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Abstract 

Introduction 

 Patients presenting with a suspected myocardial infarction but who have 

normal coronary arteries at angiography (MINOCA) are a common clinical 

challenge. There is early evidence for a heart-brain link in several cardiac 

pathologies, including takotsubo syndrome (TS), which partly makes up the 

MINOCA population. The pathophysiological association of the heart-brain 

interaction in the wider MINOCA population has not been studied.    

Methods 

 In this single centre, prospective, longitudinal observational study, all 

patients who presented with a suspected myocardial infarction and non-

obstructive coronary arteries on invasive angiography were approached. Age and 

sex matched patients with a ST elevation myocardial infarction (STEMI) and a 

group of healthy volunteers were control groups. Patients received routine care 

but underwent additional psychological questionnaires and cardiac and functional 

brain magnetic resonance imaging within 14 days of admission and at 6 months. 

Image pre-processing and analysis was undertaken in a blinded fashion. 

Results 

 72 participants, 27 STEMI controls and 28 healthy controls were recruited. 

There were widespread reductions in brain grey matter volume compared to 

healthy controls, but no differences compared to STEMI controls. These 

reductions largely normalised at follow up.  There was reduced connectivity in the 

central executive network and default mode network compared to healthy 

controls in the acute phase, and these changes largely persisted at follow up. 

There were less extensive differences compared with STEMI patients. There were 

negative relationships between global brain efficiency, connectivity and measures 



 iii 

of anxiety and stress in the MINOCA population which may partly explain these 

findings.  

Conclusion 

 MINOCA patients have high levels of stress and anxiety at presentation 

and have dynamic anatomical and functional disruption in mainly limbic and 

autonomic brain networks. There are correlations between stress and anxiety 

scores and reduced connectivity and reduced global brain efficiency which may 

partly explain these findings. Further larger studies are needed in this area and in 

the wider myocardial infarction population as there may be potentially important 

implications for the follow up and management of these patients which requires 

investigation. 
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be greater than it would otherwise have been which may lead to some bias in our 

results as these patients had to be excluded from the follow up brain analysis 

study.  
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Chapter 1 INTRODUCTION 

 

Coronary heart disease is the leading cause of death worldwide. It was 

responsible for 200,000 hospital visits and 66,000 deaths in 2018 in the UK(1).  

Acute coronary syndrome (ACS) is a term that is frequently used in clinical 

practice and refers to a range of conditions initially attributable to acute 

myocardial ischaemia and/or infarction, usually due to a sudden reduction in 

coronary blood flow (2). Patients classically present with chest pain, 

electrocardiogram (ECG) changes and a dynamic change in a cardiac biomarker, 

usually cardiac troponin. The immediate clinical pathway is determined by the 

clinical history and ECG. Patients with acute chest pain and ST-segment elevation 

on the ECG are taken for primary percutaneous coronary intervention (PPCI)(3), 

and patients without ST-segment elevation are assessed and risk stratified prior to 

potential revascularisation(4). The most common mechanism for an ACS is plaque 

rupture with a subsequent sudden reduction in calibre (or occlusion) of the culprit 

vessel. However around 5-10% of patients who present with an ACS are found to 

have non-obstructive coronary arteries at invasive coronary angiography(5-8). The 

majority of these patients have an alternative explanation for their presentation 

(e.g. pulmonary embolus, cardiomyopathy, sepsis, arrythmia, myo/pericarditis) 

but in the absence of another specific cause for the presentation, the European 

Society of Cardiology (ESC) deem these patients as having a myocardial infarction 

with non-obstructive coronary arteries (MINOCA)(9).   

1.1 MINOCA 

 DeWood’s landmark studies in the 1980s suggested that around 10% of 

patients presenting with an acute coronary syndrome had non-obstructive 

disease on angiography(10, 11). Since then it has evolved from myocardial 

infarction with normal coronaries (MINC)(12) to myocardial infarction with normal 
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coronary arteries (MINCA)(13) and ultimately MINOCA. The ESC were the first to 

formally recognise this working diagnosis in 2017 and offer an investigative 

strategy (9). Recently the American Heart Association (AHA) (14) have published a 

scientific statement which takes into account the updated 4th Universal definition 

of myocardial infarction (15). This latest definition tries to separate out 

‘ischaemic’ (plaque rupture, supply-demand mismatch etc.) from ‘non-ischaemic’ 

(myocarditis, takotsubo syndrome (TS) etc.) aetiologies. The scientific statement 

would only classify patients with an ‘ischaemic’ basis for their presentation as 

having MINOCA. Their diagnostic criteria are shown in Table 1. 

Table 1 MINOCA diagnostic criteria 

cTn indicates cardiac troponin; and MINOCA, myocardial infarction in the absence of 
obstructive coronary artery disease. *Note that additional review of the angiogram may be 
required to ensure the absence of obstructive disease. Adapted from Tamas-Holland et al 
2019(14).  

The diagnosis of MINOCA is made in patients with acute myocardial infarction 
that fulfills the following criteria: 
1. Acute myocardial infarction (modified from the “Fourth Universal 
Definition of Myocardial Infarction” Criteria) 

Detection of a rise or fall of cTn with at least 1 value above the 99th 
percentile upper reference limit  

and 
Corroborative clinical evidence of infarction evidenced by at least one of 
the following: 

a) Symptoms of myocardial ischemia 
b) New ischemic electrocardiographic changes 
c) Development of pathological Q waves 
d) Imaging evidence of new loss of viable myocardium or new 
e) regional wall motion abnormality in a pattern consistent with an 

ischemic cause 
f) Identification of a coronary thrombus by angiography or autopsy 

2. Non-obstructive coronary arteries on angiography: 
Defined as the absence of obstructive disease on angiography (ie, 

no coronary artery stenosis ≥50%) in any major epicardial vessel* 
3. No specific alternate diagnosis for the clinical presentation: 

Alternate diagnoses include but are not limited to nonischemic 
causes such as sepsis, pulmonary embolism, and myocarditis 

 

Thus, an extensive search to exclude non-ischaemic causes is recommended prior 

to diagnosing MINOCA including, amongst others, cardiac magnetic resonance 
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imaging (CMR), intravascular ultrasound (IVUS), optical coherence tomography 

(OCT) and coronary functional assessment(14) 

However, as the definition of MINOCA has evolved, and not all centres 

have access to recommended investigations (e.g. CMR, OCT), the cohort of 

patients with MINOCA in the literature is extremely heterogenous and will include 

a significant proportion of patients who do not have an ischaemic basis for their 

presentation, and indeed have myocarditis or TS. The vast majority of the existing 

literature is in line with the 2017 ESC definition of MINOCA(9) which is a “‘working 

diagnosis analogous to heart failure” with the aim of prompting further evaluation. 

Patients with a clear alternate diagnosis at presentation are excluded based on 

the clinical context (e.g. a clear diagnosis of myocarditis in a 21 year old man with 

a preceding viral illness presenting with position chest pain, ST elevation on the 

ECG, elevated troponin and normal coronary arteries). However, the clinical 

context is not always clear and therefore the ESC definition of MINOCA 

encompasses non-ischaemic and ischaemic causes. This is a clinically much more 

practical definition than the AHA version as the working diagnosis can be applied 

immediately after angiography rather than several days/weeks down the line after 

all comprehensive investigations to exclude a non-ischaemic aetiology have been 

completed. As the 2019 definition was not yet published at the time of the 

protocol design and for the reasons outlined above, this study will use the 2017 

ESC definition. For comparison purposes for this study, if the AHA definition was 

used, it would mean that only patients with a myocardial infarction on the CMR 

would be classified as MINOCA.  

1.2 CMR IN MINOCA 

Once a diagnosis of MINOCA has been made this should trigger a search 

for the underlying cause. Failure to do so may result in “inadequate and inappropriate” 

therapy(3). Clinical acumen is not enough to make a diagnosis and the presence 

of non-obstructive coronary arteries does not mean the patient has not had a 

myocardial infarction. CMR has evolved as an excellent test for the investigation 

of these patients and is an ESC class IB recommendation in the work-up of 
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MINOCA(4). This is highlighted by two papers. Firstly, Pathik et al showed only a 

52% concordance between a panel of consultants blinded to the CMR result and 

the subsequent CMR diagnosis (16).  Secondly, Dastidar et al showed CMR led to a 

new diagnosis in 54% and a change in management in 41% (17) compared to 

clinical acumen alone. The diagnosis that the consultant panel most struggled 

with was acute myocardial infarction which, in terms of prognosis and 

therapeutics, is the most important diagnosis to make.   

CMR has emerged as the preferred imaging modality in MINOCA due to its 

ability to accurately identify regional wall motion abnormalities and presence and 

pattern of oedema and myocardial scar/fibrosis. Newer techniques such as 

feature tracking, T1 and T2 mapping sequences can be added to allow more 

detailed diagnostics and increase sensitivity and specificity(18-20). CMR can 

establish the diagnosis in around 79% of patients when performed within 6 weeks 

of the MI. Typical causes identified included myocarditis (38%), myocardial 

infarction (24%) and TS (16%) (8) but the frequency of each vary with the 

inclusion criteria of each study. Determining a precise diagnosis allows treatment 

of the underlying condition. It could also lead to appropriate changes in clinical 

management, such as stopping (or starting) anti-ischaemic therapies, initiating 

subsequent further diagnostic investigations and altering follow up arrangements. 

A cardiac MRI led diagnosis can modify medical therapy in 32% of patients when 

compared to standard care (21).  A robust diagnosis can also allow for more 

specific risk stratification and prognostication and can identify complications 

which can be missed by other imaging modalities, notwithstanding the 

psychological benefit to the patient of having a ‘diagnosis’.  

The ESC does not mandate when CMR should be performed in MINOCA, 

however there may be significant benefit in performing CMR early due to a fall in 

the diagnostic pick up rate from 82% to 54% when CMR was performed more 

than 2 weeks after the myocardial infarction (17, 22). There is also a more general 

trend of higher diagnostic yield when MRI is performed early – for example 77-

87% diagnostic yield when CMR performed within 1-6 days (16, 21, 23) compared 
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to a yield of 65% when performed up to 3 months after presentation (24). This 

appears to be driven by a decrease in the rate of diagnosis of TS and acute 

myocarditis. Furthermore, in a sub-group analysis of patients with myocarditis, 

high T2 signal (indicating oedema) and gadolinium enhancement (representing 

scar/fibrosis) was detected in 81% and 100% of patients with suspected 

myocarditis respectively if the scan was performed within 2 weeks, but only 11% 

and 76% respectively of scans performed after this time (25).  

1.2.1 CMR VALIDATION IN MINOCA 

 The three most common aetiologies for MINOCA and the expected CMR 

findings will be described below. 

1.2.1.1 Myocardial Infarction 

 This is a broad cohort of patients who have CMR evidence of 

subendocardial or transmural late gadolinium enhancement (LGE) in a typical 

coronary artery territory distribution (Error! Reference source not found.). The a

etiology may represent plaque disruption(26, 27), epicardial coronary 

vasospasm(28), coronary microvascular dysfunction, coronary 

embolus/thrombosis, spontaneous coronary artery dissection or supply-demand 

mismatch(14).  

  The presence of myocardial oedema allows timing of the infarct as during 

acute myocardial ischaemia, myocardial oedema can be delineated with T2-

weighted imaging. This cohort is important to identify because this diagnosis has 

important diagnostic and therapeutic implications as they are usually managed 

with antiplatelet medications and secondary prevention therapies. 

1.2.1.2 Myocarditis 

 Myocarditis is simply inflammation of the myocardial tissue. The most 

common causes of myocarditis are viral infection, immune-mediated diseases, 

endocrine disorders, drugs and toxins. It can be identified on CMR using the Lake-

Louise criteria to examine the presence and pattern of late gadolinium 
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distribution, hyperaemia and oedema (Table 2) (29). The Lake Louise criteria were 

subsequently updated in 2018 (30) to include the use of myocardial T1 and T2 

relaxation times as diagnostic criteria. As our study largely did not include 

mapping as originally planned due to a scanner software malfunction 2 months 

into recruitment, the original Lake Louise criteria are shown below and were used 

in our study.  

Table 2 Lake Louise Criteria 

In the setting of clinically suspected myocarditis, CMR findings are consistent with 

myocardial inflammation, if at least 2 of the following criteria are present: 

• Regional or global signal intensity increase of ≥2.0 on T2 weighted 
images 

• Increased global myocardial early gadolinium enhancement ratio 
between myocardium and skeletal muscle of ≥4.0 in gadolinium-
enhanced T1-weighted images. 

• There is at least 1 focal lesion with nonischemic regional distribution in 
inversion recovery-prepared gadolinium-enhanced T1-weighted 
images (“late gadolinium enhancement”). 

Supportive Criteria 

• Pericardial effusion on cine CMR images. 
• Systolic LV wall motion abnormality in cine CMR images.  

 

 The pattern of late gadolinium enhancement is typically epicardial, in the 

mid-wall, patchy or transmural. Oedema, appearing as an area of high-signal 

intensity in T2-weighted images, can be regional or global.  The 2013 ESC Task 

Force on myocarditis (31) recommend CMR in the evaluation of myocarditis.  

 Many studies have validated the diagnostic accuracy of cardiac MRI 

compared to the historical ‘gold-standard’ of endomyocardial biopsy and clinical 

criteria. There is good diagnostic accuracy of CMR of 79% in acute myocarditis, 

with a sensitivity and specificity of 81% and 71% respectively using T1 weighted 

imaging before and after contrast and T2 imaging (32, 33). In acute myocarditis 

(which will comprise all the patients in this study) diagnostic sensitivity and 
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specificity of the Lake Louise criteria against clinical parameters has been 

reported at between 82%-76% and 98%-96% respectively (18, 34).  Novel 

techniques, such as tissue characterisation techniques and extra-cellular volume 

(ECV) quantification further improve the diagnostic accuracy (18, 35-38).  These 

new techniques have also been successfully validated against endomyocardial 

biopsy(38).   

 Finally, global longitudinal strain analysis may give further diagnostic 

benefit in acute myocarditis as strain measurement by feature tracking has been 

shown to be impaired despite normal ejection fraction (39). Feature tracking 

using CMR can be done offline using the existing cine images. It relies on 

measurement of the degree of myocardial deformation from its original length to 

its final length, expressed as a percentage (i.e. the longitudinal shortening of the 

ventricle from base to apex during the cardiac cycle)(40).  By combining strain, 

native T1 and T2 mapping techniques diagnostic accuracy could be increased to 

96% without the need for contrast (18). Combining strain and T2 mapping was 

also shown to be a highly accurate way of diagnosis acute myocarditis (41).  

 The evolution of myocarditis on CMR was first shown by Friedrich in 1998. 

Using contrast enhanced T1 weighted images, the inflammatory process appeared 

to spread from a focal area to a more disseminated process over the first 2 weeks 

after disease onset (42). More recently many studies have shown the gradual 

reduction in oedema with time. For example, repeat CMR at a median time of 76 

days following presentation showed T2 signal in only 39% of patients compared to 

84% at presentation (25). In another study, 86% of myocarditis patients showed 

complete resolution of oedema at 106 days with 36% showing late gadolinium, 

whereas at 350 days there was no oedema and only 1 patient had late gadolinium 

(23). Similar results have been shown using more novel techniques; native T1, T2 

and ECV volumes decrease from the acute stage over 3-12 months (43). This again 

highlights the diagnostic value in early CMR imaging.  
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1.2.1.3 Takotsubo Syndrome 

 TS is characterised by acute, reversible left ventricular (LV) dysfunction in 

the absence of significant explanatory coronary disease and is usually triggered by 

acute emotional or physical stress. It is usually associated with acute ECG changes 

and cardiac troponin elevation. Formal diagnostic criteria have been proposed 

(International Takotsubo Diagnostic Criteria) (44). CMR will typically demonstrate 

a combination of regional wall motion abnormalities (RWMAs) on cine imaging, 

high T2 signal (oedema), and the absence of late gadolinium enhancement 

(myocardial scar/fibrosis) (45). 

 The cause is not precisely understood and is likely to be multifactorial (46). 

There is a heart-brain connection which contributes to the pathophysiology of TS 

as will be discussed later. The condition usually affects post-menopausal women 

but almost anyone can be affected. CMR has added value over echocardiography 

due to its higher spatial resolution, 3D image acquisition and myocardial tissue 

characterisation. It is also better at identifying complications (such as thrombi 

which are seen in 2-8% of cases) and assessing the right ventricle which is 

involved up to 48% of the time (47). CMR allows detection of myocardial oedema 

and myocardial fibrosis (not usually present in TS – although a small focal or 

patchy area can be seen using a threshold of 3 SDs above mean signal intensity 

(45)) allowing differentiation between myocarditis and ischaemic causes. It is 

thought up to 7% of patients who are presumed to have had an MI actually have 

TS (48). Sequential scans allow accurate documentation of the resolution of LV 

systolic impairment and regional wall motion abnormalities which is one of the 

key diagnostic criteria. The ventricular function usually returns to normal by 12 

weeks (49). Urgent inpatient scanning is essential as recovery of function can be 

faster; CMR at presentation showed significantly reduced ejection fraction (37% ± 

6%) but by discharge this had normalised (58% ± 6%) (50) meaning this important 

diagnosis could be missed if imaging is delayed. The ESC taskforce recommend 

scanning all patients with TS within 7 days (49).  However, novel CMR techniques 



Chapter 1 Introduction 

 9 

have suggested that TS is not truly fully reversible. 12 months after presentation 

with TS there are still parameters of reduced global longitudinal strain and 

elevated whole heart native T1 values(51). 

 The primary aim of this thesis is to address the heart brain interaction in 

patients presenting with MINOCA and so to facilitate that I will discuss the theory 

behind brain imaging before going on to discuss the current literature on the 

heart-brain interaction.  

1.3 BRAIN MRI FOR THE CARDIOLOGIST 

 Brain MRI, including functional brain MRI (fMRI), is a widely used, non-

invasive method to study the anatomy and function of the brain in health and 

pathology.  Analysis of the brain in our study will focus on structural (anatomical) 

analysis or functional (connectivity) analysis. The methods for conducting the 

analyses described below will be described in full in chapter 2.  

1.3.1 ANATOMICAL IMAGING 

  Disease processes in the brain can result in cell loss which manifests as 

atrophy. Automated techniques to quantify these changes have been developed. 

Voxel-based morphometry (VBM) is a key technique which is applied using 

parametric mapping by neuroscientists to assess macroscopic grey matter 

differences between individuals (see Chapter 2 for the methods). It allows 

recognition of changes in anatomy before overt cortical atrophy is observed. Very 

simply, it requires T1-weighted volumetric MRI scans of the brain and after pre-

processing it performs t-tests across all voxels in the brain to identify differences 

in grey matter volume between groups. Regression analysis can be applied across 

all the voxels to assess variables which correlate with grey matter volume. This 

method has been applied to a number of pathologies (including 

neurodegenerative disease(52), schizophrenia(53) and movement disorders(54), 

with good correlation with previous methods of manual measurement(55, 56). 

For the purposes of our study, we investigated whether patients with MINOCA 

had grey matter loss which predisposed them to developing this condition.  
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1.3.2 FUNCTIONAL BRAIN IMAGING 

 A simple understanding of the image acquistion process and the 

commonly used terminology is helpful for any cardiologist who is hoping to 

understand the literature in this area.  

1.3.2.1 Technique 

 Functional magnetic resonance imaging (fMRI) utilises the magnetic 

properties of haemoglobin to look at variations in brain metabolism over time in 

different anatomical regions. Areas of the brain that are metabolically active 

utilise energy in the form of adenosine triphosphate (ATP) and this changes the 

regional cerebral metabolic rate of oxygen. Fully oxygenated haemoglobin signal 

is indistinguishable from brain tissue signal, but deoxygenated haemoglobin is 

strongly paramagnetic.  Specific blood oxygen level dependent (BOLD) sequences 

can detect these changes in signal and are used to infer metabolic activity in a 

region. fMRI can be used to assess task-induced regional changes or simply used 

to evaluate resting state connectivity(57). Resting state analysis focuses on 

spontaneous variations in BOLD signal while at rest which reflects the intrinsic 

activity of the brain.  

 fMRI can be performed on 1.5- or 3-Tesla scanners, take minutes to 

acquire, are well tolerated by patients and do not require contrast administration 

which means they are relatively cheap and are possible on almost all MRI 

scanners.  

1.3.2.2 Graph Theory 

 Once the data has been acquired it needs to be meaningfully and 

reproducibly interpreted. Pre-processing occurs before statistical analysis can 

begin (see methods). The mathematical study of networks, otherwise known as 

graph theory, forms the basis of one of the most common methods of complex 

network analysis. The founding principle of graph theory is that the behaviour of 

very large, complex systems (such as the brain, or social networks) share 

macroscopic patterns despite profound microscopic differences in structure and 
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interaction(58). These patterns can be quantified and studied. Examples of 

macroscopic behaviours include ‘small worldness’, ‘modularity’ and ‘centrality’ 

(Table 3).  

 The brain is of course extremely complex but for the purposes of network 

analysis it can be broken down into neurones or brain regions (nodes) which are 

connected to each other via functional or anatomical connections (edges). 

Anatomical connections are typically synapses or axonal projections between two 

nodes. Functional connections represent two nodes which may not be 

anatomically connected but demonstrate temporal correlations in their BOLD 

activity which infers they are connected.  Edges can be weighted whereby the 

edge carries information on the strength of the association, or unweighted, 

whereby there simply is or is not a connection.  Edges can also be directed, 

meaning one node influences another node but not the other way around, or 

undirected, where there is no information on the directionality of the connection.  

Following statistical analysis, adjacency matrices can be created and are 

presented as tables with rows and columns representing nodes and the matrix 

representing the edges(59). These matrices can then be compared between 

groups (i.e. exposed or unexposed groups) or longitudinally (paired data analysed 

over time). To put this into a more digestible context using the social network 

example, nodes represent people and edges represent friendships. Network 

measures represent quantitative measurements of how the social network 

functions.  

1.3.2.3 Network Measures 

 Network measures are the statistical representations of brain networks 

which allow us to quantify global and regional networks (58). Table 3 summarises 

the key network measures. Comparisons of these network measures across 

populations or diseases may highlight differences in connectivity in different brain 

pathologies(60).  
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Table 3 Graph theory terminology in the context of fMRI 

Term Definition Function 
Node degree The number of connections an 

individual node has 
A measure of centrality. The 
most fundamental of network 
measures. Reflects the 
importance of a node in a 
network. 

Degree distribution The degrees of all the network’s 
nodes 

Marker of network development 
and resilience.  

Path length The minimum number of edges 
between nodes 

Efficiency is inversely related to 
path length.  

Segregation The ability for specialised 
processing to occur within densely 
interconnected groups of brain 
regions. 

A measure of the presence of 
clusters or modules within the 
network.  

Integration The ability to rapidly combine 
specialised information from 
distributed brain regions. 
 

A measure of the ease at which 
distinct brain regions 
communicate – dependent on 
paths. Shorter paths suggest 
greater integration.  

Clustering 
coefficient 

A measure of the number of 
connections between nearest 
neighbours of a node as a 
proportion of the maximum 
number of possible connections. 

Random networks demonstrate 
low average clustering whereas 
complex networks have high 
clustering (local efficiency and 
high resilience).  

Hub A node with a high degree Nodes with high degrees are 
essential for efficient 
communication.  

Centrality A measure of how many of the 
shortest path between other node 
pairs in the network pass through 
it. 

High centrality is key to efficient 
communication 

Resilience A measure of the structural 
integrity of the network following 
deletion of nodes or edges. 

A measure of how compromised 
a network becomes with 
disruption (e.g. an insult such as 
Alzheimer’s or a stroke).  

Global efficiency The average inverse shortest path 
length 

Measure of efficiency and 
integration. Short mean path 
lengths have a high global 
efficiency and suggests high 
integration. 

Modularity The degree to which nodes are 
connected within groups and not 
between groups.  

A measure of segregation.  

Small world 
propensity 

A measure of the extent a network 
has small world characteristics.  

Networks with small world 
characteristics have high local 
clustering amongst nodes but 
short path lengths due to the 
presence of long-range paths to 
distant nodes. These networks 
are highly segregated and 
integrated.  
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Our study will focus on three of the key network measures, global efficiency (as 

this can be applied on unconnected functional networks like ours), modularity and 

small world propensity.   

1.3.2.4 Atlases 

 Automated anatomical labelling of brain activations (AAL) is a commonly 

used method to parcellate the brain into distinct regions of interest thus creating 

an ‘anatomical atlas’ onto which any brain can be mapped onto (61).  These 

anatomical regions can then define the ‘nodes’ used in the data analysis. This 

atlas can be used to conduct whole brain analysis or specific, pre-defined regions 

of interest. The AAL atlas consists of 116 individual regions of interest, or 90 if the 

cerebellum is excluded(61). Coordinates of brain regions generated from the 

statistical analyses can also be applied to atlases to identify the anatomical brain 

regions involved.  

1.3.2.5 Resting state brain networks 

 Several resting state brain networks of interest have been identified by 

prior neuroimaging studies as being abnormal in patients with TS and thus are of 

interest to our study. These include the default mode network(62), central 

autonomic network(62), salience network(63) and the central executive 

network(63, 64).  The anatomical components of these functional networks will 

be included in our region of interest analyses and are described in Methods.   

 Resting state networks are active at rest rather than during active tasks. 

The default mode network is active during wakeful rest and has importance in 

thinking about oneself and others, mind-wandering, remembering the past and 

planning for the future(65). The central autonomic network influences the activity 

of the preganglionic neurons of the autonomic nervous system.   The salience 

network is involved in complex functions including communication and self-

awareness(66) and the central executive network which is involved in sustained 

attention, problem-solving and reasoning(67).  



Chapter 1 Introduction 

 14 

1.3.3  SUMMARY 

 Therefore by putting together all the information that has been 

summarised so far we can quantitatively measure differences in the anatomy or 

connectivity of brain regions/networks which have plausble mechanisms for 

affecting the heart using the pathways described in 1.4.2. This study will use these 

techniques to quantify brain and cardiac changes in patients presenting with 

MINOCA. 

1.4 THE HEART-BRAIN INTERACTION IN MINOCA 

1.4.1 WHY IS IT IMPORTANT?  

 The heart must provide the body with the necessary oxygen and nutrients 

it requires to function. It must be able to respond to the specific needs of the 

body in a range of different physiological scenarios.  On its own, the intrinsic 

automaticity of the heart would have a pacing rate of 100 bpm which is not 

physiologically appropriate most of the time(68). As a result, the human body has 

complex neural and endocrine mechanisms which influence and manipulate 

cardiac function. These mechanisms are primarily coordinated in the brain. 

Pathological or physiological changes in these complex mechanisms can lead to 

cardiac pathologies. In addition, pathologies which primarily affect the heart can 

influence the brain.  This connection between the heart and the brain was first 

theorized 350 years ago by William Harvey (69) and this link has subsequently 

been implicated in a multitude of cardiovascular pathologies including coronary 

atherosclerotic disease (70, 71), stroke (72), heart failure (73), atrial 

fibrillation(74), hypertension (75) and many more. In response to this,  the World 

Stroke Organisation Brain and Heart Task Force was created to highlight the 

growing importance of a potential new sub-speciality, neurocardiology (76). 

 It should be noted that the connection between the heart and the brain is 

bidirectional: the heart can affect the brain (such as embolic stroke, patent 

foramen ovale’s (PFO’s) association with migraines, ACS/heart failure and 
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increased risk of dementia etc) and the brain affects the heart (e.g. neurogenic 

heart disease)(77). This thesis will focus on the brain’s affects on the heart.  

 The brain can exert beat-to-beat control over the heart. According to 

Palma et al (78) the anterior insula, anterior cingulate cortex, amygdala, 

hypothalamus, periaqueductal gray matter, parabrachial nucleus and the medulla 

exert this control via the autonomic nervous system. Many of these brain regions 

also process emotional behaviours, stress responses and homeostatic 

mechanisms which is relevant in several disease states.  In addition, the intrinsic 

cardiac nervous system is controlled by the extrinsic autonomic nervous system. 

We need to understand how these systems work to understand how the brain 

and heart interact.  

1.4.2 THE AUTONOMIC NERVOUS SYSTEM 

 The ANS comprises the sympathetic (SNS) and parasympathetic nervous 

systems (PSNS) and is characterised by a preganglionic and a postganglionic 

neuron unlike the single neuron used in the somatic nervous system.   

1.4.2.1 Sympathetic Nervous System 

 Cardiac sympathetic innervation originates in the C3-T3 segments of the 

spinal cord (interomediolateral cell columns) and it receives excitatory inputs 

from the rostral ventrolateral medulla (RVLM) in the brain.  Several regions of the 

brain, including the insular cortex, anterior cingulate cortex and the amygdala 

project to the medullary and spinal nuclei. The neurons in the RVLM activate in 

response to psychological stress and pain amongst others. These cholinergic pre-

ganglionic neurons of the spinal cord activate adrenergic neurons of the 

paravertebral sympathetic ganglia which project axons to the heart(79). 

Sympathetic and parasympathetic nerves are concentrated towards the base of 

the heart rather than the apex (76). The receptors of the SNS are either b or a 

adrenergic receptors. In the heart there are two main receptors: b1 and b2.  b1 

receptors are located in the SA node, AV node and on cardiomyocytes. b2 

receptors are located in vascular smooth muscle and the coronary circulation and 
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are mainly stimulated by systemic circulating catecholamines(68). Activation of b1 

receptors increases the heart rate by increasing SA node automatism, speed of 

conduction through the AV node and His/Purkinje system and shortening diastole. 

It also has positively inotropic effects on the cardiomyocytes. Thus, there is a well-

established pathway for external emotional and physical triggers to modulate the 

nervous control of the heart.  

 In addition, the SNS has pre-ganglionic fibres which extend to the adrenal 

medulla and directly innervate adrenal chromaffin cells to release adrenaline and 

noradrenaline, and to the kidneys to stimulate the release of dopamine. These 

systemic catecholamines can also directly stimulate the adrenoreceptors located 

in the heart and vasculature(68). 

1.4.2.2 Parasympathetic Nervous System 

  Parasympathetic control of the heart is via the vagus nerve. Preganglionic 

cholinergic neurons of the nucleus ambiguus in the medulla (and less so in the 

dorsal motor nucleus of the vagus) send axons to the cardiac ganglia(80, 81). 

From there they synapse with muscarinic receptors which are activated by the 

neurotransmitter acetylcholine. The sinoatrial and atrioventricular node, atria and 

ventricular conducting system are well innervated whereas the myocardium is 

relatively spared. The muscarinic receptors found in the heart are M2 and M3. M2 

receptors are mainly located in the AV node and atria and when they are 

activated, they have the opposite effects of b1 receptors on heart rate.  M3 are 

mainly in the vascular endothelium and their activation leads to vasodilatation 

(68).  In the resting state, parasympathetic inputs predominate over sympathetic.  

1.4.2.3 Hypothalamic-pituitary-adrenal axis    

 The hypothalamic-pituitary-adrenal (HPA) axis consists of the 

hypothalamus, pituitary and adrenal endocrine glands. The hypothalamic 

paraventricular nucleus (PVN) is the control centre of the HPA axis and secretes 

corticotropin releasing hormone which stimulates the anterior lobe of the 

pituitary gland to secrete adrenocorticotropic hormone (ACTH) amongst others. 

In response to ACTH the adrenal cortex secretes glucocorticoid steroid hormones 
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such as cortisol(68). These stress hormones have diffuse effects on the human 

body and the cardiac response to stress is a key research area. 

1.4.2.4 Higher brain control of efferent autonomic function 

 As briefly mentioned in section 1.4.2.1, the insular cortex, anterior 

cingulate cortex, amygdala and several hypothalamic nuclei regulate autonomic 

control(78). The function of these regions are complex. 

  The rostroventral insular cortex is closely linked with the anterior 

cingulate cortex and amygdala and together they receive, process and respond to 

afferent signals which are key in emotional processing(82). The anterior cingulate 

cortex also has extensive connections and is part of the default mode network 

(ventral anterior cingulate cortex) which is active at rest, and the salience network 

(dorsal anterior cingulate cortex) which is involved in cognitive processes (83, 84). 

The amygdala is central to the brain’s response to fearful stimuli and it has 

sympathoexcitatory effect on the RVLM in response to fear driving the body’s 

autonomic response(85). In addition, the orbitofrontal cortex and ventromedial 

prefrontal cortices are interconnected with the amygdala and exert an inhibitory 

effect and modulate the individual response to fearful stimuli(86, 87). Finally, the 

hypothalamus has direct and indirect projections to the RVLM, inferomediolateral 

cell columns and dorsal motor nucleus of the vagus and so is in a key position to 

modulate the autonomic response of the heart in response to its extensive 

sensory inputs(88, 89).  

 Knowledge of these complex interactions is crucial for understanding the 

pathophysiological processes which may affect the heart but also for the potential 

development of novel therapies. The next section will now review the current 

neuroimaging literature in relation to cardiac pathology. For the purposes of this 

thesis, I will only consider the brain’s effect on the heart in patients with 

myocardial infarction and takotsubo cardiomyopathy (there have been no 

imaging studies looking at patients with acute myocarditis). I will focus on human 
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neuroimaging studies examining the anatomical and functional connections 

between the brain and the heart as this has the most relevance to this thesis.  

1.5 BRAIN-HEART INTERACTION 

1.5.1 MYOCARDIAL INFARCTION 

 Negative emotions such as stress, sadness, anger and anxiety can 

independently increase the risk of major adverse cardiovascular events (MACE) 

(90-93). Elevated risk of MI has been documented in the minutes to hours 

following episodes of anger, anxiety and depressed mood (94). Myocardial 

infarctions are more likely on a Monday which is typically the start of the working 

week and when stress levels are at their highest(95). Stress is perhaps the best-

known neurological risk factor for cardiac disease(96) with a risk similar to 

established cardiovascular risk factors. However, the mechanisms underlying 

these associations are only starting to become understood.  There are very 

limited neuroimaging studies to date, and these are PET/CT studies which focus 

on how stress modulates the risk of MI. There are no neuroimaging studies 

assessing patients with major depressive disorder or anxiety prior to myocardial 

infarction despite this being a recognised independent risk factor.  

 There are several plausible explanations for how stress contributes to 

MACE. Mental stress can induce ischaemia due to the increase in afterload due to 

peripheral vasoconstriction(92). However, the most convincing arguments involve 

its effect on inflammation and the vascular endothelium. Mental stress can 

rapidly increase circulating adrenaline and noradrenaline, and this has been 

shown to induce endothelial dysfunction which is an important predictor of 

atherosclerosis (97). Activation of the SNS due to stress causes a systemic 

inflammatory response increasing circulating inflammatory biomarkers including 

IL-6, MCP-1 and MMP-9 (98, 99).  Thirdly, direct inhibition of nitric oxide has been 

shown in depressed patients(100) and this also has the potential to cause 

endothelial dysfunction. Fourthly, it has been shown that patients with an 

emotional trigger prior to their myocardial infarction demonstrated heightened 
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platelet activation which could increase the chances of a thrombotic event(101). 

A recent seminal neuroimaging study suggested that resting amygdala activity 

may predispose to adverse cardiovascular events(102). The amygdala is a key part 

of the salience network which is involved in cognition and emotion(103) and has 

previously been shown to be upregulated in stress, anxiety and depressive 

disorders (104). The study demonstrated that for each 1 standard deviation (SD) 

increase in resting amygdala activity on 18 F-FDG PET/CT imaging the risk of an 

atherosclerotic major adverse cardiovascular event increased by 1.59 (1.27-1.98, 

p<0.001)(102) and these events occurred sooner than those with lower activity 

and independently of established cardiovascular risk factors.  Amygdala activity 

also correlated with arterial 18F-FDG-uptake (a measure of arterial inflammation) 

and activity in the bone marrow and spleen. The authors undertook a serial two-

mediator analysis which was consistent with a pathway of increased amygdala 

activity leading to increased haematopoiesis in the bone marrow and spleen, 

subsequent arterial inflammation and therefore increased major cardiovascular 

events.   

 Further to this, the same group investigated socioeconomic class as a 

marker of stress. Lower socioeconomic class is known to be associated with MACE 

and this is not all solely down to the higher risk profile of these patients and their 

reduced interaction or access to healthcare professionals(105).  Low 

socioeconomic class is associated with increased psychosocial stress(106, 107). 

The stress response is controlled by the SNS of which the amygdala is also key 

central component. SNS activation induces stress-induced leukopoiesis which 

drives atherosclerotic inflammation(108) which increases cardiovascular risk and 

the chance of myocardial infarction(102, 109).  Metabolic activity in the amygdala, 

bone marrow and arterial walls was quantified in a retrospective observational 

study of 289 individuals with lower socioeconomic status in the USA(110). They 

demonstrated that for every SD increase in neighbourhood median income there 

was a 0.156-SD decrease in amygdala activity and a resultant decrease in arterial 

inflammation despite correction for age, sex and cardiovascular risk factors. The 

lowest quartile of median neighbourhood income was also associated with 
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increased MACE with a HR of 6.31 (95% CI: 1.41 to 11.83; p = 0.016) when 

adjusted for CVD risk factors, and other confounders including health behaviours 

and obesity. Using mediation analysis, which is a statistical tool to explore the 

underlying mechanism of a known relationship, the authors showed for the first 

time that lower socioeconomic class was associated with increased amygdala 

activity which increased haematopoetic activity which increased arterial 

inflammation and increased MACE. In a separate cross-sectional substudy, the 

same authors demonstrated a strong correlation between the perceived stress 

scale (PSS-10) and amygdala activity, arterial inflammation and C-reactive 

protein(102). The salience and autonomic networks are therefore of particular 

interest in our study.  

 Most recently, increased brain emotional neural activity, as measured by 

amygdala activity on 18F-FDG-PET/CT, was associated with acute plaque instability 

via increased macrophage haematopoiesis and arterial inflammation(111). Plaque 

instability is a precursor to acute myocardial infarction. Reducing plaque 

inflammation was associated with reducing amygdala activity 6 months following 

presentation with myocardial infarction. Although cause and effect cannot be 

elucidated, it suggests that stress and emotional processing pathways which 

affect amygdala activity could potentially be modifiable factors in the future to 

help patients move from a high-risk plaque to more stable plaques.   

1.5.2 TAKOTSUBO SYNDROME 

 Takotsubo syndrome is preceded by an emotional or physical stressful 

trigger in more than 70% of cases (112).  This has led to an increasing amount of 

research into potential neural mechanisms of TS. The precise pathophysiology of 

the condition is not understood and is likely to be multifactorial (46). There are 

now a substantial number of neuroimaging studies implicating the autonomic 

nervous system as a key player.  

 The first report in 2014 measured cerebral blood flow (CBF) by SPECT, and 

showed increased flow in the subcortical brain regions (hippocampus, brainstem 
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and basal ganglia) in the acute phase of patients with TS that was triggered by a 

stressor(113).  These regions are involved in the acute stress response. There was 

reciprocal reduced CBF in the prefrontal cortex which is also seen in acute stress. 

The subcortical regions remained activated to a lesser degree in the chronic phase 

after resolution of the wall motion abnormality which may reflect ongoing stress 

in these patients or a pre-existing underlying vulnerability to stress. This first 

report was a very small study including 3 patients and it is not possible to 

ascertain cause and effect. The brain activation may simply represent a state of 

sympathetic activation but the persistence of these changes into the chronic 

phase may suggest there is a role for cognitive therapies in at risk populations or 

to prevent relapse.  

 Klein demonstrated that there are homogenous alterations across areas of 

the brain associated with emotional control, cognitive function and the central 

part of the autonomic nervous system which are predictive of TS (64). These are 

the same regions that are affected by common comorbidities such as depression 

and anxiety.  Hiestand performed MRI on twenty Caucasian female patients, a 

mean of 342 ± 274 days after a Takotsubo event, and 39 healthy female controls.  

They found decreased cortical thickness in both insulae and cingulate cortices in 

patients with previous TS together with reduced gray matter volume in the left 

and right amygdala and at the right amygdala/hippocampus border. These regions 

partly comprise the limbic network which is a region of the brain that is critical for 

emotional processing, cognition, and the autonomic nervous system (114). Most 

recently Dichtl used voxel-based morphometry (VBM) to quantify grey matter 

volume in patients with TS acutely. Amongst others, they demonstrated reduced 

grey matter volumes in the right insula, right and left thalamus, left cerebral 

cortex and left amygdala suggesting disruption of brain regions controlling the 

SNS (115).  

 There are several small studies using rs-fMRI to examine brain connectivity 

networks in TS. Resting state networks, including the DMN, are active at rest and 

are responsible for self-related thinking and cognition. Sabisz et al. investigated 
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thirteen women 12-18 months after a TS event and found that there were 

increased connections in the precuneus, a key component of the DMN. In 

addition, there was hypoconnectivity in the ventromedial prefrontal cortex which 

is responsible for emotional processing and control. They concluded that these 

changes may suggest that patients with TS have a greater focus on self, a greater 

tendency to experience negative affectivity and problems with emotional 

control(116). Hiestand showed in their earlier study that there was reduced 

connectivity in the limbic system in patients who had an episode of TS (117).  

Pereira showed that regions of the brain that are responsible for control of the 

autonomic nervous system (namely the insular cortex, amygdala and right 

hippocampus) respond differently to autonomic stressors (Valsalva manoeuvre) in 

individuals with a previous episode of TS compared to control patients(118). Silva 

et al also demonstrated increased connectivity in areas of the brain that are 

responsible for emotional and autonomic control. In response to a cold trigger 

stress there was increased connectivity in nodes located in the amygdala, left 

putamen, right insula and right cerebellum. They theorised that patients with 

previous TS have abnormal autonomic modulation in response to stress 

compared to healthy controls.  

 The most relevant contemporary study was conducted by Templin et al 

(62) and this merits closer analysis. Resting state functional MRI (rs-fMRI) was 

performed in 15 patients with previous TS and 39 age and gender-matched 

controls. They demonstrated reduced connectivity in the areas of the brain 

responsible for autonomic control, regulation of cardiac function, emotions, 

learning and memory compared to healthy controls. In addition, there was 

hypoconnectivity in the default mode network (DMN). They hypothesised that a 

triggering emotional event in people with this abnormal functional substrate leads 

to a more pessimistic evaluation of the event, increasing stress levels and 

subsequently adversely affecting the central autonomic nervous system which 

could lead to an exaggerated sympathetic response. However, as with many of 

the studies described, it is important to note that participants were scanned a 

median of 378 days (interquartile range: 116-564 days) after the diagnosis was 
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made. This delay to brain imaging means that any acute changes associated with 

the acute, reversible presentation of takotsubo cardiomyopathy would be missed. 

In addition, the control group only included normal patients so it seems plausible 

that the functional changes seen may represent changes that developed after any 

stressful event. It would have been interesting to compare the TS group with a 

control group who had another stressful event. It is also relevant to note some of 

the inconsistencies from these studies. For example, the Silva study demonstrated 

increased connectivity in a subnetwork of the autonomic nervous system and 

salience network including the left hippocampus, left ACC, left inferior frontal 

cortex and superior temporal cortex. They did not demonstrate reduced 

connectivity in any network.  However, the majority of the other studies 

demonstrated reduced connectivity in networks involving these nodes. These 

inconsistencies are not uncommon in neuroimaging studies and are likely to 

reflect relatively small numbers in each study, retrospective design (and 

subsequent bias), different methodology, acquisitions and analytical techniques 

and heterogeneity in the study population. 

 Furthermore, a 18F-FDG-PET imaging study showed that higher amygdala 

activity was associated with greater odds of developing TS but also those with 

higher activity developed TS ~2 years before those with lower amygdala 

activity(119). This demonstrates that increased amygdala activity predates the 

onset of TS rather than being a consequence of it. 

 Marijuana use has recently been linked to TS in a number of case reports 

and as an independent risk factor (120). The endocannabinoid and emotional 

processing systems largely overlap (hypothalamus, hippocampus, amygdala and 

prefrontal cortex). It has been proposed that exogenous cannabis use may lower 

the threshold for HPA axis activation during stressful events by affecting the 

inhibitory influences within the amygdala. This has been shown in cannabis users 

without takotsubo cardiomyopathy(120) but, given the small numbers involved, 

high quality evidence is lacking in this area. In addition, marijuana use is strongly 

associated with underlying stress and mental health disorders, and this is a clear 
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confounder in this cohort. Nevertheless, it is another piece of evidence 

highlighting potential links between the heart and the brain in TS.  

 A unifying hypothesis that has been put forward which could link these 

results would be that chronically elevated stress levels lead to chronically elevated 

neural activity in autonomic and emotional processing pathways which 

predisposes these individuals to an exaggerated neurophysiological response to a 

stressor(121). However, all of these studies are limited by their small sample size, 

retrospective design and, in most cases, long interval between diagnosis and 

scanning. It is not possible to ascertain a causal relationship between the two or 

decipher which event precedes the other, with the exception of using mediation 

analysis. Despite this there is now a growing body of evidence which suggests that 

TS may be a primary neurological condition with remote cardiac effects.   

1.5.2.1 Stroke and Takotsubo Syndrome 

 Subarachnoid haemorrhage (SAH) is the most common neurological 

disorder associated with myocardial injury. One study suggested that up to 68% of 

patients presenting with SAH had detectable cardiac troponin I release and 99% 

of patients with elevated cardiac troponin had either abnormal clinical 

examination, abnormal ECG or RWMA on cardiac imaging. The degree of troponin 

release correlated with markers of severity of the neurological insult and the peak 

troponin was associated with severe disability or death at discharge(122). It has 

been postulated that these changes reflect a stress cardiomyopathy caused by 

catecholamine surges aimed to relieve the fall in cerebral perfusion pressure due 

to the raised intracranial pressure or a direct effect on the cardiac control centres 

in the brain. Classical contraction band necrosis, seen in extreme sympathetic 

discharge and in TS, is also seen in neurogenic stress cardiomyopathy suggesting a 

similar underlying process.  The phenotype of neurocardiogenic stress 

cardiomyopathy (or neurocardiogenic stunned myocardium) is different to that of 

traditional apical TS in that the pattern of RWMA is more often basal or mid wall 

compared with the traditional apical RWMA seen in classical TS (123). It is also 

more likely to affect males, have a lower peak troponin, present without ST 
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elevation, have a higher ejection fraction at presentation and have a higher 

inpatient mortality(124, 125). This has led to these conditions being referred to as 

‘takotsubo phenocopies’ or ‘secondary stress cardiomyopathies’ as although the 

pathophysiological mechanisms are similar, they appear to have difference clinical 

presentations and outcomes(126). The proinflammatory state following damage 

to the neuronal and glial cells in ischaemic and haemorrhagic stroke can directly 

stimulate the hypothalamus to increased sympathetic activity and circulating 

catecholamines(127).   

 The insula is a key region of cerebral cortex located in each hemisphere in 

the lateral sulcus separating the temporal lobe from the parietal and frontal 

lobes. It is densely interconnected and is thought to be a key component of the 

central autonomic network (CAN) and in emotional control(128). This is the 

network responsible for the control of the sympathetic nervous system and thus 

the catecholamine release which is the favoured cause for TS.  It is supplied by the 

middle cerebral arteries and as such is at particular increased risk of the 

consequences of cerebrovascular disease. In a sample of 50 patients who had an 

unexplained troponin rise following an acute ischaemic stroke, infarcts in the right 

insula (posterior, superior and medial aspects) and the right inferior parietal 

lobule were particularly associated with troponin elevation (129). Damage to the 

insular cortex has been associated with myocardial injury, increasing BNP levels 

and takotsubo syndrome(128, 130). Ischaemic stroke affecting the right insular 

cortex and peri-insular areas were more commonly detected in patients with a 

takotsubo like myocardial dysfunction on echocardiography(131). The right insular 

cortex appears to be implicated particularly in sympathetic autonomic tone, 

whereas the left insular cortex more with parasympathetic autonomic tone(132).  

1.5.3 DEPRESSION AND ANXIETY 

 There are no neuroimaging studies in humans which look at the link 

between the brain and the heart in depression or anxiety and myocardial 

infarction. There are, however, multiple rs-fMRI studies in people with anxiety 

and depression. People with major depressive disorder have evidence of 
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hypoconnectivity in the central executive network(133), limbic network (including 

the amygdala, OFC and hippocampus), salience network(134) and 

hyperconnectivity in the default mode network(135). Major depressive disorder is 

also associated with increased global efficiency and reduced modularity 

suggesting that these patients have a more random arrangement of brain 

topology rather than small world features which reflects less optimal brain 

organisation(136).  Depression is also associated with reduced orbitofrontal 

cortex, hippocampal and insula grey matter volume (amongst other regions) 

which could also feasibly affect the functioning of the ANS (137).  

 Patients with generalised anxiety disorder may have heightened activation 

of the amygdala and aberrant connections between the amygdala and the 

prefrontal cortex(138). There is also evidence for lower global efficiency in 

patients with generalised anxiety disorder(139) .  Therefore, it is quite plausible 

that patients with high depression or anxiety scores or a history of depression or 

anxiety would have brain changes which could modulate the risk of myocardial 

infarction, and this warrants investigation.   

1.6  UNANSWERED QUESTIONS 

 There is huge scope for research in this field. Much of the work carried out 

so far is interesting but only hypothesis generating. fMRI and PET are well 

established non-invasive investigations which could be used to assess brain 

structure, markers of neuroinflammation, cerebral blood flow and functional 

connectivity in patients with cardiac disease. Future studies need to be larger and 

prospective in design. Ideally patients would be recruited before developing 

cardiac or brain pathology and followed prospectively, but the relative 

infrequency of these conditions (particularly takotsubo cardiomyopathy) means 

cohorts would have to be prohibitively large. A compromise therefore of 

recruiting patients at presentation, following them up over time and comparing 

them to well defined age and sex-matched controls also undergoing an acute 

stressful event but who do not develop TS (not just healthy volunteers) is justified. 

Cohorts need to have robust diagnoses (including with CMR for takotsubo 
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cardiomyopathy, or CT or invasive angiography for myocardial infarction) to 

prevent mimics contaminating the data and diluting any small effects.  

 Given the described association between stress and inflammation, there is 

yet to be any significant neuroimaging work on the relationship between 

depression and anxiety and myocardial infarction. It is not unrealistic to think that 

the structural and function brain changes associated with these conditions will 

also impact on the autonomic nervous system and modulate arterial 

inflammation.  

 Furthermore, the clinical relevance of the heart-brain interaction in 

MINOCA is unknown, especially regarding TS. Most of the studies described are 

descriptive in nature, highlighting interesting findings which may have clinical 

significance. There is not yet any clinically relevant outcome data, such as 

associated morbidity and mortality related to patients who develop 

neuroinflammation or who have altered limbic system connectivity in their brain. 

As such there are no clinically relevant therapeutic options, be it pharmacological 

or psychological. Subsequent studies may evaluate the role of cognitive therapies 

in at risk cohorts or in patients with previous TS to see if this reduces the 

likelihood of repeat events.  

 This study aims to fill some of these knowledge gaps by investigating the 

MINOCA population acutely using a prospective cohort of patients. It will also aim 

to recruit sufficient participants to allow for meaningful subgroup analysis 

(including TS). Furthermore, our study will include patients presenting with an ST-

segment elevation myocardial infarction (STEMI) to ensure that any acute 

anatomical or connectivity changes seen are not simply secondary to a stressful 

cardiac event. Finally, for the first time, participants will be followed up with 

sequential cardiac and brain imaging to delineate changes between the acute and 

chronic phases of the condition.  
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1.7 STUDY AIMS, OBJECTIVES AND HYPOTHESES  

1.7.1 AIMS 

 The overall aim of the study is to comprehensively characterise the global 

and regional anatomical and functional brain changes in patients with MINOCA 

and how they evolve over time. 

1.7.2 OBJECTIVES AND HYPOTHESES 

 The objectives for each of our studies are described below. 

1.7.2.1 Chapter 3 

Objective 1: Quantify acute anatomical grey matter volume differences in 

MINOCA and to compare them with patients with an acute ST-elevation 

myocardial infarction (STEMI) and healthy control participants using whole brain 

voxel-based morphometry (VBM). 

Objective 2: Identify any associations between grey matter volume and cardiac 

and psychological variables.   

Hypothesis 1: there will be a reduction in grey matter volume in regions of the 

brain associated with the limbic and autonomic nervous systems in MINOCA 

compared to STEMI and healthy controls 

Hypothesis 2: there will be associations between measures of heart function, 

anxiety, stress and depression and grey matter volume in the MINOCA group and 

if present, these will be different to such associations in the STEMI and healthy 

control groups.  

Hypothesis 3: any differences/associations seen will also be present in a subgroup 

analysis comprising only patients with TS when compared to healthy and STEMI 

controls. 
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1.7.2.2 Chapter 4 

Objective 1: Characterise the differences in global network measures and network 

functional connectivity between MINOCA, STEMI and healthy participants, 

Objective 2: Correlate global network measures and network functional 

connectivity with measures of anxiety, depression, stress and global longitudinal 

strain (GLS-CMR) in MINOCA patients and in both control groups where a 

correlation is found in the MINOCA group.  

Objective 3: Conduct the same analysis as per objectives 1 and 2 in a subgroup of 

patients with TS 

Hypothesis 1: patients with MINOCA would have higher anxiety and stress scores 

than both control groups. 

Hypothesis 2: patients with MINOCA would have reduced global efficiency, 

modularity and small world propensity compared to control patients compared to 

both control groups.  

Hypothesis 3: anxiety, depression, stress and GLS-CMR would negatively correlate 

with global efficiency, modularity and small world propensity in MINOCA patients.  

Hypothesis 4: patients with MINOCA would have reduced connectivity on region 

of interest and whole brain network analysis in networks comprising the 

autonomic and limbic systems compared to both control groups.  

Hypothesis 5: anxiety, depression, stress and GLS-CMR would negatively correlate 

with whole brain and regional connectivity in MINOCA patients.  

Subgroup Analysis 

Hypothesis 6: patients with TS would have reduced global efficiency, modularity 

and small world propensity compared to both control groups 
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Hypothesis 7: patients with TS would have reduced connectivity in subnetworks 

involving the amygdala and autonomic nervous system compared to both control 

groups.  

1.7.2.3 Chapter 5 

Objective 1: Investigate if the changes in psychological state, grey matter volume 

or connectivity in MINOCA and TS patients at presentation are reversible at 6 

months. 

Hypothesis 1: patients with MINOCA would have higher anxiety and stress scores 

than both control groups 

Hypothesis 2: there will be no difference in grey matter volume in any region 

compared to MINOCA patients in the acute phase 

Hypothesis 3: there would be no change in the grey matter volume differences 

identified in the acute phase analysis compared to healthy controls.  

Hypothesis 4: there would be no change in the grey matter volume differences 

identified in the acute phase analysis between TS patients and healthy controls.  

Hypothesis 5: there would be no difference in global efficiency, modularity and 

small world propensity compared to the acute phase. 

Hypothesis 6: there would be no difference in the connectivity changes seen on 

the DMN and CEN analysis in the acute phase between MINOCA and control 

patients.  

Hypothesis 7: there would be no difference in the connectivity changes seen on 

the CEN and whole brain analysis in the acute phase between TS and control 

patients. 
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1.8 CONCLUSIONS 

 MINOCA is a working diagnosis and is typically characterised by 

participants with myocardial infarction, myocarditis and TS. They are more likely 

to have a history of anxiety, depression or previous psychological disorders but 

the reasons for this are not understood. CMR is a well-validated tool for 

identifying the diagnosis in these patients.  Brain MRI is non-invasive imaging 

technique which can be used to characterise anatomical and functional brain 

changes in these patients. A range of anatomical and connectivity differences 

have been shown in the autonomic nervous system as well as the regions involved 

in the regulation of emotions in patients with myocardial infarction and TS which 

provide clues to the underlying pathophysiology of these conditions. In this study 

we build on this work to help address several unanswered questions.  
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Chapter 2 METHODS 

 

2.1 STUDY DESIGN 

 A prospective, single centre, observational cohort study was undertaken at 

University Hospitals Bristol and Weston NHS Foundation Trust (UHBW). The study 

was sponsored by the University of Bristol and was approved by the Health 

Research Authority (HRA) on 24th August 2018. Confirmation of capacity and 

capability was received from UHBW on 8th January 2019 and recruitment started 

on 1st February 2019.  

 The study was funded by grants from the Rosetrees Trust (£15, 500), 

James Tudor Foundation (£15, 500) and Above and Beyond Charitable Trust (£18, 

517).  

2.2 STUDY REGISTRATION 

The study protocol was registered prospectively on a primary clinical trial 

registry (https://doi.org/10.1186/ISRCTN15878953).  

2.3 RESEARCH TEAM 

 Chiara Bucciarelli-Ducci (CBD) was the chief investigator for the study. 

Matthew Williams (MW) was the principal investigator (PI). MW was responsible 

for designing the study protocol and related documentation, completing funding 

applications, obtaining ethics and relevant local approvals, recruitment or 

participants, study oversight and interim review, data collection, data analysis and 

dissemination of results. Kate Liang (KL) and Estefania De Garate were cardiac MRI 

fellows in the department who assisted with patient recruitment. Ngoc Jade Thai 

(JT) was a principal investigator and supervised the design of the neuroimaging 

protocols and provided training for MW to analyse the brain data. Giovanni 
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Biglino (GB) provided statistical review of the protocol and advice on the study 

design.  

2.4 PATIENT AND PUBLIC INVOLVEMENT 

 During the design of the study protocol 5 patients with MINOCA or STEMI 

were approached on the ward (MW). They were asked to review the study 

protocol and comment on the patient information leaflets (PIL) and invitation 

letter, the demands of the study, give their opinion on whether the study was 

worthwhile and say whether they would have taken part in the study or not and 

why.  3/5 people (60%) said they would take part. All patients said the study was 

worthwhile and justified the time and expense. Minor changes were made to the 

language of the patient facing documents. The reasons given for not taking part in 

the study were both related to being unable to travel to UHBW, one patient did 

not have a car and the other patient lived too far away and had cost concerns. As 

a result of these comments, we applied for further grants to support an allowance 

of £20 per person per study visit, which was not part of their routine clinical care.  

2.5 RECRUITMENT OF MINOCA PATIENTS 

 All patients presenting to UHBW between 1st February 2019 and 31st 

January 2021 with MINOCA, as defined by the 2017 ESC working group paper on 

MINOCA(9), were screened for inclusion in the study. Recruitment was suspended 

from the 16th March 2020 to the 1st August 2020 due to the coronavirus 

pandemic.  

2.5.1 INCLUSION CRITERIA 

1. Age 18-80 years 

2. Met the ESC 3rd universal definition of myocardial infarction(140) 

3. <50% epicardial coronary artery stenosis on invasive or computed 

tomography (CT) coronary angiography in any potential infarct related 

territory 
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4. No other clinical overt specific cause for the acute presentation at the 

time of angiography 

5. Written informed consent 

2.5.2 EXCLUSION CRITERIA 

1. Invasive or CT coronary angiography not performed or not diagnostic 

2. Previous coronary artery bypass grafting (CABG) 

3. Previous cerebrovascular event (CVE) or other known neurological 

disorder/disease 

4. Contraindications to CMR, including severe renal insufficiency (eGFR <30), 

implanted pacemaker/defibrillator, ferromagnetic metal implant, severe 

claustrophobia 

5. Pregnancy or breast feeding 

6. Prisoners 

7. Unable to meet the follow up requirements 

8. Timing of the initial CMR >2 weeks after admission 

The 3rd universal definition of MI requires measurement of troponin levels. 

In our centre we use the Elecsys high sensitivity troponin T (hs-TnT). The 99th 

percentile upper reference limit is >14 ng/l. “Rise or fall” in hs-TnT was regarded 

as a 20% change on consecutive measurements.  Patients with previous CABG 

were excluded due to anticipated challenges interpreting the cardiac MRI in the 

context of known significant multivessel coronary disease. All CMRs were planned 

to occur within 2 weeks of admission to ensure a higher diagnostic yield as 

described in chapter 1(17).  

 Patients who met the inclusion and exclusion criteria were approached by 

a member of the research team (MW, KL or EDGI) whilst they were on the ward 

and were given written information about the study.  All patients were given at 

least 2 hours to read the information and sign a consent form if they agreed to 

take part.  
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2.6 RECRUITMENT OF CONTROL PATIENTS 

2.6.1 STEMI PATIENTS 

 Age and sex matched control patients presented to UHBW with an acute 

STEMI and had an occluded epicardial coronary artery at invasive angiography. 

Otherwise, the inclusion and exclusion criteria were the same as for the MINOCA 

patients.  Recruiting STEMI control patients allowed for direct comparison to a 

cohort who had also been admitted to the same department, undergone 

angiography and had a stressful event. 

2.6.2 HEALTHY VOLUNTEERS 

 Age and sex matched healthy volunteers were recruited using local 

publicity. Inclusion and exclusion criteria are described below.  

2.6.2.1 Inclusion Criteria 

1. Age 18-80 years 

2. Written informed consent 

2.6.2.2 Exclusion Criteria 

1. Prior history of cardiovascular disease 

2. Prior history of a neurological disorder/disease 

3. Contraindications to CMR (including severe renal insufficiency (eGFR <30), 

implanted pacemaker/defibrillator, ferromagnetic metal implant, severe 

claustrophobia) 

4. Pregnancy or breast feeding 

2.7 SAMPLE SIZE 

 This was a novel study, and no formal sample size calculation was 

performed prospectively. Previous comparable retrospective studies in patients 

with TS recruited 13-20 participants(64, 114, 116). A meta-analysis of recent 

highly cited fMRI studies reported a median sample size of 14.5(141). Previous 

work in our department suggested the prevalence of each sub diagnosis was 33% 
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for acute myocarditis, 26% AMI, 16% TS, 9% other cardiomyopathies and 16% 

normal scans(17). Therefore, to ensure a minimum of 15 participants in each of 

our predefined MINOCA subgroups we planned to recruit 100 participants. The 

prevalence of MINOCA is estimated at 6%(8). On average, our tertiary cardiology 

centre treats ~700 STEMI patients and ~2500 non-ST-elevation myocardial 

infarction (NSTEMI) patients each year (as documented in the BCIS database). 

Therefore, we would expect ~192 patients a year with MINOCA in our centre. 

Patient and public involvement suggested around 60% of patients would take part 

in the study. Using a more conservative figure of a 50% recruitment rate we 

anticipated recruitment to last ~12 months. This time frame would also be in 

keeping with the time constraints of undertaking a 3-year PhD which needed to 

include time for study set up, analysis and writing up.  

 STEMI and healthy control participants were recruited in a 2:1 ratio 

(aiming for 50 healthy and STEMI controls). These numbers were decided by 

balancing the need for adequately sized control groups for statistical power and 

the available time on the CMR scanner. A 2:1 ratio was the minimum ratio that 

would provide large enough subgroups for meaningful analysis and enough 

controls to provide statistical power to detect differences in grey matter volume 

or connectivity. This ratio has previously been used in the fMRI literature(142). 

The predicted number of participants and controls are significantly larger than the 

comparable studies discussed in the Introduction.  

2.8 OUTCOMES 

 Specific outcomes for each study will be described in the relevant 

chapters. In short, primary outcomes were grey matter volume and measures of 

brain connectivity. The secondary outcomes were anxiety and depression scores 

and the perceived stress score.  

2.9 STUDY SCHEMA 

 The study schema is shown in  
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Figure 1. Due to restrictions resulting from the coronavirus pandemic the 

research echocardiograms at 4-6 weeks and at 6 months were removed from the 

protocol in March 2020 as the close personal contact could not be justified.  

2.10 STUDY VISITS 

2.10.1 MINOCA PARTICIPANTS 

 MINOCA participants were asked to take part in four study visits to help 

answer the clinical questions. The contents of each study visit are shown in Table 

4.  

Table 4 Breakdown of study visits for MINOCA participants 

 Study visit 1 -  
< 14 days 

Study visit 2 – 
4-6 weeks 

Study visit 3 
– 6 months 

Study visit 4 
– 12 months 

CMR ü  ü  ü   
Brain MRI ü   ü   

Questionnaires ü   ü   
Routine bloods ü  ü  ü   

ECG ü  ü  ü   
Echo ü     

Follow up    ü  
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Figure 1 Study Schema

All patients will have 
• Clinical history

• Bloods
• ECG
• CXR

• Transthoracic 
echocardiogram

prior to the diagnostic 
questionnaire

Acute 
admission

12 months

4-6 weeks

6 months

Patients with MINOCA
Universal MI definition + no angiographic stenosis ≥ 50% + no overt cause at presentation

ACS

Coronary angiography ± left ventriculography/OCT/IVUS

Diagnostic questionnaire

Cardiac and functional brain MRI (within 2 weeks)

Echocardiogram, bloods, cardiac and functional brain MRI and ECG

Telephone follow up

Echocardiogram, bloods, cardiac MRI and ECG

Patient recruitment

Repeat questionnaire
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2.10.2 STEMI CONTROL PARTICIPANTS 

 STEMI control participants took part in 3 study visits as outlined in Table 5.  

Table 5 Breakdown of study visits for STEMI control participants 

 Study visit 1 -  
< 14 days 

Study visit 2 
– 6 months 

Study visit 3 
– 12 months 

CMR ü  ü   
Brain MRI ü  ü   

Questionnaires ü  ü   
Routine bloods ü  ü   

ECG ü  ü   
Echo ü    

Follow up   ü  
 

2.10.3 HEALTHY VOLUNTEERS 

 Healthy volunteers only required 1 study visit which is outlined in Table 6. 

Table 6 Breakdown of study visit for healthy volunteers 

 
Study visit 1 

CMR ü  
Brain MRI ü  

Questionnaires ü  
Routine bloods ü  

ECG ü  
Echo  

Follow up  
 

2.11 STUDY PROTOCOLS 

 To maintain consistency across all study visits, participants and 

researchers, a case report form was designed and used to standardise all study 

visits.  
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2.11.1 CLINICAL HISTORY 

 Relevant demographic information and details of the participants’ clinical 

presentation, past medical history, drug and social history and clinical 

examination were recorded for all MINOCA and STEMI participants.  

2.11.2 BLOODS 

 All participants had a full blood count (FBC), urea and electrolytes (UEs), c 

reactive protein (CRP), full lipid profile, hs-TnT and NT-proBNP collected by the 

time of the first study visit. These bloods were repeated at visits 2 and 3, if 

applicable. 

2.11.3 ELECTROCARDIOGRAM 

 All participants had a standard 12 lead electrocardiogram recorded at 

admission and at visits 2 and 3. 

2.11.4 ECHOCARDIOGRAPHY 

 All MINOCA and STEMI control participants had an echocardiogram prior 

to CMR as part of the standard clinical pathway for STEMI and for the further 

investigation of patients with MINOCA.  Subsequent echocardiography at visits 2 

and 3 were planned but this requirement was removed to allow the safe restart of 

the study during the coronavirus pandemic.   

2.11.5 QUESTIONNAIRES 

 All participants underwent standardised screening questionnaires at visit 1 

for cognitive impairment (mini-mental state examination (MMSE)), anxiety and/or 

depression (hospital anxiety and depression score (HADS)) and perceived stress 

(perceived stress scale (PSS) and the brief illness perception questionnaire (B-

IPQ)). These questionnaires were repeated at 6 months for the MINOCA and 

STEMI control participants and an extra questionnaire (impact of event scale – 

revised (IES-R)) was performed.  Copies of the questionnaires are in Appendix A. 
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 These questionnaires are well established and well validated methods for 

screening for cognitive impairment(143, 144), anxiety or depression(145) and 

stress perception(146-148). The collection of this data allowed for direct 

comparison of psychological differences between the three study groups and for 

quantitative comparison with the cardiac and brain MRI data.  

 The MMSE is a 30-point test which is quick and easy to perform. It 

comprises mainly verbal tasks which assess registration, attention and calculation, 

repetition, language, orientation to time and place, recall and requires patients to 

follow simple commands. It is routinely used as a screening test for cognitive 

impairment. However, it is poor at assessing visuospatial dysfunction and is 

thought to be influenced by age and education(149). A score of ≥24 suggests 

normal cognition.  

 The HADS is another very commonly used screening tool which was 

designed to identify anxiety and depression over the past 7 days in patients with a 

physical illness. It therefore does not assess somatic symptoms. It is split into two 

scores, HADS-D (depression) and HADS-A (anxiety) which are combined into a 14 

multiple choice questions. A score of 0-7 is normal and ≥8 suggests the presence 

of anxiety or depression(145, 150).   

 The PSS-10 is a popular self-reported questionnaire for measuring the 

perception of stress during the past month. It comprises 10 questions answered 

on a 5-point Likert scale. It has been shown to correlate with biomarkers of stress 

such as cortisol(151). The questions are general in nature and assesses to what 

extent the patient’s life has been ‘unpredictable, uncontrollable and 

overloaded’(146). Although it not meant to be used as a diagnostic tool, it is 

accepted that the higher the score the higher the perceived stress. A score of 13 

is around average (although this does vary slightly with age) and a score of >20 is 

generally felt to represent high stress(152).  
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 The B-IPQ comprises 8 questions each assessed on a 10-point scale and 

one open ended causal question which quickly assesses cognitive and emotional 

representations of illness. It is not assessed over a particular length of time. The 

patients’ emotional representation of their illness affects patient behaviour and 

changing their emotional representation can improve recovery following 

myocardial infarction(153). The questionnaire assesses cognitive illness 

representations, emotional representations, and illness comprehensibility. Higher 

scores represent linear increases in the dimension being measured(147).  

 The IES-R scale comprises 22 questions assessed on a 5-point Likert scale. 

It is designed to assess the subjective distress caused by a traumatic event over 

the past 7 days.  Questions address 14 of the 17 DSM-IV symptoms of post-

traumatic stress disorder. A score of ≥33/88 is thought to be the best 

discriminator for a diagnosis of post-traumatic stress disorder(154) although this 

is not recommended for clinical practice.  

2.11.6 CMR 

CMR was performed at 1.5-T (Magnetom Avanto, Siemens Healthineers, 

Erlangen, Germany) with a standard 12 channel matrix coil configuration. A 

comprehensive CMR protocol was conducted including  

i) short and long axis localisers 

ii) axial whole thorax half-Fourier acquisition single-shot turbo spin 

echo (HASTE) 

iii) coronal whole thorax single shot fast imaging with steady-state 

free precession (FISP) 

iv) steady-state free precession sequence images (SSFP) acquired in 

the standard 3 long-axis planes and a stack of short axis cines 

covering the left ventricle.  

v) T2-weighted short T1 inversion recovery (T2-STIR) sequence 

acquired in at least 5 slices in the short axis and a 4-chamber long 

axis plane 
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vi) post gadolinium images in the same planes as the SSFP images 

performed 2 to 3 minutes post contrast administration (early 

gadolinium enhanced images (EGE)) and 8-10 minutes post 

contrast administration (late gadolinium enhanced images (LGE)). 

Intravenous gadobutrol (Gadovist; Bayer Schering Pharma, Berlin-Wedding, 

Germany) was administered at a dose of 0.1 mmol/kg-1.  

2.11.6.1 Steady-state free precession imaging 

 This was a breath-hold segmented gradient echo sequence using 

conventional prospective ECG triggering with an 8mm slice thickness and no slice 

gap. If the image quality was deemed non-diagnostic due to arrythmia then cine 

imaging with prospective triggering was used. If there was severe artefact due to 

poor breath holding technique then retrospective gating was used.  

2.11.6.2 T2-weighted STIR sequence 

 These were acquired using a breath-hold black-blood segmented turbo 

spin-echo technique with a triple inversion-recovery preparation module. This 

enabled the suppression of signal from fat and flowing blood with surface coil 

normalisation. The typical breath hold was 10-15 seconds depending on the 

patient’s heart rate. To help with poor breath holders, turbo factor was increased 

as necessary.  

2.11.6.3 Early gadolinium enhancement 

 These images were acquired using an inversion-recovery prepared breath-

hold gradient-echo sequence which was performed 3 minutes following 

gadolinium contrast administration.  

2.11.6.4 Late gadolinium enhancement 

 Firstly, a single-shot shallow breathing phase-sensitive inversion recovery 

(PSIR) SSFP sequence was performed increasing the yield of diagnostic images in 

patients who had significant difficulty holding their breath or had significant 
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arrythmia.  Following this, an inversion recovery prepared breath-hold segmented 

T1 gradient echo with a manually adjusted inversion time to effectively null the 

normal myocardium was performed 8-10 minutes post contrast administration. 

PSIR image reconstruction was performed using the same acquisition protocol 

which minimises the dependence of the image quality on the manually selected 

T1.    

 The full parameters for all sequences are described in Table 7.  

Table 7 CMR sequence parameters 

PARAMETER SSFP T2-STIR EGE LGE 
(MAG/PSIR) 

FIELD OF VIEW 259x319 variable 260x320 260x320 
FIELD OF VIEW 

PHASE (%) 
81.3 81.3 81.3 81.3 

REPETITION TIME 
(MSEC) 

40 700 700 1022 

ECHO TIME (MSEC) 1.13 74 3.17 3.17 
FLIP ANGLE 
(DEGREES) 

75 90 25 25 

MATRIX 156x192 208 x 256 208 x 256 208 x 256 
BANDWITH 
(HZ/PIXEL) 

930 235 140 140 

ECHO SPACING 
(MSEC) 

variable 6.74 8.2 variable 

trigger pulse 1 2 2 2 
VOXEL SIZE 1.7x1.7x8 2.3 x 1.4 x 8 1.9 x 1.4 x 8 1.3 x 1.3 x 8 

COIL 
NORMALISATION 

No yes yes No 

 

 The original protocol included native and post contrast T1 mapping and T2 

mapping sequences. Unfortunately, due a scanner malfunction very early into 

recruitment (early April 2019), the mapping works-in-progress (WIPs) sequences 

were lost and so mapping was removed from the imaging protocol.  

2.11.7 BRAIN MRI 

The brain MRI was performed prior to the CMR on the same MRI scanner at 

1.5-T using a 12-channel head coil.  Participants underwent the following 

sequences: 
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i) brain localisers 

ii) a T1 full volume high resolution 3D magnetisation prepared - rapid 

gradient echo (MP-RAGE)) sequence for volumetric quantitative 

analysis and to co-register the functional images 

iii) a T2* weighted gradient echo planar sequence optimised for blood 

oxygen level dependent imaging (BOLD) for functional connectivity 

analysis.  

The widespread availability of 1.5-T scanners means that this field strength has 

been the most commonly used for functional imaging previously, including in 

previously published retrospective rs-fMRI studies in takotsubo syndrome(63, 

118). Although 3-T imaging brings higher sensitivity it can be limited by the 

increased susceptibility artefacts associated with scanning at increasing field 

strength(155). However, it was not ethically acceptable to transfer inpatients 

acutely to the 3-T scanner in a separate local hospital. During study design the 

clinical 1.5-T scanner in our unit was found to produce images of good diagnostic 

quality that would allow us to scan patients in the acute setting.  

2.11.7.1 MP-RAGE sequence 

This acquisition lasted 5 minutes and the patient was instructed to lie as still as 

possible. The technical parameters were: TR  1900 ms; TE 2.91 ms; flip angle 15 

degrees; N = 176 slices with 1.0 mm3 voxel resolution; matrix 246 x 256; 

bandwidth 130Hz/Px. 

2.11.7.2 BOLD sequence 

This acquisition lasted 12 minutes and the participant was instructed to lie as 

still as possible, with their eyes open in a resting state. The images were acquired 

in the axial plane parallel to the anterior and posterior commissure, excluding the 

cerebellum. The sequence parameters were 268 measurements, 38 slices, 3.1 

mm slice thickness, TR 2620 ms, TE 40 ms, flip angle 80 degrees, matrix 64x64, 

voxel size 3.1 x 3.1 x 3.1mm, bandwidth 3552 Hz/Px, echo spacing 0.56 ms, EPI 

factor 64. 
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2.11.8 FOLLOW UP 

Telephone follow up was planned at 12 months following recruitment. 

Due to the unavoidable and unforeseen delays in the progression of the study and 

lack of resources it was not possible for this to be completed.  

2.12 DATA ANALYSIS 

 All the data generated from the study was manually inserted from the 

case report forms into a purpose built, pseudonymised excel spreadsheet.  

2.12.1 CMR ANALYSIS 

 All scans were analysed offline using cvi42 (Circle Cardiovascular Imaging; 

Release 5.9.4 (1161)). Investigators were blinded to the CMR diagnosis, clinical 

details and the prior CMR (for visits 2 and 3).  

2.12.1.1 Volumes 

 To quantify volumes the epicardium and endocardium were delineated on 

each axial slice using semi-automated feature recognition at end-diastole and 

end-systole. Any errors in contouring were manually corrected. The end-diastolic 

and end-systolic phases were assessed visually as the phase with the largest and 

smallest intra-cavity blood pool at mid ventricular level. Papillary muscles and 

non-compacted trabeculae were included as LV blood pool. LV slices were 

identified by the presence of >50% myocardium surrounding the blood pool. If 

the basal slice contained ventricular and atrial myocardium, then contours were 

manually drawn up to the junctions and joined together (Figure 2).  
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Figure 2 Example of how the basal slice was contoured for the LV and RV where both atrial 
and ventricular myocardium was present.  

 

2.12.1.2 Global longitudinal strain 

Endocardial and epicardial borders were automatically contoured and 

manually adjusted on the end-diastolic phase for the whole short axis and 3 long 

axis slices. Subsequently the software’s feature tracking algorithm was applied to 

determine the global longitudinal strain over the whole myocardium. Accurate 

tracking of the myocardium was checked visually and corrected manually.  Scans 

which did not allow for accurate analysis were excluded.  

 For the functional analyses, global longitudinal strain as assessed by CMR 

(GLS-CMR) was chosen to be the only cardiac variable included in the regression 

analyses. Originally LVEF, LGE mass and oedema mass were also going to be 

included. However due to the large number of analyses which needed to be 

completed across several networks and multiple thresholds (see Chapter 4 

Methods) this was not feasible. Therefore GLS-CMR was chosen as the sole 

variable to allow a representative analysis in a timely fashion. GLS-CMR is a 

measure of the global longitudinal function of the left ventricle and therefore is 

strongly correlated with the LVEF and is more sensitive to left ventricular 

dysfunction than LVEF (39, 156). It is not constrained by the falsely normal 

ejection fraction when the stroke volume to LV cavity size ratio is preserved.  It is 

also likely to be related to the amount of oedema and LGE which may impair 

cardiac deformation.  Therefore, it was felt to be the optimal measure to reflect 

all our previously chosen variables. 
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2.12.1.3 Oedema 

 Myocardial oedema was identified per segment and quantitatively. A 16 

segment AHA model was used to identify myocardial segments.  For the per 

segment analysis a region (>10 contiguous pixels) was manually drawn in each 

segment and in a region of remote normal skeletal muscle on the same axial slice 

(or nearest available slice if no skeletal muscle was visible). Care was taken to 

avoid contouring the endocardial border as this region frequently demonstrates 

very high T2 signal due to blood pooling. Myocardial oedema was deemed to be 

present, in the absence of artefact, if T2 signal intensity (T2SI) was ³2.0 compared 

to skeletal muscle as per the updated Lake Louise criteria(30). For the quantitative 

analysis the previously drawn contours were derived onto the matching T2-STIR 

SA stack and manually adjusted. The Otsu method was selected to quantify the 

volume of myocardial oedema. This has been shown to be the superior method in 

terms of test-retest variability(157) for oedema analysis. This method estimates 

the threshold intensity from a histogram of all intensities to ensure there is 

minimal variance either side of the threshold(158). Scans which were deemed 

non-diagnostic due to suboptimal image quality were excluded from analysis.  

2.12.1.4 Late gadolinium enhancement 

 LGE was identified by pattern (ischaemic, mid-wall, subepicardial, 

transmural/diffuse), per segment and quantitatively. Presence and pattern of LGE 

was assessed visually. If LGE was present in any part of a myocardial segment, 

then the whole segment was counted in the per segment analysis. Short axis 

contours were derived onto the matching short axis LGE images and manually 

corrected. A region of interest (ROI) was drawn in the area of highest signal 

intensity in affected myocardium and a separate ROI was drawn in a remote 

unaffected area. The full width half maximum (FWHM) method was used to 

quantify the mass of LGE as this has been shown to have good inter and intra-

observer variability and test-retest repeatability(159).  This method uses a 

threshold intensity as one midway between the mean intensity of normal remote 

myocardium and the maximal signal intensity within the affected area(160). Areas 

of microvascular obstruction or myocardial haemorrhage, which may affect the 
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FWHM method, were manually contoured separately so they were excluded from 

thresholding but included in the infarcted volume. Images which were deemed 

non diagnostic for pattern, segment or quantitative analysis were excluded (for 

example scans may have been of sufficient quality to determine the pattern of 

distribution or number of segments involved but not for quantitative analysis).  

2.12.1.5 Diagnosis 

 The CMR diagnosis was recorded by a consultant cardiologist or radiologist 

with level 3 CMR accreditation at the time of imaging and recorded in the clinical 

notes as per the usual clinical pathway. The diagnosis was verified to meet the 

specified diagnostic definitions of the study by a member of the research team.  If 

there was uncertainty regarding the final diagnosis this was reviewed by the 

second investigator and, if necessary, a third investigator adjudicated. Myocardial 

infarction was defined by the presence of subendocardial or transmural late 

gadolinium enhancement (LGE) in a typical coronary artery territory (Figure 3A). 

Acute myocarditis was defined by the presence of both myocardial oedema on 

T2-based imaging AND an area of high signal intensity in a nonischaemic pattern 

on LGE images as per the 2018 modified Lake Louise criteria(30)(Figure 3B). 

Previous myocarditis was defined by the presence of nonischaemic LGE if no 

oedema was present. TCM was defined by the presence of myocardial oedema ± 

regional wall motion abnormality (RWMA) in a non-coronary distribution and the  

A B C 

Figure 3 Illustrative examples of diagnoses on CMR 

A - Short axis slice in the mid ventricle demonstrating focal near transmural LGE in the inferolateral segment 
(white arrow) in keeping with a focal myocardial infarction; B - Short axis slice in the basal ventricle 
demonstrating subepicardial LGE in the inferior segment (white arrow) in keeping with myocarditis; C – T2-
STIR sequence demonstrating high signal and increased wall thickness in the mid and apical segments (white 
arrow) in keeping with diffuse myocardial oedema.  
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absence of LGE consistent with the international takotsubo (InterTAK) diagnostic 

criteria(161) (Figure 3C). Normal scans were defined by the absence of a RWMA 

(excluding dyssynchrony), oedema or LGE (excluding non-specific LGE at the 

left/right ventricular insertion points).  Other diagnoses including hypertrophic 

cardiomyopathy, dilated cardiomyopathy and cardiac amyloidosis were defined 

using established tissue characterisation characteristics.  

2.12.2 BRAIN ANALYSIS  

 The DICOM images were transferred to the University of Bristol (UoB) 

DICOM server for analysis. All images were pseudonymised with a specific random 

3 letter patient code (e.g. YDI) and visit code (e.g. P49) to ensure participant 

confidentiality and blinding of the investigators. All the DICOM files generated by 

the scanner were converted to NIfTI-1 format to ensure compatibility with the 

pre-processing software. SPM12 (Statistical Parametric Mapping) software was 

used within the Matlab environment for analysis of the data on a UoB 

workstation(162). 

2.12.2.1 Anatomical analysis 

 The images were analysed using voxel-based morphometry (VBM)(163). 

To standardise the MRI scans across all the individuals to allow for meaningful 

statistical analysis, extensive pre-processing must occur. The key stages to this are 

spatial registration, segmentation, normalisation and spatial smoothing (163, 

164). This process will be explained in more detail in Chapter 3.  

2.12.2.2 Functional analysis 

 268 volumes were acquired by the scanner which corresponded to 268 

NIfTI files per participant per visit. Once again, extensive pre-processing in line 

with existing literature and the SPM12 guide was carried out prior to statistical 

analysis as will be explained in chapter 4(162) . Firstly, the images were adjusted 

to correct any differences in slice acquisition times caused by echo-planar 

scanning. This ensures the data on each slice corresponds to the same point in 

time. Next the images were realigned to match all the images to each other. This 



Chapter 2 Methods 

 51 

acts to correct the images for movement over the duration of the scan. The 

images were then resliced to generate a new adjusted file(165). The adjusted 

images were then segmented as described previously into grey matter, white 

matter, CSF, bones, soft tissue and air. The images were then normalised to MNI 

space and resliced into another new file using a voxel size of 2x2x2 mm and a -90 

to 90, 126 to 90, -72 to 108 bounding box. The new files were smoothed as 

previously described using a Gaussian kernel of 8mm full width at half 

maximum(166). The 3D volumes were then concatenated into a single 4D file. 

Finally, the segmented white matter and csf files were normalised using the 

existing deformation field to allow for nuisance regression in the statistical 

analysis.  

 Further preprocessing of the 4D file was required prior to statistical 

analysis. Previously written scripts by Christelle Langley and Jade Thai were used 

within Matlab for this purpose. Firstly, nuisance regression was performed where 

CSF, white matter and movement were regressed out from the signal generating a 

new 4D file. Next the timeseries for each region were extracted and bandpass 

filtered (0.01-0.08 Hz) to obtain the frequency of interest and remove filter 

activity not associated with the brain. We used the Automated Anatomical 

Labelling (AAL) atlas(61) to obtain neuroanatomical labels for our data. The 

cerebellum was excluded from analysis as this region was not required for our 

analysis, therefore the atlas included 90 brain regions. A simple weighted Pearson 

correlation matrix (90 x 90) was created to assess for correlations between each 

brain region described by the atlas and this was Fisher transformed to standardise 

it across different subjects. Finally, all negative correlations were removed and 

made positive to allow for analysis of the strength of correlation rather than the 

direction. As a result, a final weighted undirected correlation matrix was 

generated which was used for the final statistical analysis.  

 The statistical analysis of the functional brain data was divided into two 

parts: a global analysis and a more focussed hypothesis driven analysis focussing 

on specific brain networks. 
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  For the global analysis, scripts from the brain connectivity toolbox(60) and 

a small world propensity script(167) were used. These scripts generate the 

measures of global efficiency, modularity and small world propensity described in 

Chapter 1. These global network measures could then be correlated with the 

clinical data and the measures for the whole MINOCA cohort could be compared 

with the control participants. In addition, the participants could be further 

subdivided into MINOCA subgroups to analyse for differences in global 

connectivity between subgroups. Further details about statistical methods used to 

answer the specific hypotheses are described in the relevant chapters.  

 For the hypothesis driven analysis, brain networks were chosen a-priori 

based on the existing literature as described in Chapter 1. These included 

sympathetic and parasympathetic networks(168), the default mode 

network(169), salience network(83) and central executive network(83) as 

described in chapter 4. The specified MNI coordinates were converted to AAL 

regions using xjView 10 (https://www.alivelearn.net/xjview). A new weighted 

connectivity matrix was then generated for each new network which only 

contained the specific AAL nodes. This was then used for the ROI analysis using 

network-based statistics (see Chapter 4).  

2.12.2.3  Default Mode Network 

 Table 8 shows the MNI coordinates used to determine the AAL network 

nodes of the default mode network.  
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Table 8 Region of interest coordinates for the Default Mode Network based on the Montreal 
Neurological Institute coordinate system. 

ROI in both hemispheres were included in the analysis. Table adapted from Andrews-Hanna 
et al. (2010) (169) 

Region X Y Z AAL region 

PCC-aMPFC Core  
Anterior medial prefrontal 
cortex -6 52 -2 Cingulum_Ant 

Posterior cingulate cortex -8 -56 26 Precuneus 
dMPFD Subsystem  
Dorsal medial prefrontal cortex 0 52 26 Frontal_Sup_Med 
Temporal parietal junction -

54 
-54 28 

Supramarginal 

Lateral temporal cortex -
60 -24 -18 

Temporal_Inf 

MTL Subsystem  
Ventral medial prefrontal cortex 0 26 -18 Rectus 
Posterior inferior parietal lobule -

44 -74 32 
Occipital_Mid 

Retrosplenial cortex -
14 

-52 8 Calcarine 

Parahippocampal cortex -
28 

-40 -12 Fusiform 

Hippocampal formation -
22 

-20 -26 Parahippocampal 

 

2.12.2.4 Central autonomic network 

 Table 9 shows the MNI coordinates for the regions of the sympathetic and 

parasympathetic networks which were taken from a meta-analysis which assessed 

central autonomic processing in humans(168) and are consistent with the nodes 

used in the recent Templin paper(62).  The MNI coordinates were converted to 

AAL regions as previously explained.  
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Table 9 MNI coordinates for nodes associated with sympathetic and parasympathetic 
regulation.  

Table adapted from Beissner et al 2013.  

Region x y z Hemisphere AAL region 
Sympathetic 

Midcingulate cortex, paracingulate 
cortex, supplementary motor area 0 10 40 L/R Cingulate_Mid 

Supramarginal gyrus, superior parietal 
lobule, primary somatosensory cortex 48 -26 46 R Postcentral 

Amygdala, subgenual anterio cingulate 
cortex, nucleus accumbens, caudate, 

hippocampal formation 
-20 -8 -12 L Hippocampus 

Ventromedial prefrontal cortex, 
pregenual/subgenual anterior cingulate 

cortex 
-2 38 -18 L/R Rectus 

Anterior insula ventrolateral prefrontal 
cortex 

44 18 -6 R Insula 

Thalamus, nucleus ruber, 
periaqueductal gray 

-4 -16 6 L/R Thalamus 

Supramarginal gyrus, superior parietal 
lobule, primary somatosensory cortex 

-44 -36 42 L Parietal_Inf 

Secondary somatosensory cortex, 
posterior insula, putamen -32 -20 14 L Insula 

Dorsolateral prefrontal cortex 20 36 34 R Frontal_Sup 
Parasympathetic 

Hippocampal formation 30 -22 -16 R Hippocampus 
Amygdala, ventral tegmental area, 

hypothalamus 
-20 -6 -18 L Amygdala 

Anterior insula, caudate -40 0 12 L Insula 
Precuneus, dorsal posterior cingulate 

cortex 
-6 44 34 L/R Cingulate_Mid 

Primary motor cortex, temporal pole -56 6 8 L Frontal_Inf_Oper 
Middle temporal gyrus, superior 

temporal gyrus 
50 -24 2 R Temporal_Sup 

Supramarginal gyrus, angular gyrus, 44 -38 14 R Temporal_Sup 
Anterior insula 40 2 12 R Insula 

 

2.12.2.5 Salience Network 

 Table 10 shows the MNI coordinates used for the region of interest 

analysis of the salience network. These are taken from Seeley et al(83) and were 

also referenced in the Silva paper showing increased connectivity (63) .  
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Table 10 MNI coordinates for the salience network.  

FEF – frontal eye field;  

Region x y z Hemisphere AAL region 
Paralimbic 

Orbital frontoinsula 42 10 -12 R Insula 
 -40 18 -12 L Frontal_Inf_Orb 

Temporal pole 52 20 -18 L/R Temporal_Pole_Sup 
Paracingulate 0 44 28 L Frontal_Sup_Med 

Dorsal ACC 6 22 30 R Cingulate_Mid 
 -6 18 30 L Cingulate_Ant 

SMA/pre-SMA 6 8 58 L/R Supp_Motor_Area 
Neocortical 

Superior temporal 64 -38 6 R Temporal_Mid 
 -62 -16 8 L Temporal_Sup 

Parietal operculum 58 -40 30 R Supramarginal 
 -60 -40 40 L Parietal_Inf 

Frontal pole -24 56 10 L Frontal_Sup 
Ventrolateral PFC 42 46 0 R Frontal_Mid 
Dorsolateral PFC -38 52 10 L Frontal_Mid 

Subcortical/Limbic 
Ventral striato-pallidum 22 6 -2 L/R Putamen 
Thalamus, dorsomedial 12 -18 6 R Thalamus 

SLEA/paraolfactory -28 4 -18 L Amygdala 
 

2.12.2.6 Central executive network 

 Table 11 shows the ROI coordinates for the central executive network 

which is also taken from the Seeley paper and was referenced in a recent 

neuroimaging study(170).  

Table 11 MNI coordinates used for the central executive network analysis 

Region x y z Hemisphere AAL region 
Paralimbic 

Orbital frontoinsula -26 24 -10 L Insula 
Neocortical 

Dorsolateral PFC 46 46 14 L/R Frontal_Mid 
Ventrolateral PFC 34 56 -6 L/R Frontal_Mid_Orb 
Frontal operculum 56 14 14 R Frontal_Inf_Oper 

DM PFC 0 35 46 L Frontal_Sup_Med 
Lateral parietal 38 -56 44 L/R Parietal_Inf 

Inferior temporal 58 -54 -16 R Temporal_Inf 
Subcortical 

Caudate, dorsal 12 14 4 L/R Caudate 
Thalamus, anterior 10 2 8 L/R Thalamus 
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2.12.3 PLAN OF STATISTICAL ANALYSIS 

 Specific details on statistical methods used to answer specific hypotheses 

are described in each chapter. 

  STATA (version 17) was used for all statistical analysis. In summary, 

continuous data will be presented as mean +- SD or median (IQR) as appropriate. 

Categorical variables will be presented as counts or proportions.  Normality will be 

assessed by visual assessment of histograms and by using the skewness and 

kurtosis tests for normality where necessary. Comparisons between groups will be 

performed using the student t test or the Mann Whitney U test, or with ANOVA or 

Kruskal-Wallis when comparing multiple groups for continuous variables. The chi 

square test will be used for categorical variables. For data involving repeated 

measurements in the same group of patients over time, the corresponding paired 

tests will be used. Variables included in regression models will be pre-specified on 

clinical grounds or based on previously published associations.  
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Chapter 3 NOVEL INSIGHTS INTO BRAIN ANATOMICAL 

CHANGES IN MINOCA 

3.1 INTRODUCTION 

 Patients presenting with a myocardial infarction but who have non-

obstructive coronary arteries (MINOCA) on angiography are commonly 

encountered in cardiology. These patients can have a wide range of diagnoses but 

typically are found to have a myocardial infarction, myocarditis or takotsubo 

syndrome (TS) (8, 17). Patients with TS have a higher prevalence of neurological 

and psychiatric disorders than patients with obstructive disease and around two-

thirds of patients have a physical or emotional trigger in the 12 hours before the 

onset of symptoms(112, 171).  The autonomic nervous system is thought to be a 

key driver of inflammation and forms a central part of the proposed 

pathomechanism of TS(46).  These findings have led several investigators to 

explore if there are particular anatomical differences in the brain structure of 

these patients.  There are now several small retrospective neuroimaging studies 

which have identified structural brain differences in patients with TS. Hiestand et 

al showed decreased grey matter volume in the left and right amygdala and at the 

amygdala/hippocampus border compared to healthy controls(114). Klein et al 

identified several anatomical differences in regions of the brain involved in 

autonomic cardiac control (supplementary motor areas, both paracentral gyri, left 

superior parietal lobe, putamen, hippocampus, precuneus and medial temporal 

gyrus) and emotional processing (insula, amygdala and orbitofrontal areas) 

compared to healthy controls. The amygdala, an important component of the 

autonomic nervous system and in the response to stress, has been shown to have 

increased activity on 18 F-FDG-PET/CT imaging in patients who go on to develop 

TS years before its onset(119).  

 In patients with MINOCA, there is a higher prevalence of anxiety and 

depression than the healthy population(172) and a higher incidence of preceding 

emotional stress and psychiatric illness compared to patients with obstructive 
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coronary disease even when patients with TS are excluded(173).  The reasons for 

this are unknown. A recent PET/CT study has shown that amygdala activity is 

strongly associated with adverse cardiovascular outcomes (including myocardial 

infarction), which is likely to be mediated by arterial inflammation which might 

partly explain the finding in the MINOCA population (102).  Yet there are no 

neuroimaging studies examining the MINOCA population as a whole.  Given the 

potential importance of the link between brain function and cardiovascular 

outcomes in this patient group, further research is warranted.  

 The overall aim of the study therefore, was to investigate anatomical grey 

matter volume differences in patients with MINOCA compared to patients with an 

acute ST-elevation myocardial infarction (STEMI) and healthy control participants. 

A further aim was to explore any differences in a subgroup of patients with acute 

TS. 

Our hypotheses were: 

Hypothesis 1: there will be a reduction in grey matter volume in regions of the 

brain associated with the limbic and autonomic nervous systems in MINOCA 

compared to STEMI and healthy controls 

Hypothesis 2: there will be associations between measures of heart function, 

anxiety, stress and depression and grey matter volume in the MINOCA group and 

if present, these will be different to such associations in the STEMI and healthy 

control groups.  

Hypothesis 3: any differences/associations seen will also be present in a subgroup 

analysis comprising of just patients with TS when compared to healthy and STEMI 

controls. 
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3.2 METHODS 

 The study design and recruitment are explained in detail in Chapter 2 and 

will only be summarised here.   

 In this prospective cohort study, all patients presenting to a single tertiary 

cardiology centre (Bristol Heart Institute, Bristol, UK) with MINOCA, as defined by 

the 2017 ESC working group paper on MINOCA(9), were approached for inclusion 

in the study. The full inclusion and exclusion criteria are described in Chapter 2.  

 Two control groups were recruited. The STEMI control group included 

patients who were admitted to the Bristol Heart Institute with ST-segment 

elevation on the ECG and who had an occluded epicardial coronary artery at 

invasive angiography. The second ‘healthy control’ group included volunteers with 

no prior known history of cardiovascular or neurological disorders. Volunteers 

were recruited through advertising in local media and within the Bristol Heart 

Institute. Due to the ongoing coronavirus pandemic and changing restrictions 

imposed on visiting the hospital, the healthy volunteers largely comprised NHS 

staff who were already based at the University Hospitals Bristol and Weston NHS 

Foundation Trust (UHBW). The study was reviewed and approved by the local 

institutional review board (South Hampshire B research ethics committee) and all 

patients gave written informed consent.    

 All patients completed a standardised proforma documenting their 

demographics, clinical history, past medical history, cardiovascular risk factors and 

medications at presentation. All patients underwent routine blood testing 

including full blood count, high sensitivity C reactive protein (CRP), high sensitivity 

Troponin T and NT-proBNP. MINOCA and STEMI control patients had 

transthoracic echocardiography (TTE) performed as part of their routine clinical 

care. In addition, all patients underwent a mini mental state examination (MMSE), 

the hospital anxiety and depression score (HADS), perceived stress scale (PSS) and 

the brief illness perception questionnaire (B-IPQ) to evaluate their baseline 

psychological status immediately prior to the CMR and brain MRI.  
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3.2.1 MRI PROTOCOLS 

3.2.1.1 CMR 

CMR was performed at 1.5-T (Magnetom Avanto, Siemens Healthineers, 

Erlangen, Germany). A comprehensive CMR protocol was performed including 

steady-state free-precession sequence images acquired in the standard 3 long-

axis planes and a stack of short axis cines covering the left ventricle; T2-weighted 

short T1 inversion recovery (T2-STIR) sequence images acquired in at least 5 slices 

in the short axis and 4-chamber long axis plane; post gadolinium images were 

acquired using standard inversion recovery segmented gradient echo sequences 

performed 2-3 minutes post contrast administration (early gadolinium enhanced 

images) and 8-10 minutes post contrast administration (late gadolinium enhanced 

images). Intravenous gadolinium-chelate contrast agent (gadobutrol) was 

administered at a dose of 0.1 mmol/kg-1.  

3.2.1.2 Brain MRI 

Brain MRI was performed immediately prior to CMR at 1.5-T (Magnetom 

Avanto, Siemens Healthineers, Erlangen, Germany) using a 12-channel head coil.  

A T1-weighted inversion recovery ‘magnetisation prepared rapid acquisition 

gradient echo’ (MPRAGE) scan was acquired for volumetric anatomical 

quantitative analysis.   

3.2.1.3 Analysis 

All CMR studies were reviewed by a consultant with >15 years of CMR 

experience. Scans were analysed using cvi42 (Circle Cardiovascular Imaging; 

Release 5.9.4 (1161). Myocardial oedema was identified by regional (>10 

contiguous pixels) high T2 signal intensity (T2SI) or a global T2SI ³ 2.0 on T2 

weighted images as per the updated Lake Louise criteria (30).  LGE distribution 

was assessed visually.  

Myocardial infarction was defined by the presence of subendocardial or 

transmural LGE in a typical coronary artery territory. Myocarditis was defined by 
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the presence of both of the 2018 modified Lake Louise criteria(30). TS was 

defined by the presence of myocardial oedema, regional wall motion abnormality 

(RWMA) in a non-coronary distribution and the absence of LGE consistent with 

the international takotsubo (InterTAK) diagnostic criteria (2018)(161). Normal 

scans were defined by the absence of a RWMA (excluding dyssynchrony), oedema 

or LGE (excluding non-specific LGE at the left/right ventricular insertion points).  

Other diagnoses including hypertrophic cardiomyopathy, dilated cardiomyopathy 

and cardiac amyloidosis were defined using established tissue characterisation 

characteristics.  

3.2.2 VOXEL-BASED MORPHOMETRY 

 The pseudonymised brain scans were analysed using VBM to quantify grey 

matter volume(163, 164). Statistical parametric mapping package (SPM12; 

Wellcome Trust Centre for Neuroimaging, http://ww.fil.ion.ucl.ac.uk/spm) was 

implemented in MATLAB (Mathworks Inc., Matick, MA, USA; release 2015a) for 

the pre-processing and analysis of the data. Firstly, every region of the brain was 

registered to the Montreal Neurological Institute (MNI) template which 

standardises brain structure across patients. The images were checked to ensure 

they approximately matched the standard MNI space and orientation. Default 

parameters were used unless specified. Secondly, the images were segmented to 

separate out tissue classes such as CSF, grey and white matter. Segmentation 

works by using tissue probability maps which calculate the chance of a certain 

tissue type being present in each voxel. Segmentation is also used to normalise 

the scan into the standard stereotactic MNI space which is achieved by generating 

deformation fields for each scan. Finally, the images were smoothed to correct for 

any remaining slight anatomical differences between subjects. This changes the 

intensity of each voxel to the weighted average of the surrounding voxels.  A 

FWHM of 8 mm was used for smoothing to determine the size of the Gaussian 

used to define the weight of the neighbouring voxels.  

 Statistical analysis could then be performed using SPM12. The statistical 

model was specified, and the relevant images were selected for analysis. An 
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explicit mask was created based on the average grey matter probability map in 

MNI space using a threshold of 0.05. This explicit mask visually had a better fit to 

the AAL template than the default mask.  Covariates were pre-specified as age, 

gender and total intracranial volume (TIV) as these variables are known to 

influence brain anatomy.  Comparison of grey matter volume between cohorts 

was carried out using a two-way unpaired student t-test using the specified 

covariates. T contrasts were specified as [1 -1] and [-1 1] to assess for increased or 

decreased grey matter volume between the two groups being assessed. This has 

the effect of subtracting the beta of the second group from the first and testing it 

against zero.  Multiple regression analyses were performed using variables (e.g. 

anxiety score) which would test for associations between grey matter volume and 

test scores.   

 Finally, the selection of significance level is very important in this type of 

analysis. As the analysis is applied across very many voxels, the analysis must be 

corrected for multiple comparisons to prevent false positives. Simple Bonferroni 

correction is not suitable as it too conservative and will lead to very many false 

negatives due to the fact that the Z scores at each voxel are highly correlated with 

their neighbours and not ‘independent’. Family-wise error (FWE) uses random 

field theory and is a better way to deal with the problem of multiple comparisons. 

It is the most stringent at reducing false-positives with a very low rate, but 

consequently has a higher false negative rate, meaning potentially important 

areas of reduced grey matter volume will be missed(174). The false discovery rate 

(FDR) correction is more lenient and allows the user to apply their own statistical 

threshold. However, the lower the threshold the higher the proportion of false 

positives and thus this will greatly influence the pattern of grey matter loss and 

the results of the study. Larger studies, or studies with a large effect size, will tend 

to use the FWE method. Our results will be presented as FWE corrected with an 

alpha <0.05(174). Voxel level results are reported rather than cluster levels due to 

inconsistencies in smoothness in VBM image data. The results were visualised 

using xjView toolbox (https://www.alivelearn.net/xjview).  
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3.2.3 LIMITATIONS OF VBM 

There are some important limitations of VBM to be aware of. Firstly, the 

normalisation process is imperfect, and accuracy will vary between subjects and 

between brain regions depending on the correspondence between subjects and 

the complexity of the brain region being normalised. Smoothing can aid 

normalisation, but this relies on an arbitrary kernel size. This can lead to variations 

in statical sensitivity across different regions of the brain(175).  

3.2.4 STATISTICAL ANALYSIS 

Statistical analysis was performed using STATA (version 17).  Normality of 

continuous data was assessed by visually assessing histograms and by using the 

skewness and kurtosis tests for normality where necessary. Continuous data are 

presented as mean ± standard deviation or median ± interquartile range 

dependent on the normality of their distribution. Categorical variables are 

presented as counts and proportions.  Based on the normality of the data, 

comparisons of continuous variables between groups were performed using the 

student t test or the Mann Whitney U test and categorical variables using the chi 

square test.  

To address the first hypothesis, comparison of grey matter volume in each 

voxel between MINOCA and each of the control groups separately was carried out 

using a one-way unpaired student t-test including age, gender and total 

intracranial volume as covariates. To address the second hypothesis, multiple 

regression analyses were used to assess for associations between pre-specified 

cardiac variables (left ventricular ejection fraction (LVEF,) global longitudinal strain 

(GLS), oedema mass, late gadolinium enhancement mass (LGE) mass, MMSE 

score, anxiety and depression scores, PSS, presence of self-reported mental 

health illness) and grey matter volumes in each group. For the final hypothesis the 

analysis was repeated but only including patients with a CMR diagnosis of TS. All 

statistical analyses were corrected for multiple comparisons using the stringent 

family-wise error method (FWE). A very conservative T threshold of T>5 was 
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selected to minimise the chance of false positive results(174). Values of p < 0.05 

were deemed as demonstrating evidence against the null hypothesis.   

3.3 RESULTS 

3.3.1 STUDY PARTICIPANTS 

 239 consecutive patients presented to the Bristol Heart Institute with 

MINOCA over the study period and were screened by the research team. Figure 4 

details the study flow chart. The study period ran from 1/2/2019 to 16/3/2020 

and 1/08/2020 to 31/01/2021 due to an enforced suspension related to the 

global coronavirus pandemic.  127 patients were recruited in total including 72 

patients who met the MINOCA inclusion criteria, 27 STEMI controls and 28 

healthy controls.  Two healthy controls were subsequently excluded due to the 

presence of a previous episode of myocarditis and a dilated RV on the CMR.  

 

 

Figure 4 Study Flow Chart 

ACS – acute coronary syndrome, CVA – cerebrovascular accident  
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 Table 12 illustrates the demographics of the study groups. There was no 

significant difference in age and sex between the MINOCA group or the STEMI or 

healthy control group. 

Table 12 Study group baseline demographics 

Variable MINOCA (n=72) STEMI (n=27) P value MINOCA 
v STEMI 

Healthy (n=26) P value 
MINOCA v 

Healthy 
Age, median [IQR], years 57 [47-66] 61 [49-70] 0.229 53 [47-60] 0.183 
Female sex, n (%) 34 (47) 8 (30) 0.115 15 (58) 0.360 
Caucasian, n (%) 66 (92) 27 (100) 0.495 24 (92) 0.671 
BMI, mean [SD], kg/m2 28.0 [6.2] 29.3 [4.4] 0.333 27.3 [5.6] 0.6303 
Right-handed, n (%) 61 (85) 25 (93) 0.510 21 (81) 0.506 

Medical history, n (%)  
Hypertension 26 (36) 13 (48) 0.275 2 (8) 0.006 
Diabetes 9 (13) 5 (18) 0.586 1 (4) 0.211 
Dyslipidaemia 17 (24) 12 (44) 0.043 1 (4) 0.026 
Smoking status 
  Current smoker 18 (25) 6 (22) 

0.709 
1 (4) 

0.044   Former smoker 18 (25) 9 (33) 6 (23) 
  Never smoker 36 (50) 12 (44) 19 (73) 
Family history of MI 17 (24) 7 (26) 0.811 3 (12) 0.709 
Prior MI 5 (7) 1 (4) 0.709 0 (0) 0.168 
Malignancy 7 (10) 3 (11) 0.838 0 (0) 0.099 
Mental health disease 24 (33) 3 (11) 0.027 2 (8) 0.011 

Symptoms at presentation, n (%)  
Chest pain 71 (99) 25 (93) 0.120 n/a n/a 
Breathlessness 28 (39) 12 (44) 0.616 n/a n/a 
Palpitations 14 (19) 2 (7) 0.147 n/a n/a 
Syncope 3 (4) 4 (15) 0.066 n/a n/a 
Recent viral illness 12 (17) 4 (15) 0.824 0 (0) 0.026 
Recent physical or mental stressor 6 (8) 0 (0) 0.122 0 (0) 0.129 
ST-elevation myocardial infarction 
presentation 

22 (31) 27 (100) <0.001 n/a n/a 

Medication on Admission n (%) 
Single antiplatelet 8 (11) 2 (7) 0.586 0 (0) 0.076 
Dual antiplatelet 0 (0) 0 (0) n/a 0 (0) n/a 
Beta-blocker 11 (15) 1 (4) 0.116 0 (0) 0.034 
ACEi/ARB 17 (24) 7 (26) 0.811 0 (0) 0.006 
Statin 15 (21) 4 (15) 0.498 1 (4) 0.045 

Electrocardiogram findings, n (%) 
Heart rate, mean [SD], bpm 76 [17] 75 [16] 0.770 71 [16] 0.146 
ST-segment depression 9 (13) 20 (77) <0.001 0 (0) 0.059 
T-wave inversion 12 (17) 4 (15) 0.824 0 (0) 0.026 
Left bundle-branch block 0 (0) 0 (0) n/a 0 (0) n/a 
Q waves 3 (4) 4 (15) 0.824 0 (0) 0.287 
Normal electrocardiogram 33 (46) 0 (0) <0.001 24 (92) <0.001 

Echocardiography (n=91) 
Segmental RWMA, n (%) 23 (35) 23 (92) <0.001 n/a n/a 
LVEF, median [IQR], % 55 [52-60] 55 [45-58] 0.071 n/a n/a 

Laboratory Investigations 
Peak Troponin T, median [IQR], 
ng/L 

187 [54-517] 3095 [1450 – 
5616] 

<0.001 5 [5-6] <0.001 

CRP, median [IQR], mg/L 5 [2-17] 2 [1-8] 0.186 1 [1-2] <0.001 
NT-pro-BNP, median [IQR], pg/ml 139 [69-517] 1085 [711-1766] <0.001 42 [21-59] <0.001 
Total cholesterol, median [IQR], 
mmol/L 

3.4 [2.6-4.3] 5.3 [3.2-6.5] 0.021 n/a n/a 
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LDL-cholesterol, median [IQR], 
mmol/L 

2.2 [1.5-3.0] 3.2 [2.2-3.9] 0.004 n/a n/a 

Triglycerides, median [IQR], 
mmol/L 

1.5 [1-2.1] 1.4 [1-2.5] 0.809 n/a n/a 

Coronary Angiography 
Maximal stenosis by visual estimation by operator 

LAD    
 
 
 
 
 
 
 
 
 

n/a 
 

  0% 47 (65) 2 (7) 
  1-29% 17 (24) 7 (25) 
  30-49% 8 (11) 0 (0) 
  50-69% 0 (0) 3 (11) 
  70-99% 0 (0) 4 (15) 
  100% 0 (0) 11 (41) 
Cx   
  0% 55 (76) 13 (48) 
  1-29% 15 (21) 4 (15) 
  30-49% 2 (3) 1 (4) 
  50-69% 0 (0) 3 (11) 
  70-99% 0 (0) 2 (7) 
  100% 0 (0) 4 (15) 
RCA   
  0% 53 (74) 10 (37) 
  1-29% 16 (22) 6 (22) 
  30-49% 3 (4) 1 (4) 
  50-69% 0 (0) 0 (0) 
  70-99% 0 (0) 0 (0) 
  100% 0 (0) 10 (37) 

 

3.3.1.1 Risk Factors 

 There were no significant differences between any self-reported 

cardiovascular risk factors (hypertension, diabetes mellitus, 

hypercholesterolaemia, smoking and family history of premature myocardial 

infarction (<65 years)) between MINOCA and STEMI groups. Patients with 

MINOCA were significantly more likely to self-report a history of previous mental 

health disease than both STEMI and healthy controls. There was no difference 

between the presence of a recent mental or physical stressor between MINOCA 

or the control groups, but there was in TS patients compared to STEMI and 

healthy controls respectively (p=0.003 and p=0.004). 

3.3.1.2 Cardiac Investigations 

 31% of MINOCA patients presented with ST-segment elevation on the 

ECG. MINOCA patients had a lower peak troponin, NT-pro-BNP, total cholesterol 

and LDL-cholesterol than STEMI patients (Table 12). There was weaker evidence 

of a difference in ejection fraction during the index admission on 
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echocardiography. On angiography, 40 (56%) MINOCA patients had smooth 

coronary arteries without any degree of obstruction. 

3.3.1.3 Psychological Questionnaires 

 MINOCA patients had lower baseline MMSE scores and higher anxiety, 

depression and perceived stress scores (PSS) than healthy controls (Table 13). 

MINOCA patients had higher anxiety scores than STEMI patients but there was no 

strong evidence for a difference in MMSE, depression score or PSS. MINOCA 

patients had less understanding of their condition compared to STEMI patients on 

the B-IPQ.   

Table 13 Results of the psychological questionnaires 

Variable MINOCA (n=72) STEMI (n=27) 
P value 
MINOCA v 
STEMI 

Healthy 
(n=26) 

P value 
MINOCA v 
Healthy 

MMSE, median [IQR] 29 [28-29] 29 [28-30] 0.780 30 [29-30] 0.001 
Anxiety, mean [SD] 8.0 [4.0] 6.0 [3.3] 0.025 4.4 [3.2] <0.001 
Depression, median 

[IQR] 4 [2-6.5] 2 [1-4] 0.057 1 [0-3] <0.001 
Perceived Stress 
Scale, mean [SD] 17.2 [8.0] 14.5 [7.8] 0.136 9.5 [6.2] <0.001 
Understanding, 
median [IQR] 6.5 [4-8] 8 [6-9] 0.048 n/a n/a 

 

3.3.1.4 CMR Findings 

 Table 14 summarises the CMR findings. MINOCA patients were scanned a 

median of 4 days later than STEMI patients and had significantly higher EF than 

STEMI patients and lower GLS. MINOCA patients had significantly less LGE and 

oedema than STEMI patients.  

CMR identified a diagnosis in 76% of MINOCA patients with acute 

myocardial infarction being the most frequent diagnosis. 100% of STEMI patients 

had evidence of a myocardial infarction on the CMR. 
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Table 14 CMR Findings 

 

LVEF – left ventricular ejection fraction; RVEF – right ventricular ejection fraction; iLVEDV – indexed left 
ventricular end-diastolic volume; iLVSV – indexed left ventricular stroke volume, iLV mass – indexed left 
ventricular mass; MAPSE – mitral annular plane systolic excursion; TAPSE - tricuspid annular plane systolic 
excursion; GLS – global longitudinal strain; LGE - late gadolinium enhancement; MVO – microvascular 
obstruction; MI – myocardial infarction; TS – takotsubo syndrome 

3.3.2 ANATOMICAL BRAIN CHANGES 

 The two-sample t-tests comparing grey matter volumes between MINOCA 

patients and healthy controls showed that MINOCA patients had increased grey 

matter volume in the putamen compared to healthy controls (Figure 5) and 

reduced grey matter volume in widespread regions of the brain (Figure 6). 

 

Variable MINOCA (n=72) STEMI (n=27) 
P value 

MINOCA v 
STEMI 

Healthy (n=26) 
P value 

MINOCA v 
Healthy 

Days from admission to CMR, 
median [IQR] 6 [3-8] 2 [1-2] <0.001 n/a n/a 

LVEF, median [IQR], % 59 [53-61] 51 [45-56] <0.001 62 [60-65] <0.001 
iLVEDV, median [IQR], ml/m2 80 [74-88] 79 [69-91] 0.670 86 [68-97] 0.545 
iLVSV, median [IQR], ml/m2 46 [41-53] 37 [35-44] <0.001 53 [41-59] 0.030 

iLV mass, median [IQR], g/m2 55 [48-64] 62 [55-66] 0.080 51 [46-62] 0.119 
RVEF, median [IQR], % 57 [53-61] 56 [52-60] 0.452 58 [51-63] 0.533 

iRVEDV, median [IQR], ml/m2 79 [70-91] 72 [64-86] 0.032 95 [73-110] 0.058 
MAPSE, median [IQR], mm 12 [10-13] 10 [8-11] 0.013 14 [12-15] 0.003 

TAPSE, mean [SD], mm 21 [4.9] 21 [3.5] 0.483 24 [5.0] 0.016 
GLS, mean [SD], % -16.0 [-17.4 - 13.9] -12.4 [-14.3 - -

11.2] <0.001 -17.9 [-20 - -
15.9] <0.001 

Presence of LGE, n (%) 44 (61) 25 (93) 0.002 0 (0) <0.001 
Pattern of LGE n. (%) 

Ischaemic 27 (61) 25 (100) 

0.019 

n/a 

n/a 
Mid-wall 7 (16) 0 n/a 

Subepicardial 8 (18) 0 n/a 
Diffuse/patchy 1 (2) 0 n/a 
Insertion point 1 (2) 0 n/a 

Number of segments of LGE, 
median [IQR] 1 [0-2] 5 [3-6] <0.001 0 [0] <0.001 

LGE mass, median [IQR], g 0.6 [0-4.8] 18.4 [7.1 – 32] <0.001 0 [0] <0.001 
MVO, n (%) 2 (3) 13 (48) <0.001 0 (0) 0.391 

Presence of oedema, n (%) 45 (63) 27 (100) <0.001 0 (0) <0.001 
Number of segments of 
oedema, median [IQR] 1 [0-5] 7 [5-8] <0.001 0 [0] <0.001 

Oedema mass, median IQR], g 7 [0-24] 44 [28 – 53] <0.001 0 [0] <0.001 
CMR Diagnosis 

Myocarditis 15 (21) 0 (0) 

<0.001 

0 (0) 

<0.001 
MI 27 (38) 27 (100) 0 (0) 
TS 11 (15) 0 (0) 0 (0) 

Other cardiomyopathy 2 (3) 0 (0) 0 (0) 
Normal/non-specific 17 (24) 0 (0) 26 (100) 
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Figure 5 Brain activation map showing region of increased grey matter volume in MINOCA 
patients compared to healthy controls 

 

 

 

Figure 6 Brain activation map showing regions of reduced grey matter volume in MINOCA 
patients compared to healthy controls 
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There were no significant differences between grey matter volume 

between MINOCA patients and STEMI patients at the high significance level 

applied.  

3.3.2.1 Subgroup Analysis 

 Demographics broken down by subgroup are shown in Table 15.   

Table 15 Demographics and results by subgroups 

Variable Acute 
Myocarditis MINOCA TS 

Age, median [IQR], years 51 [25-64] 53 [47-61] 68 [60-70] 
Female sex, n (%) 6 (43) 9 (35) 9 (90) 
Caucasian, n (%) 14 (100) 24 (92) 10 (100) 

BMI, mean [SD], kg/m2 25.6 (6.5) 29.7 (6.5) 23.7 (5.9) 
Right-handed, n (%) 12 (86) 21 (81) 9 (90) 

Medical history, n (%) 
Hypertension 3 (21) 8 (31) 3 (30) 

Diabetes 1 (7) 2 (8) 2 (20) 
Dyslipidaemia 5 (36) 4 (15) 3 (30) 

Smoking status 
Current smoker 3 (21) 7 (27) 4 (40) 
Former smoker 6 (43) 5 (19) 2 (20) 
Never smoker 5 (36) 14 (54) 4 (40) 

Family history of MI 3 (21) 8 (31) 4 (40) 
Prior MI 0 (0) 1 (4) 0 (0) 

Malignancy 1 (7) 2 (8) 2 (20) 
Mental health disease 3 (21) 9 (34) 6 (60) 

Symptoms at presentation, n (%) 
Chest pain 14 (100) 26 (100) 10 (100) 

Breathlessness 3 (21) 11 (42) 2 (20) 
Palpitations 1 (7) 1 (4) 2 (20) 

Syncope 0 (0) 1 (4) 2 (20) 
Recent viral illness 6 (43) 3 (12) 0 (0) 
Recent physical or 

mental stressor 0 (0) 3 (12) 4 (40) 

ST-elevation myocardial 
infarction presentation 8 (57) 7 (27) 4 (40) 

Laboratory Investigations 
Peak Troponin T, median 

[IQR], ng/L 135 [94-663] 333 [114-
525] 

497 [286-
1225] 

CRP, median [IQR], mg/L 23 [5-54] 5 [2-15] 3 [1-15] 
NT-pro-BNP, median 

[IQR], pg/ml 132 [93-292] 142 [69-260] 2940 [609-
6246] 

Total cholesterol, median 
[IQR], mmol/L 3.4 [2.7-3.6] 4.3 [2.8-5.2] 2.8 [2.5-4.1] 

Psychological Questionnaires 
MMSE, median [IQR] 29 [28-29] 29 [28-29] 29 [27-30] 
Anxiety, mean [SD] 7.0 [6-12] 6.5 [4-10] 8.0 [7-9] 
Depression, median 

[IQR] 2.5 [2.4] 5.4 [4.6] 4.7 [4.2] 

Perceived Stress Scale, 
mean [SD] 16.0 [8.7] 17.4 [8.0] 16.0 [7.3] 

CMR Findings 
Days from admission to 

CMR, median [IQR] 4.5 [2-11] 4.5 [2-7] 3 [2-7] 

LVEF, median [IQR], % 60 [56-62] 57 [54-61] 47.5 [42-59] 
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iLVEDV, median [IQR], 
ml/m2 81 [74-96] 81 [75-89] 78.5 [70-81] 

iLVSV, median [IQR], 
ml/m2 48.5 [46-54] 46 [42-54] 37 [34-46] 

iLV mass, median [IQR], 
g/m2 59 [48-75] 56.5 [48-65] 54.5 [48-60] 

RVEF, median [IQR], % 58 [52-62] 57.5 [54-61] 59 [56-61] 
iRVEDV, median [IQR], 

ml/m2 83.5 [70-110] 81.5 [72-98] 68.5 [60-76] 

GLS, mean [SD], % -18.1 [2.4] -17.3 [2.3] -9.2 [4.4] 
Presence of LGE, n (%) 14 (100) 24 (92) 2 (20) 

Pattern of LGE n. (%) 
Ischaemic 0 (0) 24 (100) 2 (20) 
Mid-wall 7 (50) 0 (0) 0 (0) 

Subepicardial 7 (50) 0 (0) 0 (0) 
Diffuse/patchy 0 (0) 0 (0) 0 (0) 
Insertion point 0 (0) 0 (0) 0 (0) 

Number of segments of 
LGE, median [IQR] 1 (1-2) 2 [1-2] 0 [0-0] 

LGE mass, median [IQR], 
g 0.92 [0.30-3.1] 3.12 [1.78-

6.45] 0 [0-0] 

Presence of oedema, n 
(%) 8 [57] 23 [88] 10 [100] 

Number of segments of 
oedema, median [IQR] 1 [0-4] 2 [1-4] 7.5 [6-9] 

Oedema mass, median 
IQR], g 1.1 [0-38] 11.8 [4.9-

16.5] 
32.8 [25.8-

42.7] 
 

Patients with TS had reduced grey matter volume in the cerebellar vermis 

and left calcarine fissure and surrounding cortex compared to healthy controls 

(Figure 7). Our study did not demonstrate any other significant differences in grey 

matter volumes between patients with TS compared to healthy or STEMI patients.    
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Figure 7 Brain activation map showing region of reduced grey matter volume in TS patients 
compared to healthy controls 

 

A sensitivity analysis was performed as 3/11 patients with TS had a 

previous episode of TS and thus may not have had ‘acute’ brain changes. When 

these patients were excluded from analysis the difference in the cerebellar vermis 

remained (pFWE = 0.01, T 6.55) but not in the calcarine fissure and surrounding 

cortex. There remained no grey matter differences between TS patients and 

STEMI patients.  

3.3.3 REGRESSION ANALYSIS  

3.3.3.1 Psychological 

 There was a negative association between a self-reported history of 

mental health disease and grey matter volume in the left opercular part of the 

inferior frontal gyrus (Table 16). There was also a negative association between 

MMSE score and grey matter volume in the right putamen (Appendix B). There 

were no associations between grey matter volume and anxiety, depression or 

perceived stress scores seen in patients with STEMI or healthy controls.  

Table 16 Regions where grey matter volume negatively correlates with prior history of mental 
health disease 

Hemisphere AAL region p(FWE-
corr) 

T x y z 

Left Frontal_Inf_Oper 0.023 
 

5.27 
 

-44 18 14 

 

3.3.3.2 Cardiac 

 There was a positive association between global longitudinal strain as 

measured by CMR (GLS-CMR) and grey matter volume in multiple brain regions 

(Table 17). There were no other correlations between LGE mass, oedema mass, 

LVEF or peak troponin T. In the STEMI group there were also positive correlations 

in similar frontal and temporal brain regions to the MINOCA group (Appendix B). 
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However, there was no association between grey matter volume and GLS-CMR in 

the healthy control group, although there were positive correlations with LVEF 

(Appendix B).  

Table 17 Regions of the brain in which grey matter volume positively correlate with GLS 

 
Hemisphere AAL region p(FWE-

corr) 
T x y z 

Left Frontal_Inf_Orb <0.001 8.67 -18 24 -24 
Left ParaHippocampal <0.001 8.6 -28 -20 -26 
Right Frontal_Sup_Orb <0.001 7.75 16 21 -22 
Right Occipital_Mid <0.001 7.67 26 -88 2 
Right Cingulum_Mid <0.001 7.65 10 -40 42 
Right Lingual <0.001 7.5 12 -60 6 
Right Hippocampus <0.001 7.48 30 -4 -24 
Right Fusiform <0.001 7.3 38 -20 -32 
Left Temporal_Mid <0.001 7.22 -52 -69 20 
Right ParaHippocampal <0.001 7.22 28 -16 -26 
Right Temporal_Mid <0.001 7.11 56 -8 -22 
Left Occipital_Mid <0.001 7.04 -39 -80 18 
Left Frontal_Mid <0.001 7.01 -40 45 27 
Left Frontal_Sup_Medal <0.001 6.98 -8 18 39 
Right Precuneus <0.001 6.93 3 -51 27 
Left Rolandic_Oper <0.001 6.84 -57 10 2 
Left Lingual <0.001 6.76 -14 -82 -10 
Left Parietal_Sup <0.001 6.72 -33 -69 54 
Left Frontal_Sup <0.001 6.68 -24 36 46 
Left Occipital_Inf <0.001 6.63 -33 -90 -12 
Left Cingulum_Mid <0.001 6.47 -6 27 33 
Right Occipital_Inf <0.001 6.46 36 -78 -2 
Left Frontal_Inf_Oper <0.001 6.41 -56 6 16 
Left Parietal_Sup   <0.001 6.41 -21 -56 60 
Left Supp_Motor_Area 0.001 6.38 -6 9 44 
Right SupraMarginal 0.001 6.38 58 -36 27 
Right Cerebelum_8 0.001 6.31 26 -68 -44 
Right Parietal_Inf 0.001 6.18 51 -57 38 
Left Frontal_Sup_Orb 0.002 6.07 -15 44 -22 
Left Frontal_Inf_Oper 0.002 5.99 -51 14 33 
Left Cingulum_Mid 0.002 5.95 -12 -38 40 
Right Postcentral 0.003 5.92 27 -46 57 
Left Fusiform 0.003 5.87 -42 -64 -14 
Right Paracentral_Lobule 0.003 5.85 9 -38 58 
Left Precuneus    0.004 5.81 -8 -64 39 
Right Cerebelum_6 0.005 5.75 44 -38 -30 
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Right Insula 0.005 5.74 38 -15 14 
Left SupraMarginal 0.006 5.68 -54 -44 34 
Left Supp_Motor_Area 0.006 5.67 -9 -12 60 
Left Thalamus 0.007 5.64 -10 -9 3 
Right Cuneus 0.008 5.59 16 -94 8 
Left SupraMarginal 0.014 5.42 -64 -38 30 
Left Cerebelum_6 0.02 5.31 -27 -51 -34 
Right Temporal_Inf 0.02 5.31 52 -22 -22 
Left Temporal_Pole_Sup 0.024 5.25 -34 12 -28 
Left Precentral 0.025 5.24 -46 -8 44 
Right Temporal_Sup 0.029 5.19 45 -20 -2 
Left Cerebelum_8 0.032 5.16 -34 -62 -48 
Right Supp_Motor_Area 0.034 5.14 8 -16 62 
Right Angular 0.035 5.13 62 -56 24 
Right Frontal_Sup 0.039 5.1 15 -6 64 
Right Frontal_Sup_Medial 0.04 5.09 9 36 44 
Right Frontal_Mid 0.041 5.09 39 21 32 
Left Calcarine 0.041 5.08 -15 -56 10 
Right Angular 0.042 5.08 46 -54 32 
Left Caudate 0.045 5.06 -4 12 4 

 

AAL – automated anatomic labelling 

All p values are corrected for multiple comparisons (FWE corrected). 

 
 
 

3.4 DISCUSSION 

 Our results show for the first time that: 1) there are widespread 

reductions in grey matter volume in patients with MINOCA compared to healthy 

controls, although there was no difference compared to STEMI controls; 2) 

MINOCA patients have increased grey matter volume in the putamen compared 

to healthy controls, but not STEMI controls; 3) there are widespread positive 

associations  between grey matter volume and GLS-CMR in the MINOCA group; 4) 

there is reduced grey matter volume in the cerebellar vermis and left calcarine 

fissure and surrounding cortex in patients with acute TS 

3.4.1 ANATOMICAL DIFFERENCES 
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 We have shown, for the first time, widespread reductions in grey matter 

volume in patients with MINOCA compared to healthy controls. Our sample was 

large (72 MINOCA patients) with robust correction for multiple comparisons (FWE 

method). This suggests that patients with MINOCA have diffuse structural 

abnormalities across the brain which may affect multiple functional networks. The 

most significant of these were in the bilateral middle temporal gyrus, bilateral 

postcentral and precentral gyri, left anterior cingulate gyrus, right median 

cingulate gyrus, right inferior temporal gyrus, left middle frontal gyrus and right 

inferior frontal gyrus. There were also several locations in the cerebellum. 

Interestingly, there were no differences between the MINOCA and STEMI groups 

suggesting that these differences are not unique to MINOCA and may also be 

present in the STEMI population. It is plausible that there is an acute change in 

grey matter volume in acutely unwell patients generally. Because the MINOCA 

group included 39% of patients with an MI, the phenotype of the MINOCA and 

STEMI groups overlapped, and this also may have reduced the subsequent ability 

to detect a difference between the groups. However, this is only hypothesis 

generating and further studies looking at the STEMI population are warranted.  

 There is early evidence linking anatomical and functional changes in the 

brain to adverse cardiovascular outcomes(102, 110, 111, 119), but there are no 

studies examining this link in patients with MINOCA, despite the higher 

prevalence of mental health disease in this cohort(112). Anxiety and depression 

are very common conditions globally and have been associated with several 

anatomical brain changes(176, 177). Patients with major depressive disorder have 

been shown to have widespread and varied reductions in grey matter volume 

following VBM analysis (137, 176). The largest VBM study in non-geriatric patients 

with major depressive disorder demonstrated significant volume reductions in 

regions including the dorsolateral prefrontal cortex, anterior cingulate cortex and 

medial orbital frontal cortex, but it also included a small cluster in the left 

putamen(176). These regions are typically shown to be abnormal in functional 

brain analyses of patients with depression(137). In comparison, patients with 

generalised anxiety disorder have been shown to have reduced grey matter 
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volume in the dorsolateral prefrontal cortex, hippocampus, insula, thalamus, 

superior temporal gyrus but increased volume in the amygdala(178-181).  These 

anatomical locations are areas of the brain integral to several established 

functional networks which have direct control over cardiac function via the 

autonomic nervous system and the hypothalamic-pituitary-adrenal axis(78).  

 The middle temporal gyri have been shown to be activated in response to 

happy and fearful audio-visual stimuli and is thus important in the audio-visual 

perception of emotion(182). The anterior and medial cingulate gyri are part of the 

cingulate cortex which has multiple projections to the medullary and spinal nuclei 

and central to the autonomic nervous control of the heart(79).  It has an 

important role in reward and learning pathways(183) and demonstrates reduced 

grey matter volume in patients with major depressive disorder (177). The 

cingulate cortex are also part of the default mode network and salience networks 

(83, 84). The default mode network is active during wakeful rest and has 

importance in thinking about oneself and others, mind-wandering, remembering 

the past and planning for the future(65). The salience network is involved in 

complex functions including communication and self-awareness(66). Finally, 

reduced grey matter volume has also been previously shown in the right inferior 

frontal gyrus in patients with depression (184, 185) and this region is also thought 

to be involved in empathy, interpersonal interaction and communication(186).  

 We have also shown increased grey matter in the right putamen in 

MINOCA patients compared to healthy controls. The putamen is a subcortical 

structure which forms part of the striatum and is involved in social learning and 

reward processing(187). The striatum also receives dopaminergic inputs and has 

extensive connections with emotional processing regions such as the 

amygdala(187).  Previous studies in patients with social anxiety disorder have 

shown reduced grey matter volume in the left putamen (188, 189) but there are 

no VBM studies in MINOCA for comparison. We speculate that increased volume 

in the putamen in patients with MINOCA contributes to their increased emotional 
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dysregulation and this leads to overactivity of the amygdala and subsequent 

overactivity of the autonomic nervous system. 

In summary there are extensive structural differences in multiple brain 

regions involved in the emotional processing centres of the brain which may 

provide a substrate for the pathogenesis of MINOCA and explain the high 

prevalence of anxiety, depression and psychiatric comorbidity in these patients. 

However, since MINOCA is a heterogenous cohort of patients and no difference 

was seen with the STEMI control arm, these results are exploratory and further 

work is required.  

3.4.2 RELATIONSHIP BETWEEN BRAIN VOLUME AND PSYCHOLOGICAL AND CARDIAC 

VARIABLES 

3.4.2.1 Psychological 

  Patients with MINOCA who had a history of mental health disease had 

reduced grey matter volume in the opercular part of the inferior frontal cortex 

compared to those without such a history. This area is part of the ventrolateral 

prefrontal cortex, is typically involved in speech and has been shown to have 

reduced volume in schizophrenia(190) although it is not known to have any 

definite role in anxiety, depression or stress. The ventrolateral prefrontal cortex 

does however have functions within the reward and motivation systems. It has 

inputs from the orbitofrontal cortex and the amygdala(191) and shows increased 

activation in reward sensitive individuals (192). It is possible that individuals with 

MINOCA have lower reward sensitivity and therefore are less likely to display 

goal-directed behaviours due to the reduced sensation of pleasure when 

achieving a goal. This may partly explain the association with prior mental health 

disease which are often characterised by loss of motivation.  

3.4.2.2 Cardiac 

 This is the first study to associate markers of cardiac function with grey 

matter volume. Our results showed that there are widespread positive 

associations between grey matter volume and GLS-CMR in patients with MINOCA. 
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Therefore, patients with MINOCA with a higher GLS (i.e. worse LV function, 

normal GLS is <-18%) have increased grey matter volume in many areas of the 

brain. In the STEMI control group, there were also relatively widespread 

associations between grey matter volume and GLS-CMR and many of these areas 

overlapped with the MINOCA group, most notably in frontal lobe regions of the 

brain (Appendix B). The diffuse nature of our findings suggests there may be 

previously underappreciated complex interactions between brain structure 

and/or function and cardiac systolic function.  As this is the first time this analysis 

has been performed and the associations are so extensive it is difficult to 

interpret but this could be used as a basis for future studies.   

 In the healthy control group, there was no association between GLS-CMR 

and grey matter volume, although there were multiple positive associations with 

LVEF (Appendix B). Higher LVEF typically represents greater LV function (and 

lower GLS). The association with LVEF was surprising, but they are notable as 

many of these regions (bilateral hippocampus, right insula, cingulate cortex) are 

key components of many known emotional processing networks and have 

outputs to the autonomic nervous system. Thereby there may be a mechanism 

linking increased grey matter volume, and therefore a greater ability to process 

emotion or stress and increased LV function in the healthy population.  

3.4.3 TAKOTSUBO SYNDROME SUBGROUP ANALYSIS 

 Previous work has focussed on the heart-brain interaction in TS. Our 

subgroup analysis of patients with takotsubo syndrome showed reduced grey 

matter volume in the cerebellar vermis and left calcarine fissure and surrounding 

cortex, which includes part of the posterior cingulate cortex (PCC).  This is a 

surprising result and is not entirely consistent with previous literature which is 

summarised in Table 18. This may be because our sample size was smaller and so 

lacked the power to identify small differences, the shorter interval to scanning or 

due to the different methodology between the studies. The cerebellar vermis is 

primarily involved in movement but has recently been implicated in cognitive and 

mood dysregulation(193, 194). Connections from the vermis to the hypothalamus 
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and limbic system have been demonstrated(195) confirming the anatomical 

substrate for the involvement in the emotional processing centres which have 

been described previously in TS(114, 115). The most important regions in animal 

models for the interaction with the autonomic nervous system and emotional 

response were lobuli III to VII of the vermis which would be in keeping with our 

findings (196). Our results would support a role for the cerebellum in the 

pathophysiology of takotsubo syndrome, but further work is required to assess 

this hypothesis.  

Table 18 Summary of previous studies examining grey matter differences in TS 

Reference Method TS 
Participants 

Time to 
brain 
MRI 

Anatomical Region Result 

Klein et al 
(2017)(64) 

VBM 19 168 ± 
267 days 

Nil n/a 

 
 
Hiestand et 
al 
(2018)(114) 

VBM  
 

20 

 
 

342 ± 
274 
days 

Amygdala (bilateral) 
Right 
amygdala/hippocampus 
border 

 
Reduced 
 

SBM Antero-ventral insula 
(bilateral) 
Cingulate cortex (bilateral) 

 
Reduced 

Dichtl et al 
(2020)(115) 

VBM 13 <72 
hours 

Right middle frontal gyrus 
Right insula 
Left central opercular cortex 
Right paracingulate gyrus 
Thalamus (bilateral) 
Left cerebral cortex 
Left amygdala 
Right subcallosal cortex 

 
 
 
Reduced 

VBM – voxel based morphometry; SBM – surface based morphometry 

3.4.1 STUDY PARTICIPANTS 

 Our MINOCA population demographics are aligned with the existing 

literature, confirming our representative population and that the only significant 

difference between the MINOCA and STEMI group is the presence of 

hyperlipidaemia(8).  MINOCA patients were more likely to have a history of self-

reported mental health illness than STEMI patients as previously reported  (172, 

173). This was supported by the fact that our MINOCA patients had significantly 

higher baseline anxiety scores compared to both STEMI and healthy control 

groups. MINOCA patients were scanned a median of 4 days later than STEMI 
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patients. This was largely unavoidable due to the difference in priority for invasive 

angiography. STEMI patients are taken directly to the catheter lab on admission 

whereas patients with an NSTEMI presentation (which made up 69% of the 

MINOCA cohort and 0% of the STEMI cohort) generally have to wait several days 

for their procedure. Theoretically, as oedema is known to reduce over time, this 

could lead to a systematic bias which would underestimate oedema in patients 

presenting with an NSTEMI compared to STEMI. Nevertheless, any reduction in 

oedema over this short period is likely to be small and is unlikely to have a 

significant material impact on our results. This is because we know the diagnostic 

yield of CMR is high up to 2 weeks after presentation(17).  The ESC taskforce 

recommend scanning all patients with TS within a window of 7 days (49) and 81% 

of patients with myocarditis still had oedema present at up to 2 weeks from 

presentation. This all suggests that oedema is still demonstrable and diagnostic 

when our MINOCA patients were scanned.  

3.4.2 STUDY LIMITATIONS  

 There are several limitations to our work. Firstly, it was not possible to 

collect cardiac physiological data during acquisition of the neuroimaging data as 

our study used the clinical MRI scanner. This means it was not possible to regress 

out possible nuisance variables like cardiac and respiratory deformation. Although 

our recruitment was strong (49% of eligible MINOCA patients were recruited), 

there may still be recruitment bias with frailer, ‘sicker’ or more anxious patients 

less likely to be recruited. In addition, recruitment occurred before and during the 

COVID-19 pandemic; this was a highly stressful event and may have led to 

increased stress, anxiety and depressive symptoms in patients recruited during 

the pandemic compared to those before (57 MINOCA, 21 STEMI recruited before 

COVID-19; 15 MINOCA, 6 STEMI and 27 healthy volunteers recruited after COVID-

19).  

 Due to a scanner malfunction 2 months into recruitment, T1/T2 mapping 

and ECV quantification was not possible in 90% of our cohort and so this was 

excluded from the analysis. These quantitative measures are known to increase 
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diagnostic sensitivity and specificity and would have provided an alternative 

method to quantify myocardial oedema and scar/fibrosis.  

3.4.2.1 Clinical Implications 

 This exploratory study raises several further important clinical questions 

that need addressing. Patients with MINOCA are distinct from the healthy 

population in terms of their psychological and neuroanatomical state. These 

differences may provide future therapeutic targets for psychological or 

pharmacological therapies. Indeed, there may even be novel therapeutic options 

which could target autonomic brain activation or modulate its potentially harmful 

pro-inflammatory consequences. The lack of a significant grey matter volume 

difference between MINOCA and STEMI patients is interesting and, given the 

overlap with MI, may suggest there are structural brain differences across all 

patients with acute myocardial infarction. This is a potentially very significant 

finding given how frequently MIs occur and the high morbidity and mortality. This 

study was not designed to address the STEMI population and, as such, further 

work is urgently needed to investigate this potentially important finding. 

3.5 CONCLUSIONS 

 Patients with MINOCA have diffuse reductions in grey matter volume 

compared to healthy controls, but not compared to STEMI patients. There are 

strong associations between grey matter volume and GLS-CMR in MINOCA and 

STEMI patients and between LVEF and grey matter volume in healthy patients. A 

history of previous mental health disease correlates with reduced grey matter 

volume in the left inferior frontal gyrus. Our novel results suggest there are 

complex diffuse anatomical brain changes in MINOCA patients which provide a 

basis for further work in understanding the brain-heart interaction in these 

patients.  
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Chapter 4 NOVEL INSIGHTS INTO ACUTE FUNCTIONAL 

BRAIN CHANGES IN MINOCA 

 

4.1 INTRODUCTION 

 The brain consists of many spatially distant but functionally connected 

regions which form networks(197, 198).  In graph theory, a network is made up of 

nodes (anatomical regions in our study) and the connections (edges) between 

them (see chapter 1 for full explanation). Resting-state fMRI measures 

spontaneous low-frequency fluctuations in the Blood -Oxygen-Level -Dependant  

(BOLD) signals to investigate the functional connectivity of brain networks(199). 

The default mode network (DMN)(169, 200), central executive network (CEN)(83), 

sympathetic and parasympathetic networks(168) and salience network(83) are 

examples of such networks which have previously been shown to be altered 

compared to healthy controls in patients with takotsubo syndrome(TS), as 

described in chapter 1(62, 63, 115). The idea that dysfunction within a node or an 

edge results in abnormal signalling which can influence the whole subnetwork is 

key to all neuroimaging studies(67).  

4.1.1 DEFAULT MODE NETWORK 

 The DMN is a resting state ‘core intrinsic’ network. It is therefore activated 

during the resting state or ‘free-thinking’ and is deactivated during tasks(200). It is 

comprised of three brain regions: i) the ventral medial prefrontal cortex, ii) the 

dorsal medial prefrontal cortex and iii) the posterior cingulate cortex, adjacent 

precuneus and lateral parietal cortex. The role of the DMN is not fully understood 

but it is involved in emotional processing, the recollection of previous events and 

self-referential judgements(201). The components of the DMN used in this study 

are shown in Chapter 2 Table 8 
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4.1.2 SYMPATHETIC AND PARASYMPATHETIC NETWORKS 

 The central autonomic network has been characterised by Beisnner et 

al(168) in a meta-analysis of human neuroimaging studies. The autonomic 

nervous system can exert beat to beat control over cardiac function so 

understanding the higher cortical control of this network is important in helping 

our understanding of cardiac physiology and pathophysiology.  The sympathetic 

and parasympathetic networks have different components which are shown in 

Chapter 2 Table 9, but they include core regions in the left amygdala, right 

anterior insula and midcingulate cortices.  

4.1.3 SALIENCE NETWORK 

 The salience network is another core intrinsic network which is built 

around paralimbic structures including the dorsal anterior cingulate cortex and 

the anterior insula(83). The full list of nodes is shown in Chapter 2 Table 10. The 

individual components of the salience network have diverse functions but overall, 

the network is thought to integrate incoming sensory data with the internal 

environment to aid decision making. Hyperactivity in the anterior insula has been 

consistently shown in anxiety disorders (67, 202). 

4.1.4 CENTRAL EXECUTIVE NETWORK 

 The CEN is a fronto-parietal system which includes core regions in the 

dorsolateral prefrontal cortex and the lateral posterior parietal cortex(83). The full 

description of the nodes in our study are shown in chapter 2, Table 11. The CEN is 

implicated in working memory, decision making and problem-solving and is 

disrupted in nearly every major psychiatric disorder (67).  

4.1.5 NETWORK MEASURES 

 In addition, the application of graph theory to brain imaging has allowed 

the characterisation of complex networks through measures of global brain 

network connectivity called network measures (58, 60). Measures such as global 

efficiency (60, 203) (a measure of brain integration), modularity (60, 204) (a 
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measure of segregation of brain networks) and small world propensity (167) (a 

measure of efficiency but adjusted for network density) provide quantification of 

global properties of the brain network.  Larger values suggest greater brain 

integration, segregation, and a more efficient structure, greater synchronisation 

and information flow (205, 206). These global network measures have been 

shown to be abnormal in patients with anxiety and depression, although results 

are inconsistent(136, 139, 207-209). Differences in global network measures in 

patients with MINOCA and how these global network measures may be 

associated with psychological scores (anxiety, depression and stress) and 

measures of cardiac function (GLS-CMR), is not known.  

4.1.6 MINOCA 

 MINOCA is a common working diagnosis in cardiology(9). These patients 

have been shown to have a higher prevalence of anxiety and depression than the 

healthy population(172) and, compared to patients with obstructive coronary 

disease, have a higher prevalence of preceding stress and psychiatric illness, even 

when excluding the patients with TS (173).  MINOCA is a heterogenous group, 

usually encompassing patients who will have had a myocardial infarction, an 

episode of myocarditis or TS(8). The reasons for why this diverse group should 

have similar psychological and psychiatric profiles are not known. However, there 

is recent evidence to suggest that upregulation of the amygdala, a key component 

in the autonomic nervous system and often dysregulated in anxiety, depression 

and stress(104), increases the risk of major adverse cardiac events due to 

increased arterial inflammation(102) and plaque instability(111). Dysregulation of 

the autonomic nervous system is also likely to be a contributing factor in the 

aetiology of TS(46, 210). Therefore, it is possible that there is overlap in the risk 

factors for both myocardial infarction and TS to explain their similar psychological 

profiles.  

 Global longitudinal strain (GLS-CMR) as measured by feature tracking on 

CMR is a quantitative measure of left ventricular systolic function and is more 

sensitive measure of early systolic dysfunction than ejection fraction(39, 211). The 
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larger the insult to the myocardium, the greater the degree of dysfunction and 

the worse the prognosis(212, 213). No previous studies, to our knowledge, have 

examined the quantitative relationship between cardiac dysfunction and brain 

connectivity. It is plausible that these variables will be correlated, with patients 

with greater anxiety, depression and stress scores having greater LV dysfunction 

due to more extensive dysregulation in the brain networks regulating the 

autonomic nervous system e.g. sympathetic and parasympathetic networks.  

4.1.7 HYPOTHESES 

Our hypotheses for this study were that: 

i) patients with MINOCA would have higher anxiety and stress scores 

than both control groups. 

ii) patients with MINOCA would have reduced global efficiency, 

modularity and small world propensity compared to both control 

groups.  

iii) anxiety, depression, stress and GLS-CMR would negatively 

correlate with global efficiency, modularity and small world 

propensity in MINOCA patients.  

iv) patients with MINOCA would have reduced connectivity on region 

of interest and whole brain network analysis in networks 

comprising the autonomic and limbic systems compared to both 

control groups. Anxiety, depression, stress and GLS-CMR would 

negatively correlate with whole brain and regional connectivity in 

MINOCA patients.  

Subgroup Analysis 

v) patients with TS would have reduced global efficiency, modularity 

and small world propensity compared to both control groups 

vi) patients with TS would have reduced connectivity in subnetworks 

involving the amygdala and autonomic nervous system compared 

to both control groups.  
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4.2 METHODS 

 The study design has been described in full elsewhere (Chapters 2 and 3) 

and so is only summarised here. All patients presenting to a single tertiary 

cardiology centre (Bristol Heart Institute) with MINOCA(9) were approached for 

inclusion in the study. The study flow chart is show in chapter 3 Figure 4. All study 

participants underwent routine blood sampling, electrocardiography, 

echocardiography and psychological questionnaires prior to brain MR and CMR. 

Psychological questionnaires included the hospital anxiety and depression scale 

(HADS), perceived stress scale (PSS) and the brief illness perception questionnaire 

(bIPQ) which are well established and have been extensively validated(145, 147, 

214).  The CMR protocol is described in full in chapter 3 and included standard 

SSFP cine, T2-STIR and post gadolinium imaging.  

4.2.1 BRAIN MRI 

 Brain MRI was acquired prior to CMR at 1.5T (Magnetom Avanto, Siemens 

Healthineers, Erlangen, Germany) using a 12-channel head coil. For the functional 

analysis, a T2* weighted gradient echo planar sequence optimised for blood 

oxygen level dependent imaging (BOLD) was acquired. The acquisition lasted 12 

minutes and the patient was asked to remain as still as possible with their eyes 

open in the resting state. The images were acquired in the axial plane parallel to 

the anterior and posterior commissure, excluding the cerebellum. The sequence 

parameters were 268 measurements, 38 slices, 3.1 mm slice thickness, TR 2620 

ms, TE 40 ms, flip angle 80 degrees, matrix 64x64, voxel size 3.1 x 3.1 x 3.1mm, 

bandwidth 3552 Hz/Px, echo spacing 0.56 ms, EPI factor 64. 

4.2.2 FUNCTIONAL DATA ANALYSIS 

 268 volumes were acquired. Statistical parametric mapping software 

(SPM12) implemented in MATLAB (release 2015a) was used for pre-processing.  

Firstly, the images were corrected to adjust for differences in the acquisition time 

between slices. The images were realigned and resliced to remove movement 

artefact. The adjusted images were then segmented into grey matter, white 
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matter, CSF, bones, soft tissue and air and then normalised to MNI space and 

orientation and resliced again using a voxel size of 2x2x2 and a -90 to 90, 126 to 

90, -72 to 108 bounding box. The new images were smoothed with a Gaussian 

kernel (FWHM of 8 mm). The final 3D volumes were concatenated into a single 4D 

file and the segmented white matter and CSF were normalised using the existing 

deformation field.  

Nuisance regression was performed to regress out CSF, white matter and 

movement from the signal generating a new 4D file. Next, the timeseries for each 

region were extracted and bandpass filtered (0.01-0.08 Hz) to obtain the 

frequency of interest and discard nuisance frequencies. We used the Automated 

Anatomical Labelling (AAL) atlas(61) to obtain neuroanatomical labels for our 

data. The cerebellum was excluded as this region was not required for our 

analysis and so the atlas included 90 brain regions. A simple weighted Pearson 

correlation matrix (90 x 90) was created to assess for correlations between each 

brain region described by the atlas and this was Fisher transformed to standardise 

it across different subjects. Finally, all negative correlations were removed and 

made positive to allow for analysis of the strength of correlation rather than the 

direction. As a result, a final weighted correlation matrix was generated which 

was used for the final statistical analysis. 

4.2.3 GLOBAL NETWORK MEASURES 

 For the global analysis, scripts from the brain connectivity toolbox(60) and 

a small world propensity script(167) were used. These scripts generate the global 

efficiency, modulatory and small world propensity network measures described in 

chapter 1.  

4.2.4 FUNCTIONAL ANALYSIS USING NETWORK-BASED STATISTICS 

 The network-based statistic (NBS) toolbox(215) 

(https://www.nitrc.org/projects/nbs/), implemented in Matlab (version R2019b; 

https://www.mathworks.com), was used to analyse the weighted connectivity 

matrices derived from the rs-fMRI data. NBS is a statistical method to adjust for 
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multiple comparisons based on cluster-based statistical methods in mass 

univariate testing. This method allows for increased power to detect distributed 

networks rather than being able to test significance of single connections.  

 NBS uses the well-established general linear model (GLM) approach for 

analysis.  The hypothesis that there was no significant increase or decrease in 

connectivity in each specified network between each group was tested in turn 

using an unpaired one-tailed t-test (MINOCA v STEMI or MINOCA v healthy 

control). NBS tests the specified hypothesis at every connection in the network 

(mass univariate testing). Using guidelines in the NBS manual and in line with 

previous studies(62), a threshold was manually determined through 

experimentation and all connections with a value higher than this set threshold 

were further assessed. NBS then identifies ‘topological clusters’ within these 

supra-threshold connections which is a set of supra-threshold connections joining 

two specified nodes. Finally, to determine the significance of each network a 

FWER-corrected p-value was calculated using permutation testing (5000 

permutations). The component extent option was specified to allow detection of 

weak effects but distributed across many connections. Our analysis tested for 

reduced and increased connectivity, and we tested across a wide range of set 

thresholds (t=1.0 to t=maximum threshold) to fully explore the networks. One 

was a more stringent threshold and the other was a lower, more liberal threshold. 

Effects seen at the more stringent thresholds are likely to be characterised by 

strong, topologically focal differences and at the lower threshold subtle yet 

topologically extended.   The arbitrariness these thresholds could be seen as a 

criticism of NBS because as the threshold changes, new networks can appear, and 

existing statistically significant networks can change in size. However, NBS always 

ensures control of the FWER regardless of the set threshold. The NBS guide 

actively advocates experimenting with a wide range of t thresholds.   

 For the correlation analysis the hypothesis that there was no significant 

positive or negative correlation between a specified variable (e.g. anxiety score or 
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GLS-CMR) and connectivity (in a specified network) in MINOCA patients was 

tested in turn using t tests at set thresholds.  

4.2.5 REGIONS OF INTEREST 

 In addition to the global functional analysis encompassing all 90 AAL 

regions, five other networks were pre-specified based on the existing literature. 

These included sympathetic and parasympathetic networks(168), the default 

mode network(169), salience network(83) and central executive network(83) as 

described in chapter 2. The specified MNI coordinates were converted to AAL 

regions using xjView 10 (https://www.alivelearn.net/xjview). A new weighted 

connectivity matrix was then generated for each new network which only 

contained the specific AAL nodes. This was then used for the ROI analysis using 

NBS to compare the connectivity in each network between MINOCA and control 

patients.  

4.2.6 POWER CALCULATION 

 This was an exploratory study and as such no formal power calculation 

was performed. The predicted smallest subgroup would be TS (~16-27% of 

MINOCA presentations) (8, 16). Previously published fMRI studies in TS included 

15(62), 13(115) and 20(64) subjects and so we aimed to prospectively recruit 100 

patients with MINOCA with the aim of having a similar number (~20) of patients 

with TS. Control participants were recruited in a 2:1 ratio with patients with the 

aim of balancing power in the control groups with the feasibility and cost of 

running the study.    

4.2.7 STATISTICAL ANALYSIS 

 STATA (version 17) was used for all statistical analysis. Normality of 

continuous data was assessed by visual assessment of the histogram or, if 

necessary, a Kolmogorov-Smirnov test. Continuous data is presented as mean ± 

standard deviation or median (IQR) depending on the normality of the data. 

Categorical variables are presented as counts and proportions. Comparison of 
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means between two groups was assessed using the Students unpaired two-way t-

test for parametric data (e.g. TIV between MINOCA and STEMI patients) or the 

Wilcoxon Rank sums test for non-parametric data (e.g. global efficiency between 

MINOCA and STEMI patients).  

 Connectivity in each network between groups was assessed in each 

direction separately using an unpaired one-tailed t-test between every connection 

in the specified network.  The result was FWE-corrected as described in section 

4.2.4 to control for the effect of multiple comparisons. No covariates were 

specified ‘a priori’ as the groups were age and sex-matched at recruitment. There 

was no significant difference in total intracranial volume (TIV) between groups 

and so this was not included as a covariate. Two t (test statistic) thresholds were 

chosen from a wide range of tested thresholds to help demonstrate the nature of 

any effect shown. To check for positive or negative correlations between pre-

specified variables (anxiety score, perceived stress score, GLS-CMR) and 

connectivity at two set t thresholds in each specified network, further unpaired 

one-tailed t-tests were performed and results were FWE-corrected. Only the 

three variables most clinically relevant were pre-specified for the correlation 

analysis due to the large number of analyses that needed to be performed 

(multiple t thresholds need to be tested for each contrast (positive or negative) 

for each of the three variables in each specified ROI network in each group). GLS-

CMR was chosen as the most relevant CMR variable as it is a global representation 

of cardiac function, is more sensitive than LVEF, is clinically useful and significantly 

correlates with the of amount of LGE and oedema seen.  

  A p value<0.05 was considered as strong evidence against the null 

hypothesis.  

4.3 RESULTS 

4.3.1 CHARACTERISATION OF THE STUDY POPULATION 

 This has been described in chapter 3. Due to the impact of the global 

coronavirus pandemic and lower incidence of MINOCA than anticipated, 72 of the 
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planned 100 MINOCA patients were recruited. The recruitment flow chart is 

shown in Figure 8. For the functional brain analysis, a further 4 MINOCA, 2 STEMI 

and 1 healthy control were excluded due to incorrect slice acquisition (n=5), 

inability to lie flat for brain imaging (n=1) and excessive artefact (n=1).  Ten 

patients were included in the TS subgroup analysis.  

 

Figure 8 Study Flow Chart 

 

4.3.2 PSYCHOLOGICAL QUESTIONNAIRES 

 MINOCA patients had lower baseline MMSE scores and higher anxiety, 

depression and perceived stress scores (PSS) than healthy controls. MINOCA 

patients had higher anxiety scores than STEMI patients but no strong evidence for 

a difference in MMSE, depression score or PSS (Figure 9). MINOCA patients had 

less understanding of their condition compared to STEMI patients on the B-IPQ 

questionnaire (Table 2, Chapter 3). 

2310 angiograms performed for suspected ACS

286 patients with hs-Troponin T elevation and non-
obstructive coronary arteries 63 patients did not meet definition of 

MINOCA
• Non-dynamic troponin elevation n=38
• Alternative diagnosis apparent n=25

Study sample (n=72) for CMR 
analysis

223 patients with suspected 
MINOCA

151 patients excluded
• Cardiac arrest  n=47
• Refused consent/unable to consent  

n=29
• Age >80 n=27
• Unable to meet F/U requirements n=21
• Claustrophobic n=11
• Contraindication to CMR n=8
• Unable to have CMR within 14 days n=5
• Previous CVA n=3

Study sample for 
functional brain 

analysis
(n=68)

4 patients excluded
• Incorrect slice number at acquisition
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Figure 9 Bar chart demonstrating results of psychological questionnaires in each group 

The bar chart displays mean anxiety score (±SD), median depression score (±IQR) and mean 
perceived stress score (±SD) for each group. P values are shown for direct comparisons 
between MINOCA and STEMI groups (lower) and MINOCA and healthy groups (upper).  

4.3.3 GLOBAL NETWORK MEASURES 

 There were no significant differences between total intracranial volumes, 

global efficiency, modularity or small world propensity between MINOCA and 

STEMI or healthy controls (Table 19). 

Table 19 Table showing global network measures by group 

 MINOCA 
(n=68) 

STEMI 
(n=25) 

P value 
(MINOCA v 
STEMI) 

Healthy 
(n=25) 

P value 
(MINOCA v 
Healthy 

Total intracranial 
volume, mean [SD] 1534 [187] 1543 [130] 0.816 1534 [171] 0.985 

Global efficiency, 
median [IQR] 

0.324 [0.301 -
0.353] 

0.331 [0.297 
– 0.354] 0.768 0.319 [0.305 

– 0.352] 0.934 

Modularity, mean 
[SD] 0.131 [0.018] 0.132 [0.025] 0.902 0.127 [0.018] 0.314 

Small world 
propensity, median 
[IQR] 

0.675 [0.592 – 
0.763] 

0.640 [0.615 
– 0.754] 0.588 0.690 [0.580 

– 0.763] 0.979 

 

4.3.4 GLOBAL NETWORK MEASURES AND PSYCHOLOGICAL QUESTIONNAIRES 

 Patients were categorised into high or low anxiety and depression scores 

(high score ≥8) (145, 150) and high or low perceived stress scores (high score >20) 

MI
NO
CA
ST
EM
I

He
alt
hy

MI
NO
CA
ST
EM
I

He
alt
hy

MI
NO
CA
ST
EM
I

He
alt
hy

0

10

20

30
Sc
or
e

Anxiety Score

Depression Score

Perceived Stress Score
0.025

<0.001

0.057

<0.001

0.136

<0.001



Chapter 4 Novel Insights into acute functional brain changes in MINOCA 

 93 

(216) as is consistent with the literature. In addition, GLS-CMR was binarized into 

normal (≤-17.9%) and abnormal (>-17.9%) based on the median GLS-CMR in our 

healthy control group (-17.9%). Results for the MINOCA group are described 

below results for the STEMI control groups and healthy volunteers are in 

Appendix C.  

4.3.4.1  Anxiety and Global Network Measures 

 Patients with MINOCA who had a high anxiety score had lower global 

efficiency and SWP than those with a low anxiety score. There was no difference 

in modularity, SWP or GLS-CMR in patients with high or low anxiety in the 

MINOCA group (Figure 10). There was no difference in any global network 

measure by anxiety group in the STEMI control or healthy volunteer groups 

(Appendix C).  

4.3.4.2 Depression and Global Network Measures 

 There was no difference in global efficiency, modularity, SWP or GLS-CMR 

in the MINOCA group in patients with high or low depression scores (Figure 10). 

There was no difference in any global network measure by depression group in 

the STEMI control or healthy volunteer groups (Appendix C). 

4.3.4.3 Stress and Global Network Measures 

 In the MINOCA group, patients with a high stress score had lower global 

efficiency than those with a low stress score.  There was no difference in 

modularity, SWP or GLS-CMR in MINOCA patients with high or low stress scores 

(Figure 10).  STEMI patients with a high stress score has lower SWP than STEMI 

patients with a low stress score. There were no other differences in global 

network measures by stress group in the STEMI control or heathy volunteer 

groups.  
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Score Global Efficiency Modularity SWP 
Anxiety <8 
(n=34) 

0.345 [0.323-0.372] 0.132 [0.019] 0.738 [0.611-0.770] 

Anxiety ≥8 
(n=34) 

0.313 [0.293-0.326] 0.130 [0.018] 0.636 [0.579-0.747] 

P value 0.004 0.806 0.051 
Depression <8 
(n=55) 

0.326 [0.305-0.354] 0.131 [0.019] 0.673 [0.581-0.762] 

Depression ≥8 
(n=13) 

0.306 [0.294-0.324] 0.133 [0.018] 0.684 [0.631-0.770] 

P value 0.132 0.618 0.498 
PSS <21 
(n=48) 

0.331 [0.314-0.358] 0.130 [0.018] 0.703 [0.602-0.767] 

PSS ≥21 
(n=20) 

0.305 [0.287-0.321] 0.132 [0.012] 0.622 [0.568-0.715] 

P value 0.006 0.698 0.067 
GLS-CMR ≤-17.9% 
(n=14) 

0.342 [0.304-0.353] 0.134 [0.023] 0.664 [0.582-0.753] 

GLS-CMR >-17.9% 
(n=54) 

0.323 [0.298-0.353] 0.130 [0.017] 0.685 [0.593-0.766] 

P value 0.354 0.564 0.448 
 

Figure 10A Bar chart demonstrating network measures by anxiety, depression and stress 
scores in MINOCA patients; Figure 10B Table showing values of global network measures by 
group in MINOCA patients, including GLS-CMR.  

The bar chart displays median global efficiency ± IQR, mean modularity ± SD and median SWP 
± IQR by anxiety, depression and stress groups. P values are shown where this is strong 
evidence of a difference between the scores. In Figure 3B, efficiency and SWP are disaplyed 
as median [IQR] and modularity as mean [SD].  
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4.3.5  SUBGROUP ANALYSIS 

 The MINOCA group was further divided into diagnostic groups (Table 20). 

There was no significant difference in any global measure of brain function 

between the subgroups (p < 0.05). 

Table 20 Global network measures by MINOCA subgroups.  

TIV – total intracranial volume; SWP – small world propensity; MI – myocardial infarction; TS – 
takotsubo syndrome; OCM – other cardiomyopathy  

Subgroup analysis: Functional Brain MRI 
 Myocarditis 

(n=14) MI (n=27) TS (n=9) OCM (n=2) Normal/non-
specific (n=16) 

TIV, mean [SD] 1592 [156] 1578 [184] 1410 [175] 1480 [64] 1486 [204] 

Global efficiency, 
median [IQR] 

0.323 [0.297 – 
0.346] 

0.336 [0.314 – 
0.383] 

0.323 [0.307-
0.343] 

0.290 [0.276 – 
0.303] 

0.319 [0.291 – 
0.350] 

Modularity, mean 
[SD] 0.132 [0.014] 0.132 [0.018] 0.141 [0.019] 0.119 [0.037] 0.123 [0.018] 

SWP, median [IQR] 0.750 [0.591 – 
0.772] 

0.684 [0.609 – 
0.759] 

0.655 [0.602 – 
0.706] 

0.563 [0.513 – 
0.613] 

0.668 [0.586 – 
0.761] 

 

 Patients with TS were also compared to healthy and STEMI control groups 

to address hypothesis 6. Patients with TS had higher modularity compared to 

healthy controls (0.141 v 0.127, p=0.047) but there were no other significant 

differences in global network measures between patients with TS and either 

control group (Figure 11).  

 There was no difference in global efficiency, modularity or swp and high or 

low anxiety, depression and perceived stress score in TS. Patients with TS with an 

abnormal GLS-CMR had a lower modularity than those with a normal GLS (0.135 v 

0.165; p=0.027).  
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Figure 11 Bar chart demonstrating network measures by TS and control groups.  

The bar chart displays the median global efficiency ± IQR, mean modularity ± SD and median 
swp ± IQR for each group.  Significant p values are shown for direct comparisons between TS 
and STEMI groups or healthy groups. 

 

4.3.6 NETWORK CONNECTIVITY ANALYSIS 

 There was no difference in connectivity between MINOCA and STEMI or 

healthy controls in the sympathetic, parasympathetic or salience networks or on 

whole brain connectivity analysis (90 nodes).  

4.3.6.1 Default Mode Network 

 At the higher set threshold (t=3.1), there was increased connectivity in the 

MINOCA-related network compared to healthy participants consisting of 2 edges 

over 3 nodes (p=0.012, Figure 12). The nodes involved were left and right 

parahippocampus and the right supramarginal gyrus. At the lower set threshold 

(t=2.35), there was increased connectivity in MINOCA patients compared to 

healthy controls in the DMN comprising 7 edges over 6 nodes (p=0.016, Appendix 

C). There was no difference in connectivity compared to STEMI patients.  

 

TS

ST
EM
I

He
alt
hy TS

ST
EM
I

He
alt
hy TS

ST
EM
I

He
alt
hy

0.0

0.2

0.4

0.6

0.8

1.0

Global Efficiency

Modularity

SWP

0.047



Chapter 4 Novel Insights into acute functional brain changes in MINOCA 

 97 

 

Figure 12 Subnetworks with increased functional connectivity in patients with MINOCA 
compared to healthy controls in the default mode network.  

Only subnetworks at the higher set threshold (t=3.1) are shown. The subnetworks at the 
lower set threshold are shown in the appendix with a table of the nodes. The colour bar 
signifies the t-value of the strength of the difference in connectivity between the 
subnetworks in each group.  The blue dots represent the nodes that comprise the DMN.  

 

4.3.6.2 Central Executive Network 

 At the higher set threshold (t=3.8), there was reduced connectivity in the 

MINOCA-related network compared to healthy participants comprising 1 edge 

over 2 nodes (p=0.02, Figure 13A). The nodes involved were the left frontal 

middle gyrus (orbital part) and the left frontal inferior gyrus (orbital part). At the 

lower set threshold (t=1.9), the network consisted of 9 edges over 8 nodes 

(p=0.048, Appendix C).  

 At the higher set threshold (t=2.2), there was reduced connectivity in the 

MINOCA-related central executive network comprising 5 edges over 6 nodes 

(p=0.05; Figure 13B) compared to STEMI controls. These nodes included the left 

frontal middle gyrus (orbital part), right middle frontal gyrus, right thalamus, right 

inferior temporal gyrus and the bilateral inferior parietal gyri.  At the lower 

threshold (t=1.8) there were 11 edges over 9 nodes (p=0.045, Appendix C).  
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Figure 13 Subnetworks with reduced functional connectivity in patients with MINOCA 
compared to healthy controls (A) and STEMI controls (B) in the central executive network.  

Only subnetworks at the higher set threshold are shown. The subnetworks at the lower set 
threshold are shown in the appendix with a table of the nodes. The colour bar signifies the t-
value of the strength of the difference in connectivity between the subnetworks in each 
group.  The blue dots represent the nodes that comprise the CEN.  
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4.3.7 TAKOTSUBO SYNDROME 

 There was no difference in connectivity compared to controls in the 

sympathetic, parasympathetic, salience or default mode networks.  

4.3.7.1 Central Executive Network 

 At the higher set threshold (t=2.2), there was reduced connectivity in the 

TS-related network compared to healthy controls comprising 5 edges over 6 

nodes (p=0.030; Figure 14A). Amongst these nodes were the left frontal middle 

gyrus (orbital part), bilateral inferior parietal gyri, left frontal middle gyrus, left 

medial frontal superior gyrus and the bilateral frontal inferior gyri (orbital parts).   

At the lower threshold (t=1.7) there was a trend towards hypoconnectivity in a 

network comprising 10 edges over 8 nodes (p=0.053; Appendix C). There were no 

networks demonstrating increased connectivity.  

 When compared to STEMI patients, at the higher set threshold (t=3.7), 

there was reduced connectivity in the TS-related network comprising 1 edge over 

2 nodes (p=0.008, Figure 14B). These nodes were the left frontal middle gyrus 

(orbital part) and the right inferior parietal gyrus. At the lower set threshold 

(t=2.3) the hypoconnected network comprised 5 edges over 6 nodes (p=0.010, 

Appendix C).  
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Figure 14  Subnetworks with reduced functional connectivity in patients with TS compared to 
healthy controls (A) and STEMI controls (B) in the central executive network.  

Only subnetworks at the higher set thresholds are shown. The subnetworks at the lower set 
threshold are shown in the appendix with a table of the nodes. The colour bar signifies the t-
value of the strength of the difference in connectivity between the subnetworks in each 
group.   
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4.3.7.2 Whole brain 

 At the higher set threshold (t=3.1), there was reduced connectivity in the 

TS-related network comprised of 5 edges over 6 nodes (p=0.024; Appendix C). 

These nodes included the bilateral hippocampus, left superior temporal gyrus, 

right middle frontal gyrus, left superior parietal gyrus and the right inferior frontal 

gyrus (triangular part). At the lower set threshold (t=2.85), the hypoconnected 

network demonstrated a trend towards significance and consisted of 8 nodes 

over 7 edges (p=0.062; Appendix C).  There were no networks demonstrating 

increased connectivity.  

 When compared to STEMI participants, there was reduced connectivity in 

the TS-related network at the higher threshold (t=4.7) comprised 1 edge over 2 

nodes (p=0.010, Appendix C). These nodes were the left superior temporal gyrus 

and the right inferior frontal gyrus (triangular part). At the lower threshold (t=3.0) 

the network comprised 5 edges over 6 nodes (p=0.053, Appendix C).  

4.3.8 CORRELATION BETWEEN VARIABLES AND FUNCTIONAL NETWORKS 

4.3.8.1 Sympathetic Network 

 There was a negative correlation between connectivity and anxiety scores 

in the sympathetic network in MINOCA patients. At the higher set threshold 

(t=1.6) the network comprised 9 edges over 8 nodes (p=0.047,Figure 15A). At the 

lower set threshold (t=1.1) the network comprised 18 edges over 9 nodes 

(p=0.049, Appendix C). There was no correlation seen in STEMI patients or healthy 

participants.  

 There was a negative correlation between connectivity and stress scores in 

the sympathetic network in MINOCA patients.  At the higher set threshold (t=2.6) 

the network comprised 3 edges over 4 nodes (p=0.010,Figure 15B). At the lower 

set threshold (t=1.4) the network comprised 13 edges over 9 nodes (p=0.044, 

Appendix C). There was a negative correlation between connectivity and stress 

scores in the sympathetic network in STEMI patients. At the higher set threshold 

(t=2.5) this comprised 3 edges over 4 nodes (p=0.035; Appendix C). At the lower 
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set threshold (t=2.1) this comprised 4 edges over 5 nodes (p=0.082, Appendix C). 

There was no significant correlation with stress score and connectivity in healthy 

participants.   

 

Figure 15  Subnetworks in MINOCA patients with a negative correlation with anxiety score (A) 
and with stress scores (B) in the sympathetic network.  

Only subnetworks at the higher set thresholds are shown. The subnetworks at the lower set 
threshold are shown in the appendix with a table of the nodes. The colour bar signifies the 
strength of the association between the score and the connection between the two nodes. 
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 There was no correlation between connectivity in the sympathetic 

network and GLS-CMR in MINOCA patients. 

4.3.8.2 Parasympathetic Network 

 There was a negative correlation between connectivity and perceived 

stress score in the parasympathetic network in MINOCA patients. At the higher 

threshold (t=2.7) this network comprised 2 edges over 3 nodes (p=0.016, Figure 

16). These nodes included the right hippocampus, left insula and left amygdala.  

At the lower threshold (t=1.5) the network comprised 10 edges over 6 nodes 

(p=0.011, Appendix C). There was no correlation in STEMI patients but there was 

a positive correlation in the parasympathetic network in healthy participants. At 

the higher threshold (t=1.2), this network comprised 11 edges over 7 nodes 

(p=0.045, Appendix C). At the lower threshold (t=0.5) this comprised 17 edges 

over 7 nodes (p=0.082, Appendix C). 

 There was no correlation with anxiety score or GLS-CMR in MINOCA 

patients.  
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Figure 16   Subnetworks in MINOCA patients with a negative correlation with stress score in 
the parasympathetic network.  

Only subnetworks at the higher set thresholds are shown. The subnetworks at the lower set 
threshold are shown in the appendix with a table of the nodes. The colour bar signifies the 
strength of the association between the score and the connection between the two nodes. 

 

4.3.8.3 Default Mode Network 

 There was a negative correlation between anxiety scores and connectivity 

in MINOCA patients in the default mode network. At the higher set threshold 

(t=2.9) this comprised 3 edges over 4 nodes (p=0.018,Figure 17) including the 

bilateral supramarginal gyri, left parahippocampus and left gyrus rectus. At the 

lower set threshold (t=1.9) this comprised 21 edges over 13 nodes (p=0.014, 

Appendix C). In healthy participants there was a positive correlation between 

anxiety scores and connectivity. At the higher threshold (t=6.1) this comprised 1 

edge over 2 nodes (p=<0.001). At the lower threshold (t=4.1) it comprised 1 edge 

over 2 nodes (p=0.034, Appendix C) 
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Figure 17 Subnetworks in MINOCA patients with a negative correlation with anxiety score in 
the DMN.  

Only subnetworks at the higher set thresholds are shown. The subnetworks at the lower set 
threshold are shown in the appendix with a table of the nodes. The colour bar signifies the 
strength of the association between the score and the connection between the two nodes. 

   

There was a negative correlation between perceived stress scores and 

connectivity in MINOCA patients in the default mode network. At the higher set 

threshold (t=2.8) this network comprised 3 edges over 4 nodes (p=0.033; Figure 

18) including the left supramarginal gyrus, left gyrus rectus, right mid occipital 

gyrus and right fusiform gyrus.  At the lower set threshold (t=1.9) the network 

comprised 23 edges over 17 nodes (p=0.007, Appendix C). In healthy participants 

there was a positive correlation between connectivity and perceived stress scores. 

At the higher set threshold (t=4.6) the network comprised 1 edge over 2 nodes 

(p=0.020). At the lower set threshold (t=3.8) the network comprised 1 edge over 2 

nodes (p=0.087, Appendix C) although this did not reach statistical significance. 

There were no correlations seen in STEMI patients.  

 There was no correlation with GLS-CMR and DMN connectivity in MINOCA 

patients.  
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Figure 18 Subnetworks in MINOCA patients with a negative correlation with stress score in 
the DMN.  

Only subnetworks at the higher set thresholds are shown. The subnetworks at the lower set 
threshold are shown in the appendix with a table of the nodes. The colour bar signifies the 
strength of the association between the score and the connection between the two nodes. 

 

4.3.8.4 Salience Network 

 There was a negative correlation between connectivity and perceived 

stress score in MINOCA patients. At the higher set threshold (t=2.5) the network 

comprised 4 edges over 5 nodes (p=0.048).  These nodes included the left 

anterior cingulate and paracingulate gyrus, left amygdala, left supplementary 

motor area, right median cingulate and paracingulate gyri, and the left inferior 

parietal gyrus. At the lower set threshold (t=1.9) the network comprised 25 edges 

over 16 nodes (p=0.009, Appendix C). There was no correlation in STEMI or 

healthy controls.  

 There was no correlation between GLS-CMR and connectivity in MINOCA 

patients.  
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Figure 19 Subnetworks in MINOCA patients with a negative correlation with perceived stress 
score in the salience network.  

Only subnetworks at the higher set thresholds are shown. The subnetworks at the lower set 
threshold are shown in the appendix with a table of the nodes. The colour bar signifies the 
strength of the association between the score and the connection between the two nodes. 

 

4.3.8.5 Central Executive Network 

 There was a negative correlation between connectivity and anxiety scores 

in MINOCA patients. At the higher set threshold (t=3.35) this comprised 1 edge 

over 2 nodes (p=0.047,Figure 20A) including the left thalamus and right middle 

frontal middle frontal gyrus (orbital part). At the lower set threshold (t=2.6) this 

compromised 3 edges over 4 nodes (p=0.015, Appendix C). There was no 

correlation in healthy or STEMI patients.  

 There was a negative correlation between connectivity and GLS-CMR in 

MINOCA patients. At the higher set threshold (t=3.6) the network comprised 1 

edge over 2 nodes (p=0.010, Figure 20B) including the left caudate nucleus and 

left middle frontal gyrus (orbital part). At the lower set threshold, the network 

comprised 3 edges over 4 nodes (p=0.020, Appendix C). 
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Figure 20 Subnetworks in MINOCA patients with a negative correlation with anxiety score (A) 
and GLS-CMR (B) in the CEN.  

Only subnetworks at the higher set thresholds are shown. The subnetworks at the lower set 
threshold are shown in the appendix with a table of the nodes. The colour bar signifies the 
strength of the association between the score and the connection between the two nodes. 

 

 There was a positive correlation between connectivity and GLS-CMR in 

healthy participants. At the higher set threshold (t=4.1) the network comprised 1 

edge over 2 nodes (p=0.016). At the lower set threshold (t=2.6) the network 

comprised 8 edges over 8 nodes (p=0.002, Appendix C). There was no correlation 

in STEMI patients.    
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4.3.8.6 Whole brain 

 There was a negative correlation between anxiety scores and connectivity 

in MINOCA patients on whole brain analysis. At the higher set threshold (t=3.0) 

this network comprised 29 edges over 29 nodes (p=0.005, Appendix C). Amongst 

others, these nodes included the right hippocampus, left parahippocampus, 

bilateral precuenus, bilateral medial cingulate gyri, left insula and right amygdala.  

At the lower set threshold (t=2.6) this network comprised 86 edges over 57 nodes 

(p=0.007; Appendix C). In healthy participants there was a positive correlation 

between anxiety scores and connectivity. At the higher threshold (t=6.0) the 

network comprised 1 edge over 2 nodes (p=0.008, Appendix C).  At the lower set 

threshold (t=4.1) the network comprised 2 edges over 3 nodes (p=0.105, 

Appendix C) although there was only a trend towards significance at this 

threshold.  There was no correlation between anxiety scores and connectivity in 

STEMI patients.  

 There was a strong negative correlation between connectivity and 

perceived stress score in MINOCA patients on whole brain analysis. At the higher 

set threshold (t=3.6) the network comprised 5 edges over 6 nodes (p=0.005). 

These nodes included left posterior cingulate gyrus, left caudate nucleus and 

bilateral fusiform gyri.  At the lower set threshold (t=2.8) the network comprised 

52 edges over 46 nodes (p=0.008, Appendix C). There was no association in STEMI 

or healthy participants. 

 There were no positive or negative correlations between GLS-CMR and 

functional connectivity in MINOCA patients on whole brain analysis.  

4.4 DISCUSSION 

 The main findings from our study were: 

i) patients presenting with MINOCA had higher anxiety scores than 

patients presenting with STEMI and greater anxiety, depression and 

perceived stress scores than healthy control patients.  
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ii) there was no significant difference between global efficiency, 

modularity or SWP between MINOCA and control groups.   

iii) MINOCA patients with high anxiety scores had lower global efficiency 

and SWP than those with low anxiety; MINOCA patients with a high 

PSS had lower global efficiency than those with a low PSS.  

iv) patients presenting with MINOCA had increased connectivity in the 

DMN and reduced connectivity in the CEN compared to healthy 

controls, but only in the CEN when compared to STEMI controls.  

v) anxiety and perceived stress scores had multiple negative correlations 

with connectivity strength in MINOCA patients in sympathetic, 

parasympathetic, DMN, salience and CEN functional networks. These 

correlations were largely absent in the STEMI group and positive in the 

healthy controls (summarised in Table 21).  

TS Subgroup Analysis 

vi) patients with TS had increased modularity compared to healthy 

controls.  

vii) patients with TS had decreased connectivity in the CEN compared to 

both healthy and STEMI controls and decreased connectivity in central 

autonomic regions on whole brain analysis compared to healthy 

controls.  

 

4.4.1 PSYCHOLOGICAL PROFILES 

 We have compared for the first time prospectively enrolled patients with 

MINOCA with both age and sex matched healthy and acute STEMI control groups. 

Patients presenting with MINOCA had higher anxiety, depression and perceived 

stress scores than healthy controls. These scores reflect how participants had 

been feeling during the last week (anxiety and depression) and month (PSS) and 

therefore should not just represent their current mental state during the index 

hospital admission. They were designed to avoid physical symptoms (such as pain) 

which might confound the results(150). Compared to the STEMI group, who also 

were inpatients on the cardiology ward, MINOCA patients had higher anxiety 
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scores. This is in keeping with previous studies which showed patients with 

MINOCA recognised higher emotional stress compared to patients with 

obstructive coronary disease (173) and that anxiety and depression was higher 

compared to healthy controls (172). However, the latter study did not 

demonstrate a difference in anxiety score compared to patients with obstructive 

coronary disease, possibly because the questionnaire was applied 3 months after 

the acute event. Although only an association, rather than causality, can be 

shown, the fact that increased anxiety, depression and stress scores predate the 

onset of the acute cardiac event in our study suggests that there may be a role for 

these conditions in the aetiology of MINOCA.  

4.4.2 NETWORK MEASURES 

 There was no difference in global network measures between MINOCA 

patients and the control groups. However, MINOCA patients with high anxiety and 

perceived stress scores had lower global efficiency. There was no association 

between global efficiency and high anxiety or stress scores seen in the healthy or 

STEMI group suggesting this finding is unique to MINOCA patients. 

  Global efficiency was the most relevant global network measure in our 

analysis; no other network measure correlated with our variables in any group. 

Global efficiency is a measure of the inverse path length between nodes. That is, 

global efficiency is greater when the average number of connections between 

two nodes is lower. It is a measure of integration, with shorter average path 

length representing greater integration at a lower cost to the brain.   There are no 

prior studies examining global network measures in MINOCA.  Increased local 

efficiency and clustering coefficient (a measure of the density of connections 

between topographical neighbours) has been shown in hippocampal ROIs in TS 

patients in the chronic phase compared to healthy controls(63).  The 

hippocampus has importance in the modulation of the central autonomic nervous 

system(217). Patients who suffer an emotional trauma prior to developing an 

emotional disorder demonstrate greater activity in the regions of the brain 

involved in experience, memory and emotional perception(218). The authors 
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speculated therefore that this could lead to patients with TS having a greater 

tendency to recall negative emotions, which might predispose them to more 

significant autonomic responses. There are mixed results looking at global 

efficiency in major depressive disorder. One study in older patients with 

untreated depression demonstrated lower global efficiency compared to 

controls(219), however in younger untreated subjects,  global efficiency was 

found to be higher(208). There are few studies examining global efficiency and 

anxiety. Zhu et al showed no difference in global efficiency between patients with 

social anxiety disorder and controls (209) and Yang et al showed no difference in 

global efficiency in drug naïve patients with social anxiety disorder(220). In stress 

disorders, Wheelock et al showed decreased global efficiency during a stress task 

(221), Zi et al showed increased global efficiency in PTSD patients(222) and 

Sheynin et al showed no difference in global efficiency on whole brain analysis in 

adolescent patients with PTSD, although they did show decreased efficiency in the 

DMN of these patients(223). It is perhaps unsurprising there is little consistency 

between results since the populations, pathologies and methodology are 

extremely variable.  Nevertheless, our results of reduced global efficiency in a 

MINOCA population with high anxiety or stress scores suggest these patients have 

greater average path lengths and less brain integration than those with lower 

anxiety or stress scores.  

4.4.3 NETWORK CONNECTIVITY 

 Our results demonstrated reduced connectivity in the central executive 

network in MINOCA patients compared to both healthy and STEMI controls 

suggesting this finding is unique to MINOCA patients and therefore cannot purely 

be a function of an intercurrent cardiac illness or stressful hospital admission. The 

networks mainly involved nodes in the right middle frontal cortex, inferior parietal 

cortex and left caudate nucleus. Functional connectivity in the whole MINOCA 

population has not been studied previously, so no direct comparisons can be 

made with existing literature. However, the middle frontal gyrus has connections 

with important limbic emotional processing structures including the amygdala(64, 

224, 225), which is a key region in the autonomic nervous system and increased 
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activity is known to be associated with major adverse cardiac events (MACE) 

(102). Reduced connectivity was shown by Templin et al(62) in the left 

dorsolateral prefrontal cortex and by Sabisz et al in the ventromedial prefrontal 

cortex(116) in TS patients in the chronic phase. The right middle frontal gyrus was 

one of the regions with reduced grey matter volume in MINOCA patients 

compared to healthy controls reported in chapter 3, which would be in keeping 

with reduced connectivity of this node. Reduced cortical thickness has been 

shown to correlate with functional connectivity in some brain regions and the 

theory that brain structure can predict (or is related to) function is a core 

assumption or neuroimaging (226, 227). The right middle frontal gyrus has also 

been shown to have reduced volume on VBM analysis in acute TS patients and to 

have decreased blood flow on SPECT (113, 115). The bilateral inferior parietal 

lobule has reduced resting state functional connectivity in TS(62). The caudate 

nuclei also have multiple projections to the amygdala and has roles in memory, 

learning and emotion and has inputs from the ipsilateral frontal lobes(228).  It is 

plausible therefore that hypoconnectivity in the central executive network in 

MINOCA patients, perhaps due to their higher anxiety than the STEMI patients, 

has the potential to affect the autonomic nervous system.  

 Our results demonstrated increased connectivity in the DMN in MINOCA 

patients compared to healthy participants, but not compared to STEMI patients. 

The hyperconnected subnetwork consisted of the bilateral parahippocampal gyri 

and the right supramarginal gyrus. One other study in TS patients in the chronic 

phase showed increased connectivity in similar nodes(63). By contrast, lower 

DMN connectivity has also been reported in TS(62), although this result was not 

confirmed on the subgroup analysis of TS patients in our study.  In addition, 

hypoconnectivity in the right precuneus, part of the DMN, has also been shown in 

TS(115). The DMN is intricately linked with anxiety(229), self-referential 

judgements(230) and the ‘recollection of prior experiences’(201). The fact that 

these differences were only present compared to healthy controls and not to 

STEMI controls may signify an overlap in the pathophysiology between MINOCA 

and STEMI patients. Alternatively, it may be possible that the functional 
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connectivity differences that were seen in patients represented hyperconnectivity 

related to the anxiety and stress that can be associated with an acute illness and 

hospital admission, not experienced by the healthy controls. Previous studies did 

not include a STEMI control group so it is possible the previously described 

findings in TS are not unique and may be seen in other acute pathologies.  

4.4.4 NETWORK CONNECTIVITY IN TS 

 Given the previous interest in the heart-brain interaction in TS patients 

specifically, we conducted a subgroup analysis to see if the findings could be 

explained by the TS patients alone.  Patients with acute TS had decreased 

connectivity in the central executive network compared to both healthy and 

STEMI patients. In addition, on whole brain analysis, there was reduced 

connectivity in many regions involved in the autonomic control of the heart 

compared to healthy controls. These regions included multiple gyri in the 

prefrontal cortex, bilateral hippocampi, left superior temporal gyrus and bilateral 

inferior parietal gyri. Our results generally support the previously published 

literature. Decreased resting state connectivity has previously been shown in all 

these regions (the bilateral hippocampi, superior temporal gyrus and parietal gyri) 

(62, 64, 114, 115). The consistency of the results (excluding the Silva study which 

showed increased connectivity) is notable and the fact that some of these 

differences persist when compared to acute STEMI patients in our study adds 

substantial weight to the notion that TS patients have unique differences in the 

connectivity of the brain. This may have clinical implications for these patients. 

Further larger studies are required to see if these patients benefit from 

psychological or pharmacological treatments which can target autonomic 

pathways.  

4.4.5 RELATIONSHIP BETWEEN NETWORK MEASURES AND CLINICAL VARIABLES 

 We have shown for the first time extensive negative correlations across all 

prespecified networks with both anxiety and stress scores in MINOCA patients.  

The only negative correlation in STEMI patients was between connectivity and 
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stress score and was found in the sympathetic network. Conversely positive 

correlations were found exclusively in healthy participants in the 

parasympathetic, DMN and CEN (Table 21).   

Table 21 Summary table showing direction of correlation seen on correlation analysis 
between variables and networks in each group. 

Red = negative, grey = no correlation, green = positive correlation. GLS-CMR – global 
longitudinal strain on CMR; DMN – default mode network, CEN – central executive network.  

Network Variable MINOCA STEMI Healthy 
Sympathetic Anxiety    

Stress    
GLS-CMR    

Parasympathetic Anxiety    
Stress    
GLS-CMR    

DMN Anxiety    
Stress    
GLS-CMR    

Salience Anxiety    
Stress    
GLS-CMR    

CEN Anxiety    
Stress    
GLS-CMR    

Whole brain Anxiety    
Stress    
GLS-CMR    

 

 This means that in patients presenting with MINOCA, the greater the 

anxiety or stress score, the lower the strength of the association between the 

specified nodes. Interestingly, the nodes involved again strongly reflect those 

involved in the autonomic and emotional processing regions with the amygdala, 

hippocampus, temporal gyri, cingulate cortex, caudate nuclei and thalamus 

appearing regularly on subnetwork analysis. On whole brain analysis across all 90 

nodes, these nodes also feature prominently which demonstrates the specific 

regional nature of our findings. The positive correlation in healthy participants 

and the largely absent correlation in STEMI patients lends weight to the argument 

that there is disruption in the connectivity of patients with MINOCA and that this 
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is related to their underlying psychological status. The positive correlations seen 

in healthy participants suggest the greater the anxiety, stress or GLS_CMR in the 

healthy state the stronger the strength of the association between the specified 

nodes. This may mean that healthy patients have an opposite response to 

MINOCA patients and perhaps have greater control over their autonomic nervous 

system.  

 The only network to be negatively correlated with GLS-CMR in MINOCA 

patients was the central executive network. The nodes involved were the left 

middle frontal gyrus (orbital part) and the left caudate nucleus. There was a 

positive correlation in healthy participants involving the left thalamus and left 

inferior parietal gyrus. This is a novel finding and suggests, for the first time, that 

there is a relationship between brain connectivity and cardiac function. As 

explored earlier the caudate nuclei and prefrontal cortex are closely integrated 

with the limbic system(228). Reduced connectivity in the limbic system inputs 

may alter the response to an emotional or physical stimulus via the autonomic 

nervous system. Therefore, a negative correlation with GLS-CMR might suggest 

that the lower connectivity in part of the limbic system may lead to a greater 

degree of LV dysfunction in MINOCA patients than those with higher connectivity. 

However, in healthy and STEMI patients this relationship does not exist and 

indeed reduced connectivity in the thalamus and inferior parietal cortex (part of 

the CEN) in healthy participants is associated with increased GLS.  

 Based on these results we speculate that patients with MINOCA have 

significant differences in connectivity, which is independent of their acute 

admission to hospital and which may predispose them to presenting with 

MINOCA. In addition, the degree of reduction in connectivity is related to their 

individual level of anxiety or stress. We believe that these results should 

encourage physicians to assess the psychological profile of these patients during 

their acute admission with MINOCA. There may be a role for established 

psychological, psychiatric, or pharmacological support for anxiety and stress to 

improve outcomes in these patients,  Early studies have even shown that simple 
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heart rate variability biofeedback interventions can alter functional connectivity in 

the emotion-related resting state networks, which may be of benefit to these 

patients(231).  Many more, larger outcome studies are now necessary. In 

addition, it may help physicians to understand which patients are particularly 

vulnerable, and which patients may need a higher level of psychological or 

psychiatric support.  

4.4.6 LIMITATIONS 

 Our study has several limitations. Firstly, all images were acquired at 1.5T. 

This was decided at study design because of the need to acquire the images as 

early as possible after presentation and this necessitated using our clinical 

scanner. Although other comparable studies occurred at 3T, 1.5 T scanners have 

been used extensively in functional neuroimaging previously(63, 118) and 

although lower in sensitivity they do not suffer from the susceptibility artefacts 

from scanning at higher field strengths(155). During study design our scanner was 

found to generate high quality images suitable to answer our specific research 

questions. Secondly, we were not able to acquire cardiac physiological data during 

CMR acquisition as we were using the clinical scanner. This meant we were 

unable to control for possible nuisance variables due to cardiac and respiratory 

deformation. The STEMI and healthy control groups were significantly smaller 

than the MINOCA groups. This may mean that these groups lacked the power to 

detect small significant differences in connectivity or correlations.  Nevertheless, 

these groups included 25 patients which is more than other comparable studies 

(64, 115). It should also be noted that only association can be inferred from our 

results, not causation.  

4.5 CONCLUSIONS 

 Patients with MINOCA have a psychological profile which is different from 

the healthy and STEMI population. They have altered functional network 

connectivity which is distinct from another comparable acute illness (STEMI) and 

the connectivity correlates with their degree of stress, anxiety and GLS-CMR in 
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some networks. These novel findings need to be explored in larger studies 

including clinical outcomes. Studies examining possible psychological and 

pharmacological treatments which might alter the clinical outcomes of these 

patients are also warranted.  
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Chapter 5 LONGITUDINAL CHANGES FROM THE ACUTE 

TO THE CHRONIC PHASE IN GREY MATTER VOLUME AND 

FUNCTIONAL CONNECTIVITY IN MINOCA 

5.1 INTRODUCTION 

 Patients with MINOCA have a higher prevalence of anxiety and depression 

than the healthy population and are more likely to have preceding emotional 

stress or psychiatric illness compared to patients with obstructive coronary 

disease(172, 173).  In addition, we have shown that anxiety scores are higher in 

acute MINOCA patients than age and sex matched acute STEMI patients, and that 

anxiety, depression and perceived stress scores are higher than matched healthy 

controls (Chapter 3). We have shown for the first time that patients with MINOCA 

have increased grey matter volume in the putamen and reduced grey matter in 

regions across the brain compared to healthy controls. MINOCA patients also 

have altered subnetwork connectivity in the DMN and CEN compared to controls 

(Chapter 4). This chapter will explore how these changes evolve over time. 

 There is surprisingly sparse data looking at longitudinal brain changes in 

other psychiatric conditions. In major depressive disorder, one study concluded 

that neuroanatomical differences were present in the temporal lobes, medulla 

and right hippocampus at baseline but were not found 11 years later, which the 

authors suggest are due to a beneficial effect of drug treatment on brain 

structure (232).  In another study, 37 patients with major depressive disorder 

were followed for three years and showed increased or reduced grey matter 

volume at follow up in a large number of regions including the bilateral amygdala, 

bilateral cerebellar vermis, frontal gyri, left putamen, right hippocampus and right 

thalamus(233).  Both these studies would suggest that grey matter volume is not 

stable in major depressive disorder. In contrast, another longitudinal study of 
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patients with anxiety or depression did not show any convincing changes in 

cortical volume with depression severity over time(234). A large meta-analysis of 

longitudinal studies in depressive disorder could not conclusively delineate if brain 

changes were pre-existing (chronic and largely fixed) or secondary to the 

depressive state (more acute and fluid)(235). With regard to  stress, one study 

showed decreased right basolateral amygdala grey matter density in stressed 

individuals following an 8 week mindfulness course(236), and another suggested 

that taking part in mediation and yoga helped cope with stress and was 

associated with smaller right amygdala volume(237). Makovac et al showed that 

changes in amygdala functional connectivity over 12 months correlated with 

symptoms of generalised anxiety disorder(238). These studies would suggest 

overall that there is the potential for significant neuroplasticity associated with 

affective disorders, and that grey matter volume and functional connectivity can 

vary over time and correlate with symptoms.  

 However, in neuroimaging studies of patients with a previous episode of 

TS, anatomical and functional changes have been documented in similar regions 

in both the acute and chronic phase of TS compared to healthy controls(62, 102, 

114-116). In the acute phase increased cerebral blood flow has been shown in 

subcortical structures (hippocampus, brainstem and basal ganglia) and reduced 

blood flow in the prefrontal cortex. The subcortical regions remained activated, 

but to a lesser degree into the chronic phase (113). Lower grey matter volume 

was seen in the acute phase in the right middle frontal gyrus, right subcallosal 

cortex, right insula, left central opercular cortex, right paracingulate gyrus, 

bilateral thalamus, left cerebral cortex and left amygdala. In addition, patient with 

acute TS showed lower functional connectivity in connections arising from the 

right anterior insula, temporal lobes and right precuneus (115). In the chronic 

phase Hiestand et al demonstrated decreased cortical thickness in both insulae 

and reduced grey matter volume in the bilateral amygdalae and at the 

amygdala/hippocampus border (114). In a functional study performed in the 

chronic phase, there was reduced connectivity in the sympathetic and 

parasympathetic networks and default mode networks comprising the bilateral 
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amygdala, bilateral hippocampus, bilateral superior and middle temporal gyri, left 

primary motor cortex, left supramarginal/angular gyrus, bilateral cerebellum, 

bilateral middle cingulate gyri, left dorsolateral prefrontal cortex, left superior 

parietal lobule/supramarginal gyrus, right hippocampus, left parahippocampal 

gyrus, bilateral posterior cingulate cortices, bilateral dorsal and ventral medial 

prefrontal cortex, left temporal pole, bilateral posterior inferior parietal lobule 

and the bilateral temporoparietal junction. Taken overall, this suggests that in TS 

these anatomical and functional differences persist.  However, no study has 

examined the same TS patients over two time points or looked at MINOCA 

patients as a whole.   

It is important to understand the causality between the onset of brain 

changes and the neurobiological changes over time. The brain changes that we 

have identified in the acute phase were either i) present prior to admission and 

may therefore represent an acute or chronic pathological state that might 

predispose to being admitted with MINOCA, or ii) reflect acute neurobiological 

changes occurring as a result of the MINOCA/stressful event (as has been 

postulated in major depressive disorder(239)) and therefore may or may not 

improve with time. If the brain changes predate MINOCA then there may be 

options for preventative psychological or pharmacological therapies to prevent 

disease onset. It was not possible in this study to address point i) as it is not 

feasible to image patients prior to disease onset as it is a relatively rare and 

unpredictable condition. However If brain changes evolve with time then these 

may be amenable or even reversible with antidepressant or anxiolytic 

medication(240).  

Our study, for the first time, will compare the same patients with MINOCA 

at presentation and at 6 months to ascertain whether there are any differences in 

grey matter volume or connectivity from the acute phase to the chronic phase. 

 



Chapter 5 Longitudinal changes from the acute to the chronic phase in grey 
matter volume and functional connectivity in MINOCA 

 122 

 

5.1.1 AIMS AND HYPOTHESES 

 The purpose of this study was to investigate if the changes in psychological 

state, grey matter volume or connectivity in MINOCA and TS patients at 

presentation are reversible at 6 months. Therefore, the hypotheses were limited 

only to investigate the longitudinal nature of any differences identified in chapters 

3 or 4.  

 Our hypotheses for this study were that at 6 month follow up: 

i) patients with MINOCA would have higher anxiety and stress scores 

than both control groups 

ii) there would be no difference in grey matter volume in any region 

compared to MINOCA patients in the acute phase 

iii) there would be no change in the grey matter volume differences 

identified in the acute phase analysis compared to healthy controls.  

iv) there would be no change in the grey matter volume differences 

identified in the acute phase analysis between TS patients and healthy 

controls.  

v) there would be no difference in global efficiency, modularity and small 

world propensity compared to the acute phase. 

vi) there would be no difference in the connectivity changes seen on the 

DMN and CEN analysis in the acute phase between MINOCA and 

control patients.  

vii) there would be no difference in the connectivity changes seen on the 

CEN and whole brain analysis in the acute phase between TS and 

control patients. 
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5.2 METHODS 

5.2.1 OVERVIEW 

 This was a prospective cohort study carried out at a large tertiary cardiac 

centre in the South-West. All patients who presented to the Bristol Heart Institute 

with MINOCA, as defined in chapter 2, were approached for inclusion in the study. 

Exclusion criteria were no diagnostic coronary angiogram (CT or invasive), age <18 

or >80 years, current prisoners, pregnancy, contraindication to CMR, inability to 

perform CMR within 14 days of presentation, cardiac arrest at presentation or 

inability to meet the follow up requirements. Two control groups were recruited, 

an age and sex matched group who had been admitted with a STEMI and an age 

and sex matched healthy group. Participants underwent bloods, psychological 

questionnaires, CMR and brain MRI at presentation and at 6 months following 

their admission. The full study methods have been explained in chapters 2, 3 and 

4.  

 Our CMR scanner (Magnetom Avanto 1.5-T, Siemens Healthineers, 

Erlangen, Germany) was replaced with a new scanner in April 2021 (Magnetom 

Sola 1.5-T, Siemens Healthineers, Erlangen, Germany) just prior to the delayed 

end of the study.  

 Only participants who returned for the follow up study and, so who had 

two data sets, were included in the longitudinal analysis. 

5.2.2 VOXEL-BASED MORPHOMETRY 

 As previously described in detail in chapter 3, VBM was used to quantify 

grey matter volume. In brief, the images were checked to ensure they matched 

the standard MNI space and orientation, then they were segmented into tissue 

classes, normalised into the standard MNI space, and finally smoothed using a full 
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width half maximum of 8 mm. The results were visualised using xjView toolbox 

(https://www.alivelearn.net/xjview).  

5.2.3 FUNCTIONAL CONNECTIVITY ANALYSIS 

 Chapter 4 describes in full the method used for analysis. In brief the 

images were corrected for slice timing, realigned, segmented, normalised to MNI 

space and smoothed. CSF, white matter and movement were then regressed out 

of the 4D image and the time series for each region were extracted and bandpass 

filtered. A weighted Pearson correlation matrix was created (excluding the 

cerebellum) and this was Fisher transformed. All negative correlations were 

removed leaving just the strength of the correlation. This final weighted 

correlation matrix was used for analysis.  

 The global efficiency, modularity and small world propensity were 

calculated using scripts as previously described in chapter 4.   

 NBS was used to analyse the connectivity matrices to test the pre-

specified hypotheses. Thresholds were manually determined through 

experimentation and an FWE-corrected p value was calculated using permutation 

testing to determine the significance of supra-threshold topological connections. 

For the comparison between acute and chronic MINOCA or TS patients, exchange 

blocks were specified to constrain the analysis for repeated measurements within 

the same subjects (paired data). 

5.2.4 STATISTICAL ANALYSIS  

 Data is presented as previously described depending on its normality and 

nature.  Comparison of means between groups was assessed using the students 

unpaired two-way t-test (parametric data) or the Wilcoxon rank sums test (non-

parametric data). The chi square test was used to compare categorical variables.  

 For the anatomical analysis, age, sex and TIV were again used as 

covariates. Comparison of grey matter volume across the whole brain between 
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acute or chronic MINOCA or TS patients was performed using a two-way paired 

student t-test. Comparison between chronic MINOCA or TS patients and healthy 

or STEMI controls was performed using a two-way unpaired student t-test. The 

results will be presented as FWE-corrected as this is the most stringent method.  

 A one-tailed paired t-test using NBS was used to assess for differences in 

connectivity between every connection in the specified networks in acute and 

chronic MINOCA patients.  A one-tailed unpaired t-test was used to test for 

differences between MINOCA and control groups. Two t thresholds were chosen 

to demonstrate the nature of any effect shown. Effects seen at the more stringent 

thresholds are likely to be characterised by strong, topologically focal differences 

and at the lower threshold, subtle yet topologically extended differences.  

 A p value<0.05 was considered as strong evidence against the null 

hypothesis. 

5.3 RESULTS 

 The study flow chart is shown in Figure 21.   Of the 13 MINOCA patients 

lost to follow up, 2 had myocarditis, 5 had an MI, 2 had TS, 1 had another 

cardiomyopathy and 3 had normal/non-specific scans. Five STEMI patients were 

lost to follow up (1 due to COVID concerns, 3 withdrew without reason, 1 died). 

59 patients were included in the anatomical analysis and 56 in the functional 

analysis as 3 of the patients who returned did not have the correct number of 

slices acquired on the initial scans at presentation (1 myocarditis, 1 MI and 1 

normal scan).  14 of the follow up scans were performed on the Siemens Sola 

scanner (10 MINOCA, 4 STEMI controls). 
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Figure 21 Study Flow Chart 

 

 Table 22 shows the demographics, investigations, questionnaire scores 

and CMR findings for the 59 acute and chronic phase MINOCA patients who 

completed both study visits, the chronic phase STEMI patients and healthy 

controls. Acute phase data for the STEMI patients is not shown again here as it is 

not central to our hypotheses.  The follow up MRI imaging was acquired at a 

median of 231 [192-336] days after presentation in the MINOCA group and 217 

[183-359] days in the STEMI group (p=0.552). Due to the coronavirus pandemic, 

research was temporarily suspended meaning that follow up visits were delayed 

beyond the planned 6 months.  

 

 

 

2310 angiograms performed for suspected ACS

286 patients with hs-Troponin T elevation and non-
obstructive coronary arteries 63 patients did not meet definition of 

MINOCA
• Non-dynamic troponin elevation n=38
• Alternative diagnosis apparent n=25

Study sample (n=72) for 
initial CMR and anatomical 

brain analysis

6-month functional 
brain analysis 

(n=56)

223 patients with suspected 
MINOCA 151 patients excluded

• Cardiac arrest  n=47
• Refused consent/unable to consent  

n=29
• Age >80 n=27
• Unable to meet F/U requirements n=21
• Claustrophobic n=11
• Contraindication to CMR n=8
• Unable to have CMR within 14 days n=5
• Previous CVA n=3

6-month CMR and 
anatomical brain 

MRI
(n=59)

13 lost to follow up
• Patient withdrew (non-COVID) n=7
• COVID concerns n=3
• Unable to contact n=2
• CVA n=1

3 excluded from functional analysis due to 
incorrect slice acquisition at presentation
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Table 22 Demographics, investigations, questionnaire and CMR findings for the different 
study groups.  

Variable 
MINOCA 

acute phase 
(n=59) 

MINOCA 
chronic phase 
(n=59) 

P value 
MINOCA 
acute v 
chronic 

STEMI 
chronic 
phase 
(n=22) 

P value 
chronic 
MINOCA v 
chronic STEMI 

Healthy 
Controls 
(n=26) 

P value 
chronic 
MINOCA v 
Healthy 

Age at 
presentation, 
median [IQR], 

years 
56 [47-64] 56 [47-64] nn/a 61 [49-70] 0.195 53 [47-60] 0.244 

Female sex, n (%) 26 (44) 26 (44) nn/a 6 (27) 0.169 15 (58) 0.247 
Right-handed, n 

(%) 51 (86) 51 (86) nn/a 20 (91) 0.587 21 (81) 0.351 

Laboratory Investigations   
Peak Troponin T, 

median [IQR], ng/L 183 [53-573] 6.5 [5-9] <0.001 7 [5-9] 0.69 5 [5-6] 0.012 

CRP, median [IQR], 
mg/L 5 [1-23] 1 [1-2] <0.001 1 [1-3] 0.750 1 [1-2] 0.370 

NT-pro-BNP, 
median [IQR], 

pg/ml 
136 [75-517] 81 [39-161] <0.001 133 [106-

241] 0.037 42 [21-59] 0.002 

Questionnaire scores   
MMSE, median 

[IQR] 29 [28-29] 29 [28-30] 0.108 30 [29-30] 0.096 30 [29-30] 0.066 

Anxiety, mean [SD] 8.1 [4.0] 8.2 [4.5] 0.858 5.0 [3.0] 0.003 4.4 [3.2] <0.001 
Depression, 
median [IQR] 4 [2-6] 4 [1-8] 0.945 2 [1-4] 0.207 1 [0-3] <0.001 

Perceived Stress 
Scale, mean [SD] 17.3 [8.0] 15.8 [8.8] 0.082 12.8 [6.9] 0.157 9.5 [6.2] 0.001 

Impact of Events, 
median [IQR] n/a 16 [7-35] n/a 13 [5-28] 0.234 n/a n/a 

Cardiac MRI findings   
Days from 

admission to CMR, 
median [IQR] 

5 [2-7] 231 [192-336] nn/a 217 [183-
359] 0.552 n/a n/a 

LVEF, median 
[IQR], % 59 [53-62] 60 [58-64] 00.003 57 [55-59] 0.004 62 [60-65] 0.228 

iLVEDV, median 
[IQR], ml/m2 78 [74-95] 77 [73-92] 00.243 82 [76-86] 0.534 86 [68-97] 0.538 

iLV mass, median 
[IQR], g/m2 54 [48-66] 53 [47-60] <0.001 54 [47-56] 0.655 51 [46-62] 0.611 

RVEF, median 
[IQR], % 57 [53-61] 58 [52-62] 00.594 58 [53-63] 0.470 58 [51-63] 0.760 

GLS, median [IQR] 15.9 [-17.4-
13.5] 

16.7 [-17.9 – 
15.1] 00.012 -15.8 [-18.1 - 

-14.3] 0.764 -17.9 [-20 - 
-15.9] 0.028 

Presence of LGE, n 
(%) 36 (61) 28 (47) 00.010 20 (91) <0.001 0 (0) <0.001 

Pattern of LGE n. (%)   
Ischaemic 21 (58) 19 (68) 

00.490 

20 (100) 

0.011 

n/a n/a 
Mid-wall 6 (17) 4 (14) 0 (0) n/a n/a 

Subepicardial 7 (19) 3 (2) 0 (0) n/a n/a 
Diffuse/patchy 1 (3) 2 (7) 0 (0) n/a n/a 
Insertion point 1 (3) 0 (0) 0 (0) n/a n/a 

LGE mass, median 
[IQR], g 0.6 [0-4-8] 0 [0-2.6] 00.089 9.3 [5.8 –

17.1] <0.001 0 [0] <0.001 

Presence of 
oedema, n (%) 37 (63) 0 (0) <0.001 3 (17) 0.004 0 (0) n/a 

Oedema mass, 
median [IQR], g 6.9 [0-29.6] 0 [0-0] <0.001 0 [0-0] 0.004 0 [0] n/a 

 

5.3.1 INVESTIGATIONS 

There was no difference in age, sex or handedness between any of the 

groups. MINOCA patients continued to have an elevated BNP and Troponin-T at 
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follow up compared to healthy controls, but this was less than STEMI patients. 

MINOCA patients had significantly higher anxiety scores at follow up compared to 

STEMI and healthy controls, and higher depression and perceived stress scores 

than healthy controls (Figure 22). GLS-CMR in MINOCA patients improved from 

presentation but still was significantly impaired compared to healthy controls. 

 

Figure 22 Before and after plot showing change in psychological scores at each study visit.  

The first dot represents the mean score at presentation, the second dot represents the mean 
score at follow up (healthy participants only had one study visit) 

 

5.3.2 ANATOMICAL ANALYSIS 

 59 MINOCA patients and 22 STEMI patients who undertook both study 

visits were included.  

5.3.2.1 Acute phase MINOCA v chronic phase MINOCA 

 Figure 32 shows the grey matter regions of the brain which demonstrated 

increased volume in the chronic phase compared to the acute phase.  The t 

threshold was set at >5. The full list of anatomical regions and coordinates is listed 

in Appendix D but mainly included regions in the bilateral inferior and medial 

frontal gyrus, bilateral superior and medial temporal gyrus, bilateral insula and 

cerebellum.  
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 Figure 24 shows the grey matter regions in MINOCA patients which 

demonstrated reduced volume in the chronic phase compared to the acute 

phase. The t threshold was set at >5. The full list of anatomical regions is listed in 

Appendix D but most notably included the bilateral putamen, bilateral insula, 

bilateral cingulate gyrus, left hippocampus and parahippocampus, left thalamus, 

and middle and superior temporal gyri. 

Figure 23 Brain activation map showing grey matter regions in MINOCA patients 
demonstrating significantly increased volume in the chronic phase compared to the acute 
phase.  

 

The colour bar represents the T value and results are corrected for multiple comparisons 
(FWE corrected). Only results with a T threshold >5 are displayed.  
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Figure 24 Brain activation map showing grey matter regions in MINOCA patients 
demonstrating significantly reduced volume in the chronic phase compared to the acute 
phase. 

The colour bar represents the T value and results are corrected for multiple comparisons 
(FWE corrected). Only results with a T threshold >5 are displayed.  

 
5.3.2.2 Chronic phase MINOCA v healthy controls 

 MINOCA patients in the chronic phase had reduced grey matter volume in 

4 regions compared to healthy controls (Figure 25). No regions had increased grey 

matter volume compared to healthy controls.  The full list of anatomical regions is 

listed in Appendix D and included the left middle temporal gyrus, left precentral 

gyrus and bilateral postcentral gyri.  
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Figure 25 Regions of the brain with reduced grey matter volume in chronic MINOCA patients 
versus healthy control patients.  

The colour bar represents the T value and results are corrected for multiple comparisons 
(FWE corrected). Only results with a T threshold >5 are displayed.  

 
5.3.2.3 Chronic phase MINOCA v chronic phase STEMI controls 

 There was no difference in grey matter volume between MINOCA and 

STEMI patients at follow up.   

5.3.3 SUBGROUP ANATOMICAL ANALYSIS  

 9/11 patients with TS completed both study visits and were included in the 

TS subgroup analyses. 1 patient withdrew and 1 patient was excluded between 

the first and second visit due to an ischaemic stroke. Median scan interval for the 

TS group at follow up was 257 days (IQR 199-308). This group with TS was only 

compared with the 25 healthy control patients as no difference was seen 

between TS and STEMI patients at presentation. 

5.3.3.1 Acute phase TS v chronic phase TS  

 There was no difference in grey matter volume in any brain region 

between the acute and chronic phase.  
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5.3.3.2 Chronic phase TS v healthy participants 

 There was no difference in grey matter volume between chronic TS 

patients and healthy controls.  

5.3.4 GLOBAL BRAIN MEASURES 

There was no difference in any network measure between the acute and chronic 

phases. However, in the chronic phase of MINOCA modularity was significantly 

higher compared to healthy participants (Table 23). There were no other 

differences in any other network measures. There was no difference in TIV 

between the groups.  

Table 23 Global network measures in acute and chronic phase MINOCA patients and control 
patients 

 

5.3.5 FUNCTIONAL CONNECTIVITY ANALYSIS 

5.3.5.1 Acute phase MINOCA v chronic phase MINOCA network connectivity 
analysis 

 There were no differences in connectivity in any ROI analysis or on the 

whole brain analysis.  

 

 

Variable MINOCA 
acute phase 

(n=56) 

MINOCA 
chronic 
phase 
(n=56) 

P value 
MINOCA 
acute v 
chronic 

STEMI 
chronic 
phase 
(n=22) 

P value 
chronic 
MINOCA v 
chronic phase 
STEMI 

Healthy 
Controls 
(n=25) 

P value 
chronic 
MINOCA 
v Healthy 

Total intracranial 
volume, mean 
[SD] 

1544 [195] 1539 [195] 0.618 1552 [146] 0.782 1534 [171] 0.922 

Global efficiency, 
median [IQR] 0.325 [0.304-

0.353] 
0.331 [0.306-
0.381] 0.342 0.332 [0.309-

0.358] 0.750 
0.319 
[0.305 – 
0.352] 

0.411 

Modularity, mean 
[SD] 0.131 [0.017] 0.135 [0.017] 0.189 0.138 [0.017] 0.532 

0.127 
[0.018] 0.049 

Small world 
propensity, 
median [IQR] 

0.675 [0.586-
0.760] 

0.708 [0.617-
0.743] 0.458 0.699 [0.605-

0.749] 0.882 
0.690 
[0.580 – 
0.763] 

0.856 
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5.3.5.2 Chronic phase MINOCA v STEMI and healthy controls 

 56 MINOCA patients were included in this network connectivity analysis. 

Only functional networks where there was a significant difference at presentation 

were analysed (e.g. DMN and CEN).  

5.3.5.2.1 Default Mode Network 
 At the higher set threshold (t=2.2), there was increased connectivity in the 

MINOCA-related subnetwork compared to healthy participants consisting of 9 

edges over 7 nodes (p=0.020, Figure 26). The nodes involved were the bilateral 

parahippocampus, bilateral supramarginal gyri, bilateral medial superior frontal 

gyrus and the left inferior temporal gyrus.  At the lower set threshold (t=1.9), 

there was greater connectivity compared to healthy participants in the DMN 

comprising 13 edges over 10 nodes (p=0.042, Appendix D).  
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Figure 26 Subnetworks with greater functional connectivity in chronic phase MINOCA 
patients compared to healthy controls in the default mode network.  

Only subnetworks at the higher set threshold (t=2.2) are shown. The subnetworks at the 
lower set threshold are shown in Appendix D with a table of the nodes. The colour bar 
signifies the t-value of the strength of the difference in connectivity between the 
subnetworks in each group.   

 

5.3.5.2.2 Central Executive Network 
 At the higher set threshold (t=3.7), there was reduced connectivity in the 

chronic phase MINOCA-related subnetwork compared to healthy participants. 

This comprised 1 edge over 2 nodes (p=0.03, Figure 27).  The nodes involved were 

the left frontal middle gyrus (orbital part) and the left frontal inferior gyrus 

(orbital part). At the lower set threshold (t=3.0), the network consisted of 3 edges 

over 4 nodes (p=0.006, Appendix D).  
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Figure 27 Subnetworks with lower functional connectivity in chronic phase MINOCA patients 
compared to healthy controls in the central executive network.  

Only subnetworks at the higher set threshold (t=3.7) are shown. The subnetworks at the 
lower set threshold are shown in Appendix D with a table of the nodes. The colour bar 
signifies the t-value of the strength of the difference in connectivity between the 
subnetworks in each group.   

 

 There was no difference in connectivity between chronic MINOCA and 

STEMI patients in the central executive network.  

Table 24 summarises the changes from the same analyses performed in 

the acute phase in Chapter 4.  
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Table 24 Table illustrating the changes in connectivity over time in MINOCA versus control 
patients  

Red cells indicate reduced connectivity and green cells highlight increased connectivity.  

Network Acute MINOCA v 
Acute STEMI 

Chronic 
MINOCA v 
Chronic 
STEMI 

Acute MINOCA v 
Healthy 

Chronic MINOCA 
v Healthy 

DMN Nil Not tested 

Bilateral 
parahippocampus, 
right supramarginal 
gyrus 

Bilateral 
parahippocampus, 
bilateral 
supramarginal gyri, 
bilateral medial 
superior frontal 
gyrus, left inferior 
temporal gyrus 

CEN 

Bilateral frontal 
middle gyri (orbital 
part), right 
thalamus, right 
inferior temporal 
gyrus, bilateral 
inferior parietal 
gyri 

Nil 
Left frontal middle 
and inferior gyri 
(orbital parts) 

Left frontal middle 
and inferior gyri 
(orbital parts) 

 

5.3.6 SUBGROUP FUNCTIONAL ANALYSIS 

5.3.6.1 Acute vs chronic phase TS 

 This subgroup analysis included the 9 acute patients with TS compared to 

the same 9 patients in the chronic phase.  

5.3.6.1.1 ROI Analysis 
 There was no difference in connectivity between acute and chronic phase 

TS patients in any of the pre-specified ROI analyses.  

5.3.6.1.2 Whole Brain 
 At the higher set threshold (t=5.7) there was reduced connectivity in the 

acute TS patients compared to chronic phase TS patients in a subnetwork 

comprising 1 edge over 2 nodes (p=0.035; Figure 28; Appendix D). The nodes 

involved were the left superior temporal gyrus and the left superior occipital 
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gyrus. There were no significant hypoconnected networks at any lower set 

threshold. There were no subnetworks with greater connectivity in the acute 

phase compared to the chronic phase.  

 

Figure 28 Subnetworks with reduced functional connectivity in acute phase TS patients 
compared to chronic phase TS patients on whole brain connectivity analysis.  

Only subnetworks at the higher set threshold (t=5.7) are shown. The subnetworks at the 
lower set threshold are shown in the appendix with a table of the nodes. The colour bar 
signifies the t-value of the strength of the difference in connectivity between the 
subnetworks in each group.   

 

5.3.6.2 Chronic phase TS v controls 

 9 TS patients were included in this analysis compared to 25 healthy 

controls or 22 STEMI controls. 

5.3.6.2.1 Central Executive Network 
 At the higher set threshold (t=2.7) there was greater connectivity in the 

chronic phase TS subnetwork compared to healthy controls comprising 4 edges 

over 5 nodes (p=0.029, Figure 29). The nodes involved were the right inferior 

frontal gyrus (opercular part), left thalamus, left middle frontal gyrus (orbital 

part), right caudate nucleus and the right middle frontal gyrus. At the lower set 



Chapter 5 Longitudinal changes from the acute to the chronic phase in grey 
matter volume and functional connectivity in MINOCA 

 138 

threshold (t=2.3) the network comprised 7 edges over 7 nodes (p=0.040; 

Appendix D).  

 

Figure 29 Subnetworks with greater functional connectivity in chronic phase TS patients 
compared to healthy controls in the central executive network.  

Only subnetworks at the higher set threshold (t=2.7) are shown. The subnetworks at the 
lower set threshold are shown in Appendix D with a table of the nodes. The colour bar 
signifies the t-value of the strength of the difference in connectivity between the 
subnetworks in each group.   

 

 There was also lower connectivity in the chronic phase TS group compared 

to healthy controls at a set threshold of t=2.4 comprising 3 edges over 3 nodes 

(p=0.019; Figure 30; Appendix D but there was no significantly lower connectivity 

connectivity at a lower set threshold.  The nodes involved were the left middle 

frontal gyrus (orbital part), right inferior parietal gyrus and the left inferior frontal 

gyrus (orbital part).  
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Figure 30 Subnetworks with lower functional connectivity in chronic phase TS patients 
compared to healthy controls in the central executive network.  

Only subnetworks at the higher set threshold (t=2.4) are shown. The subnetworks at the 
lower set threshold are shown in the Appendix D with a table of the nodes. The colour bar 
signifies the t-value of the strength of the difference in connectivity between the 
subnetworks in each group.   

 

 At the higher set threshold (t=2.8) there was lower connectivity in the 

chronic phase TS patients compared to STEMI controls in a subnetwork comprised 

2 edges over 3 nodes (p=0.016, Figure 31). These were the left inferior frontal 

gyrus (orbital part) and the bilateral inferior parietal gyri. At the lower set 

threshold (t=2.0) this network comprised 6 edges over 5 nodes (p=0.031, 

Appendix D). 

 There were no subnetworks with higher connectivity in chronic phase TS 

patients compared to STEMI controls.  
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Figure 31 Subnetworks with lower functional connectivity in chronic phase TS patients 
compared to STEMI controls in the central executive network.  

Only subnetworks at the higher set threshold (t=2.8) are shown. The subnetworks at the 
lower set threshold are shown in the Appendix D with a table of the nodes. The colour bar 
signifies the t-value of the strength of the difference in connectivity between the 
subnetworks in each group.   

 

5.3.6.2.2 Whole Brain 
 There was no difference in connectivity between any brain regions in 

patients with a previous episode of TS and healthy or STEMI controls.  
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Table 25 Table illustrating changes in functional connectivity from the acute to chronic phase 
compared to controls in TS 

Red cells indicate reduced connectivity and green cells highlight increased connectivity.  

Network Acute TS v 
chronic STEMI 

Chronic TS v 
chronic 
STEMI 

Acute TS v 
healthy 

Chronic TS v 
healthy 

CEN Left frontal 
middle gyrus 
(orbital part), 
right inferior 
parietal gyrus 

Left inferior 
frontal gyrus 
(orbital part) 

bilateral 
inferior 

parietal gyri. 

Left frontal 
middle gyrus 
(orbital part), 

bilateral inferior 
parietal gyri, left 

frontal middle 
gyrus, left 

medial frontal 
superior gyrus, 
bilateral frontal 

inferior gyri 
(orbital parts) 

Left middle 
frontal gyrus 
(orbital part), 
right inferior 
frontal gyrus 

(opercular part), 
left thalamus, 
right caudate 

nucleus and the 
right middle 
frontal gyrus 
Left middle 

frontal gyrus 
(orbital part), 
right inferior 
parietal gyrus 
and the left 

inferior frontal 
gyrus (orbital 

part). 

Whole 
brain 

Left superior 
temporal gyrus 
and the right 

inferior frontal 
gyrus (triangular 

part) 

No difference Bilateral 
hippocampus, 
left superior 

temporal gyrus, 
right middle 

frontal gyrus, 
left superior 

parietal gyrus, 
right inferior 
frontal gyrus 

(triangular part). 

No difference 
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5.4 DISCUSSION 

 The principal results are: 

i) patients with MINOCA had higher anxiety scores than both control 

groups in the chronic phase. 

ii) there were multiple regions of grey matter volume differences 

between acute and chronic phase MINOCA patients.  

iii) there was reduced grey matter volume in 4 clusters in chronic phase 

MINOCA patients compared to healthy controls.  

iv) grey matter volume differences seen in the acute phase between TS 

patients and healthy controls did not persist into the chronic phase.  

v) there was no difference in global efficiency, global modularity and 

small world propensity in chronic phase MINOCA when compared to 

the acute phase, although global modularity was higher in chronic 

phase MINOCA patients compared to healthy controls. 

vi) there were no differences in connectivity between the acute and 

chronic phase MINOCA patients.  

vii) the connectivity differences seen in the DMN and CEN between acute 

phase MINOCA patients and healthy controls largely persisted into the 

chronic phase. However, the changes seen in the CEN when compared 

to STEMI patients did not persist.    

viii) the connectivity differences seen in the CEN and on whole brain 

analysis in the acute phase between TS and control patients partially 

persisted into the chronic phase. 

ix) Connectivity increased between the acute and chronic phase of 

patients with TS in a single subnetwork comprising 2 nodes on whole 

brain analysis.  
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5.4.1 LONGITUDINAL PSYCHOLOGICAL PROFILES 

 There was no change in the psychological profile between the groups over 

time. At follow up MINOCA patients still had significantly higher anxiety scores 

compared to STEMI controls and heathy participants. Anxiety scores stayed 

similar in the MINOCA group but trended lower in the STEMI group although were 

not significantly different. Stress scores trended lower in both groups. MINOCA 

patients experience greater anxiety into the chronic phase of their condition 

suggesting that this is not an acute phenomenon related to the acute admission 

and may represent their chronic underlying mental state. This would be in 

keeping with the fact there was no difference in functional connectivity between 

the acute and chronic phase demonstrated in our study. In addition, we 

demonstrated in Chapter 4 that MINOCA patients with high anxiety scores had 

multiple negative correlations with connectivity strength in the sympathetic, 

parasympathetic, DMN, CEN and salience networks which may suggest the 

functional connectivity is driven by high anxiety.  

5.4.2 LONGITUDINAL GREY MATTER VOLUME AND FUNCTIONAL CONNECTIVITY 

DIFFERENCES 

5.4.2.1 Acute v chronic phase MINOCA 

 There were extensive differences in GMV over the follow up period. GMV 

increased over time in mainly frontal regions, but also notably in the bilateral 

insula and right middle and superior temporal gyri. In addition, there were 

widespread reductions in grey matter volume over time.  Many AAL regions were 

involved but most significantly the bilateral putamen, left insula, bilateral 

posterior cingulate gyri, left thalamus, left parahippocampal gyrus and left 

hippocampus. Firstly, a few of these AAL regions overlap (e.g. the insula); this is 

likely to be because each AAL region includes a range of MNI coordinates 

depending on its size. It is theoretically possible for GMV to increase in one part of 

the AAL region but decrease in another. This restriction in spatial resolution is a 

limitation of using anatomical parcellation to describe complex architecture. 
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Secondly, it is noticeable that the reductions in GMV occurred in many of the 

areas we have identified previously as being part of the limbic and autonomic 

nervous systems. Grey matter comprises cell bodies, unmyelinated axons and glial 

cells. Reduction in grey matter volume is thought to reflect cortical atrophy (loss 

of neurones). Grey matter however is known to show relatively rapid plasticity 

which is confirmed in this study. Grey matter in the occipito-parietal regions 

increases over time (even after as little as 7 days) in people learning to juggle(241) 

and increased grey matter has been shown in people undertaking cognitive tasks 

as well(242). Changes in grey matter volume may represent neuronal or extra-

neuronal changes. Neuronal changes can include neurogenesis, synaptogenesis, 

myelination or even neuronal morphological changes. Extra neuronal changes can 

include increases in glial cell size or number and angiogenesis(243). Neurogenesis 

can occur in the hippocampus(244) but it is controversial in the cortex and thus is 

unlikely to be a major driver of increased GMV in our study. Glial cells outnumber 

neurones 6:1(243) and have been shown to increase in response to learning and 

experience(245) and are therefore a more likely driver of increased grey matter 

volume along with myelination of unmyelinated axons. However, it is not possible 

without histology to be certain of the under aetiology for the cause of the 

increase in GMV in this study.  

 There were no differences in network connectivity over time in any of our 

ROIs or on whole brain analysis. This would suggest that the anatomical 

differences described above did not have any measurable influence on 

connectivity in any of our ROIs. This may be because the change in connectivity 

was too small to be detected with our sample size, the mixed picture of increases 

and decreases in GMV or perhaps because GMV is not proportionately related to 

connectivity or function of the node as is typically assumed(226, 227). The only 

change in the psychological profile of MINOCA patients over time was a non-

significant fall in the stress score, similar to the STEMI cohort. Although there was 

no significant change in connectivity, the reductions over time in GMV in the 

limbic regions (hippocampus, cingulate cortex, insula) may be due to, or indeed 
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be responsible for, reduced stress in MINOCA patients. Nevertheless, our results 

suggest that grey matter volume is dynamic in MINOCA patients over time.  

5.4.2.2 Chronic phase MINOCA v healthy or chronic STEMI controls  

 In the acute phase there was increased GMV in the right putamen and 

reduced GMV in multiple areas (Chapter 3) compared to healthy controls. In the 

chronic phase there were no areas of increased GMV and only 4 areas of reduced 

grey volume persisted (left middle temporal gyrus, bilateral postcentral and left 

precentral gyri). Once again this suggests a plasticity in GMV over time akin to the 

fluidity in GMV in major depressive disorder described in the introduction. This 

could reflect the brains response over time to the acute event and subsequent 

recovery/therapy or could suggest that the diffuse anatomical changes seen at 

presentation precipitated the MINOCA event in the first place.  There was no 

difference in GMV at presentation or at follow up between MINOCA and STEMI 

controls.  This suggests that the changes seen above are not unique to MINOCA 

patients. This raises the possibility that the changes in GMV identified reflect a 

more general stress response to acute physical illness.  Interestingly, in the 

COVID-19 population there is early evidence suggesting that the acute systemic 

inflammation seen commonly in COVID-19 predicts changes in brain structure 

(GMV and white matter volume), function and PTSD and depression severity(246). 

In rheumatoid arthritis (another inflammatory condition), levels of peripheral 

inflammation correlate with reductions in GMV(247). Both COVID-19 and 

rheumatoid arthritis are associated with increased risk of MI(248, 249) due to 

their pro-inflammatory state. This suggests that GMV changes are not unique to 

the MINOCA or STEMI population. Together with the fact that GMV changes 

reduced over time, we postulate that the changes in GMV we have identified 

compared to healthy controls represent a more non-specific neuroanatomical 

response to an acute inflammatory illness which largely resolves over time.  

 In the acute phase in the DMN there was increased connectivity in the 

bilateral parahippocampal gyri and right supramarginal gyrus compared to healthy 

controls, whereas at follow up there was increased connectivity involving more 
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nodes including the bilateral parahippocampal gyri, bilateral supramarginal gyrus, 

bilateral superior medial frontal gyri and the left inferior temporal gyrus. This is in 

keeping with the results of the GMV analysis over time which showed a 

widespread increase in GMV (or more precisely a resolution of the reduction in 

GMV) in MINOCA patients compared to healthy controls which may partly explain 

the subsequent increase in the number of nodes demonstrating increased 

connectivity. The parahippocampal gyrus is part of the cortical-limbic-subcortical 

circuit(250) and in addition to regulating emotional behaviour has a particular role 

in episodic memory encoding and retrieval and visuospatial processes(251). Our 

results suggest that top-down control of limbic regions in the DMN by the 

prefrontal cortex is greater than healthy controls which may suggest these 

patients have exaggerated responses to emotion than healthy patients. 

Connectivity increases over time. The reason for this increase is not clear but 

could explain why these patients tend to have an ongoing mortality risk and risk of 

future events(8, 112). It could also represent a homeostatic overcorrection in 

response to the MINOCA event or a response to treatment.  Increased 

connectivity in the DMN could feasibly affect cortical control of the limbic regions. 

This may influence the downstream subcortical structures, such as the amygdala, 

which can cause dysregulation in the autonomic nervous system(102). It can 

increase the risk of major adverse cardiac events (including MINOCA) possibly via 

increased inflammation and atherosclerotic plaque instability mediated by 

increased bone marrow activity and macrophage activation(102, 111).   

 In the CEN there was reduced connectivity in the left middle and inferior 

frontal gyri (orbital parts) and these changes persisted into the chronic phase 

when compared to heathy controls. When compared to STEMI patients there was 

reduced connectivity in the left middle frontal gyrus (orbital part), right middle 

frontal gyrus, right thalamus, right inferior temporal gyrus and the bilateral 

inferior parietal gyri acutely, but there was no difference in connectivity in the 

chronic phase. The fact that there was a difference in connectivity in the CEN 

between both healthy and STEMI controls suggests these changes are unique to 

MINOCA patients as discussed in chapter 4. However, the reduced connectivity 



Chapter 5 Longitudinal changes from the acute to the chronic phase in grey 
matter volume and functional connectivity in MINOCA 

 147 

persists when compared to healthy controls but resolves when compared to 

STEMI patients. This suggests that connectivity decreases over time in STEMI 

patients in the CEN, which is responsible for integrating inputs from many other 

networks to initiate task selection and executive function and is disrupted in many 

neuropsychiatric disorders(252). The lower connectivity of the CEN in MINOCA, 

notably the left middle and inferior frontal gyri, which as previously discussed 

have close links with the amygdala, may reflect a persistent psychopathological 

state with subsequent downstream dysregulation of critical limbic/autonomic 

systems providing the milieu for an acute cardiac event. The reduction in 

connectivity over time in the STEMI group compared to MINOCA is interesting 

and unexplained. There was no significant difference in the psychological profile 

of STEMI patients over time suggesting that variation in anxiety, depressive or 

stress symptoms cannot explain the decrease. It could represent a treatment 

effect as STEMI patients are typically prescribed medications including beta-

blockers which antagonise cardiac sympathetic beta-adrenoceptors. STEMI 

patients also undergo a period of cardiac rehabilitation including counselling and 

a managed exercise programme. It is plausible that these interventions unique to 

the STEMI group could influence CEN connectivity.  

5.4.2.3 Acute v chronic phase TS 

 There was no difference in GMV between the acute and chronic phase of 

TS. There was reduced connectivity in only one network in the acute phase of TS 

when compared to the chronic phase.  This implies that the functional and 

anatomical changes identified in TS largely persist into the chronic phase and are 

not ‘acute’. The one difference between the acute and chronic phase involved the 

left superior temporal gyrus and the left superior occipital gyrus on whole brain 

analysis. Occipito-temporal connections are well established(253). The left 

superior temporal gyrus contains the auditory cortex and Wernicke’s area. 

However, it also thought to be part of a pathway involving the amygdala and the 

prefrontal cortex which is involved in processing social stimuli and in the 

regulation of social cognition(254). Embarrassment and guilt have been 

associated with increased activation in the superior temporal cortex(255, 256). In 
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addition, the occipital cortex, although primarily involved in visual processing, is 

also linked to the amygdala and both increased and reduced connectivity 

between the amygdala and the visual cortex has been demonstrated in the fear 

response(253, 257, 258). The increased connectivity seen in this network over 

time may suggest adaptations in the response to fear or social stimuli, once again 

perhaps as a protective adaptation to reduce the risk of recurrence of the cardiac 

event. In addition, the persistence of anatomical and functional changes over time 

suggests that there is either permanent change induced by the TS event, or that 

patients with TS have long term structural and functional anomalies in their brain 

which may have predisposed them to TS. This may be partly responsible for the 

relatively high recurrence rate in TS (1-6%)(49, 62) as these changes persist into 

the chronic phase. 

5.4.2.4 Chronic phase TS v healthy or STEMI controls 

 The reduced grey mater volume in the left calcarine fissure and 

surrounding cortex and the cerebellar vermis seen in TS patients compared to 

healthy controls did not persist into the chronic phase. This conflicts with there 

being no difference between acute and chronic TS patients but this may simply 

reflect the smaller sample size of the TS group. Furthermore, comparing TS v TS 

patients is comparing ‘within subjects’ whereas comparing TS with controls is 

comparing ‘between’ subjects where there will be greater variance in the data.  

 The lower connectivity, compared to healthy controls in the CEN, 

comprised the left middle frontal gyrus (orbital part), bilateral inferior frontal gyri 

(orbital parts), bilateral inferior parietal gyri, left middle frontal gyrus and left 

medial superior frontal gyrus. However, in the chronic phase only lower 

connectivity in the left middle frontal gyrus (orbital part), left inferior frontal gyrus 

(orbital part) and right inferior parietal gyrus persisted. Therefore, during the 

study period there was an increase in connectivity in TS patients involving nodes 

mainly in the prefrontal cortex (right inferior frontal gyrus (orbital part), left 

middle frontal gyrus, left medial superior frontal gyrus and the left inferior 

parietal gyrus). In addition, in the chronic phase of TS compared to healthy 
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controls there was now greater connectivity in the right inferior frontal gyrus 

(opercular part), left middle frontal gyrus (opercular part), left thalamus, right 

caudate nucleus and right middle frontal gyrus. Putting this together, in patients 

with TS over time there is an increase in connectivity in several nodes in the CEN 

suggesting partial neurofunctional improvement although the network remains 

disrupted.  There is no difference is stress or anxiety scores between the two 

groups which may reflect the ongoing disruption of the CEN. Overall this fits with 

the existing literature; and previous studies of patients with TS imaged in the 

acute and chronic phases have shown differences in frontal and parietal regions 

compared to healthy controls (62, 64, 114, 115). 

 Other than further decreased connectivity involving the left inferior 

parietal gyrus, the other reductions in connectivity in the CEN persisted into the 

chronic phase compared to STEMI patients. This suggests that the changes seen in 

the left middle frontal gyrus and bilateral inferior parietal gyri are unique to TS 

patients.  

 Finally on the whole brain analysis, where there will be some overlap with 

the more specific ROI analyses performed, all the reductions in connectivity seen 

acutely compared to STEMI and healthy control patients resolved in follow up. 

These connections are not part of our pre-specified networks but mainly involved 

reductions in connectivity in subnetworks between the bilateral hippocampi and 

the prefrontal cortex. These regions are consistent with the previous TS literature 

showing reduced connectivity (involving the bilateral hippocampi, superior 

temporal gyrus and parietal gyri) (62, 64, 114, 115). The fact that connectivity in 

these areas increases over time suggests that these particular reductions in 

connectivity are acute and either represent adaptation of connectivity in response 

to the acute event or a response to treatment.  

5.4.3 GLOBAL NETWORK MEASURES 

 There was no difference in any global network measure between acute 

and chronic phase MINOCA patients. In the acute phase there was no difference 
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in any network measure compared to controls, but in the chronic phase 

modularity increased and was significantly higher than healthy controls. 

Modularity in the chronic phase of STEMI patients was also significantly higher 

than healthy controls. Networks with high modularity have dense intramodular 

connections but few connections between other modules. The presence of 

modules is consistent with functional segregation and implies robustness and 

adaptability(58). Modularity has been shown to increase when patients with OCD 

receive an SSRI(259).  The fact that modularity is similar to healthy patients in the 

acute phase and then rises in the chronic phase of MINOCA and STEMI patients 

compared to healthy controls favours a rise following the event rather than low 

modularity at the time of the presentation. We postulate that the rise in 

modularity reflects neuroadaptation following a stressful event to improve the 

brain’s robustness perhaps to try and reduce the risk of future events. 

5.4.4 STUDY LIMITATIONS 

 In addition to the limitations described in chapters 3 and 4, there are 

some further points that may affect the results of the longitudinal study. Firstly 13 

MINOCA participants were lost to follow up. This is likely to introduce bias into the 

population as it is possible those who did not wish or were not able to return for 

follow up were sicker or had more significant mental health disorder.  Second, a 

different MRI scanner was used for 14 of the follow up scans. Although it was 

conducted at the same field strength and using an MRI scanner from the same 

manufacturer, using the same protocols, there are likely to be some differences in 

the homogeneity and stability of the static magnetic field which have not been 

accounted for. Finally, the ‘ideal’ time to follow up these patients is not known, 

and patients were likely to be in different stages of physical and psychological 

‘recovery’. It may be that changes in connectivity and GMV do not occur at the 

same speed and that perhaps over a longer follow up period the changes in 

connectivity may follow the changes in GMV.  

5.5 CONCLUSIONS 
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 Patients with MINOCA in the chronic phase have significant differences in 

GMV and functional connectivity compared to control patients. There is evidence 

that some of these changes, especially regarding GMV, change over time. We 

postulate this reflects significant plasticity in GMV in MINOCA patients, although 

changes in connectivity are more variable and nuanced and require further 

evaluation in future studies.  

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6 General Discussion, Future Directions and Conclusion 

 152 

Chapter 6 GENERAL DISCUSSION, FUTURE DIRECTIONS 

AND CONCLUSION 

6.1 GENERAL SUMMARY OF RESULTS 

6.1.1 MINOCA PATIENTS 
There were widespread reductions in GMV and increased GMV in only one 

region in the putamen in patients with MINOCA compared to healthy controls, 

but no differences in GMV compared to STEMI controls. Regions with reduced 

GMV included the bilateral middle temporal gyrus, bilateral postcentral and 

precentral gyrus, left anterior cingulate gyrus, right median cingulate gyrus, right 

inferior temporal gyrus, left middle frontal gyrus and right inferior frontal gyrus.  

At follow up, there were only 4 regions with reduced GMV compared to healthy 

controls suggesting a degree of ‘normalisation’ over time in GMV.  

There was increased connectivity in the DMN (bilateral hippocampus, right 

supramarginal gyrus) compared to healthy controls and reduced connectivity in 

the CEN (left middle frontal gyrus and left inferior frontal gyrus) compared to both 

control groups.  At follow up there was greater connectivity involving more nodes 

in the DMN but the reduced connectivity in the CEN remained.  

There was a positive correlation between GMV and GLS-CMR (improving 

cardiac function) in many regions, most notably in the cingulate gyrus and 

hippocampus/parahippocampus. There were negative correlations between 

connectivity and stress scores in the sympathetic network, parasympathetic 

network, DMN and salience network. There were negative correlations between 

connectivity and anxiety scores in the sympathetic network, DMN and CEN. There 

was a negative correlation between connectivity and GLS-CMR in the CEN. There 

were only positive correlations between connectivity and anxiety, stress or GLS-

CMR scores in healthy participants. 
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There was no difference in global network measures between MINOCA 

patients and controls. At follow up there was evidence of increased modularity 

compared to healthy participants.  

Anxiety scores were greater in the MINOCA patients than both control 

groups and depression and perceived stress scores were greater than the healthy 

population at presentation. These differences persisted over time. The presence 

of anxiety (score ≥8) or stress (PSS>20) was associated with reduced global 

efficiency.  

6.1.2 TAKOTSUBO SYNDROME PATIENTS 
There is reduced GMV in the cerebellar vermis and left calcarine fissure 

and surrounding cortex (in the region of the posterior cingulate cortex) compared 

to healthy controls.   At follow up there was no difference in GMV once again 

suggesting plasticity in GMV over time.  

There was reduced connectivity in the CEN (left frontal middle gyrus 

(orbital part), bilateral inferior parietal gyri, left frontal middle gyrus, left medial 

frontal superior gyrus and the bilateral frontal inferior gyri (orbital parts)) 

compared to both control groups and in autonomic/emotional processing regions 

on global brain analysis compared to healthy controls. At follow up there was 

both increased (versus healthy control only), and reduced connectivity (versus 

both control groups) in regions of the CEN. There was no difference in 

connectivity on the whole brain analysis.  

Patients with TS had greater modularity compared to healthy controls and 

reduced GLS-CMR (worse cardiac function) was associated with lower modularity.  

6.2 SYNTHESIS OF THEMES 

6.2.1 DISRUPTION OF THE AUTONOMIC AND LIMBIC SYSTEMS IN MINOCA 

PATIENTS 
Our results confirm that MINOCA patients have a unique 

neuropsychological profile when compared to STEMI patients and healthy 
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individuals. We have shown the anatomical and functional differences previously 

described in TS and discussed in Chapter 1 extend beyond this cohort and into the 

wider MINOCA and the STEMI group (and by extension, possibly into the wider 

cardiology/hospital population).  The areas with reductions in GMV tend to 

correlate with areas with reduced connectivity (e.g. middle and inferior frontal 

gyrus) suggesting that there is some overlap between anatomy and function. The 

prefrontal cortex, and particularly the middle frontal gyrus, has connections with 

important limbic emotional processing structures including the amygdala(64, 224, 

225). This is entirely in keeping with the narrative throughout this thesis that 

MINOCA patients have disruption in the autonomic/limbic areas of the brain. As 

discussed in the Introduction, disruption in these centres has been shown to 

contribute to endothelial dysfunction and plaque instability(102, 111) (increasing 

adverse cardiac events) and is thought to lead to overactivity of the SNS which 

may trigger a Takotsubo event(119, 260).  These changes in GMV and connectivity 

partly resolve in the chronic phase. Without neuroimaging before the MINOCA 

event it is not possible to ascertain if these changes predispose to the MINOCA 

event or occur acutely because of the MINOCA event. Our regression analyses in 

the MINOCA group demonstrated that high stress or high anxiety scores 

correlated with reduced connectivity in most of our networks of interest. High 

stress or anxiety scores were also associated with reduced global efficiency. This 

adds weight to our narrative that it is stress and/or anxiety that either leads to 

these changes in structure and connectivity (or perhaps occurs because of them). 

Some of the reductions in functional connectivity in the CEN are unique to 

the MINOCA population (i.e. there was a significant difference between MINOCA 

and both control groups). As discussed in Chapter 4, this may reflect the higher 

anxiety seen in the MINOCA group compared to both control groups as the CEN 

(particularly caudate nuclei and prefrontal cortex) have intricate connections to 

the amygdala. How this leads to a MINOCA event, rather than a STEMI event, is 

not clear and there is no research to explain this yet. We postulate that the 

difference in connectivity may reflect the heterogeneity of the MINOCA group or 

perhaps the lack of power in the smaller STEMI group.  
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6.2.2  DISRUPTION IN THE CEN IN TAKOTSUBO SYNDROME 
The anatomical differences we have shown in TS in the cerebellar vermis 

and left calcarine fissure were not entirely in keeping with the existing literature 

(62, 114) and did not directly explain the reduction in connectivity in the CEN 

and on whole brain analysis that we found. However, the differences we did find 

were largely unique to TS patients. This may simply reflect our smaller sample 

size compared to the previous studies and perhaps some heterogeneity 

between our populations. Nevertheless, the calcarine fissure is in the region of 

the posterior cingulate cortex which is an established part of the default mode 

network and as such has strong links to emotional salience(261).  Reductions in 

cortical thickness were also shown in this region by Hiestand (114) suggesting 

some overlap with our results. As discussed in Chapter 3, the cerebellar vermis is 

primarily involved in movement but has recently been implicated in cognitive 

and mood dysregulation(193, 194). Connections from the vermis to the 

hypothalamus and limbic system have been demonstrated(195). The reduction 

in connectivity in the CEN and in limbic areas (bilateral hippocampus) on whole 

brain analysis is entirely in keeping with the existing literature (62, 114)  and is in 

keeping with the hypothesis that dysregulation in the emotional processing 

centres leads to exaggerated systemic responses as suggested in Error! R

eference source not found., Chapter 1 page Error! Bookmark not defined.. The 

consistency of these findings across the literature is notable.  

At follow up (median 257 days; IQR 199-308), our results were mixed. 

There was no difference in GMV at follow up suggesting that these changes 

normalised over time. However, there was significant fluidity in connectivity in 

the CEN with some nodes demonstrating increased and reduced connectivity in 

the CEN compared to healthy controls. The decreased connectivity in the CEN 

compared to STEMI patients persisted. There may be a degree of 

‘neurofunctional recovery’ in patients with TS with some improvement in 

connectivity but clearly there is ongoing disruption in the CEN.  
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6.3 CLINICAL IMPLICATIONS 

Our results provide novel insights into the pathophysiology of this 

intriguing condition. Firstly, the MINOCA population is unique and as such 

requires a more personalised approach to investigation and management.  We 

would suggest that our results demonstrate it would be useful as a minimum to 

assess the psychological state of these patients at admission. Taken in context 

with the rest of the literature there is growing evidence that anxiety and/or stress 

and the associated neuroanatomical and neurofunctional brain changes are an 

important risk factor for MINOCA and acute coronary syndromes in general. 

Although not assessed in this study, there may be a role for behavioural, 

pharmaco- or psychotherapies for these conditions (or in a yet unspecified subset 

of this population). It may also be reasonable to offer these patients closer follow 

up and as part of their assessment, reassess their psychological state since many 

of the differences we have identified persist once the acute event has recovered 

perhaps leaving them at risk of recurrent events.  However, the main implication 

of our study is that it provides valuable data for further studies and/or grant 

applications which may be used to change management/guidelines as discussed 

in section 6.4.  

6.4 FUTURE DIRECTIONS 

One of the main criticisms that could be levelled at this study results from 

the heterogeneity of the original MINOCA working diagnosis. As we have 

demonstrated in this study a MINOCA working diagnosis mainly comprises 

patients with acute myocarditis, acute myocardial infarction and TS. It could be 

questioned now whether these different diagnoses, with potentially different 

aetiological mechanisms and outcomes, should be analysed together. As 

discussed in Chapter 1, the field has moved on during the period of this PhD, and 

MINOCA in its current form now only refers to patients with an ischaemic basis to 

their presentation.  At the time of study concept and design in 2017/2018 

MINOCA was a valid working diagnosis and a legitimate target for research. Even 

at study design, we recognised this issue and as such aimed to recruit enough 
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patients to allow a meaningful subgroup analysis as well as analysis of the whole 

group. In addition, work published since we designed this study has suggested the 

potential importance of the heart-brain interaction in patients with myocardial 

infarction and has demonstrated correlations between stress related amygdala 

activity and acute plaque instability  (102, 110, 111). Cardiovascular disease is the 

leading cause of death globally and therefore any future therapeutic interventions 

have the potential to have a large public health impact.  We propose that future 

studies should focus on the heart-brain interaction in patients with ST elevation 

myocardial infarction. It would be interesting to assess, compared to control 

patients admitted with another non-inflammatory cardiac condition (e.g. 

arrythmia), whether these patients have any pathological structural or functional 

changes in autonomic/limbic control regions of the brain which may be driving 

arterial atherosclerotic inflammation and subsequent plaque instability. Taking 

this concept further, it would be interesting to study patients with recurrent 

cardiovascular events, perhaps with no obvious established cardiovascular risk 

factors such as diabetes, smoking etc. It is possible that this particular cohort of 

patients might have centrally driven autonomic/limbic dysfunction driving plaque 

instability.  Any psychological intervention or novel therapeutic intervention that 

could interrupt this neurobiological pathway, should there be a link, has the 

potential to improve global health outcomes in myocardial infarction.   

Establishing causality is a major issue in observational studies.  It is difficult 

to show whether any brain changes identified are because of the acute cardiac 

pathology or cause (or contribute to) the cardiac pathology. The UK biobank is a 

large-scale biomedical database of 40–69-year-old volunteers and has performed 

brain, cardiac and abdominal magnetic resonance imaging, dual-energy X-ray 

absorptiometry and carotid ultrasound on 100,000 volunteers. The brain MRI 

protocol includes T1 anatomical imaging and rs-fMRI timeseries data, along with 

emotional processing task-based fMRI. It also collects general demographic data, 

ECGs and psychological questionnaire data (anxiety and stress measures). The 

database is open access and linked to NHS records. If possible, it would be 

interesting to identify patients who, subsequent to their participation, have had a 



Chapter 6 General Discussion, Future Directions and Conclusion 

 158 

myocardial infarction or a TS event and invite them back for repeat imaging. To 

our knowledge this has not yet been performed. Using a similar analysis 

methodology as we have used in this study, it would be possible to identify if 

there are any pre-existing brain differences which, when compared to healthy age 

and sex matched controls, predisposed them to having the event.  

Modern medicine is driven by evidence, and the most influential studies 

demonstrate cost-effective changes in outcome and/or management of patients. 

Ultimately these studies are what will be required to change guidelines and 

international clinical practice. Management of these patients varies hugely, even 

between consultants in our department. Accordingly, there is a need for large 

randomised, outcome-based studies in patients with MINOCA. This includes 

studies using existing therapies (for example heart failure medications in TS, or 

therapeutic anticoagulation/PFO closure in patients with ‘embolic’ MI) but also 

novel treatments such as antidepressant medication or cognitive behavioural 

therapy for anxiety or stress in patients following TS. Studies are also needed to 

demonstrate that CMR in these patients changes outcomes e.g., 

mortality/readmission to further strengthen and expand access to early CMR 

globally.   

6.5 CONCLUSION 

This was a large, novel, prospective, longitudinal observational study 

examining the pathophysiological association of the heart and brain in patients 

with MINOCA compared to both STEMI and healthy controls. We have shown that 

MINOCA patients have high levels of stress and anxiety at presentation and have 

disruption in the limbic and autonomic brain networks. There are correlations 

between stress and anxiety scores and reduced connectivity and global brain 

efficiency which may partly explain these findings, although causality cannot be 

inferred. Finally, we have demonstrated that there is neuroanatomical recovery in 

grey matter volume in the MINOCA population over time and there are 

subsequent complex changes in connectivity. Further larger studies are needed in 

this area and in the wider myocardial infarction population. There are potentially 
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important future clinical implications for the follow up and management of these 

patients that require investigation.  
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Chapter 8 APPENDICES 

8.1 APPENDIX A 

Appendix A is a copy of the psychological questionnaires including the 

MMSE, HADS, PSS and B-IPQ and the IES-R. 

 

 

   

 

MMSE scoring 
24-30: no cognitive impairment 
18-23: mild cognitive impairment 
0-17: severe cognitive impairment 

 

 

 

 

One point for each answer                                                                               DATE:    

ORIENTATION      
Year        Season        Month        Date        Time 

……/ 5 ……/ 5 ....../ 5 

Country        Town        District        Hospital        Ward/Floor ……/ 5 ……/ 5 ....../ 5 

REGISTRATION 
Examiner names three objects (e.g. apple, table, penny) and asks the 
patient to repeat (1 point for each correct. THEN the patient learns 
the 3 names repeating until correct). 

……/ 3 ……/ 3 ....../ 3 

ATTENTION AND CALCULATION 
Subtract 7 from 100, then repeat from result. Continue five times: 
100, 93, 86, 79, 65.  (Alternative: spell “WORLD” backwards: DLROW). 

……/ 5 ……/ 5 ....../ 5 

RECALL 
Ask for the names of the three objects learned earlier. 

……/ 3 ……/ 3 ....../ 3 

LANGUAGE 
Name two objects (e.g. pen, watch). 

……/ 2 ……/ 2 ....../ 2 

Repeat “No ifs, ands, or buts”. ……/ 1 ……/ 1 ....../ 1 

Give a three-stage command. Score 1 for each stage. (e.g. “Place 
index finger of right hand on your nose and then on your left ear”). ……/ 3 ……/ 3 ....../ 3 

Ask the patient to read and obey a written command on a piece of 
paper. The written instruction is: “Close your eyes”.   ……/ 1 ……/ 1 ....../ 1 

Ask the patient to write a sentence. Score 1 if it is sensible and has a 
subject and a verb.   ……/ 1 ……/ 1 ....../ 1 

COPYING: Ask the patient to copy a pair of intersecting pentagons 
 

 
 
 
 

……/ 1 ……/ 1 ....../ 1 

TOTAL: ……/ 30 ……/ 30 ....../ 30 

 

MINI MENTAL STATE 
EXAMINATION 

(MMSE) 

Name: 
 
DOB: 
 
Hospital Number: 
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Hospital)Anxiety)and)Depression)Score)(HADS))

This%questionnaire%helps%your%physician%to%know%how%you%are%feeling.%Read%every%sentence.%

Place%an%“X”%on%the%answer%that%best%describes%how%you%have%been%feeling%during%the%LAST%

WEEK.%You%do%not%have%to%think%too%much%to%answer.%In%this%questionnaire,%spontaneous%

answers%are%more%important

%

A) I)feel)tense)or)‘wound)up’:)
Most%of%the%time%

A%lot%of%the%time%

From%time%to%time%(occ.)%

Not%at%all%%

%

3%

2%

1%

0%

))D) I)still)enjoy)the)things)I)used)to)
enjoy:)
Definitely%as%much%

Not%quite%as%much%

Only%a%little%

Hardly%at%all%

%

%

0%

1%

2%

3%

A) I)get)a)sort)of)frightened)feeling)as)
if)something)awful)is)about)to)
happen:)
Very%definitely%and%quite%badly%

Yes,%but%not%too%badly%

A%little,%but%it%doesn’t%worry%me%

Not%at%all%

%

%

%

3%

2%

1%

0%

D) I)can)laugh)and)see)the)funny)side)
of)things:)
As%much%as%I%always%could%

Not%quite%so%much%now%

Definitely%not%so%much%now%

Not%at%all%

%

%

0%

1%

2%

3%

A) Worrying)thoughts)go)through)my)
mind:)
A%great%deal%of%the%time%

A%lot%of%the%time%

From%time%to%time,%but%not%often%

Only%occasionally%

%

%

3%

2%

1%

0%

D) I)feel)cheerful:)
Not%at%all%

Not%often%

Sometimes%

Most%of%the%time%

%

3%

2%

1%

0%

A) I)can)sit)at)ease)and)feel)relaxed:)
Definitely%

Usually%

Not%often%

Not%at%all%

%

0%

1%

2%

3%

%

%

D) I)feel)as)if)I)am)slowed)down:)
Nearly%all%the%time%

Very%often%

Sometimes%

Not%at%all%

%

3%

2%

1%

0%

A) I)get)a)sort)of)frightened)feeling)like)
”butterflies”)in)the)stomach:)
Not%at%all%

Occasionally%

Quite%often%

Very%often%

%

%

0%

1%

2%

3%

D) I)have)lost)interest)in)my)
appearance:)
Definitely%

I%don’t%take%as%much%care%as%I%should%

I%may%not%take%quite%as%much%care%

I%take%just%as%much%care%

%

%

3%

2%

1%

0%

A) I)feel)restless)as)I)have)to)be)on)the)
move:)
Very%much%indeed%

Quite%a%lot%

Not%very%much%

Not%at%all%

%

%

3%

2%

1%

0%

D) I)look)forward)with)enjoyment)to)
things:)
As%much%as%I%ever%did%

Rather%less%than%I%used%to%

Definitely%less%than%I%used%to%

Hardly%at%all%

%

%

0%

1%

2%

3%

A) I)get)sudden)feelings)of)panic:)
Very%often%indeed%

Quite%often%

Not%very%often%

Not%at%all%

%

3%

2%

1%

0%

D) I)can)enjoy)a)good)book)or)radio/TV)
program:)
Often%

Sometimes%

Not%often%

Very%seldom%

%

%

0%

1%

2%

3%

%



Chapter 8 Appendices 

 179 

 

Perceived Stress Scale

A more precise measure of personal stress can be determined by using a variety of instruments that 
have been designed to help measure individual  stress levels. The first of these is called the Perceived  
Stress Scale.

The Perceived Stress Scale (PSS) is a classic stress assessment instrument. The tool, while originally 
developed in 1983, remains a popular choice for helping us understand how different situations affect 
our feelings and our perceived stress. The questions in this scale ask about your feelings and thoughts 
during the last month. In each case, you will be asked to indicate how often you felt or thought a certain 
way. Although some of the questions are similar, there are differences between them and you should 
treat each one as a separate question. The best approach is to answer fairly quickly. That is, don’t try to 
count up the number of times you felt a particular way; rather indicate the alternative that seems like 
a reasonable estimate.

                  For each question choose from the following alternatives:
   0 - never    1 - almost never    2 - sometimes      3 - fairly often     4 - very often

________  l. In the last month, how often have you been upset because of something that    
  happened unexpectedly?

________ 2. In the last month, how often have you felt that you were unable to control the
  important things in your life?

________ 3. In the last month, how often have you felt nervous and stressed?

________ 4. In the last month, how often have you felt confident about your ability to handle   
  your personal problems?

________ 5.  In the last month, how often have you felt that things were going your way?

________ 6.  In the last month, how often have you found that you could not cope with
  all the things that you had to do?

________ 7. In the last month, how often have you been able to control irritations in
  your life?

________ 8. In the last month, how often have you felt that you were on top of things?

________ 9. In the last month, how often have you been angered because of things that
  happened that were outside of your control?

________ 10. In the last month, how often have you felt difficulties were piling up so high that
  you could not overcome them?
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The Brief Illness Perception Questionnaire 

For the following questions, please circle the number that best corresponds to your views: 

How much does your illness affect your life? 

0 1 2 3 4 5 6 7 8 9 10 
no affect          severely 
at all          affects my life 

How long do you think your illness will continue? 

0 1 2 3 4 5 6 7 8 9 10 
a very           forever 
short time 

How much control do you feel you have over your illness? 

0 1 2 3 4 5 6 7 8 9 10 
absolutely                      extreme amount 
no control                      of control 

How much do you think your treatment can help your illness? 

0 1 2 3 4 5 6 7 8 9 10 
not at all          extremely 
           helpful 

How much do you experience symptoms from your illness? 

0 1 2 3 4 5 6 7 8 9 10 
no symptoms         many severe 
at all          symptoms 

How concerned are you about your illness? 

0 1 2 3 4 5 6 7 8 9 10 
not at all          extremely 
concerned                                                                                                           concerned 

How well do you feel you understand your illness? 

0 1 2 3 4 5 6 7 8 9 10 
don't understand         understand  
at all          very clearly 

How much does your illness affect you emotionally? (e.g. does it make you angry, scared, 
upset or depressed? 

0 1 2 3 4 5 6 7 8 9 10 
not at all          extremely 
affected          affected 
emotionally         emotionally 
Please list in rank-order the three most important factors that you believe caused your 
illness. The most important causes for me:- 

1. __________________________________ 

2. __________________________________ 

3. __________________________________ 

 
© All rights reserved. For permission to use the scale please contact: lizbroadbent@clear.net.nz 
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IMPACT OF EVENT SCALE - REVISED 
 
INSTRUCTIONS:  Below is a list of difficulties people sometimes have after stressful life events. 

Please read each item, and then indicate how distressing each difficulty has been for you DURING THE 

PAST SEVEN DAYS with respect to ____________________________, how much were you distressed 

or bothered by these difficulties? 

 
 Not at 

All 
A little 

Bit 
Moderately Quite a 

Bit 
 

Extremely 

1. Any reminder brought back feelings about it. 
 

0 1 2 3 4 

2. I had trouble staying asleep. 
 

0 1 2 3 4 

3. Other things kept making me think about it. 
 

0 1 2 3 4 

4. I felt irritable and angry. 
 

0 1 2 3 4 

5. I avoided letting myself get upset when I  
thought about it or was reminded of it. 
 

0 1 2 3 4 

6. I thought about it when I didn't mean to. 
 

0 1 2 3 4 

7. I felt as if it hadn't happened or wasn't real. 
 

0 1 2 3 4 

8. I stayed away from reminders about it. 
 

0 1 2 3 4 

9. Pictures about it popped into my mind. 
 

0 1 2 3 4 

10. I was jumpy and easily startled. 
 

0 1 2 3 4 

11. I tried not to think about it. 
 

0 1 2 3 4 

12. I was aware that I still had a lot of feelings 
about it, but I didn't deal with them. 
 

0 1 2 3 4 

13. My feelings about it were kind of numb. 
 

0 1 2 3 4 

14. I found myself acting or feeling like I was 
back at that time. 
 

0 1 2 3 4 

15. I had trouble falling asleep. 
 

0 1 2 3 4 

16. I had waves of strong feelings about it. 
 

0 1 2 3 4 

17. I tried to remove it from my memory. 
 

0 1 2 3 4 

18. I had trouble concentrating. 
 

0 1 2 3 4 

19. Reminders of it caused me to have physical 
reactions, such as sweating, trouble breathing, 
nausea, or a pounding heart. 
 

0 1 2 3 4 

20. I had dreams about it. 
 

0 1 2 3 4 

21. I felt watchful and on guard. 
 

0 1 2 3 4 

22. I tried not to talk about it. 0 1 2 3 4 
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8.2 APPENDIX B 

Appendix B includes the supplementary results from Chapter 3.  

Table 26 Regions where grey matter volume negatively correlates with MMSE score 

Hemisphere AAL region p(FWE-
corr) 

T x y z 

Right Putamen 0.019 5.33 32 -20 -3 
 

Table 27 Regions of the brain in which grey matter volume positively correlates with GLS in 
STEMI patients 

 
Hemisphere AAL brain region p(FWE-corr) T x y z 
Right Frontal_Sup* 0.004 8.42 15 36 54 
Left Frontal_Inf_Orb* 0.007 8 -42 36 -3 
Right Frontal_Sup_Orb* 0.01 7.76 18 33 -24 
Right Olfactory 0.01 7.72 8 24 -9 
Right Frontal_Mid* 0.013 7.56 27 36 48 
Right Frontal_Med_Orb 0.023 7.18 12 46 -3 
Left Temporal_Inf 0.032 6.98 -45 -38 -26 
Right Frontal_Mid_Orb 0.034 6.95 20 58 -12 
Left Temporal_Mid* 0.042 6.81 -56 -20 -2 
Left Fusiform 0.044 6.77 -34 -20 -30 
Left Temporal_Inf* 0.046 6.75 -44 -36 -27 

AAL – automated anatomic labelling, GLS – global longitudinal strain.  
* Represents AAL regions also seen in MINOCA patients.  
All p values are corrected for multiple comparisons (FWE corrected). Only results with a T 
threshold >5 are included.  

 

Table 28 Regions of the brain in which grey matter volume positively correlate with LVEF in 
healthy controls patients 

 
Hemisphere AAL brain region p(FWE-corr) T x y z 
Left Hippocampus 0.005 8.03 -24 -8 -26 
Right Parahippocampal 0.007 7.81 24 -8 -27 
Right Frontal_Sup 0.007 7.8 20 18 66 
Right Hippocampus 0.012 7.44 32 -6 -21 
Right Cingulum_Mid 0.016 7.27 6 -18 42 
Left Frontal_Mid_Orb 0.019 7.16 -20 56 -12 
Right Insula 0.021 7.09 42 24 -3 
Right Cingulum_Mid_R 0.033 6.8 8 20 40 
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Left Frontal_Inf_Orb 0.034 6.8 -28 27 -9 
Right Temporal_Inf 0.048 6.57 56 -14 -38 
Left Temporal_Pole_Mid 0.049 6.56 -44 9 -28 

 
AAL – automated anatomic labelling 
All p values are corrected for multiple comparisons (FWE corrected). Only results with a T 
threshold >5 are included.  
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8.3 APPENDIX C 

Appendix C included the supplementary results from Chapter 4. 

Table 29 Table demonstrating network measures by anxiety, depression, stress and GLS-CMR 
groups in STEMI control patients and healthy volunteers. 

STEMI Controls (n=25) 
Variable Global Efficiency Modularity SWP 
Anxiety <8 (n=16) 0.330 [0.299-0.366] 0.128 [0.023] 0.686 [0.608-

0.755] 
Anxiety ≥8 (n=9) 0.332 [0.297-0.342] 0.138 [0.028] 0.635 [0.622-

0.670] 
P value 0.428 0.385 0.571 
Depression <8 
(n=21) 

0.331 [0.297-0.360] 0.132 [0.026] 0.670 [0.600-
0.756] 

Depression ≥8 (n=4) 0.312 [0.294-0.331] 0.127 [0.021] 0.628 [0.619-
0.637] 

P value 0.266 0.701 0.299 
PSS <21 (n=19) 0.342 [0.297-0.361] 0.133 [0.026] 0.730 [0.628-

0.757] 
PSS ≥21 (n=6) 0.312 [0.284-0.330] 0.127 [0.020] 0.619 [0.548-

0.635] 
P value 0.086 0.593 0.036 
GLS-CMR ≤-17.9% 
(n=0) 

n/a n/a n/a 

GLS-CMR >-17.9% 
(n=25) 

0.331 [0.297-0.354] 0.132 [0.025] 0.640 [0.615-
0.755] 

P value n/a n/a n/a 
Healthy Volunteers (n=25) 

Anxiety <8 (n=20) 0.318 [0.306-0.350] 0.127 [0.018] 0.684 [0.581-
0.758] 

Anxiety ≥8 (n=5) 0.335 [0.305-0.367] 0.125 [0.022] 0.690 [0.574-
0.779] 

P value 0.786 0.795 0.892 
Depression <8 
(n=25) 

0.319 [0.305-0.352] 0.127 [0.018] 0.690 [0.580-
0.763] 

Depression ≥8 (n=0) n/a n/a n/a 
P value n/a n/a n/a 
PSS <21 (n=23) 0.319 [0.304-0.352] 0.126 [0.017] 0.702 [0.580-

0.777] 
PSS ≥21  (n=2) 0.357 [0.305-0.408] 0.135 [0.034] 0.630 [0.571-

0.690] 
P value 0.617 0.501 0.367 
GLS-CMR ≤-17.9% 
(n=13) 

0.315 [0.304-0.333] 0.129 [0.018] 0.644 [0.574-
0.763] 

GLS-CMR >-17.9% 
(n=12) 

0.339 [0.310-0.371] 0.124 [0.019] 0.696 [0.621-
0.755] 

P value 0.115 0.473 0.703 
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Table 30 Increased connectivity in patients with MINOCA compared to healthy controls in the 
default mode network at two set thresholds. 

At the higher threshold (t=3.1) p=0.012, FWE-corrected; 5000 permutations, at the lower 
threshold (t=2.35) p=0.016, FWE-corrected, 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds 

Node Node t-value 

ParaHippocampal_R Supramarginal_R 3.30 

ParaHippocampal_L Supramarginal_R 3.19 

ParaHippocampal_R Supramarginal_L 2.63 

ParaHippocampal_L ParaHippocampal_R 2.60 

Supramarginal_L Temporal_Inf_L 2.43 

Frontal_Sup_Medial_L ParaHippocampal_L 2.42 

ParaHippocampal_L Supramarginal_L 2.38 

 

 
 
Table 31 Reduced connectivity in patients with MINOCA compared to healthy controls in the 
central executive network at two different set thresholds.  

At the higher threshold (t=3.8) p=0.02, FWE-corrected; 5000 permutations, at the lower 
threshold (t=1.9) p=0.048, FWE-corrected, 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds 

Node Node t-value 

Frontal_Mid_Orb_L Frontal_Inf_Orb_L 3.83 

Frontal_Mid_Orb_R Temporal_Inf_R 2.46 
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Frontal_Mid_Orb_L Parietal_Inf_R 2.33 

Frontal_Mid_Orb_L Caudate_L 2.27 

Parietal_Inf_R Caudate_L 2.25 

Frontal_Mid_Orb_L Frontal_Inf_Oper_R 2.02 

Frontal_Mid_Orb_R Caudate_L 1.95 

Frontal_Mid_Orb_L Parietal_Inf_L 1.94 

Frontal_Mid_Orb_L Frontal_Mid_Orb_R 1.90 

 

 
 
Table 32 Reduced connectivity in patients with MINOCA compared to STEMI controls in the 
central executive network 

At the higher threshold (t=2.2) p=0.050, FWE-corrected; 5000 permutations, at the lower 
threshold (t=1.8) p=0.045, FWE-corrected, 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds 

Node Node t-value 

Frontal_Mid_Orb_L Parietal_Inf_R 2.72 

Frontal_Mid_R Parietal_Inf_L 2.60 

Frontal_Mid_R Thalamus_R 2.29 

Frontal_Mid_R Parietal_Inf_R 2.24 

Frontal_Mid_R Temporal_Inf_R 2.21 

Frontal_Mid_Orb_R Temporal_Inf_R 2.10 
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Frontal_Inf_Orb_L Thalamus_R 2.07 

Frontal_Mid_Orb_L Parietal_Inf_L 2.02 

Parietal_Inf_R Thalamus_R 1.98 

Thalamus_L Thalamus_R 1.88 

Frontal_Mid_Orb_L Thalamus_R 1.81 

 

 
Table 33 Reduced connectivity in patients with TS compared to healthy controls in the central 
executive network. 

At the higher threshold (t=2.2) p=0.030, FWE-corrected; 5000 permutations, at the lower 
threshold (t=1.7), p=0.053, FWE-corrected; 5000 permutations.. Edges described in bold were 
demonstrated at both the higher and lower thresholds.  

Node Node t-value 

Frontal_Mid_Orb_L Parietal_Inf_R 3.08 

Frontal_Sup_Medial_L Frontal_Mid_L 2.76 

Frontal_Mid_Orb_L Frontal_Inf_Orb_L 2.73 

Frontal_Mid_Orb_L Parietal_Inf_L 2.35 

Frontal_Mid_R Frontal_Inf_Oper_R 2.30 

Frontal_Mid_Orb_R Parietal_Inf_R 2.27 

Frontal_Inf_Orb_L Parietal_Inf_R 1.90 

Frontal_Mid_R Parietal_Inf_L 1.86 

Frontal_Inf_Oper_R Parietal_Inf_R 1.79 
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Frontal_Mid_R Frontal_Mid_Orb_R 1.74 

Parietal_Inf_R Caudate_L 1.71 

 

 
 
Table 34 Reduced connectivity in patients with TS compared to STEMI controls in the central 
executive network. 

At the higher threshold (t=3.7) p=0.008, FWE-corrected; 5000 permutations, at the lower 
threshold (t=2.3), p=0.010, FWE-corrected; 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds.  

Node Node t-value 

Frontal_Mid_Orb_L Parietal_Inf_R 3.80 

Parietal_Inf_L Thalamus_R 2.60 

Frontal_Inf_Orb_L Parietal_Inf_R 2.41 

Frontal_Mid_Orb_R Parietal_Inf_R 2.40 

Frontal_Mid_Orb_L Parietal_Inf_L 2.39 
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Table 35 Reduced connectivity in patients with TS compared to healthy controls on whole 
brain analysis. 

At the higher threshold (t=3.1) p=0.024, FWE-corrected; 5000 permutations, at the lower 
threshold (t=2.85) p=0.062, FWE-corrected, 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds.  

Node Node t-value 

Frontal_Mid_R Hippocampus_R 3.65 

Frontal_Mid_R Hippocampus_L 3.45 

Frontal_Inf_Tri_R Temporal_Sup_L 3.32 

Frontal_Inf_Tri_R Hippocampus_R 3.23 

Parietal_Sup_L Temporal_Sup_L 3.14 

Frontal_Mid_R Parietal_Inf_R 3.08 

Frontal_Mid_R Parietal_Sup_R 2.90 
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Table 36 Reduced connectivity in patients with TS compared to STEMI controls on whole 
brain analysis. 

At the higher threshold (t=4.7) p=0.010, FWE-corrected; 5000 permutations, at the lower 
threshold (t=3.0), p=0.053, FWE-corrected; 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds.  

Node Node t-value 

Frontal_Inf_Tri_R Temporal_Sup_L 4.75 

Frontal_Mid_R Parietal_Inf_R 3.80 

Frontal_Mid_R Hippocampus_R 3.19 

Frontal_Inf_Tri_R Parietal_Inf_R 3.15 

Frontal_Inf_Tri_R Supramarginal_L 3.01 
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Table 37 Networks with a negative correlation between connectivity and anxiety scores in the 
sympathetic network in MINOCA patients. 

At the higher threshold (t=1.6) p=0.047, FWE-corrected; 5000 permutations, at the lower 
threshold (t=1.1), p=0.049, FWE-corrected; 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds.  

 

Node Node t-value 

Hippocampus_L Insula_L. 2.93 

Insula_R Parietal_Inf_L. 2.68 

Cingulum_Mid_R Hippocampus_L. 2.44 

Cingulum_Mid_L Postcentral_R. 2.17 

Insula_L Parietal_Inf_L. 2.05 

Hippocampus_L Insula_R. 1.73 

Cingulum_Mid_L Hippocampus_L. 1.72 

Insula_L Thalamus_R. 1.72 

Cingulum_Mid_L Parietal_Inf_L. 1.68 

Hippocampus_L Parietal_Inf_L. 1.55 

Postcentral_R Parietal_Inf_L. 1.47 

Insula_L Thalamus_L. 1.38 

Cingulum_Mid_R Parietal_Inf_L. 1.38 

Hippocampus_L Thalamus_R. 1.37 
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Cingulum_Mid_L Insula_R. 1.29 

Cingulum_Mid_L Cingulum_Mid_R. 1.19 

Hippocampus_L Thalamus_L. 1.19 

Insula_L Insula_R. 1.12 

 

 
 

Table 38 Networks with a negative correlation between connectivity and stress scores in the 
sympathetic network in MINOCA patients. 

At the higher threshold (t=2.6,) p=0.010, FWE-corrected; 5000 permutations, at the lower 
threshold (t=1.4), p=0.044, FWE-corrected; 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds.  

Node Node t-value 

Cingulum_Mid_R Hippocampus_L. 3.06 

Hippocampus_L Parietal_Inf_L. 2.89 

Cingulum_Mid_L Hippocampus_L. 2.65 

Cingulum_Mid_L Parietal_Inf_L. 1.93 

Cingulum_Mid_R Frontal_Sup_R. 1.79 

Hippocampus_L Insula_R. 1.77 

Postcentral_R Parietal_Inf_L. 1.7 

Hippocampus_L Insula_L. 1.66 

Cingulum_Mid_R Parietal_Inf_L. 1.64 

Postcentral_R Thalamus_L. 1.57 
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Postcentral_R Hippocampus_L. 1.47 

Cingulum_Mid_L Cingulum_Mid_R. 1.45 

Insula_R Parietal_Inf_L. 1.43 

 

 
 

 
Table 39 Networks with a negative correlation between connectivity and stress scores in the 
sympathetic network in STEMI patients. 

At the higher threshold (t=2.5,) p=0.035, FWE-corrected; 5000 permutations, at the lower 
threshold (t=2.1), p=0.082, FWE-corrected; 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds.  

 

Node Node t-value 

Thalamus_L Frontal_Sup_R. 3.03 

Postcentral_R Rectus_R. 2.97 

Rectus_R Frontal_Sup_R. 2.52 

Cingulum_Mid_L Thalamus_L. 2.19 
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Table 40 Networks with a negative correlation between connectivity and stress scores in the 
parasympathetic network in MINOCA patients. 

At the higher threshold (t=2.7,) p=0.016, FWE-corrected; 5000 permutations, at the lower 
threshold (t=1.5), p=0.011, FWE-corrected; 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds.  

 

Node Node t-value 

Insula_L Hippocampus_R. 3.1 

Insula_L Amygdala_L. 2.77 

Frontal_Inf_Oper_L Cingulum_Mid_R. 2.69 

Insula_L Cingulum_Mid_R. 2.15 

Frontal_Inf_Oper_L Hippocampus_R. 1.94 

Frontal_Inf_Oper_L Insula_R. 1.92 

Cingulum_Mid_R Amygdala_L. 1.64 

Frontal_Inf_Oper_L Insula_L. 1.61 

Hippocampus_R Amygdala_L. 1.59 

Insula_L Insula_R. 1.51 
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Table 41 Networks with a positive correlation between connectivity and stress scores in the 
parasympathetic network in healthy patients. 

At the higher threshold (t=1.2,) p=0.045, FWE-corrected; 5000 permutations, at the lower 
threshold (t=0.5), p=0.082, FWE-corrected; 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds.  

 

Node Node t-value 

Amygdala_L Temporal_Sup_R. 2.36 

Frontal_Inf_Oper_L Temporal_Sup_R. 2.19 

Frontal_Inf_Oper_L Insula_R. 1.53 

Cingulum_Mid_L Cingulum_Mid_R. 1.5 

Frontal_Inf_Oper_L Cingulum_Mid_L. 1.45 

Insula_R Amygdala_L. 1.37 

Cingulum_Mid_L Temporal_Sup_R. 1.36 

Hippocampus_R Temporal_Sup_R. 1.36 

Frontal_Inf_Oper_L Hippocampus_R. 1.34 

Frontal_Inf_Oper_L Amygdala_L. 1.27 

Frontal_Inf_Oper_L Cingulum_Mid_R. 1.25 

Cingulum_Mid_L Amygdala_L. 1.1 

Insula_R Hippocampus_R. 0.86 

Cingulum_Mid_R Amygdala_L. 0.83 

Hippocampus_R Amygdala_L. 0.63 

Cingulum_Mid_R Temporal_Sup_R. 0.62 

Insula_R Cingulum_Mid_R. 0.55 
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Table 42 Networks with a negative correlation between connectivity and anxiety scores in the 
default mode network in MINOCA patients. 

At the higher threshold (t=2.9,) p=0.018, FWE-corrected; 5000 permutations, at the lower 
threshold (t=1.9), p=0.014, FWE-corrected; 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds.  

Node Node t-value 

Rectus_L SupraMarginal_L. 3.28 

Occipital_Mid_R Fusiform_R. 3.23 

Occipital_Mid_L Fusiform_R. 3.01 

Rectus_L SupraMarginal_R. 2.97 

ParaHippocampal_L SupraMarginal_R. 2.91 

Frontal_Sup_Medial_R Fusiform_R. 2.74 

Cingulum_Ant_L SupraMarginal_L. 2.7 

Rectus_R ParaHippocampal_L. 2.62 

Rectus_L Occipital_Mid_R. 2.53 

Rectus_R SupraMarginal_L. 2.36 

Rectus_L Occipital_Mid_L. 2.33 

Rectus_L ParaHippocampal_L. 2.1 

Occipital_Mid_L Fusiform_L. 2.09 

Frontal_Sup_Medial_R SupraMarginal_L. 2.07 

Rectus_R SupraMarginal_R. 2.04 
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Occipital_Mid_R Fusiform_L. 2 

Fusiform_L Temporal_Inf_L. 1.99 

Rectus_R Occipital_Mid_R. 1.94 

Frontal_Sup_Medial_R ParaHippocampal_L. 1.92 

Frontal_Sup_Medial_L Fusiform_R. 1.92 

Frontal_Sup_Medial_L SupraMarginal_L. 1.91 

 

 

 
 
Table 43 Networks with a negative correlation between connectivity and perceived stress 
scores in the default mode network in MINOCA patients. 

At the higher threshold (t=2.8,) p=0.033, FWE-corrected; 5000 permutations, at the lower 
threshold (t=1.9), p=0.007, FWE-corrected; 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds.  

Node Node t-value 

Rectus_L Occipital_Mid_R. 3.04 

Occipital_Mid_R Fusiform_R. 3 

Rectus_L SupraMarginal_L. 2.81 

ParaHippocampal_R Temporal_Inf_R. 2.79 

Occipital_Mid_L Fusiform_L. 2.44 

Rectus_L SupraMarginal_R. 2.4 

Rectus_L Occipital_Mid_L. 2.37 

Rectus_R SupraMarginal_L. 2.37 

Calcarine_L SupraMarginal_R. 2.33 



Chapter 8 Appendices 

 198 

Occipital_Mid_R Fusiform_L. 2.25 

Occipital_Mid_L Fusiform_R. 2.25 

Frontal_Sup_Medial_R Fusiform_R. 2.18 

Temporal_Inf_L Temporal_Inf_R. 2.16 

Rectus_R Occipital_Mid_R. 2.1 

ParaHippocampal_L ParaHippocampal_R. 2.09 

Frontal_Sup_Medial_L Frontal_Sup_Medial_R. 2.08 

ParaHippocampal_R Temporal_Inf_L. 2.07 

SupraMarginal_L SupraMarginal_R. 2.03 

Cingulum_Ant_R Temporal_Inf_R. 1.98 

Cingulum_Ant_L SupraMarginal_L. 1.96 

ParaHippocampal_R Fusiform_R. 1.94 

Frontal_Sup_Medial_L SupraMarginal_L. 1.94 

Occipital_Mid_L Occipital_Mid_R. 1.91 
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Table 44 Networks with a positive correlation between connectivity and anxiety in the default 
mode network in healthy patients. 

At the higher threshold (t=6.1,) p=<0.001, FWE-corrected; 5000 permutations, at the lower 
threshold (t=4.1), p=0.034, FWE-corrected; 5000 permutations  

Node Node t-value 

Calcarine L Occipital Mid L 6.15 

ParaHippocampal_L SupraMarginal_R 4.22 

 

 
 

 
Table 45 Networks with a positive correlation between connectivity and perceived stress 
scores in the default mode network in healthy patients. 

At the higher threshold (t=4.6) p=0.020, FWE-corrected; 5000 permutations, at the lower 
threshold (t=3.8), p=0.087, FWE-corrected; 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds. 

Node Node t-value 

Calcarine_L Occipital_Mid_L 4.64 
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Table 46 Networks with a negative correlation between connectivity and perceived stress 
scores in the salience network in MINOCA patients. 

At the higher threshold (t=2.5) p=0.048, FWE-corrected; 5000 permutations, at the lower 
threshold (t=1.9), p=0.009, FWE-corrected; 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds. 

Node Node t-value 

Supp_Motor_Area_R Temporal_Pole_Sup_R. 3.1 

Cingulum_Ant_L Parietal_Inf_L. 2.96 

Amygdala_L Parietal_Inf_L. 2.78 

Supp_Motor_Area_L Cingulum_Ant_L. 2.62 

SupraMarginal_R Putamen_L. 2.54 

Supp_Motor_Area_L Cingulum_Mid_R. 2.5 

Amygdala_R Temporal_Mid_R. 2.48 

Supp_Motor_Area_L SupraMarginal_R. 2.31 

Supp_Motor_Area_R Cingulum_Ant_L. 2.27 

Amygdala_R Thalamus_R. 2.27 

Supp_Motor_Area_L Supp_Motor_Area_R. 2.24 

Frontal_Mid_R Parietal_Inf_L. 2.21 

Supp_Motor_Area_R Cingulum_Mid_R. 2.19 

Supp_Motor_Area_R Insula_R. 2.18 
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Amygdala_L Putamen_L. 2.18 

Frontal_Mid_R Supp_Motor_Area_R. 2.15 

Supp_Motor_Area_R Amygdala_R. 2.14 

Amygdala_R Temporal_Pole_Sup_R. 2.06 

Frontal_Inf_Orb_L Parietal_Inf_L. 2.05 

Supp_Motor_Area_L Putamen_L. 1.98 

Frontal_Mid_L Supp_Motor_Area_R. 1.94 

Amygdala_L SupraMarginal_R. 1.94 

Insula_R Putamen_L. 1.93 

Frontal_Inf_Orb_L Putamen_L. 1.92 

Parietal_Inf_L Temporal_Pole_Sup_R. 1.91 

 

 
 
Table 47 Networks with a negative correlation between connectivity and anxiety scores in the 
central executive network in MINOCA patients. 

At the higher threshold (t=3.35) p=0.047, FWE-corrected; 5000 permutations, at the lower 
threshold (t=2.6), p=0.015, FWE-corrected; 5000 permutation . Edges described in bold were 
demonstrated at both the higher and lower thresholds. 

 

Node Node t-value 

Frontal_Mid_Orb_R Thalamus_L. 3.36 

Thalamus_L Thalamus_R. 2.75 

Caudate_R Thalamus_R. 2.68 
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Table 48 Networks with a negative correlation between connectivity and GLS-CMR in the 
central executive network in MINOCA patients. 

At the higher threshold (t=3.6) p=0.010, FWE-corrected; 5000 permutations, at the lower 
threshold (t=2.5), p=0.020, FWE-corrected; 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds. 

 

Node Node t-value 

Frontal_Mid_Orb_L Caudate_L. 3.62 

Frontal_Mid_Orb_L Caudate_R. 2.64 

Frontal_Mid_R Caudate_L. 2.56 
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Table 49 Networks with a positive correlation between connectivity and GLS-CMR in the 
central executive network in healthy patients. 

At the higher threshold (t=4.1) p=0.016, FWE-corrected; 5000 permutations, at the lower 
threshold (t=2.6), p=0.002, FWE-corrected; 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds. 

 

Node Node t-value 

Parietal_Inf_L Thalamus_L. 4.16 

Caudate_R Thalamus_L. 3.3 

Frontal_Mid_R Frontal_Inf_Orb_L. 3.03 

Frontal_Inf_Orb_L Caudate_L. 2.96 

Thalamus_R Temporal_Inf_R. 2.74 

Frontal_Inf_Orb_L Temporal_Inf_R. 2.72 

Frontal_Inf_Orb_L Thalamus_R. 2.66 

Frontal_Mid_R Thalamus_L. 2.65 
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Table 50 Networks with a negative correlation with anxiety score in MINOCA patients on 
whole brain analysis 

At the higher threshold (t=3.0) p=0.005, FWE-corrected; 5000 permutations, at the lower 
threshold (t=2.6), p=0.007, FWE-corrected; 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds.  

 

Node Node t-value 

Occipital_Inf_R Parietal_Sup_R. 4.03 

Cingulum_Mid_R Precuneus_R. 3.75 

Insula_L Paracentral_Lobule_R. 3.67 

Precentral_R Fusiform_L. 3.64 

Calcarine_L Putamen_L. 3.46 

Parietal_Sup_L Paracentral_Lobule_L. 3.44 

Precuneus_L Paracentral_Lobule_R. 3.36 

Frontal_Mid_Orb_L Caudate_R. 3.36 

Putamen_L Temporal_Pole_Mid_R. 3.34 

Cingulum_Mid_L Fusiform_L. 3.32 

Frontal_Sup_Orb_R Occipital_Inf_L. 3.3 

Occipital_Mid_R Parietal_Inf_L. 3.3 

Frontal_Sup_Medial_L Fusiform_L. 3.28 

SupraMarginal_L Precuneus_L. 3.27 

Parietal_Inf_L Precuneus_R. 3.26 
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Olfactory_R Hippocampus_R. 3.25 

Precuneus_R Paracentral_Lobule_L. 3.25 

Frontal_Sup_Orb_R Hippocampus_R. 3.24 

Calcarine_R Occipital_Mid_R. 3.23 

Olfactory_L Caudate_L. 3.2 

Insula_L ParaHippocampal_L. 3.19 

Occipital_Inf_L Precuneus_R. 3.15 

Calcarine_R Caudate_L. 3.08 

Frontal_Sup_Orb_L Hippocampus_R. 3.07 

Cingulum_Mid_L Postcentral_L. 3.07 

Cingulum_Mid_R Precuneus_L. 3.07 

SupraMarginal_R Precuneus_R. 3.05 

Precentral_R Occipital_Inf_R. 3.04 

Cingulum_Mid_L Amygdala_R. 3.02 

Precentral_R Parietal_Sup_L. 3.02 

Cingulum_Mid_L Precuneus_R. 3.02 

Calcarine_R Occipital_Mid_L. 3.01 

Parietal_Sup_L Precuneus_R. 3 

Insula_L Paracentral_Lobule_L. 3 

Parietal_Sup_R Precuneus_L. 2.99 

Calcarine_R Putamen_L. 2.98 

Insula_L Occipital_Mid_R. 2.97 

Frontal_Sup_Medial_L Fusiform_R. 2.97 

Parietal_Inf_L Precuneus_L. 2.97 

Precuneus_L Paracentral_Lobule_L. 2.97 

Frontal_Inf_Tri_L Calcarine_R. 2.95 

Insula_L Hippocampus_L. 2.93 

Frontal_Inf_Tri_L Occipital_Mid_R. 2.92 

Hippocampus_R Putamen_L. 2.92 

Fusiform_R Temporal_Inf_L. 2.91 

Fusiform_L Parietal_Inf_L. 2.9 

Precentral_L Hippocampus_L. 2.85 

Frontal_Sup_L Fusiform_L. 2.82 

Occipital_Mid_R Precuneus_L. 2.82 
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Frontal_Inf_Tri_L Cuneus_L. 2.8 

Insula_L Parietal_Sup_R. 2.79 

Olfacry_R Angular_R. 2.79 

Lingual_L Pallidum_R. 2.79 

Occipital_Inf_R Temporal_Inf_L. 2.79 

Parietal_Sup_R Paracentral_Lobule_L. 2.78 

Precentral_R Occipital_Inf_L. 2.76 

Cingulum_Mid_L Precuneus_L. 2.76 

Caudate_R Thalamus_L. 2.75 

Frontal_Inf_Oper_L Calcarine_R. 2.74 

Cingulum_Ant_R Calcarine_R. 2.74 

Lingual_L Angular_R. 2.74 

Occipital_Inf_L Precuneus_L. 2.74 

Frontal_Inf_Orb_R Postcentral_R. 2.73 

Insula_L Cuneus_R. 2.72 

Frontal_Inf_Oper_L Lingual_L. 2.72 

Insula_R Paracentral_Lobule_R. 2.71 

Fusiform_L SupraMarginal_L. 2.7 

SupraMarginal_L Caudate_L. 2.7 

Frontal_Mid_Orb_L Occipital_Mid_L. 2.69 

Frontal_Inf_Oper_L Fusiform_L. 2.69 

Occipital_Inf_L Parietal_Sup_R. 2.69 

Calcarine_L Pallidum_L. 2.69 

Frontal_Inf_Orb_R Postcentral_L. 2.68 

Insula_R Parietal_Inf_L. 2.68 

Cingulum_Mid_R SupraMarginal_R. 2.68 

Frontal_Inf_Tri_L Paracentral_Lobule_L. 2.68 

Caudate_L Thalamus_L. 2.68 

Calcarine_R Occipital_Sup_R. 2.66 

Insula_L Hippocampus_R. 2.65 

Hippocampus_R Putamen_R. 2.65 

Frontal_Sup_L Fusiform_R. 2.64 

Frontal_Inf_Tri_L Parietal_Sup_L. 2.62 

Frontal_Sup_Medial_R Temporal_Inf_L. 2.62 
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Cingulum_Mid_R Parietal_Inf_R. 2.61 

Frontal_Mid_Orb_R SupraMarginal_R. 2.61 

Amygdala_R Putamen_L. 2.61 

 

 

 

 
 

 
Table 51 Networks with a negative correlation with perceived stress score in MINOCA 
patients on whole brain analysis 

At the higher threshold (t=3.6) p=0.005, FWE-corrected; 5000 permutations, at the lower 
threshold (t=2.8), p=0.008, FWE-corrected; 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds.  

 

Node Node t-value 

Cingulum_Post_L Fusiform_L. 4.48 

Frontal_Mid_L Occipital_Mid_L. 4.42 

Cingulum_Post_L Fusiform_R. 3.86 

Calcarine_L Heschl_L. 3.81 

Fusiform_L Caudate_L. 3.8 

Cingulum_Mid_R ParaHippocampal_L. 3.66 

Caudate_L Temporal_Mid_L. 3.64 

Occipital_Inf_L Caudate_L. 3.63 
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Frontal_Inf_Orb_R Occipital_Inf_L. 3.54 

Occipital_Mid_R Parietal_Inf_L. 3.5 

ParaHippocampal_R Temporal_Pole_Sup_R. 3.42 

Cingulum_Mid_L ParaHippocampal_L. 3.4 

Lingual_R Caudate_L. 3.31 

Frontal_Sup_Medial_L Occipital_Sup_R. 3.3 

Cuneus_R Caudate_L. 3.28 

Occipital_Inf_L Precuneus_R. 3.23 

Precuneus_L Paracentral_Lobule_L. 3.19 

Frontal_Inf_Oper_L Fusiform_L. 3.18 

Fusiform_L Parietal_Inf_L. 3.16 

Parietal_Inf_L Paracentral_Lobule_L. 3.16 

Occipital_Mid_L Caudate_L. 3.14 

Cingulum_Mid_R Amygdala_L. 3.1 

Supp_Motor_Area_L Angular_R. 3.1 

Parietal_Inf_R Heschl_L. 3.07 

Cingulum_Mid_R Hippocampus_L. 3.06 

Frontal_Inf_Orb_R Fusiform_R. 3.06 

Frontal_Sup_Medial_L Occipital_Mid_R. 3.04 

Fusiform_L Temporal_Pole_Sup_R. 3.03 

Occipital_Inf_L Caudate_R. 3.02 

Calcarine_R Occipital_Mid_R. 3 

Fusiform_L Angular_L. 2.98 

Frontal_Mid_L Occipital_Sup_L. 2.97 

Precuneus_L Paracentral_Lobule_R. 2.97 

Supp_Motor_Area_R Parietal_Inf_L. 2.96 

Frontal_Inf_Oper_L Amygdala_R. 2.94 

Insula_R ParaHippocampal_L. 2.91 

Lingual_L Occipital_Mid_L. 2.91 

Hippocampus_R Heschl_L. 2.9 

Hippocampus_L Parietal_Inf_L. 2.89 

Precuneus_R Paracentral_Lobule_L. 2.89 

Cingulum_Mid_L Temporal_Mid_R. 2.89 

Amygdala_R Angular_R. 2.88 
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Cingulum_Mid_R Precuneus_R. 2.88 

Fusiform_L Parietal_Inf_R. 2.86 

Occipital_Inf_R Caudate_L. 2.86 

Frontal_Inf_Oper_R Amygdala_L. 2.85 

Frontal_Mid_L Occipital_Mid_R. 2.83 

ParaHippocampal_L Precuneus_L. 2.83 

Parietal_Inf_R Temporal_Sup_L. 2.83 

Supp_Motor_Area_L Frontal_Sup_Medial_R. 2.81 

Frontal_Sup_Medial_L Fusiform_L. 2.81 

ParaHippocampal_R Caudate_L. 2.8 

 

 

 

 
 

 
Table 52 Networks with a positive correlation with anxiety score in healthy participants on 
whole brain analysis 

At the higher threshold (t=6.0) p=0.008, FWE-corrected; 5000 permutations, at the lower 
threshold (t=4.1), p=0.105, FWE-corrected; 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds.  

 



Chapter 8 Appendices 

 210 

Node Node t-value 

Rectus_L Occipital_Mid_L 6.15 

Fusiform_R Temporal_Inf_L 4.22 

Fusiform_R Temporal_Pole_Mid_L 4.10 
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8.4 APPENDIX D 

Appendix D included supplementary results from Chapter 5. 

Table 53 Regions of the brain in MINOCA patients with reduced grey matter volume from the 
acute to chronic phase 

 
Hemisphere AAL region p(FWE-

corr) 
T x y z 

Right Temporal_Pole_Sup 0.001 6.6 45 26 -24 
Left Cerebellum_Crus2 0.004 5.99 0 -86 -26 
Left Cerebellum_4_5 0.007 5.81 -4 -58 0 
Left Frontal_Mid_Orb 0.002 6.19 -42 56 -10 
Right Cerebellum_Crus1 0.003 6.11 51 -70 -28 
Right Frontal_Mid_Orb 0.003 6.06 44 51 -16 
Right Frontal Inf_Orb 0.026 5.42 52 34 -15 
Left Frontal_Inf_Orb 0.007 5.83 -46 26 -16 
Left Temporal_Pole_Sup 0.013 5.64 -39 26 -26 
Left Postcentral 0.009 5.75 -66 -8 14 
Right Cerebellum_Crus2 0.011 5.68 54 -57 -44 
Right Frontal_Sup_Medial 0.022 5.47 6 57 40 
Right Frontal_Inf_Oper 0.016 5.57 50 12 32 
Right Frontal_Inf_Orb 0.017 5.56 36 36 -6 
Right Insula 0.019 5.51 46 -6 3 
Right Temporal_Sup 0.021 5.49 70 -33 9 
Left Frontal_Inf_Tri 0.026 5.41 -33 34 2 
Left Insula 0.039 5.29 -27 30 8 
Right Temporal_Mid 0.038 5.29 70 -30 -4 

 

Table 54 Regions of the brain in acute MINOCA patients with increased grey matter volume 
compared to chronic MINOCA patients 

 
Hemisphere AAL region p(FWE-

corr) 
T x y z 

Right Putamen 0 7.26 21 0 9 
Left Insula 0 6.82 -33 -14 8 
Right Cingulum_Post 0 6.73 4 -42 28 
Left Cingulum_Post 0.002 6.18 -4 -44 22 
Left Cingulum_Mid 0.004 5.97 -4 -20 39 
Left Paracentral_Lobule 0 6.65 -8 -30 52 
Left Thalamus 0.001 6.43 -6 -18 4 
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Left ParaHippocampal 0.001 6.36 -22 -20 -22 
Left Hippocampus 0.002 6.16 -21 -14 -16 
Right Supp_Motor_Area 0.001 6.33 9 -21 56 
Left Putamen 0.002 6.21 -18 6 8 
Right Cerebellum_8 0.003 6.13 21 -70 -52 
Left Cingulum_Ant 0.005 5.92 -9 15 30 
Left Cerebellum_Crus1 0.003 6.07 -12 -68 -27 
Left Temporal_Inf 0.003 6.05 -58 -8 -34 
Right Frontal_Inf_Orb 0.003 6.05 33 34 -20 
Left Frontal_Mid 0.004 5.99 -44 9 54 
Left Precentral 0.016 5.57 -50 9 45 
Left Frontal_Sup 0.004 5.98 -15 26 63 
Right Cerebellum_Crus1 0.004 5.97 21 -78 -28 
Right Cerebellum_Crus2 0.007 5.83 30 -70 -39 
Left Caudate_L 0.006 5.88 -8 10 -12 
Left Cerebellum_8 0.011 5.7 -30 -62 -50 
Right Frontal_Inf_Tri 0.007 5.83 42 14 21 
Right Temporal_Sup 0.007 5.81 51 -27 4 
Left Rectus 0.008 5.8 -20 12 -15 
Right Temporal_Mid 0.008 5.79 52 -48 4 
Left Postcentral 0.008 5.79 -39 -12 40 
Left Temporal_Mid 0.01 5.73 -63 -4 -9 
Right Insula 0.01 5.71 38 14 -6 
Left Frontal_Inf_Oper 0.011 5.7 -42 12 21 
Right Cingulum_Ant 0.012 5.67 12 22 27 
Right Cingulum_Mid 0.034 5.33 10 15 33 
Left Parietal_Sup 0.013 5.63 -34 -50 68 
Right Frontal_Mid 0.014 5.61 24 38 26 
Right Rolandic_Oper 0.043 5.26 44 -16 21 
Left Cerebellum_Crus2 0.017 5.54 -16 -82 -34 
Right Temporal_Pole_Mid 0.02 5.5 46 20 -36 
Left Supp_Motor_Area 0.021 5.49 -8 -8 56 
Left Frontal_Inf_Orb 0.023 5.46 -33 36 -18 
Right Cingulum_Ant_R 0.023 5.45 12 44 24 
Left Cerebellum_4_5 0.025 5.43 -8 -56 -21 
Left Parietal_Inf 0.027 5.4 -42 -34 36 
Right Calcarine 0.027 5.4 12 -69 8 
Left SupraMarginal 0.033 5.34 -51 -26 21 
Right Precuneus 0.034 5.33 12 -50 15 
Right Parietal_Inf 0.036 5.31 40 -50 38 
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Table 55 Regions of the brain with reduced grey matter volume in chronic MINOCA patients 
versus healthy control patients.  

 
Hemisphere AAL region p(FWE-

corr) 
T x y z 

Left Temporal_Mid 0.001 5.88 -62 -50 8 
Left Precentral 0.01 5.35 -46 -8 51 
Left Postcentral 0.033 5 -51 -14 56 
Right Postcentral 0.015 5.23 40 -34 56 

 

Table 56 Greater connectivity in patients with a previous episode of MINOCA compared to 
healthy controls in the default mode network. 

At the higher threshold (t=2.2) p=0.020, FWE-corrected; 5000 permutations, at the lower 
threshold (t=1.9) p=0.042, FWE-corrected, 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds 

Node Node T-value 
ParaHippocampal_R SupraMarginal_R. 3.09 
ParaHippocampal_L SupraMarginal_L. 2.57 
ParaHippocampal_R SupraMarginal_L. 2.48 
ParaHippocampal_L SupraMarginal_R. 2.48 
ParaHippocampal_L Temporal_Inf_L. 2.28 
Frontal_Sup_Medial_L ParaHippocampal_L. 2.27 
ParaHippocampal_L ParaHippocampal_R. 2.27 
Frontal_Sup_Medial_R SupraMarginal_L. 2.26 
SupraMarginal_L Temporal_Inf_L. 2.24 
ParaHippocampal_R Temporal_Inf_L. 2.14 
SupraMarginal_L Temporal_Inf_R. 2.12 
Occipital_Mid_R Temporal_Inf_L. 2.02 
Occipital_Mid_R Fusiform_R. 1.92 

 

Table 57 Lower connectivity in patients with a previous episode of MINOCA compared to 
healthy controls in the central executive network.  

At the higher threshold (t=3.7) p=0.03, FWE-corrected; 5000 permutations, at the lower 
threshold (t=3.0) p=0.006, FWE-corrected, 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds 

Node Node T-value 
Frontal_Mid_Orb_L Frontal_Inf_Orb_L. 3.79 
Parietal_Inf_R Caudate_L. 3.47 
Frontal_Mid_Orb_L Parietal_Inf_R. 3.04 
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Table 58  Greater connectivity in patients with a previous episode of TS compared to healthy 
controls in the central executive network.  

At the higher threshold (t=2.7) p=0.029, FWE-corrected; 5000 permutations, at the lower 
threshold (t=2.3) p=0.040, FWE-corrected, 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds 

Node Node T-value 
Frontal_Inf_Oper_R Thalamus_L. 3.18 
Frontal_Mid_Orb_L Caudate_R. 3.06 
Frontal_Inf_Oper_R Caudate_R. 2.89 
Frontal_Mid_R Caudate_R. 2.72 
Frontal_Mid_Orb_R Caudate_R. 2.57 
Frontal_Mid_Orb_L Thalamus_L. 2.55 
Caudate_L Caudate_R. 2.33 

 

Table 59 Lower connectivity in patients with a previous episode of TS compared to healthy 
controls in the central executive network.  

At the higher threshold (t=2.4) p=0.019, FWE-corrected; 5000 permutations, there was no 
increased connectivity at lower thresholds.  

Node Node T-value 
Frontal_Mid_Orb_L Parietal_Inf_R. 2.85 
Frontal_Inf_Orb_L Parietal_Inf_R. 2.67 
Frontal_Mid_Orb_L Frontal_Inf_Orb_L. 2.45 

 

Table 60 Lower connectivity in patients with a previous episode of TS compared to patients 
with a previous STEMI in the central executive network. 

At the higher threshold (t=2.8) p=0.016, FWE-corrected; 5000 permutations, at the lower 
threshold (t=2.0) p=0.031, FWE-corrected, 5000 permutations. Edges described in bold were 
demonstrated at both the higher and lower thresholds 

Node Node T-value 
Frontal_Inf_Orb_L Parietal_Inf_R. 2.88 
Frontal_Inf_Orb_L Parietal_Inf_L. 2.82 
Frontal_Mid_Orb_L Parietal_Inf_R. 2.68 
Frontal_Mid_L Parietal_Inf_L. 2.55 
Frontal_Mid_L Frontal_Inf_Orb_L. 2.25 
Parietal_Inf_L Parietal_Inf_R. 2.09 
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Table 61 Reduced connectivity in patients with an acute episode TS compared to chronic TS 
on whole brain analysis.  

At the higher threshold (t=5.7) p=0.035, FWE-corrected; 5000 permutations, there was no 
increased connectivity at lower thresholds.  

Node Node T-value 
Temporal_Sup_L Occipital_Sup_L 5.76 

 

 


