitory pathways and to induce 

Takotsubo-like cardiac depression in rats84. Since the apex of the heart has the 

highest βAR density, it would be particularly affected by the negative inotropic 

effects of high doses of circulating epinephrine85. However, a more recent study 

showed that several catecholamines were able to induce various TTS patterns in 

an afterload dependent manner, irrespectively of AR subtype stimulated, 

suggesting that TTS is a cardiocirculatory syndrome86. Transient cardiac 

dysfunction could also be a consequence of direct catecholamine toxicity on 

cardiomyocytes. This is supported by myocardial biopsy findings of contraction 

bands, accumulation of inflammatory cells and intracellular lipid droplets in TTS 

patients87 and experimental rodents88. Oxidative stress, as a sign of 

catecholamine-induced inflammation, has been shown in TTS patients89,90 which 

might contribute to the myocardial energetic impairment and oedema evident in 

TTS91. CMD, βAR signal trafficking, direct catecholamine toxicity and afterload-

dependant cardiac wall-tension may all contribute to the development of TTS 

(Figure 5). 

1.2.4.3 Predisposing factors 

Emotional and physical stress affect most people at some point during life, but 

very few develop TTS. Also, around 30% of cases occur without an identified 

trigger. This implies that certain individuals might be prone to develop TTS. Since 

postmenopausal women are predominantly affected, sex hormone differences 

are likely involved in the pathogenesis of TTS. A study on female rodents 

indicated that oestrogen depletion following menopause augments sympathetic 

reactivity by influencing autonomic functions and downregulates 

cardioprotective mechanisms in the heart92. Another rodent study showed that 

oestrogen attenuates the development of TTS by decreasing epinephrine levels 

and increasing the activity of β2AR-stimulating pathways93. There is also 

evidence that oestrogen attenuates catecholamine-mediated vasoconstriction 

and decreases the sympathetic response to mental stress in postmenopausal 

women94. Differences in stress coping strategies between men and women could 

also contribute to the sex disparity of TTS95, and it has even been speculated 

that TTS has developed as a protective mechanism against stress-induced 

cardiotoxicity84,96. That more than half of TTS patients have comorbid psychiatric 

and neurologic disorders49 highlights the importance of the brain-heart axis in 

disease development. Recent studies using modern neuroimaging techniques 



 

12 

have shown both structural and functional alterations in cerebral autonomic 

regions of TTS patients57,97. Furthermore, a genetic predisposition has been 

proposed based on existing reports of TTS amongst close relatives98-100, and our 

case report on monozygotic twins who both developed TTS shortly after 

menopause101. Other arguments supporting a genetic predisposition for TTS are 

the recurrence of disease in some patients, that TTS also affects men and 

premenopausal women and can occur without a stressful trigger. Existing studies 

on the genetic predisposition to TTS, concentrating on single nucleotide 

polymorphisms in genes linked to sympathetic regulation, are relatively small 

and show conflicting results102-106. The results of whole-exome sequencing of TTS 

patients lend support to a heterogeneity conferring a cumulative effect on 

adrenergic pathway dysregulation107. The first genome-wide association study 

conducted on TTS patients identified numerous promising loci; nevertheless, 

none reached statistical significance108. Thus, a genetic predisposition for TTS is 

yet to be proven. 

1.2.5 Clinical assessment 

1.2.5.1 Symptoms 

The predominant symptoms on admission for TTS patients are chest pain (75%), 

dyspnoea (45%), syncope (8%), and in rare cases cardiogenic shock and cardiac 

arrest, thus mimicking the presentation of MI-CAD49. 

1.2.5.2 ECG findings 

Common ECG findings on admission for TTS are ST-elevation (56%), QT-

prolongation (51%), T-wave inversion (45%), ST-depression (16%) or Q-waves 

(10%). ECG is normal only in 14% of patients. T-wave inversion is more common, 

normal ECG, ST-elevation, and QT-prolongation equally common, and ST-

depression less common in TTS patients than in MI-CAD patients. ST-elevations 

are more common in leads V2-V4 and -aVR of TTS patients than of MI-CAD 

patients, although not specific enough to delay urgent coronary angiography109. 

ECG changes in TTS are dynamic, with deep T-wave inversion and QT-

prolongation following ST-elevation, increasing the risk of malignant 

arrhythmias110.  

1.2.5.3 Coronary angiography and LVA 

The diagnosis of TTS is often first distinguished from ACS when coronary 

angiography excludes coronary obstructions or stenoses, and additional LVA 
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shows circumferential dyskinesia of the midventricular and/or apical segments. 

Different subtypes of TTS are recognised with LVA, where the apical variant 

dominates (around 80% of cases) followed by the midventricular variant (15%), 

whereas the basal and focal variants are less common and more difficult to 

diagnose49. Coexisting obstructive CAD is present in approximately 25% of TTS 

patients111, and the diagnosis can in those be more challenging or even 

overlooked. 

1.2.5.4 Cardiac biomarkers 

On admission, cardiac troponin is elevated in 87% of TTS patients and to the 

same extent as in ACS patients. On average, troponin increases only by a factor 

1.8 during hospitalisation in TTS as compared to a factor 6 in ACS. BNP levels are 

elevated in 83% of TTS patients on admission and exceeding those of ACS 

patients49. BNP tends to peak after 24 hours, with a subsequent decline and 

incomplete resolution after three months. The degree of BNP elevation in TTS has 

been shown related to the degree of left ventricular dysfunction and 

sympathetic activation112. A high ratio between BNP and troponin can thus enable 

the differentiation between TTS and ACS at an early stage113. 

1.2.5.5 Echocardiography 

Echocardiography is recommended as the primary non-invasive tool to assess 

cardiac function in the acute phase of TTS. Echocardiography is also valuable for 

identifying complications to TTS such as left ventricle outflow tract obstruction 

(LVOTO), mitral regurgitation, left ventricle thrombus, right ventricular 

involvement, pericardial effusion, and cardiac rupture. Repeated 

echocardiography is recommended to confirm recovery of the syndrome39,114.  

1.2.5.6 CMR imaging 

CMR imaging is recommended in the subacute phase in patients with suspected 

TTS to confirm the diagnosis and to rule out MI, myocarditis, and other 

cardiomyopathies39,114. CMR criteria for TTS include a combination of typical 

regional wall motion abnormalities (RWMA) and oedema in the absence of signs 

of irreversible myocardial injury in terms of late gadolinium enhancement (LGE). 

CMR imaging also allows quantification of cardiac function, detection of right 

ventricle involvement, pericardial effusion, and left ventricle thrombus115. 

Additionally, CMR imaging can ensure recovery of cardiac function in TTS. A rapid 
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recovery of systolic function but lagging diastolic dysfunction has been shown at 

follow-up116. 

1.2.5.7 Diagnostic algorithm 

A diagnostic algorithm for TTS has been proposed in an international expert 

consensus document. The probability for TTS in a patient without ST-elevation is 

calculated with a diagnostic score, based on clinical features such as female sex, 

triggers, psychiatric and neurologic disorders, and ECG changes. In stable 

patients with a high probability for TTS and echocardiographic findings 

supportive of TTS, invasive coronary angiography can be replaced with coronary 

computed tomography (CT) angiography to exclude CAD. Further, CMR imaging 

is recommended to confirm the diagnosis in unclear cases, especially to rule out 

myocarditis in clinically suspicious cases114. 

1.2.6 Complications, prognosis, and recurrence 

In the acute phase, around half of TTS patients develop complications such as 

heart failure, arrhythmia, and thromboembolism. The most common 

complication is acute heart failure, which occurs in 12-45% of cases. The 

combination of apical and midventricular akinesia and hyperdynamic basal 

contractions can give rise to LVOTO, especially in patients with pre-existing 

basal septum hypertrophy. Up to one in five TTS patients develops cardiogenic 

shock, which is more common in the presence of LVOTO, mitral regurgitation and 

right ventricular involvement. Atrial fibrillation is detected in 5-15% of TTS 

patients, whereas ventricular tachyarrhythmia, bradyarrhythmia, and cardiac 

arrest each occur in approximately 5% of cases. Akinesia is a substrate for left 

ventricular thrombus formation, which occurs in 2-8% of TTS cases, with a risk of 

arterial embolization and ischemic stroke. Mechanical complications such as 

ventricular free wall or septal rupture are very rare (<1%)39,114. Severe 

complications including cardiogenic shock and in-hospital mortality affect 22% 

of TTS patients, with physical trigger, acute neurologic and psychiatric disease, 

troponin exceeding 10 times the upper limit of normal, and left ventricular 

ejection fraction (LVEF) <45% as independent predictors49. In-hospital mortality 

was estimated to be around 4%, mainly driven by underlying critical illness, in the 

so far largest retrospective cohort study of TTS117.  Male sex, secondary TTS, 

higher age, and coexisting CAD have been associated with worse prognosis in 

other studies111,118. Since TTS is a reversible condition, the prognosis after surviving 

the acute phase was previously thought to be excellent. Recent studies have 
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however shown that the long-term prognosis of TTS is worse than for the general 

population, and comparable or even worse than for patients with MI-CAD46,50,119,120. 

The rates of major adverse cardiac and cerebrovascular events and mortality per 

patient-year were almost 10% respectively 6% in an international registry 

study49. A meta-analysis showed an annual mortality rate of 3.5%, mainly driven 

by non-cardiac causes, with older age, physical stressors and atypical forms of 

TTS being independent predictors of worse prognosis121. An annual recurrence 

rate of 1.5-2% has been reported49,122. Treatment with ACE-I/ARB, but not beta-

blockers, seems to reduce the risk of recurrence122. Although spontaneous 

recovery of cardiac systolic function occurs within days to weeks, persisting 

symptoms and functional impairment associated with subclinical cardiac 

dysfunction have been shown in TTS patients123. 

1.2.7 Risk stratification and treatment 

There are still no randomised controlled trials of sufficient size to guide the 

treatment of TTS. Since the clinical course of the syndrome follows a 

spontaneous recovery, the medical oath of Hippocrates “primum non nocere” 

(first, do no harm) should be kept in mind. Hence, the objective of all treatment 

should be supportive of complications to sustain life and health. 

1.2.7.1 Risk stratification 

Based on expert opinion, treatment according to a risk stratification approach 

has been proposed for TTS, with more intensive monitoring and treatment for 

patients with increased risk of complications and worse prognosis. Since the 

clinical course of TTS is dynamic, risk assessment should be repeated during 

hospitalisation, and used as a complement to clinical judgement. It is 

recommended that all TTS patients should be monitored for at least 24 hours to 

allow proper assessment and investigations. Low risk patients can be considered 

for early discharge after reviewing medication, and follow-up scheduled to 

confirm full recovery by cardiac imaging. High risk patients should be monitored 

for at least 72 hours, with repeat echocardiographic assessment of cardiac 

function and invasive monitoring in cases with hemodynamic instability39. 

1.2.7.2 Medical therapy 

Most TTS patients receive DAPT prior to coronary angiography and diagnosis. 

Treatment with DAPT has been shown to be an independent predictor of 

decreased incidence of major adverse cardiovascular events during 
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hospitalisation, theoretically explained by DAPT targeting inflammation and 

catecholamine-mediated platelet activation124. Anticoagulation therapy is 

recommended in the presence of ventricular thrombus and can even be 

considered as prophylactic treatment when LVEF is <30% and apical akinesia is 

present125. Intravenous beta-blockers have been shown to reduce LVOTO 

gradients126 and to improve of systolic function127. Treatment with beta-blockers 

is therefore recommended in TTS with reduced LVEF, LVOTO, or 

tachyarrhythmia39,114,128, but has failed to show benefits regarding mortality and 

cardiovascular outcomes in retrospective cohort studies49,129. Treatment with 

ACE-I/ARB is also recommended in TTS with impaired LVEF39,114 and has been 

shown to reduce one-year mortality49. Cessation of sympathomimetic drugs, 

such as βAR-agonists, is recommended to avoid deterioration of the condition. 

For the same reason, inotropic drugs are generally regarded as contraindicated 

for TTS patients with cardiogenic shock39,114. Levosimendan, a non-

catecholaminergic inotropic calcium sensitiser, has been shown to accelerate 

recovery in TTS patients with LVEF ≤35%130 and can be considered in TTS with 

cardiogenic shock114,128. 

1.2.7.3 Mechanical support 

Based on case reports and expert opinion, mechanical support with 

extracorporeal membrane oxygenation or left ventricular assist devices as a 

bridge-to-recovery is preferred over inotropic drugs in TTS patients with 

cardiogenic shock. Intra-aortic balloon pump is however not recommended due 

to the risk of worsening existing LVOTO39,114. 

1.3 Knowledge gaps 

Over the past decades, the understanding of MINOCA has grown substantially, 

yet numerous research gaps persist. MINOCA, which encompasses diagnoses of 

diverse origin, presents a complex challenge. The characteristics of MINOCA 

patients vary across studies, likely due to different proportions of underlying 

diagnoses, and await to be evaluated in well-defined prospective cohorts with 

adequate control groups. The contribution of endothelial dysfunction and 

atherosclerosis to the development of MINOCA also remains to be explored. 

Despite recommendations to comprehensively investigate the underlying cause 

of MINOCA, numerous patients still face diagnostic uncertainty. The ability to 

detect coronary causes of MINOCA with coronary angiography is limited without 

rigorous intravascular imaging and coronary functional assessment. These 
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methods are however rarely used in clinical practice. Although often restricted 

to high-specialised centres, the use of CMR imaging has improved the ability to 

differentiate MI from cardiac causes of MINOCA such as myocarditis and TTS, 

and normal myocardium. When CMR imaging shows MI, the question remains 

whether it is of type 1 or type 2 origin, and when imaging turns out normal, the 

underlying diagnosis of MINOCA is still unclear. The benefits of performing CMR 

imaging early in the disease process therefore need to be evaluated in 

prospective MINOCA cohorts. 

A better understanding of MINOCA has also resulted in an increased awareness 

of TTS. Scientific advancements in the field of TTS have been noteworthy, 

although the precise underlying mechanisms remain elusive. TTS may arise from 

multiple synergistic effects triggered by stress, necessitating in-depth 

mechanistic studies to unravel this intricate puzzle. The contribution of CMD to 

the development of TTS needs to be further explored with invasive assessment 

of coronary microvascular function in larger cohorts with adequate controls. 

Current evidence speaks in favour for a presence of massive cardiac 

sympathetic activation in the acute phase of TTS, but whether an underlying 

sympathetic hyperactivity and/or hyperreactivity contribute is unclear. If it is the 

degree of sympathetic activation or its cardiovascular consequences that is of 

most importance for the development of TTS seems to be a key question. How 

sympathetic activity in TTS is affected by beta-blockers is also unknown. 

Both MINOCA and TTS are relatively recently described conditions with 

worryingly worse prognoses than initially perceived. Despite this, there is a lack 

of guidelines and evidence-based treatments for these patient groups. 

Addressing characteristics, diagnostics, and pathophysiology of MINOCA and 

TTS in future studies will be pivotal for advancing clinical understanding, tailor 

treatment and improve outcome. 
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2 Research aims 
The overall aim of this thesis was to expand the knowledge on 

pathophysiological mechanisms of MINOCA and TTS, with a view to guide future 

clinical management and treatment of these conditions. 

Study specific aims: 

I. To characterise MINCA patients regarding risk factors and markers for 

endothelial function and atherosclerosis. 

II. To study if early and comprehensive CMR imaging alone can provide a definite 

diagnosis in more than 70% of MINOCA patients. 

III. To study if CMD is a prominent feature of acute TTS, and whether CMD in TTS 

is associated with clinical parameters and coronary atherosclerosis. 

IV. To determine whether sympathetic activity and reactivity are increased in the 

early recovery phase of TTS, and to evaluate the effect of selective b1AR 

blockade on sympathetic reactivity in TTS. 
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3 Materials and methods 

3.1 Overview of study materials and methods 

Table 1 presents an overview of study materials and methods included in the 

thesis. 

Table 1. Overview of study materials and methods. 

 Study I Study II Study III Study IV 

Study 

name 

SMINC SMINC-2 SAFT SAFT 

Study 

design 

Prospective, 

observational, 

multicentre,  

case-control 

Prospective, 

observational, 

multicentre, 

historical controls 

Prospective, 

observational, 

single centre, 

historical controls 

Prospective, 

observational, 

single centre, 

case-control 

Study 

period 

June 2007–May 2011 Dec 2014–Nov 2018 Apr 2016-Jan 2021 Apr 2016-Jan 2021 

Study 

groups 

100 MINCA 

100 CHD controls 

100 healthy controls 

148 MINOCA 

150 MINCA controls 

27 TTS 

27 INOCA controls 

18 TTS 

13 healthy controls 

Endpoints CVD risk factors 

Endothelial function 

Atherosclerosis 

MI 

Myocarditis 

TTS 

Other pathologies 

CMD 

Coronary 

atherosclerosis 

MSNA 

Cardiac sympathetic 

activity 

Methods CRF, medical records 

EndoPAT 

Carotid ultrasound 

CMR imaging Intracoronary 

thermodilution 

IVUS-NIRS 

Microneurography 
123I-mIBG scintigraphy 

Statistics Mann-Whitney U 

Pearson chi-square 

Kruskal-Wallis 

Shapiro-Wilk 

Student´s t-test 

Mann-Whitney U 

Pearson chi-square 

Fisher exact 

Sensitivity/specificity 

Shapiro-Wilk 

Student´s t-test 

Mann-Whitney U 

Pearson chi-square 

Fisher exact 

Quantile regression 

Spearman rank 

Shapiro-Wilk 

Student´s t-test 

Mann-Whitney U 

Pearson chi-square 

Fisher exact 

ANOVA, Tukey HSD 

Linear regression 

Spearman rank 
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3.2 Study I 

3.2.1 Study design and study groups 

The Stockholm Myocardial Infarction with Normal Coronaries (SMINC) study was 

a prospective case-control study performed at the five major hospitals in the 

Stockholm metropolitan area between June 2007 and May 2011. Patients 

between 35 and 70 years of age fulfilling the diagnostic criteria for MI with a 

coronary angiogram showing no or minimal signs of atherosclerosis (<30% 

stenosis) were eligible for the study. Exclusion criteria were a history of structural 

or coronary heart disease (CHD), pacemaker, severe chronic obstructive 

pulmonary disease, severe renal failure (creatinine >150µmol/L), lack of sinus 

rhythm on admission ECG, and claustrophobia. Furthermore, CT chest scan 

and/or D-dimer was used to excluded patients with pulmonary embolism, and 

CMR imaging was used to excluded patients with myocarditis and 

cardiomyopathy. Of 176 screened MINCA patients, 100 remained for analyses. 

The MINCA patients were individually matched by sex and age (± 5 years) to two 

equally sized control groups consisting of MI patients with CHD and healthy 

controls. CHD controls were recruited during hospital stay or during follow-up at 

the respective coronary care units. Healthy controls were mainly recruited from 

the Stockholm population registry and the electronic medical record system 

containing all citizens in Stockholm. All healthy controls completed a normal 

exercise stress test. Information on concomitant diseases and cardiovascular 

risk factors were obtained from study participants and their medical records. 

Blood samples and oral glucose tolerance test were analysed with routine clinical 

chemistry. Convalescent N-terminal pro brain natriuretic peptide (NT-proBNP), 

endothelial function and atherosclerosis were assessed three months after 

discharge in MINCA patients and CHD controls. 

3.2.2 Endothelial function 

Endothelial function was assessed by the EndoPAT technique (Itamar-Medical 

Ltd). The EndoPAT is a non-invasive and user-independent method measuring 

peripheral arterial tone (PAT) in the digital bed. The test quantifies endothelium-

mediated changes in PAT, elicited by a 5-minute occlusion of the brachial artery 

using a standard blood pressure cuff inflated to supra-systolic pressure. The 

surge in blood flow following cuff deflation causes an endothelial-dependent 

flow-mediated dilation and reactive hyperaemia with an increase in PAT 

amplitude. The post-occlusion to pre-occlusion ratio of PAT signal, the reactive 
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hyperaemia index (RHI), was calculated automatically with integrated software. 

Measurements from the contralateral side were used to control for endothelial-

independent changes in vascular tone131,132. All tests were performed in a 

thermoneutral and tranquil surrounding avoiding pre-test consumption of 

caffeine and nicotine. 

3.2.3 Atherosclerosis 

Atherosclerosis was assessed by measuring intima-media thickness (IMT) of the 

left and right common carotid artery. Two-dimensional long-axis images of a 10 

mm region of interest approximately 1 cm proximal to the carotid bulb were 

acquired using an ultrasound scanner (Vivid 7; General Electric, New York) 

equipped with a 12-MHz transducer. Three diastolic images were stored per side, 

and IMT of the far wall was measured using semiautomatic analysis software. The 

mean IMT per side was calculated, and the combined mean of left and right IMT 

was used for comparison between groups133. 

3.2.4 Statistics 

A sample size estimation, with continuous RHI as the primary endpoint, was 

performed after the investigation of 41 MINCA patients and 23 CHD controls. The 

0.27% absolute difference in RHI observed between the groups would require 

100 patients in each group to show that MINCA patients have larger RHI than 

CHD controls with a power of 83% and p-value <0.05. 

Values were reported as mean ± standard deviation (SD) or percentage (%). For 

comparisons between two groups, the Mann-Whitney U test was used for 

continuous variables and the Pearson chi-square test was used for categorical 

variables. The Kruskal-Wallis test was used for comparison of continuous 

variables between all three study groups. 

3.3 Study II 

3.3.1 Study design and study groups 

The SMINC-2 study was a prospective study performed at the five major 

hospitals in the Stockholm metropolitan area between December 2014 and 

November 2018. The study included patients aged 35 to 69 years fulfilling the 

existing diagnostic criteria for MI and having non-obstructed coronary arteries 

(<50% stenosis) as determined by coronary angiography. Similar exclusion 

criteria as in the first SMINC (SMINC-1) study were applied. Out of 224 potentially 
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eligible patients according to a search in the SWEDEHEART registry, 150 MINOCA 

patients (67%) were included into the study, and of these, 148 patients 

completed CMR imaging. 150 out of 152 MINCA patients screened with CMR in 

the SMINC-1 study served as historical controls. 

3.3.2 LVA and echocardiography 

LVA was encouraged and performed as a complement to coronary angiography. 

A pigtail catheter was placed in the left ventricle where 30-50mL of contrast 

were injected and images from the right anterior oblique angle acquired. The 

presence or absence of TTS was determined by the angiographer through visual 

inspection of LVA images. Echocardiography was performed before CMR 

imaging according to clinical routine. 

3.3.3 CMR imaging 

CMR imaging was performed in all SMINC-2 patients at Karolinska University 

Hospital between day 2 to 4 after hospital admission using a 1.5 Tesla scanner 

(Siemens Aera, Erlangen, Germany). Oedema detection, with native T1 and extra-

cellular volume mapping, was performed in left ventricle short- and long-axis 

imaging planes using the modified look-locker inversion recovery sequence134. 

Assessment of left ventricular function, volumes, and LGE was performed after 

administration of the contrast agent gadoteric acid (Dotarem, Gothia Medical, 

Billdal, Sweden). The SyngoVia VA30 software (Siemens, Erlangen, Germany) was 

used for quantification of volumes, LVEF, and myocardial mass. All CMR images 

were analysed in consensus by two physicians certified for cardiovascular 

imaging and blinded to patient clinical data. CMR with T2-weighted imaging for 

oedema detection and LGE was used in the SMINC-1 study135.  

Based on prespecified definitions, patients were categorized into five subgroups 

according to CMR findings136. Normal CMR was defined as a structural normal 

heart without RWMA, oedema or LGE. MI was defined as subendocardial or 

transmural LGE, oedema and RWMA corresponding to a coronary territory. 

Myocarditis was defined as diffuse mid-wall or subepicardial LGE with 

corresponding oedema, with or without RWMA. TTS was defined as apical, 

midventricular or focal RWMA with circumferent or segmental oedema extending 

beyond a coronary territory in the absence of corresponding LGE. Pathologies 

such as hypertrophic and dilated cardiomyopathy were grouped into the 

remaining category others. 
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3.3.4 Statistics 

We calculated that we would have a >80% probability to show an absolute 20% 

improvement in diagnostic accuracy with a p-value <0.05 when compared to 

our SMINC-1 cohort, by including 150 patients into the study. 

Dichotomous variables were reported as counts and % and continuous variables 

as medians with interquartile ranges (IQR). The distributions of continuous 

variables were evaluated with the Shapiro-Wilk test. The Student´s t-test was 

used for normal distributions, and the Mann-Whitney U test for skewed 

distributions, for comparison between groups. The Pearson chi-square test and 

Fisher exact 2-sided test were used for group-wise comparison of dichotomous 

variables. A p-value <0.05 was considered statistically significant. The sensitivity 

and specificity for diagnosing TTS with LVA and echocardiography in comparison 

to CMR imaging were calculated as a post-hoc analysis. 

3.4 Study III 

3.4.1 Study design and study groups 

The Sympathetic And vascular Function in Takotsubo syndrome (SAFT) study 

was performed at Danderyd University Hospital in Stockholm as a prospective 

observational study. The study included female patients between 40 and 80 

years of age, fulfilling the diagnostic criteria for MI, with non-obstructed coronary 

arteries on coronary angiogram and LVA consistent with TTS. Severe obstructive 

pulmonary disease, severe kidney failure, active malignancy or inflammatory 

disease, and coronary anatomy unsuitable for invasive assessment were 

exclusion criteria. 27 TTS patients were included between April 2016 and January 

2021. 27 age- and sex-matched controls were selected from a study of coronary 

microvascular function previously reported137,138. All controls had symptoms 

and/or non-invasive testing suggestive of ischemia and non-obstructed 

coronary arteries on elective coronary angiography; hence representative of 

ischemia and no obstructive coronary arteries (INOCA). 

3.4.2 Coronary microvascular function 

Coronary microvascular function was assessed with a pressure sensor and 

thermistor guide wire (PressureWireâ, Abbott Laboratories, Abbott Park, IL, USA) 

advanced into the LAD during index coronary angiography. Thermodilution 

curves were recorded while injecting three millilitres of cold saline three times at 

rest and during maximal hyperaemia induced by intravenous infusion of 
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adenosine (167 µg/kg/min) (Figure 6). Fractional flow reserve (FFR), coronary flow 

reserve (CFR), index of microcirculatory resistance (IMR), and resistive reserve 

ratio (RRR) were calculated from the recordings as follows: 

FFR = distal coronary pressure at hyperaemia / proximal coronary pressure at 

hyperaemia 

CFR = mean transit time at baseline / mean transit time at hyperaemia 

IMR = distal coronary pressure at hyperaemia x mean transit time at hyperaemia 

RRR = distal coronary pressure at baseline x mean transit time at baseline / IMR 

IMR≥25 and/or CFR≤2 was used as cut-offs for CMD139. 

 

Figure 6. Schematic illustration of coronary microvascular function assessment with thermodilution 
technique in the left anterior descending artery (LAD), and an example of a thermodilution recording. 

3.4.3 Intravascular imaging 

Coronary atherosclerosis was assessed by IVUS and near-infrared spectroscopy 

(NIRS) in TTS patients, but not controls. Recordings were obtained from the LAD 

using a micro-catheter with automatic pullback system (Infraredx, Bedford, MA, 

USA). Minimal lumen area, vessel area and plaque burden were calculated from 

IVUS images using computer-assisted planimetry. Total lipid core burden index 

and maximal lipid core burden index of 4mm were obtained with computed 

software from NIRS recordings140,141. 

Catheter

Saline

Thermistor guidewire

LAD
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3.4.4 Cardiac imaging 

Echocardiography and CMR imaging were not part of the study protocol but 

performed according to clinical routine in TTS patients. An experienced observer, 

blinded to patient clinical data, retrospectively performed analyses of CMR 

images as a post-hoc analysis. The Segmentâ software (Medviso AB, Lund, 

Sweden) was used to quantify left ventricular function, volumes, and mass142. 

Global longitudinal strain (GLS) and global circumferential strain (GCS) were 

quantified using feature tracking and the strain analysis model in Segmentâ. 

3.4.5 Statistics 

Dichotomous variables were reported as counts and %. Continuous variables 

were reported as mean ± SD, or median with IQR if skewed. The same statistic 

tests were used for group-wise comparisons as in study II (section 3.3.4). 

Quantile regression analyses and Spearman rank test were used to evaluate 

univariate correlations. A p-value <0.05 was considered significant. 

3.5 Study IV 

3.5.1 Study design and study groups 

All TTS-patients included in the SAFT study (previously described in section 

3.4.1) were invited to perform 123I-mIBG scintigraphy and microneurography 

during follow-up. Controls for microneurography were recruited through 

advertising on social media, inviting female volunteers between 40 and 80 years 

of age without previous cardiovascular events, active malignancy, or 

inflammatory disease to participate. 

3.5.2 Microneurography 

Direct and dynamic recordings of MSNA in TTS patients and controls were 

achieved with microneurographic technique by inserting a tungsten 

microelectrode into the efferent postganglionic C-fibres of the peroneal nerve143. 

MSNA at baseline was recorded for 10 minutes at 10 kHz sampling rate 

(ADInstruments PowerLab using NeuroAmp EX and LabChart 8, Bella Vista, 

Australia). MSNA during stress, induce with cold pressor test144 by submersing 

one of the subject´s hands in iced water, was determined between 30 to 60 and 

60 to 90 seconds of stress (Figure 7). TTS patients were then randomised to 

injection of intravenously administrated selective b1AR blockade (metoprolol) or 

placebo (saline), in a 1:1 blinded fashion, and MSNA recordings were repeated at 

rest and during stress. The neurograms were manually rectified and MSNA bursts 
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identified using the software feature Peak Analysis. MSNA was expressed as 

burst incidence (bursts/100 RR-intervals), burst frequency (bursts/minute), burst 

height (µV), and burst area (µVs). Heart rate and continuous digital arterial blood 

pressure (Finapres, Ohmeda, Madison, USA) were monitored during MSNA 

recordings. 

 

Figure 7. Microneurography of the peroneal nerve and an example of a microneurographic recording at 
baseline and during stress. ABP = arterial blood pressure; ECG = electrocardiogram; MSNA = muscle 
sympathetic nerve activity.  

3.5.3 123I-mIBG scintigraphy 

123I-mIBG scintigraphy was performed in TTS patients but not controls. Five 

millilitres of 123I-mIBG (74 MBq/ml Mallinckrodt Medical, Netherlands) were 

administrated together with saline. Imaging was acquired using a 128 x 128 matrix, 

dual detector gamma camera (Infinia II, GE, Waukesha, USA), and initiated 30 min 

(early) respectively 240 min (late) after injection. A region-of-interest technique 

was applied to obtain semiquantitative assessment of 123I-mIBG distribution on 

planar images, and the 123I-mIBG count densities of the heart and the 

mediastinum on early and late images were calculated. Early and late heart-to-
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mediastinum ratio (H/M), and washout rate were obtained as measures of 

cardiac sympathetic activity71. 

3.5.4 Statistics 

Continuous variables were reported as mean ± SD or median with IQR, with 

normality assessed using the Shapiro-Wilk test. The same statistic tests as in 

study II and III (see section 3.3.4.) were used for group-wise comparisons. 

Repeated measures one-way ANOVA with Tukey HSD post hoc test was used to 

analyse time-dependant differences in repeatedly measured variables within 

study groups. A two-sided p-value <0.05 was considered to indicate statistical 

significance. 

3.6 Ethical considerations 

All four studies were approved by the Stockholm Regional Board of Ethics or the 

Swedish Ethical Review Authority prior to study start and conducted in 

accordance with the Declaration of Helsinki and Good Clinical Practice. Written 

informed consent was obtained from all study participants. Participants in all 

four studies were subjected to an increased discomfort related to study 

investigations and additional blood sampling. 

In study I, CT chest scan was performed to exclude pulmonary embolism in the 

first 100 patients screened but all turned out negative. Since the exposure to 

unnecessary radiation was found unethical, the protocol was changed to 

primarily control of D-dimer instead of CT chest scan. Additionally, study 

participants were exposed to increased discomfort related to the temporary 

brachial artery occlusion during assessment of endothelial function with 

EndoPAT technique. 

In study I and II, all MINOCA patients were examined with CMR imaging, which is 

time-consuming and for some a claustrophobic experience, why patients with 

claustrophobia were excluded. The contrast medium administrated can be 

nephrotoxic, why also patients with severe renal failure were excluded from the 

study. CMR imaging was performed by experienced staff comforting the patients 

and well prepared to act on any emerging allergic reaction. Participating patients 

imaged early and with comprehensive CMR technique had the advantage of 

being more thoroughly investigated and more likely to receive an accurate 

diagnosis and tailored treatment. 
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Invasive assessment of coronary function and atherosclerosis, performed in 

study III, is associated with a small increased risk of coronary complications, as 

well as additional doses of radiation and contrast. However, these investigations 

have been routinely performed at our coronary unit for years without severe 

complications. Adenosine, which was administrated to induce hyperaemia, can 

cause transient side effects such as shortness of breath, chest pain, flush and 

atrioventricular block. These side effects are uncomfortable but are usually well 

tolerated after adequate patient information. Since adenosine can trigger severe 

bronchospasm in patients with obstructive pulmonary disease, this was listed as 

an exclusion criterium for study participation. 

In study IV, 123I-mIBG scintigraphy was performed in TTS patients, which incur 

radiation exposure corresponding to 5-7 years of cosmic microwave 

background radiation, with an estimated 0.07% increased risk of developing 

cancer. Microneurography performed in both TTS patients and controls, is a non-

invasive method associated with local soreness and transient neuralgic pain at 

the microelectrode insertion site. To our knowledge, only three patients in the 

world have experienced lingering discomfort after microneurography, which has 

not been observed in our laboratory with an experienced investigator and the 

use of a very thin microelectrode. The cold pressor test, used to induce physical 

stress, is associated with a transient discomfort and local pain from the iced 

hand, and could potentially have caused TTS patients enough stress to 

deteriorate or to induce a recurrence. The stress-test was therefore performed 

at earliest 2 weeks after admission. The administration of intravenous metoprolol 

carried a risk of inducing bradycardia and hypotension. All study subjects were 

therefore properly monitored with continuous ECG and blood pressure, and 

clinically observed throughout the microneurography study. 

In study III and IV, only female TTS patients and controls were included in the 

study, thus discriminating male patients by depriving them any potential 

benefits of study participation. Altogether, the scientific contributions of all four 

studies were estimated to justify the risks of study investigations. 
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4 Results 

4.1 Study I 

4.1.1 Study groups 

Eighteen percent of MINCA patients and 41% of CHD controls presented as 

STEMI. Among MINCA patients, 72% were women and the mean age was 58 

years. MINCA patients had a similar cardiovascular risk factor profile as CHD 

controls except for less hyperlipidaemia and impairment of glucose tolerance, 

and lower levels of low-density lipoprotein and triglycerides. Further, MINCA 

patients had a higher prevalence of all cardiovascular risk factors but 

hyperlipidaemia, more inflammatory and psychiatric disorders, and lower levels 

of low-density lipoprotein and total cholesterol than healthy controls (Table 2). 

Twenty-five percent of MINCA patients were clinically diagnosed with TTS, all 

female with a higher prevalence of psychiatric disorders than other MINCA 

patients. Another 19% showed less prominent RWMA on imaging with a suspicion 

of TTS in a milder state or regression. Also, 56% of MINCA patients reported 

physical or emotional stress preceding the acute event. 

Table 2. Characteristics between SMINC study groups. 

 MINCA 
n=100 

CHD 
n=100 

Healthy 
n=100 

MINCA vs 
CHD 

p-value 

MINCA vs 
healthy 
p-value 

Age, years 58 ± 8 59 ± 8 59 ± 8 - - 
Women 72 72 72 - - 
Body mass index, kg/m2 26 ± 5 27 ± 5 25 ± 4 0.037 0.557 
Heart rate, bpm 74 ± 15 75 ± 14 69 ± 15 0.706 n.a. 
Systolic blood pressure, mmHg 147 ± 27 149 ± 27 128 ± 17 0.492 n.a. 
Troponin, ratio to normal 110 ± 176 275 ± 560 - 0.642 - 
C-reactive protein >5µg/L 16 13 5 0.699 0.010 
Current smoker 21 33 7 0.056 0.004 
Former smoker 29 34 40 0.447 0.102 
Hypertension 37 46 17 0.196 0.001 
Hyperlipidaemia 9 20 4 0.027 0.152 
Diabetes mellitus 4 10 0 0.096 0.043 
Impaired glucose tolerance 39 55 20 0.029 0.004 
Migraine 14 13 13 0.836 0.836 
Thromboembolic disorder 6 1 2 0.054 0.149 
Inflammatory disease 30 20 10 0.102 <0.001 
Psychiatric disorder 20 11 3 0.079 <0.001 
Triglycerides, mmol/L 1.0 ± 0.5 1.4 ± 0.7 1.0 ± 0.6 <0.001 0.096 
Cholesterol, mmol/L 5.1 ± 1.0 5.4 ± 1.1 5.6 ± 1.0 0.092 <0.001 
Low-density lipoprotein, mmol/L 3.0 ± 0.8 3.5 ± 0.9 3.6 ± 0.8 0.002 <0.001 
High-density lipoprotein, mmol/L 1.6 ± 0.5 1.3 ± 0.4 1.6 ± 0.5 <0.001 1.000 

Values are mean ± standard deviation or percentage. MINCA = myocardial infarction with normal coronary 

arteries; CHD = coronary heart disease. Daniel et al.145. 



 

32 

4.1.2 Endothelial function and atherosclerosis 

Levels of RHI and IMT in MINCA patients did not differ from those in CHD patients 

or healthy controls. MINCA patients had lower levels of NT-proBNP than CHD 

controls, but higher levels than healthy controls (Table 3). 

Table 3. Markers of endothelial function, atherosclerosis, and cardiac function between SMINC study groups.  

 MINCA CHD Healthy MINCA vs 

CHD 

p-value 

MINCA vs 

healthy 

p-value 

Reactive hyperaemia index, % 2.2 ± 0.7 2.1 ± 0.6 2.3 ± 0.6 0.141 0.639 

Intima-media thickness, mm 0.71 ± 0.12 0.74 ± 0.16 0.70 ± 0.12 0.216 0.855 

NT-proBNP, ng/L 133 ± 129 274 ± 460 68 ± 74 0.001 <0.001 

Values are mean ± standard deviation. MINCA = myocardial infarction with normal coronary arteries; CHD = 

coronary heart disease; NT-proBNP = N-terminal pro-brain natriuretic peptide. Daniel et al.145. 

4.2 Study II 

4.2.1 Study groups 

The median age was 58 years in both groups and the proportion of female 

patients were similar. Cardiovascular risk factors were comparable, except for 

less hypertension in the SMINC-2 cohort. The troponin ratio, the maximal 

troponin level relative to the upper limit of normal, was lower in the SMINC-2 

group. CMR imaging was performed earlier in the SMINC-2 group than in the 

SMINC-1 group. SMINC-2 patients had a lower median LVEF than SMINC-1 

patients (Table 4). 

Table 4. Characteristics of SMINC-1 and SMINC-2 study groups. 

 SMINC-1 (n=150) SMINC-2 (n=148) P-value 

Age, years 58 (50-64) 58 (50-64) 0.66 

Female 98 (65) 105 (71) 0.30 

Current smoker 26 (17) 27 (18) 0.84 

Family history of CAD 44 (29) 41 (28) 0.76 

Diabetes mellitus 6 (4) 11 (7) 0.20 

Hypertension 48 (32) 29 (20) 0.014 

Hyperlipidaemia 17 (13) 13 (9) 0.47 

Psychiatric disease 16 (11) 16 (11) 0.87 

Thromboembolic disorder 7 (5) 2 (1) 0.10 

Normal ECG 79 (53) 92 (62) 0.11 

Troponin ratio 26 (7-53) 12 (4-29) 0.002 

CMR, days after admission 12 (6-28) 3 (2-4) <0.001 

LVEF, % 59 (54-63) 57 (52-61) 0.011 

Values are median (interquartile range) or n (%). CAD = coronary artery disease; ECG = electrocardiogram; 

CMR = cardiovascular magnetic resonance; LVEF = left ventricular ejection fraction. Sörensson et al.146. 
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4.2.2 CMR imaging 

In the SMINC-2 study, CMR imaging provided a diagnosis for 114 patients (77%), 

which was a significant improvement compared to the SMINC-1 study where 70 

patients (47%) received a diagnosis by combining CMR imaging and clinically 

diagnosed TTS. The proportions of MI and other pathologies were comparable 

between the groups, but more patients were diagnosed with TTS and 

myocarditis in the SMINC-2 study, reducing the proportions of normal and 

undecided findings (Figure 8). 

 
Figure 8. Bar chart presenting proportions of diagnoses in the SMINC-1 and SMINC-2 studies, from 
Sörensson et al.146. Reproduced with permission of Elsevier Inc. on behalf of the American College of 
Cardiology Foundation. 

4.2.3 Diagnosing Takotsubo with LVA and echocardiography 

LVA was performed in 109 (74%) of the SMINC-2 patients, and suggestive of TTS 

in 52 patients, which was confirmed by CMR imaging in 34 patients. LVA was 

assessed as normal in 57 patients, but CMR imaging detected TTS in 10 of those 

patients. With CMR imaging as the reference standard, the sensitivity and 

specificity for diagnosing TTS with LVA were 77% and 72%, respectively. 

Echocardiography was performed in 134 (91%) of the SMINC-2 patients, and 

suggestive of TTS in 31 patients, which was confirmed by CMR imaging in 27 

patients. Of the 103 patients without TTS on echocardiography, 20 patients were 
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diagnosed with TTS by CMR imaging. Diagnosing TTS with echocardiography thus 

had a sensitivity of 57% and a specificity of 95%. 

4.3 Study III 

4.3.1 Study groups and coronary microvascular function 

Baseline characteristics, including age, cardiovascular risk factors, renal function, 

and levels of haemoglobin, platelets, and cholesterols, were overall comparable 

between TTS patients and INOCA controls, except for a lower prevalence of 

hyperlipidaemia in the TTS cohort. CMD, defined as IMR≥25 and/or CFR≤2, was 

more common in the TTS group (78%) than in the INOCA group (44%) (p=0.002). 

IMR was higher, and CFR and RRR lower, in TTS compared with INOCA, whereas 

FFR did not differ between the groups (Figure 9). 

 

Figure 9. Coronary microvascular function between patients with Takotsubo and INOCA. (A) IMR, (B) CFR, (C) 
RRR, and (D) FFR, from Ekenbäck et al.147. Reproduced with permission of John Wiley & Sons Ltd on behalf of 
European Society of Cardiology. 

4.3.2 Clinical characteristics, intravascular and cardiac imaging in Takotsubo 

Chest pain was the predominant presenting symptom (74%) and one fifth of the 

TTS patients presented with ST-elevations on ECG. Almost all patients were 

postmenopausal (93%) and reported stress triggering the event (96%). The 

elevation of NT-proBNP was tenfold to the elevation of troponin. Apical TTS was 

slightly more common than the midventricular variant (56% vs. 41%), according 
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to LVA performed during coronary angiography a median of 14 hours after 

admission. IVUS showed a mean minimal lumen area of 9.6 (±3.5) mm2, a mean 

vessel area of 14.9 (±3.9) mm2 and a mean plaque burden of 36 (±13) %. Median 

total lipid core burden index was 4 (0-51), and median maximal lipid core burden 

index of 4mm 43 (0-298), as determined by NIRS. Mean LVEF was 46% 

according to echocardiography performed at mean one day after admission and 

was lower in apical than in midventricular TTS (40% vs. 53%, p=0.005). On CMR 

imaging, conducted a median of three days after admission and confirming the 

diagnosis of TTS, mean LVEF was 49%. GLS and GCS were more impaired in 

apical than midventricular TTS (-11 vs. -14, p<0.001 and -12 vs. -15, p=0.049, 

respectively). 

4.3.3 Associations of coronary microvascular function in Takotsubo 

CMD was more pronounced in apical than midventricular TTS (Figure 10). 

Correlations between CFR and RRR with LVEF were observed on both 

echocardiography (R2=0.15; p=0.002 and R2=0.18; p=0.007, respectively) and 

CMR imaging (R2=0.09; p=0.025 and R2=0.10; p=0.038, respectively). IMR, CFR 

and RRR were neither associated with measures of coronary atherosclerosis 

derived by IVUS-NIRS, nor with time from admission to invasive assessment. 

 

Figure 10. Coronary microvascular function between apical and midventricular TTS. (A) IMR, (B) CFR, and (C) 
RRR, from Ekenbäck et al.147. Reproduced with permission of John Wiley & Sons Ltd on behalf of European 
Society of Cardiology. 
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4.4 Study IV 

4.4.1 Study groups 

Eighteen out of 27 TTS patients included in the SAFT study, and 13 controls, 

underwent microneurography successfully. Mean age was 67 years in both 

groups and the proportions of cardiovascular risk factors, psychiatric and 

inflammatory disorders were similar. Oestradiol levels were postmenopausal in 

both groups but higher amongst TTS patients. NT-proBNP and troponin were 

markedly increased in TTS patients but within normal ranges for controls. 

4.4.2 Microneurography 

Microneurography was performed a median of 27.5 days after admission in TTS 

patients. Levels of MSNA, blood pressure and heart rate did not differ between 

TTS patients and controls at baseline or during stress. Burst incidence and burst 

frequency increased during stress in both groups (Figure 11). MSNA response to 

stress was not altered in TTS patients randomised to metoprolol (n=9) in 

comparison to placebo (n=9). 

 

Figure 11. Box plots of burst incidence (left panel) and burst frequency (right panel) at baseline, 30 to 60 and 
60 to 90 seconds of stress between Takotsubo patients and controls. *P<0.01 for change from baseline. 

4.4.3 123I-mIBG scintigraphy 

Ten TTS patients performed 123I-mIBG scintigraphy a median of 12.5 days after 

admission. Early and late H/M were decreased, and washout rate increased, in all 

patients (Figure 12). 
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Figure 12. Early and late heart-to-mediastinum (H/M) ratios (A) and washout rate (B) in Takotsubo patients. 
Dashed lines indicate threshold for normal values; for (A) above 2.2, and (B) below 10%. 
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5 Discussion 

5.1 Study I 

The primary hypothesis of SMINC-1, that MINCA patients have better endothelial 

function than CHD controls, was not fulfilled since RHI did not differ between the 

groups. IMT, as a measure of general atherosclerosis, was also similar between 

the groups. However, MINCA patients had a higher prevalence of all 

cardiovascular risk factors but hyperlipidaemia than healthy controls and had 

less hyperlipidaemia and impairment of glucose tolerance than CHD controls. 

Endothelial dysfunction has been proposed as a pathogenic mechanism of 

epicardial spasm and CMD14, both detected in around 30% of MINOCA patients17. 

Non-invasive assessment of endothelial function with flow-mediated dilation of 

the brachial artery can be used as a surrogate marker for coronary endothelial 

function148. In a study using this method ⅔	of MINOCA patients were shown to 

have endothelial dysfunction149, in contrast to normal RHI in our MINCA cohort. 

Although flow-mediated dilation has been shown to correlate with RHI150, the 

discrepancy between study results can in part be explained by different 

methods used to assess endothelial function. A better endothelial function could 

also be expected in our MINCA cohort, with less pronounced coronary 

atherosclerosis than a MINOCA cohort. Endothelial dysfunction has been shown 

to be associated with male sex, degree of atherosclerosis and many established 

cardiovascular risk factors151, and to improve with statin treatment152. Medical 

therapy, high proportions of females and STEMI with less severe atherosclerosis 

could therefore partly explain the normal RHI also in our CHD control group153. 

Diffuse coronary atherosclerosis with occult plaque rupture has been suggested 

as a common cause of MINOCA, based on studies with intracoronary imaging15,16 

and coronary CT angiography154. In our study, IMT was within the normal range in 

all groups155. The degree of coronary atherosclerosis was also similar between a 

subset of MINCA patient and healthy controls examined by coronary CT 

angiography in our study156. Our findings of normal RHI and IMT in MINCA patients 

indicate a normal vascular function and structure, thus questioning that 

endothelial dysfunction and diffuse coronary atherosclerosis are important 

factors in MINCA pathophysiology. 

The cardiovascular risk factor profile of MINCA patients in our study conforms 

with previous reports for MINOCA9,10, and was specifically characterised by non-

atherogenic lipid levels. It might thus seem contradictory that a recent meta-
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analysis suggested a prognostic value of statin therapy in MINOCA patients157. 

Statins primarily prevent progression of atherosclerosis by acting lipid-lowering 

but may have anti-inflammatory effects beyond the reduction in inflammation 

caused by lipid-lowering in itself158. We observed a higher prevalence of 

inflammatory disease and elevation of C-reactive protein in MINCA patients than 

in healthy controls, suggesting that hypercoagulability resulting from 

inflammation may serve as a potential mechanism underlying MINCA. This theory 

was reinforced by our findings of higher concentrations of inflammatory 

biomarkers in MINCA patients than in the control groups159, and a higher 

prevalence of antiphospholipid antibodies in MINCA patients than in healthy 

controls160. Interestingly, a study using CT angiography reported increased 

coronary inflammation in both MINOCA and TTS161. The exclusion of patients with 

myocarditis could explain the relatively larger proportions of females and TTS in 

our study compared to a previous meta-analysis10. The actual proportion of TTS 

in our MINCA cohort could have been underestimated since an additional 19% of 

patients had RWMA suggestive of TTS in a milder state or in regression. 

Furthermore, MINCA patients had a higher prevalence of psychiatric disorders 

and higher NT-proBNP than healthy controls, and more than half reported 

preceding stress. Our findings thus indicate that TTS is a common underlying 

cause of MINCA, and support inflammation as a potential driver in the 

pathogenesis. 

The main strengths of our study were the prospective approach, the well-

defined MINCA cohort without myocarditis and extra-cardiac causes of MI, 

matched with both healthy and CHD controls. Our MINCA cohort included TTS, 

which is considered a non-ischemic cause of MINOCA. However, cardiovascular 

risk factors, RHI and IMT did not differ between patients with or without TTS in 

the stratified analyses145. Since our study included MINCA patients, our results 

might not be generalisable to a MINOCA population with more pronounced 

coronary atherosclerosis. Other limitations were study size, age criteria for 

inclusion, participation rate and retrospectively collected information from 

medical records. 

5.2 Study II 

In the SMINC-2 study, 77% of patients received a diagnosis entirely by CMR 

imaging performed early and with advanced mapping techniques, which was a 

considerable and clinically relevant improvement as compared to the SMINC-1 

study. Relatively larger proportions of myocarditis and TTS were discovered with 
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this approach, while the proportion of MI was consistent with the SMINC-1 study. 

Previous prospective studies of CMR imaging in MINOCA have shown higher 

proportions of myocarditis and lower proportions of TTS162-164. The discrepancies 

between our results and others are probably due to the timing of CMR and 

differences in age- and sex-distributions, as myocarditis is more common in 

younger men22 and TTS predominantly affects older women. In Sweden, young 

patients are usually diagnosed with myocarditis based on clinical parameters 

such as ECG findings, chest pain correlated to breathing, fever, and elevated 

inflammatory markers, and are therefore not classified as MINOCA or subjected 

to coronary angiography. In contrast to our results, retrospective studies have 

reported up to 90% diagnostic ability of CMR imaging in MINOCA165-169. Since 

cardiomyopathies other than TTS were relatively common in these studies, 

selection bias by including patients with a high risk of having structural heart 

disease can be suspected. In line with our results, a review of 27 studies with 

CMR imaging in MINOCA showed a proportion of MI around 20%22. The detection 

of MI by CMR imaging does not necessarily accounts for a coronary 

atherosclerotic origin (MI type 1) but can also result from coronary causes such 

as epicardial vasospasm, embolism, or SCAD (MI type 2). Additional investigation 

with intravascular imaging would be required to facilitate this differentiation. 

Although CMR imaging was performed within two to four days after admission in 

the SMINC-2 study, 23% of patients had normal CMR findings with uncertain 

diagnoses. Since the study was conducted after the introduction of high-

sensitive troponin assays also cases with modest troponin elevations were 

included. This was reflected by the relatively lower troponin levels in the SMINC-

2 than in the SMINC-1 cohort. The diagnostic ability of CMR imaging is known to 

decrease in MINOCA with low-grade troponin elevation170. Minor myocarditis or 

MI undetectable by CMR imaging as well as diffuse myocardial injury due to 

CMD, transient arrhythmia or extra-cardiac causes could therefore result in 

normal CMR findings in MINOCA. The currently proposed diagnostic algorithms 

recommend CMR imaging only in unclear cases of MINOCA8,9. The relatively low 

sensitivity for diagnosing TTS with LVA and echocardiography in our study 

emphasises the importance of CMR imaging in a wider range of MINOCA 

patients. 

The prospective multicentre study design with a relatively large cohort and 

control group with similar inclusion and exclusion criteria were the major 

strengths of the study. The major limitation was that the CMR protocol differed 
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between the SMINC-1 and SMINC-2 studies. It is thus unclear whether the 

diagnostic yield in our study resulted from earlier imaging or more advanced 

CMR technique, or a combination of these. As the CMR findings in TTS and most 

cases of myocarditis are transient, and CMR imaging within two weeks has been 

shown superior to later imaging164, timing was probably the most important 

factor. The age criteria, to align with the SMINC-1 study, restricted the inclusion 

to patients aged 35 to 69 years and our results can therefore not be generalised 

to a broader MINOCA population. Intravascular imaging with OCT has been 

proven to add diagnostic value to CMR imaging in female MINOCA patients16, but 

was not performed in our study. 

5.3 Study III 

The main finding of this study was that 78% of TTS patients had CMD, assessed 

by intracoronary thermodilution technique in the acute phase of the syndrome. 

We also showed that CMD was more common in TTS patients than in INOCA 

controls, and more pronounced in the apical compared to the midventricular 

phenotype of TTS. Further, CMD in TTS was associated with LVEF derived by 

both echocardiography and CMR imaging, but unrelated to measures of 

coronary atherosclerosis. 

Previous studies assessing coronary physiology invasively with thermodilution 

technique in TTS have reported CMD levels comparable to ours but have been 

smaller and without matched control groups78,79. As healthy subjects are 

unavailable for invasive assessment of coronary physiology, we opted for a 

control group comprising patients with INOCA undergoing the examination as 

part of their clinical evaluation. Although CMD is common in INOCA patients171, it 

was even more frequent and severe in our TTS cohort. Coronary atherosclerosis 

and CMD has been estimated invasively with IVUS and pressure-doppler flow 

monitoring in a larger cohort of TTS patients76, with results comparable to ours. 

The authors speculated that CMD in TTS might result from endothelial 

dysfunction mediated by diffuse atherosclerosis. However, CMD was not related 

to coronary atherosclerosis in our study. CMD in TTS has previously been shown 

time-dependent78; a finding that we were unable to confirm. Since non-invasive 

studies have shown a regression of CMD along with restoration of cardiac 

function81-83, a time relation could be expected but is likely dependant on 

severity of TTS and timing of measurement. In our study, CMD was related to 

LVEF derived by both echocardiography and CMR imaging, in line with results 

from non-invasive studies80,172. Furthermore, CMD was more pronounced, and 
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LVEF more impaired, in the apical than the midventricular phenotype of TTS. Our 

findings indicate that the degree of CMD is closely connected to the degree of 

left ventricular dysfunction in TTS, but do not provide evidence for a causative 

relationship. However, experimental evidence is supportive of TTS being a 

coronary microvascular disease173. 

The precise mechanisms underlying the development of CMD in TTS remain 

incompletely elucidated. A massive stress-triggered cardiac sympathetic 

activation proposedly induces coronary microvascular spasm resulting in 

myocardial stunning14. Increased cardiac workload and oxidative stress, 

inflammation, and oedema due to direct catecholamine toxicity may further 

impair coronary microvascular perfusion and cardiac function in TTS56. Given the 

fact that CMD has been shown reversible, and unrelated to systemic 

microvascular dysfunction174, as well as unrelated to coronary atherosclerosis in 

our study, CMD is more likely a mediator rather than the underlying cause of TTS. 

To the best of our knowledge, our study is so far the largest assessing CMD 

invasively with thermodilution technique and coronary atherosclerosis with 

IVUS-NIRS in CMR-confirmed TTS. In our study only female TTS patients were 

included, coronary microvascular function was assessed merely in the left 

anterior descending artery, and spasm provocation was not performed, which 

are limitations to our study. Furthermore, INOCA controls were not investigated 

with intravascular or cardiac imaging. 

5.4 Study IV 

In this study, we found comparable levels of MSNA at rest and during stress 

between TTS patients and matched controls, and that the sympathetic response 

to stress was unaffected by selective b1AR blockade in TTS patients. The 123I-

mIBG scintigraphy findings in TTS patients however demonstrated increased 

cardiac sympathetic activity. 

MSNA at rest in our study groups were comparable to normal levels reported175. 

Elevated MSNA at rest has previously been shown in the subacute phase of 

TTS69. On the contrary, and in contrast to our results, attenuated MSNA at rest 

has been shown in the recovery phase of TTS68. The discrepancies between 

these studies can in part be explained by differences in sample sizes and timing 

of measurements. Only one small study has previously evaluated MSNA 

response to stress in TTS patients (n=6) and matched controls (n=6), with results 
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comparable to ours70. Selective b1AR blockade, frequently prescribed for TTS, did 

not alter MSNA response to stress compared to placebo in our TTS patients. This 

result might not be surprising, as b2AR stimulating pathways, rather than b1AR, 

have been proposed to be involved in the pathogenesis of TTS84. In line with our 

results, previous studies have consistently shown reduced H/M ratios and 

increased washout rate, as signs of increased cardiac sympathetic activity, in 

the subacute phase of TTS72-75. Studies have also shown a gradual normalisation 

of cardiac sympathetic activity, along with restoration of cardiac function, 

perfusion, and glucose metabolism in TTS patients at follow-up72,73,75,176. 

Most people experience stressful events at some points in life and it is still 

unresolved why only a few, mainly postmenopausal women, are afflicted by TTS. 

The cardiac expression of bAR in women declines with age and stabilises after 

menopause indicating that the expression is influenced by oestrogen levels. The 

signalling pathways of bAR and oestrogen receptors are also complexly 

intertwined177. Accordingly, the heightened blood pressure reaction in response 

to mental stress detected in postmenopausal women was found to be caused 

by increased vasoconstrictor response to norepinephrine and lack of oestrogen-

dependant vasodilation94. Endothelial dysfunction could thus add to the 

susceptibility for TTS in oestrogen-deprived postmenopausal women70. Since we 

found no alterations of MSNA at rest or during stress, it is unlikely than an 

underlying central sympathetic hyperactivity or hyperreactivity contributes to 

the development of the syndrome. On the other hand, our 123I-mIBG scintigraphy 

results indicated a cardiac specific sympathetic hyperactivity in TTS. The 

cardiac response to sympathetic activation including catecholaminergic 

regulation, rather than the amount of sympathetic activation upon stress, may 

therefore be central to TTS development. 

As far as we know, our study is the largest to assess MSNA both at rest and 

during stress in TTS with a matched control group, and the first to also evaluate 

cardiac sympathetic activity with 123I-mIBG scintigraphy in the same cohort of 

TTS patients. We however acknowledge that our study has limitations. 

Microneurography was performed in the recovery phase of TTS in all patients, 

and we can therefore not exclude that MSNA could have been altered in the 

initial acute phase of the syndrome. We can neither exclude that a mental stress 

test could have induced a different MSNA response since we used only cold 

pressor test in our study. However, a similar MSNA response to mental stress 

and cold pressor test in TTS patients has previously been shown70. Selective b1AR 
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blockade did not alter MSNA response to stress in TTS patients, but its potential 

effect on cardiac sympathetic activity was not investigated. Furthermore, 

catecholamines were not analysed in our study and 123I-mIBG scintigraphy was 

not performed in controls. 

 





 

 47 

6 Conclusions 
I. MINCA is associated with many established cardiovascular risk factors, 

but not with markers of endothelial function and atherosclerosis. The 

high proportions of TTS, female sex, psychiatric disorders and 

preceding stress in our MINCA cohort strongly suggest that TTS is a 

common underlying cause of MINCA. 

 

II. Early and comprehensive CMR imaging significantly improves the 

diagnostic accuracy in MINOCA, especially by increasing the detection 

of TTS and myocarditis. This supports the use of early CMR imaging as 

a standard diagnostic tool in the investigation of MINOCA. 

 

III. CMD is common in the acute phase of TTS, more severe in the apical 

phenotype of the syndrome and associated with left ventricular 

function, but unrelated to coronary atherosclerosis. These findings are 

supportive of CMD as a key mediator in the pathophysiology of TTS. 

 

IV. MSNA at rest and in response to stress is comparable between 

patients in the early recovery phase of TTS and matched controls, 

despite 123I-mIBG scintigraphy findings of increased cardiac 

sympathetic activity. Furthermore, MSNA response to stress in TTS 

remains unaffected by b1AR blockade. A disturbed cardiac response to 

sympathetic activation, rather than an underlying cental sympathetic 

hyperactivity or hyperreactivity, is likely involved in the pathogenesis 

of TTS. 
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7 Points of perspective 
The MINOCA concept encompasses conditions of diverse aetiology. Risk factors 

and clinical features of MINOCA therefore vary between studies, depending on 

the composition of diagnoses included. Large prospective studies would be 

required to properly assess the epidemiological differences between the 

underlying diagnoses of MINOCA, which is challenging due to their relatively low 

incidences. The results of study I, showing normal measures of general 

atherosclerosis in MINCA patients, have had an impact on local treatment 

recommendations in Stockholm. MINOCA without an established underlying 

cause, with normal coronary arteries and CMR imaging, are no longer by default 

recommended treatment with DAPT and statins. The study has also led to an 

increased knowledge and awareness of MINOCA amongst clinicians, and a 

structured follow-up is now recommended for these patients. Furthermore, a 

patient information brochure on MINOCA has been produced. Importantly, our 

follow-up studies have also illustrated that MINOCA is associated with a 

considerable impairment of physical capacity and quality-of-life178,179. 

To establish a correct underlying diagnosis of MINOCA is of uttermost 

importance to be able to adjust clinical management and treatment. Even after 

extensive investigations, the underlying diagnosis of MINOCA can remain 

uncertain which is challenging for clinicians and unsatisfying for patients. The 

results of study II, showing an improved diagnostic performance with early CMR 

imaging in MINOCA, had impact on local recommendations where prompt CMR 

imaging now is recommended for MINOCA patients. The importance of CMR 

imaging in the investigation of MINOCA has also been addressed in the European 

Society of Cardiology guidelines, where it is now a recommendation class IB for 

MINOCA patients without an established underlying cause6,7. Furthermore, the 

importance of early CMR imaging in MINOCA was reinforced by the results of 

follow-up CMR imaging at 6 months in a subset of patients from the SMINC-2 

study, where 48% had normalised earlier diagnostic findings180. The ongoing 

SMINC-3 study (NCT05426408) will investigate if perfusion CMR imaging can 

add to the diagnostic ability by detecting CMD in MINOCA. Future studies 

combining several diagnostic methods such as early CMR imaging, intravascular 

imaging and coronary function assessment are warranted to delineate the 

underlying causes of MINOCA even better. 
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MINOCA is associated with substantial morbidity and mortality and can 

therefore not be regarded a benign condition. This in spite, there is a lack of 

evidence to guide the treatment and secondary prevention for MINOCA. A 

“precision-medicine approach”, with a comprehensive diagnostic work-up and 

tailored pharmacological treatments for the different underlying causes of 

MINOCA, will be necessary in future randomised trials. Non-pharmacological 

treatment studies focusing on cognitive health and quality-of-life are also 

warranted and ongoing. 

The results of study I and II also provided insights into how common TTS is 

amongst MINOCA patients. TTS is a diagnose that can easily be disregarded if 

the clinical mindset is not calibrated for raising the suspicion and if adequate 

investigations are not promptly performed. TTS is an intriguing condition with a 

yet incompletely elucidated pathophysiology. Despite being a reversible 

condition, the prognosis of TTS aligns with that for MI46,50. There is hence a great 

need for studies clarifying the pathophysiological mechanisms of TTS for further 

establishment of evidence-based treatment. 

The results of study III strengthen the theory that CMD is a key mediator in TTS 

pathophysiology. CMD, LVEF, GLS and apical TTS are factors of prognostic 

significance in TTS181-185. The association of CMD and LVEF in our study as well as 

our findings of more severe CMD, more impaired EF, GLS and GCS in apical TTS, 

reinforce the linkage between CMD and cardiac dysfunction in TTS. Perfusion 

and cardiac function have been shown to improve during adenosine infusion in 

TTS patients83, which addresses that CMD could be a potential target for future 

treatment studies. Adenosine was administered during coronary function 

assessment in study III, but its potential beneficial effects on patient outcome 

were not investigated. In the ongoing BROKEN-SWEDEHEART study, which is the 

first prospective randomised multicentre trial for optimised pharmacological 

treatment in TTS, the effects of adenosine will be further evaluated186. 

The results of study IV, showing similar levels of MSNA at rest and during stress 

in TTS patients and controls despite signs of increased cardiac sympathetic 

activity on imaging, have also added insights into the pathophysiology of TTS. 

These findings indicate that cardiac catecholaminergic regulation and responses 

to stress, rather than an underlying enhanced central sympathetic hyperactivity 

or hyperreactivity, are likely involved in the development of TTS. Further studies 

are needed to in detail explain the exact pathways of cardiac responses to 
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sympathetic activation in TTS. What part structural and functional alterations in 

the central nervous system play in the onset of TTS also needs to be clarified. 

The degree of cardiac sympathetic activation in TTS has been shown to be 

associated with time to left ventricular recovery and rates of in-hospital 

complications73, hence indicating a prognostic implication. Treatment with a-

lipoic acid has been shown to improve 123I-mIBG defect size at follow-up 

compared to placebo in TTS patients, purportedly by restoring cardiac 

adrenergic function through the reduction of oxidative stress and inflammation74. 

Targeting cardiac sympathetic hyperactivity in TTS appears to be an appealing 

treatment option, although the prognostic value of a-lipoic acid is still to be 

proven. If hormone replacement therapy with oestrogen in postmenopausal 

women can prevent TTS also remains to be evaluated. An observational study 

has shown that 7.5% of postmenopausal women developed TTS while on chronic 

hormone replacement therapy. Interestingly, these women were in less need of 

mechanical haemodynamic and ventilatory support, suggesting that oestrogen 

supplementation might mitigate the clinical course of TTS187. 

To conclude, the results from the studies included in this thesis have added 

important pieces to the puzzle of understanding the pathophysiology of MINOCA 

and TTS. The road ahead for advancing the field of knowledge in this area 

includes further research focusing on delineating the underlying causes of 

MINOCA with certain attention paid to the pathophysiological mechanisms of 

TTS. In parallel, or as the next step, the optimal management and treatment for 

MINOCA and TTS await to be outlined to improve the prognoses for these 

conditions. 
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