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General introduction and thesis outline 

Parts of this text have been published in Focus Vasculair (1)
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Coronary vascular disease throughout the years from a sex-specific point 
of view 

In recent years, sex-differences in cardiovascular research gained a lot of attention. 
The history that led to the current focus on sex in cardiovascular research is intriguing. 
Even though scientific studies addressing cardiovascular disease date back to the 18th 
century, the first study in which the influence of sex was appreciated was not 
published until 1926. The real rise in numbers of publications conscious of the role 
of sex in cardiovascular disease started around the 1970’s. In that period, the 
realization that coronary vascular disease was not just a men’s problem got through 
to the scientific community as well as to society.  

In 1975, the Dutch Heart Foundation paid attention to the role of women in the fight 
against cardiovascular disease (2). At that time, women were not considered to be 
affected as patients but had the role of the caretaker of men with ischemic heart 
disease. Therefore, they were given the “important” task of facilitating revalidation 
and providing a healthy diet for these men. Yet, there was also a progressive tone in 
the column of the Dutch Heart Foundation as it discussed the possible future risk of 
cardiovascular disease in women as well. It raised the question whether women 
themselves would never have to deal with cardiovascular disease, and whether 
smoking, the burden of mental or physical stress and a sedentary lifestyle would be 
without disastrous consequences for women. In addition, the article warned that, as 
women were pursuing a career outside of their household, the growing emotional 
burden coming along with this expanding role might lead to the development of 
cardiovascular disease in these women. At the end of the article, they concluded that 
the emancipation of women “should give women equal rights, not an equal risk of 
suffering from cardiovascular disease”.

Since then, fortunately, awareness of cardiovascular disease risk in women has grown 
both in science and in clinical practice. This is important, as cardiovascular disease 
remains the number one cause of death in women, especially after menopause (3). 
Increased knowledge and awareness of this risk led to the development of the first 
women-specific American Heart Association recommendations for prevention of 
cardiovascular disease in 1993 (4) and to the first real guideline for women in 2011 
(5). Among other things, these recommendations drew attention to the role of female-
specific risk factors such as pregnancy complications and menopause, and the 
possibilities offered by knowledge on these factors to prevent cardiovascular disease 
in women. 



General introduction and thesis outline

|  11

1
In addition to awareness in science and clinical practice, awareness among women 
is just as important. Campaigns such as the “Dress Red Day” and the “Go Red for 
Women” days, initiated in 2002 and 2004 respectively, contributed raising awareness 
for this topic. Concluding, we have come a long way; knowledge has improved on 
both the biological and social aspects (6) of cardiovascular disease in women. Yet, a 
lot of work still needs to be done to improve prevention and care for coronary vascular 
disease in women: In current clinical care most ‘evidence based medicine’ is based 
on studies investigating mainly male patients and as a result both clinicians and risk-
assessment-models still tend to underestimate disease risk in women (7). 

In this thesis, we aim to further increase the knowledge on sex-differences in the 
cardiovascular field, zooming in on coronary vascular disease. Coronary vascular 
disease comprises the complete coronary vascular tree, from epicardial coronary 
arteries at macro level to the coronary microvasculature at micro level. 

Obstructive coronary vascular disease

Cardiovascular disease is often the result of atherosclerosis, a lifelong process of 
vascular damage. In coronary artery disease atherosclerosis occurs in the epicardial 
arteries and can become fatal if it leads to blockage of the myocardial blood supply. 
This form of atherosclerosis, also known as macrovascular or obstructive coronary 
artery disease, is particularly prevalent in men. In the 1980s, plaque rupture and 
erosion were discovered as the underlying mechanisms (8). Eroded plaques appeared 
to be more often the cause of the occlusion in women, while in men predominantly 
a ruptured plaque was found (8). Plaques with a high risk of rupture have a thin fibrous 
cap, a high fat content and a large necrotic core underneath. A plaque rupture is more 
common when an unstable plaque is infiltrated by inflammatory cells or with an 
intra-plaque bleeding. Especially in these bleeds, various atherogenic factors, such 
as inflammatory cells or red blood cells, leak from the blood vessels in the plaque. 
These factors can accelerate the process of atherosclerosis, resulting in an unstable 
plaque (9).  Prior to erosive coronary thrombosis, there is usually a more stable plaque 
phenotype, recognizable by a thick fibrous cap and absence of a necrotic core. The 
fibrous cap remains intact, and the core of the plaque does not come into contact 
with the thrombus. Both mechanisms leading to coronary thrombosis are compared 
in Table 1. 
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The diagnosis of obstructive coronary artery disease is preferably confirmed with a 
flow measurement during an invasive coronary angiogram, but can also be made 
using a non-invasive computed tomography (CT) scan, i.e., cardiac CT. During cardiac 
CT, first the cardiac calcium score is assessed. Subsequently, after intravenous contrast 
injection, the coronary arteries are examined in more detail to evaluate the absence 
or presence of wall abnormalities, (non-)calcified plaques and the degree of stenosis. 
Obstructive coronary artery disease is less common in women; however, women who 
do have obstructive CAD have a worse prognosis than men (10, 11). In women who 
underwent a coronary angiogram for an acute coronary syndrome, the risk of 
cardiovascular events, defined as heart failure, a cerebrovascular event, angina or 
myocardial infarction, is 44-70% higher during the 2 years following the coronary 
angiogram as compared to men. In women with stable coronary artery disease 
undergoing a coronary angiogram, this risk was 29-53% higher than in men. 

Ischemia without obstructive vascular disease
In absence of obstructive coronary artery disease, myocardial ischemia can still be 
present. Symptomatic women more often suffer from this non-obstructive coronary 
vascular disease. Thus, in women with evidence of myocardial ischemia, additional 
research is more likely to find clean or non-obstructed coronary arteries. Up until 
recently, these women were “falsely” reassured that their complaints were of non-
cardiac origin. We now know that these symptomatic women without obstruction of 
the epicardial coronary arteries are more likely to have myocardial ischemia than men 
(10). We call this “Ischemia with Non-Obstructed Coronary Arteries”, in short INOCA. 
Contrary to previous beliefs, these women are at increased risk of developing serious 
cardiovascular events (13). Recent research has shown that two third of women with 
persistent anginal (equivalent) symptoms have myocardial ischemia due to dysfunction 
of the coronary vascular system (12). Coronary vascular dysfunction can be based on 
coronary microvascular dysfunction and/or epicardial vasospasm. The underlying 

Table 1. Comparison of characteristics of plaque rupture vs. erosion (1)

Plaque rupture Plaque erosion

Instable plaque Stable plaque

More common in men More common in women

Thin fibrous cap Thick fibrous cap

Necrotic core containing fat, inflammatory cells  
and ‘plaque hemorrhage’

Absence of necrotic core

Occlusion of coronary artery with large thrombus  
after plaque rupture

Thrombocyte adhesion on an intact plaque in  
combination with microemboli formation
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mechanism in these INOCA women could also be microemboli derived from non-
obstructive coronary plaques leading to downstream microvascular obstruction (14). 
These downstream microembolic obstructions in the heart are more often seen with 
plaque erosion than with plaque rupture. This suggests that women may develop 
microembolizations during the development of stable atherosclerosis, leading to 
coronary microvascular dysfunction. 

To include both obstructive coronary artery disease and vascular dysfunction, the 
term coronary vascular disease is used throughout this thesis. In this thesis we aim 
to provide insight in coronary vascular disease in women and men by comparing 
symptomatic women and men that present at the outpatient cardiology clinic. The 
first part evaluates the value of currently used risk-assessment tools in this 
heterogeneous patient population at outpatient cardiology clinics. The second part 
assesses pathophysiological sex differences in coronary vascular disease in this 
population with use of non-invasive imaging. The last part of this thesis answers the 
question how large the population of women and men with prolonged complaints 
after an exclusion diagnosis of obstructive coronary artery disease is and how these 
individuals at risk could be identified. 

Thesis outline

The first part of this thesis focuses on the replication of symptom-based risk prediction 
in the outpatient cardiology clinic in a sex-stratified manner. In previous research 
many “evidence based” clinical tools were developed only in male patients but used 
in both women and men. Furthermore, even when the study populations comprised 
female patients as well, sex-specific reporting was still scarce. To overcome this 
important limitation of contemporary clinical care, Chapter 2 evaluates coronary 
artery disease prediction in women and men using chest pain characteristics and risk 
factors. Moreover, Chapter 3 shows the association of functional classification of 
complaints, originally developed in male heart failure patients, with mortality, in a 
heterogeneous female patient population presenting with a variety of complaints. 

The second part studies sex differences in coronary vascular disease in women and 
men presenting to the outpatient clinic at the level of pathophysiology and imaging 
results. This part aims to expand knowledge on sex differences from histological 
studies in patients with advanced atherosclerotic disease to symptomatic women 
and men suspect of coronary vascular disease in an early stage of disease. First, 
Chapter 4 reviews the current state of the literature on sex-specific aspects of the 
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pathophysiology and imaging of coronary vascular disease. Second, in Chapter 5 we 
introduce the ARGUS study in which extensive clinical phenotyping is performed by 
state-of-the-art cardiovascular imaging in all women and men presenting with chest 
pain to the outpatient cardiology clinic. Subsequently, in Chapter 6 we study the 
differences in the association between coronary artery calcification and severity of 
coronary artery disease between these women and men in the ARGUS study, as we 
suspect this relation to be sex-specific due to known sex-differences in plaque 
composition.  In Chapter 7 we investigate the prognostic value of measures of 
coronary artery calcification as visualized on CCTA in symptomatic women and men. 

Lastly, the third part focuses on the until recently underappreciated and therefore 
relatively unknown patient population of symptomatic women and men with non-
obstructive coronary artery disease. In Chapter 8 we study whether these women 
and men have different care demands compared with women and men from the 
general population. Chapter 9 reviews existing literature on non-invasively measured 
parameters that could improve detection of those women and men who are at risk 
for adverse (cardiovascular) outcomes. 

The Chapters 10 and 11 contain the general discussion and Dutch summary.
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ABSTRACT

To assess the diagnostic value of non-acute chest pain characteristics for coronary 
artery disease in women and men referred to outpatient cardiology clinics, we 
performed an observational study at outpatient cardiology centers of the Netherlands. 
The study population consisted of 1028 non-acute chest pain patients (505 women). 
Twenty-four women (5%) and seventy-five men (15%) were diagnosed with coronary 
artery disease by invasive coronary angiography or computed tomographic 
angiography during regular care follow-up. Elastic net regression was performed to 
assess which chest pain characteristics and risk factors were of diagnostic value. The 
overall model selected age, provocation by temperature or stress, relief at rest and 
functional class as determinants and was accurate in both sexes (area under the curve 
(AUC) of 0.76 (95% CI: 0.68-0.85) in women and 0.83 (95% CI: 0.78-0.88) in men). 
Both sex-specific models selected age, pressuring nature, radiation, duration, 
frequency, progress, provocation and relief at rest as determinants. The female model 
additionally selected dyspnea, body mass index, hypertension and smoking while the 
male model additionally selected functional class and diabetes. The sex-specific 
models performed better than the overall model, but more so in women (AUC: 0.89, 
95% CI: 0.81-0.96) than in men (AUC: 0.84, 95% CI: 0.73-0.90). In both sexes, the 
diagnostic value of non-acute chest pain characteristics and risk factors for coronary 
artery disease was high. Provocation, relief at rest and functional class of chest pain 
were the most powerful diagnostic predictors in both women and men. When 
stratified by sex the performance of the model improved, mostly in women. 
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INTRODUCTION

Although women suffering from a myocardial infarction are reported to present with 
more atypical symptoms than men (1, 2), chest pain remains a major common 
symptom of coronary artery disease in both women and men (3). The relation 
between chest pain characteristics has been studied quite extensively in acute chest 
pain patients (1-9), yet not comprehensively in non-acute chest pain patients 
presenting at outpatient clinics. 

Currently, approximately 1% of all patients consulting the general practitioner has 
chest pain complaints as main reason for their visit (10). However, only 8-12% of these 
patients actually have ischemic heart disease (10, 11). Forty percent of the patients 
with chest pain are referred to a cardiologist because of the fear of missing the 
potentially life-threatening diagnosis of coronary artery disease and because of 
difficulties in estimating the probability of coronary artery disease in those patients 
(12). In the Netherlands, this results in over 250,000 patients evaluated by a 
cardiologist for stable angina each year (13). Furthermore, additional (non-)invasive 
diagnostic tests are performed based on the cardiologists’ estimation of the probability 
of coronary artery disease (14). For structural evaluation of the coronary arteries, 
cardiac computed tomography (calcium score with or without angiography) or invasive 
coronary angiography is used. Interestingly, in patients undergoing coronary 
angiography, no obstructive coronary artery disease is found twice as often in women 
as in men (15, 16). Additionally, approximately 50% of cardiac computed tomography 
investigations show a zero calcium score (17). 

The high prevalence of normal imaging results raises the question whether the 
presence of coronary artery disease could be estimated with more certainty to prevent 
unnecessary imaging. In addition, differences in outcome and clinical presentation 
between women and men may suggest this estimation should take sex-specific 
symptoms and risk factors into account. According to the European and Dutch 
guidelines, chest pain characteristics are an important part of the diagnostic workup 
since these are considered helpful in estimating the probability of coronary artery 
disease (14, 18). However, their exact diagnostic value remains unclear (9, 19). 
Moreover, even though outpatient clinics evaluate the largest proportion of chest pain 
patients, most information on diagnostic value of signs and symptoms is derived from 
hospitals. As such, little is known on the diagnostic value of chest pain characteristics 
for coronary artery disease in men and women visiting outpatient cardiology clinics 
with non-acute chest pain. Therefore, we evaluated the diagnostic value of non-acute 
chest pain characteristics in differentiating coronary artery disease from no coronary 
artery disease patients in women and men presenting to outpatient cardiology clinics. 
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METHODS

Study design and population
We retrospectively collected individual patient data records from Dutch outpatient 
cardiology clinics (Cardiology Centers of the Netherlands). Records contained baseline 
data from the electronic health records (CardioPortal™, Cardiology Centers of the 
Netherlands proprietary electronic health records). Ethical approval for this study 
was obtained from the Medical Research Ethics Committee of the University Medical 
Centre Utrecht and they waived the necessity for informed consent because research 
within the Cardiology Centers of the Netherlands database does not fall under the 
Dutch Medical Research Involving Human Subjects Act (WMO) (20). Patients visited 
one of the thirteen Cardiology Centers of the Netherlands locations between April 
2007 and February 2018. We included data from patients referred by their general 
practitioner because of non-acute chest pain of whom chest pain characteristics were 
registered in a standardized way using a specified questionnaire. Standard 
cardiovascular workup for chest pain patients consisted of an intake by a nurse who 
collected information on cardiovascular risk factors (age, sex, history of smoking, 
history of cardiovascular disease, presence of diabetes mellitus, hypertension, 
dyslipidemia, body mass index (BMI) and signs of heart failure) and ischemia detection 
by exercise electrocardiogram, followed by evaluation by the cardiologist. All data 
were stored in a systematic manner. Patients were referred for cardiac computed 
tomography angiography or invasive coronary angiography only if the cardiologist 
estimated an intermediate or high probability of coronary artery disease (14). If 
referred for computed tomography, first a non-contrast enhanced cardiac computed 
tomography was performed to quantify the Agatston coronary artery calcium score 
(21). Additional computed tomography angiography was only performed in case of 
a positive calcium score. The results of these procedures were reported in the 
electronic health records. 

Chest pain characteristics 
Data records comprising the cardiologist’s documented detailed and standardized 
description of non-acute chest pain characteristics (n=1028) were retrieved from the 
electronic health records. These contained aspect, localization, radiation, onset, 
duration, frequency, progress, provoking and relieving factors and attendant 
symptoms. The functional degree of chest pain was scored by the cardiologist using 
the New York Heart Association classification (22). Based on prior studies, documented 
characteristics were reclassified into binary or categorical characteristics for analysis 
(18). This resulted in categorical characteristics for nature, dynamics (radiation, onset, 
duration, frequency, progress), co-existing symptoms (vagal complaints and dyspnea), 
provocation during exercise, emotional stress, cold or warmth, and relief at rest. 
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Definition of coronary artery disease
The diagnosis of coronary artery disease was based on available imaging reports or, 
if no imaging was performed, on the cardiologist’s estimation of the probability of 
coronary artery disease. Patients not referred for imaging, because of an estimated 
low probability of coronary artery disease by the cardiologist after standard 
cardiovascular workup, were considered to have no coronary artery disease. In 
patients referred for imaging, a significant stenosis (>50%) was considered to indicate 
coronary artery disease (23). If the significance of a stenosis was not documented, a 
coronary artery calcium score above 160 was used as a surrogate marker for relevant 
coronary artery disease (21). Of 238 patients referred for imaging, 28 (12%) were 
excluded from analysis due to missing imaging data. 

Statistical analysis
Baseline characteristics and chest pain characteristics were stratified by sex and 
presented as mean ± standard deviation (SD) for continuous variables and numbers 
(with %) for categorical variables. The presence or absence of any cardiovascular 
history (e.g. previous coronary artery disease, cerebrovascular disease and 
cardiovascular intervention) was combined into one categorical variable for history 
of cardiovascular disease. Missing values for cardiovascular risk factors were 
complemented based on medication use if possible. Missing variables were imputed 
using the hot.deck function from the R package hot.deck (24). Information on the 
number (percentage) of missing variables is listed in Supplemental Appendix 1. 

First, we tested which chest pain characteristics distinguished coronary artery disease 
from no coronary artery disease cases using a t-test for continuous variables and a 
X2 test for categorical variables. Second, to build the most optimal model to 
discriminate between coronary artery disease and no coronary artery disease, elastic-
net penalized logistic regression was performed. Elastic net was chosen as this is a 
dimensionality reduction method that can select important predictors in situations 
where there are a lot of predictors and a relatively modest number of events (25).  
As predictors both cardiovascular risk factors and chest pain characteristics were 
included. In total, 18 possible predictors were included in the multivariable elastic 
net analysis: 7 known cardiovascular risk factors (age, BMI, hypertension, dyslipidemia, 
diabetes mellitus, smoking status, cardiovascular history) and 11 chest pain 
characteristics (pressuring nature, radiation, onset, duration, frequency, progress, 
provocation during stress or extreme temperature, relief at rest, accompanying 
complaints, dyspnea, New York Heart Association class). We built the elastic net model 
with the R package glmnet (26) by using 66% of the data defined as training set and 
33% as testing set (randomly selected). The optimal penalization proportion α was 
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determined. The tuning parameter λ was determined by choosing the largest λ one 
standard deviation away from the λ resulting in the minimal deviance of the model 
(minimizer λ). This tuning parameter would result in a sparse model. A sex-specific 
model for both women and men was fitted to evaluate possible sex differences in 
selected or relevance of variables as a subgroup analysis. Due to the decrease in 
power in the sex-specific elastic net regression, we determined the tuning parameter 
λ as the minimizer λ resulting in a less sparse model with which we minimized the 
deviance and were able to include more variables in the model. 

Receiver operating characteristic (ROC) curves were constructed and areas under the 
curve (AUC) were calculated to estimate the performance of the model for women 
and men separately using the R package ROCR (27). P2sided < 0.05 was considered 
statistically significant. All statistical analyses were performed using RStudio, version 
3.5.2 (www.r-project.org ) (28). Drs. Groepenhoff had full access to all the data in the 
study and took responsibility for the integrity of the data and the accuracy of the 
statistical analysis. 

RESULTS

Baseline characteristics 
Baseline characteristics of the study population are shown in Table 1. The total study 
population comprised 1028 patients of which 505 (49%) were women. On average, 
women were two years older than men (58 years vs. 56 years, p=0.009). In women, 
a history of cardiovascular disease (8.3% in women vs. 13.8% in men, p=0.007) and 
antihypertensive medication use (66% vs. 73%, p=0.04) were less common than in 
men. The prevalence of all other cardiovascular risk factors was similar for women 
and men (Table 1). 

After their visit to the cardiology clinic, 238 patients (23% of all patients, 44% women) 
were referred for cardiac computed tomography (angiography) or invasive coronary 
angiography. Of these 238 referred patients, 99 were diagnosed with coronary artery 
disease (42% of all patients, 24% women) (Figure 1). Detailed baseline characteristics 
of patients with coronary artery disease compared with patients without coronary 
artery disease are listed in Supplemental Appendix 2.   

Discriminating chest pain characteristics for CAD
Table 2 shows the prevalence of chest pain characteristics for women and men 
stratified by the presence of coronary artery disease. In both women and men daily 
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occurring and short-lasting chest pain were more prevalent in the presence of 
coronary artery disease as compared with no coronary artery disease. In women with 
coronary artery disease, daily occurring chest pain was prevalent in 63% versus 33% 
without coronary artery disease (p=0.005).  Daily occurring chest pain was common 
in 51% of men with coronary artery disease versus 28% of men without coronary 
artery disease (p<0.001). Women with coronary artery disease reported short lasting 
chest pain in 96% as compared with 76% without coronary artery disease (p<0.05). 
For short lasting chest pain, the prevalence was 93% in men with coronary artery 
disease versus 72% of men with no coronary artery disease (p<0.001). In addition, 
complaints were more often provoked by emotional or physical stress or extreme 

Table 1. Characteristics of study population presenting at the outpatient cardiology clinics with chest pain 
complaints

Demographic characteristics Women Men Total population

N 505 523 p-value 1028

Age (years) 58 (13) 56 (13)  0.009 57 (13)

Current cigarette smoking status, yes (n, %) 227 (48) 239 (48)  0.929 466 (48)

Diabetes mellitus, yes (n, %) 38 (8) 50 (10)  0.271 88 (9)

Hypertension, yes (n, %) 170 (34) 171 (33)  0.912 341 (33)

Dyslipidemia, yes (n, %) 83 (17) 101 (20)  0.233 184 (18)

Cardiovascular history, yes (n, %) 42 (8) 72 (14)  0.007 114 (11)

Antihypertensive medication, yes (n, %) 289 (66) 300 (73)  0.042 589 (69)

Statin use, yes (n, %) 160 (37) 216 (52) <0.001 376 (44)

Anthropometric characteristics

BMI (kg/m2) 26 (4.5) 26 (3.8)  0.005 26 (4.2)

SBP (mmHg) 139 (21.3) 140 (18.5)  0.347 140 (20.0)

DBP (mmHg) 83 (11.1) 83 (10.8)  0.536 83 (11.0)

Chest pain specific characteristics

Pressuring nature, yes (n, %) 411 (81) 402 (77)  0.088 813 (79)

Radiation, yes (n, %) 223 (44) 175 (34)  0.001 398 (39)

Acute onset, yes (n, %) 298 (59) 309 (59)  1.000 607 (59)

Short duration, yes (n, %) 391 (77) 394 (75)  0.474 785 (76)

Daily frequency, yes (n, %) 173 (34) 169 (32)  0.552 342 (33)

Progressive complaints, yes (n, %) 141 (28) 147 (28)  1.000 288 (28)

Provocation of complaints by stress/temp, 
yes (n, %)

234 (46) 274 (52)  0.060 508 (49)

Relief at rest, yes (n, %) 214 (42) 243 (47)  0.209 457 (45)

Vegetative symptoms, yes (n, %) 81 (16) 62 (12)  0.065 143 (14)

Dyspnea, yes (n, %) 78 (15) 61 (12)  0.093 139 (14)

NYHA class II or higher, yes (n, %) 166 (33) 171 (33)  1.000 337 (33)

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; NYHA, New York Heart Association
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temperature and alleviated in rest in patients with coronary artery disease as 
compared with patients without coronary artery disease. Provocation was prevalent 
in women in 75% of coronary artery disease cases versus 42% of no coronary artery 
disease cases (p=0.003), and in 88% of men with coronary artery disease as compared 
with 44% of men without coronary artery disease (p<0.001). Relief of chest pain 
complaints at rest was common in 75% in women with coronary artery disease versus 
39% in women without coronary artery disease (p=0.001). In men, complaints 
alleviated at rest in 83% with coronary artery disease and in 37% of men without 
coronary artery disease (p<0.001). The functional class of chest pain was higher in 

Figure 1. Overview of study population
CCN, Cardiology Centers of the Netherlands; MRI, magnetic resonance imaging; CT, computed tomography; 
CAG, coronary angiography, CAD, coronary artery disease
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coronary artery disease than in no coronary artery disease cases in both women and 
men: NYHA class II or higher in 54% of women and 76% of men with coronary artery 
disease as compared with 30% of women (p=0.025) and 23% of men (p<0.001) 
without coronary artery disease. In men, but not in women, pressuring nature (96% 
vs. 72%, p<0.01), non-acute onset (51% vs. 37%, p=0.04) progressive complaints (53% 
vs. 22%, p<0.001) accompanied by dyspnea (20% vs. 9%, p<0.01) were discriminating 
coronary artery disease cases from those without coronary artery disease. 

Multivariable analysis by elastic net penalized regression
In our elastic net analysis including both women and men the optimal model retained 
4 out of 18 predictors with non-zero coefficients (α = 0.68; λ = 1SD from the minimizer 
λ); age, provocation during stress or extreme temperature, relief at rest and NYHA 
class. The model distinguished women and men with coronary artery disease from 
those without coronary artery disease with an AUC of 0.82 (95% CI: 0.75-0.88). The 
AUC was 0.76 for women (95% CI: 0.68-0.85) and 0.83 (95% CI: 0.78-0.88) for men.

When we analyzed women separately, there were no predictors in the model. 
Therefore, we decided to use λ = the minimizer λ for the sex-specific analyses. In men, 
10 clinical symptoms and risk factors with non-zero coefficients were retained in the 
model (α =0.70, λ = the minimizer λ; age, pressuring nature, radiation, duration, 
frequency, progress, provocation during stress or extreme temperature, relief at rest, 
NYHA class and diabetes mellitus). The model achieved an AUC of 0.84 (95% CI: 0.73-

Table 2. Relation between chest pain characteristics and CAD

Women Men

Characteristic CAD
(n = 24)

No CAD
(n = 448)

p-value CAD
(n = 75)

No CAD
(n = 420)

p-value

Pressing nature, yes (n, %) 22 (91.7) 361 (80.6) 0.278 72 (96.0) 303 (72.1) <0.001

Radiation, yes (n, %) 8 (33.3) 198 (44.2) 0.404 32 (42.7) 129 (30.7) 0.057

Acute onset, yes (n, %) 13 (54.2) 270 (60.3) 0.704 37 (49.3) 264 (62.9) 0.037

Short duration, yes (n, %) 23 (95.8) 341 (76.1) 0.046 70 (93.3) 301 (71.7) <0.001

Daily frequency, yes (n, %) 15 (62.5) 146 (32.6) 0.005 38 (50.7) 117 (27.9) <0.001

Progressive, yes (n, %) 10 (41.7) 118 (26.3) 0.159 40 (53.3) 94 (22.4) <0.001

Provocation, yes (n, %) 18 (75.0) 190 (42.4) 0.003 66 (88.0) 184 (43.8) <0.001

Relief at rest, yes (n, %) 18 (75.0) 173 (38.6) 0.001 62 (82.7) 155 (36.9) <0.001

Vegetative symptoms, yes (n, %) 2 (8.3) 71 (15.8) 0.483 7 (9.3) 51 (12.1) 0.616

Dyspnea, yes (n, %) 6 (25.0) 66 (14.7) 0.284 15 (20.0) 39 (9.3) 0.011

NYHA class II or higher, yes (n, %) 13 (54.2) 135 (30.1) 0.025 57 (76.0) 97 (23.1) <0.001

NYHA; New York Heart Association
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0.90) in men (Table 3). In women, this elastic net regression resulted in a model with 
12 clinical symptoms and risk factors with non-zero coefficients (α = 0.51, λ = the 
minimizer λ; age, pressuring nature, radiation, duration, frequency, progress, 
provocation during stress or extreme temperature, relief at rest, dyspnea, BMI, 
hypertension, smoking status). The model achieved an AUC of 0.89 (95% CI: 0.81-
0.96). 

As described above, the overall model including both sexes achieved an AUC of 0.76 
(95% CI: 0.68-0.85) in women and 0.83 (95% CI: 0.78-0.88) in men. Comparison of 
the performance of the overall model to that of the sex-specific models showed an 
improved performance in women (AUC of 0.89 (95% CI: 0.81-0.96)) and only minimal 
improvement in men (AUC of 0.83 (95% CI: 0.73-0.90)). 

Table 3. Sex-stratified elastic-net results of clinical characteristics and chest pain specific characteristics for CAD

Women Men

Penalized coefficient Penalized coefficient

Age 0.0208 0.0250

Pressuring nature 0.0336 0.5203

Radiation -0.0452 0.0252

Duration 0.1245 0.1475

Frequency 0.0868 0.1364

Progressive complaints 0.1168 0.0226

Provocative complaints 0.2205 0.5002

Relief at rest 0.3624 0.5569

NYHA class 1.0619

History of Diabetes 0.4927

Dyspnea 0.0118

Body mass index -0.0169

History of Hypertension 0.0467

Smoking status -0.0708

AUC (95% CI) 0.89 (0.81-0.96) 0.84 (0.73-0.90)

NYHA, New York Heart Association; AUC, area under the operator curve
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DISCUSSION

This study shows that characteristics of non-acute chest pain are useful in identification 
of coronary artery disease in both women and men referred to outpatient cardiology 
clinics. In fact, their diagnostic value appears to be reasonably high. Additionally, if 
presenting with non-acute chest pain, women and men with coronary artery disease 
present quite similar with regard to chest pain characteristics. However, small 
differences between women and men were observed with respect to the selected 
characteristics in the sex-specific models and their diagnostic performance. In women 
dyspnea, body mass index, hypertension and smoking were stronger predictors of 
the presence of coronary artery disease as compared with men. In men, functional 
class and history of diabetes were more important than in women. The performance 
of chest pain characteristics in diagnosing coronary artery disease improved when 
stratified by sex. This improvement was mostly seen in women in whom a separate 
model might be more appropriate than a model using data derived from both sexes.

Our analysis is based on routine care data of patients presenting at the outpatient 
cardiology clinic undergoing extensive standardized cardiovascular workup. This 
provided us with a unique representative sample of the general population who 
present to outpatient cardiology clinics with non-acute chest pain, without any 
selection bias that may occur in cohort studies in whom many patients may not 
participate due to their poor quality of life (29). Secondly, our study contained an 
almost equal number of women and men, which enabled us to study both women 
and men with equal power. 

In the primary care setting, Bösner et al. (19) assessed sex differences in clinical 
characteristics of chest pain. The researchers observed some chest pain characteristics, 
for example pain worsening with exercise, to be equally relevant for men and women. 
Yet, in women, prolonged duration of chest pain was positively associated with 
coronary artery disease, whereas in men shorter duration showed a positive 
association with coronary artery disease. These chest pain characteristics are different 
from those reported in our study, namely dyspnea in women and functional class in 
men. This difference might be due to the dissimilarity in domain as the women and 
men presented at outpatient cardiology clinics were already referred by their general 
practitioner. In an additional study, the researchers observed a combination of clinical 
characteristics and symptoms in patients presenting with chest pain to be helpful in 
diagnosing coronary heart disease (30). Their results support the high diagnostic value 
of chest pain characteristics in differentiating coronary artery disease from no 
coronary artery disease patients that we observed in both sexes as well as the small 
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sex differences in associated chest pain characteristics with coronary artery disease. 
This suggests that using a sex-stratified method may improve the diagnostic approach 
within these patients. 

Several studies performed at the emergency department showed a similar high 
diagnostic value of clinical symptoms and cardiovascular risk factors for coronary 
artery disease in patients presenting with chest pain (6, 7, 9). They showed women 
and men to present quite similar if presenting with chest pain (7). Moreover, Ferry 
et al. (6) reported that in patients diagnosed with myocardial infarction, typical 
symptoms were more prevalent and had a higher predictive value in women than in 
men. In line with our findings and the aforementioned findings in primary care, van 
der Meer et al. (9) and Gimenez et al. (7) also only found small sex differences in chest 
pain characteristics associated with coronary artery disease.

Interestingly, even though pressuring nature of chest pain is often seen as one of the 
most typical and suspect characteristics in the evaluation of chest pain, this 
characteristic was not retained in the overall elastic net model. This is similar to a 
previous report (9). Albeit pressuring nature was differentiating between coronary 
artery disease and no coronary artery disease in both men and women in our 
univariable analysis, it shrunk to zero in our most optimal elastic-net model. This 
could be a result of the correlation of pressuring nature with other chest pain 
characteristics retained in the model that had a stronger association with coronary 
artery disease, as the elastic-net analysis is designed to create a model with a high 
diagnostic accuracy with fewest variables. Radiation was not significantly different 
between women and men with and without coronary artery disease in our univariable 
analyses, as was also shown in earlier research (30). 

Our study shows that chest pain characteristics have diagnostic value in women and 
men presenting with non-acute chest pain at outpatient cardiology clinics. Our results 
were comparable to the acute setting at the emergency department, and also to the 
primary care setting. This implies  that these easy to obtain chest pain characteristics 
are equally predictive in high (7, 9) as well as in low risk (19) populations. These 
insights obtained from different clinical settings enable both the general practitioner 
and the cardiologist to improve identification of women and men at risk for coronary 
artery disease. This knowledge, when brought to practice, may lower the currently 
rising costs of healthcare due to unnecessary cardiac workup and imaging. Besides 
reducing healthcare costs, it may improve patient care since less imaging reduces the 
amount of radiation used and the burden of an unnecessary examination. 
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Within the outpatient clinics assessed in this study, CT or CAG is the preferred method 
for the evaluation of coronary artery disease. However, non-invasive stress imaging 
is also recommended and frequently performed for the evaluation of coronary artery 
disease in patients presenting with chest pain in current clinical care (14). To improve 
the diagnostic approach in patients presenting with chest pain beyond the evaluation 
of anatomical coronary artery disease by CT or CAG, it would be interesting to evaluate 
whether clinical characteristics could add to the evaluation of ischemia in patients 
presenting with chest pain as well and could be useful to improve patient selection 
for non-invasive stress imaging.

LIMITATIONS

As our study was based on data of electronic health records, data was only available 
if documented as part of routine clinical care. This may have resulted in some 
limitations of this study. First, chest pain characteristics were collected as part of the 
regular diagnostic workup using a specific questionnaire and not available for every 
patient presenting with chest pain. Hence, missing data with respect to the chest pain 
characteristics may have caused bias. Cardiologists may have only recorded chest 
pain characteristics when chest pain was the prevailing complaint. As such, our 
conclusion may not be applicable to patients who present with mild dyspnea and 
chest discomfort. Also, some chest pain characteristics (e.g., vagal symptoms) were 
not reported enough to be studied. Furthermore, not all patients in our study were 
referred for diagnostic imaging, and we have assumed that these non-referred women 
and men were free from coronary artery disease which may not have been the case. 
This may have resulted in misclassification of patients (4). This misclassification of 
coronary artery disease may have result in an underestimation of the diagnostic value 
of chest pain characteristics for coronary artery disease. As such, the diagnostic value 
of chest pain characteristics may in fact even be higher than reported in this study. 

Finally, since our data was collected during clinical care and was not available for 
patients that were referred back to their general practitioner, we did not have access 
to long-term follow up information nor were we allowed to contact patients to obtain 
this information. As a result, our study was limited to diagnostic research evaluating 
the absence or presence of obstructive coronary artery disease as assessed by CT 
and/or CAG. Our data did not enable us to expand our research to the diagnostic 
value of chest pain specific characteristics for coronary microvascular disease or 
assessment of their prognostic value within patients presenting with chest pain 
with(out) coronary artery disease presenting to the outpatient clinics.  Future studies 
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are needed us to elucidate the prognostic value of chest pain specific characteristics 
for cardiac events within all patients presenting with chest pain. 

CONCLUSION

In both men and women, the diagnostic value of non-acute chest pain characteristics 
and risk factors in differentiating coronary artery disease from no coronary artery 
disease was high. Provocation by temperature or stress, relief at rest and functional 
class of chest pain were most powerful in diagnosing coronary artery disease. 
Furthermore, when presenting with non-acute chest pain, women and men with 
coronary artery disease present quite similar with regard to chest pain characteristics. 
Nonetheless, our data does show small sex differences regarding chest pain 
characteristics and stratified by sex the performance of the model improved, mostly 
in women. These results might suggest the need for a sex-specific model in diagnosing 
coronary artery disease and a possibility to improve referral for cardiac imaging of 
women and men at the outpatient clinic with non-acute chest pain.
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SUPPLEMENTARY MATERIAL

Supplemental appendix 1. Percentage missing characteristics of study population presenting at the outpatient 
cardiology clinics with chest pain complaints

Demographic characteristics Women Men Total 
population

N 505 523 1028

Age 0 0

Current cigarette smoking status 6.7 4.2 5.4

Diabetes mellitus 0.2 1.1 0.7

Hypertension 0.0 1.3 0.7

Dyslipidemia 0.2 1.1 0.7

Cardiovascular history 0 0 0

Antihypertensive medication 13.5 21.2 17.4

Statin use 13.5 21.2 17.4

Anthropometric characteristics

Body mass index 1.8 3.3 2.5

Systolic blood pressure 8.5 7.5 8.0

Diastolic blood pressure 8.3 7.5 7.9

Chest pain specific characteristics

Pressuring nature 0.0 0.0 0.0

Radiation 0.0 0.0 0.0

Acute onset 0.0 0.0 0.0

Short duration 0.0 0.0 0.0

Daily frequency 0.0 0.0 0.0

Progressive complaints 0.0 0.0 0.0

Provocation of complaints by stress/temp 0.0 0.0 0.0

Relief at rest 0.0 0.0 0.0

Vegetative symptoms 0.0 0.0 0.0

Dyspnea 0.0 0.0 0.0

NYHA class 0.0 0.0 0.0
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Supplemental appendix 2. Characteristics of study population stratified by Coronary Artery Disease (CAD),  n = 967 
due to missing imaging results

Demographic characteristics Women Men

No CAD CAD No CAD CAD

448 24 420 75

Age (years) 57 (12.8) 68 (7.0) 54 (13.5) 63 (10.0)

Current cigarette smoking status, yes (n, %) 231 (48) 10 (42) 226 (51) 26 (34)

Diabetes mellitus, yes (n, %) 34 (8) 3 (13) 32 (8) 15 (20)

Hypertension, yes (n, %) 142 (32) 11 (46) 122 (30) 37 (49)

Dyslipidemia, yes (n, %) 74 (17) 5 (21) 72 (17) 20 (27)

Cardiovascular history, yes (n, %) 33 (7) 4 (17) 42 (10) 22 (29)

Antihypertensive medication, yes (n, %) 239 (63) 22 (92) 199 (64) 74 (100)

Statin use, yes (n, %) 125 (33) 17 (71) 133 (43) 63 (85)

Anthropometric characteristics

Body mass index (kg/m2) 26 (4.5) 24 (3.6) 27 (3.7) 28 (4.2)

Systolic blood pressure (mmHg) 139 (20.9) 147 (22.9) 140 (18.2) 143 (20.1)

Diastolic blood pressure (mmHg) 83 (10.85) 78 (11.7) 84 (11.1) 81 (8.8)

Chest pain specific characteristics

Pressing nature, yes (n, %) 303 (72) 72 (96) 361 (81) 22 (92)

Radiation, yes (n, %) 129 (31) 32 (43) 198 (44) 8 (33)

Acute onset, yes (n, %) 264 (63) 37 (49) 270 (60) 13 (54)

Short duration, yes (n, %) 301 (72) 70 (93) 341 (76) 23 (96)

Daily frequency, yes (n, %) 117 (28) 38 (51) 146 (33) 15 (62)

Progressive complaints, yes (n, %) 94 (23) 40 (53) 118 (26) 10 (42)

Provocation of complaints by stress/temp, yes (n, %) 184 (44) 66 (88) 190 (42) 18 (75)

Relief at rest, yes (n, %) 155 (37) 62 (83) 173 (39) 18 (75)

Vegetative symptoms, yes (n, %) 51 (12) 7 (9) 71 (16) 2 (8)

Dyspnea, yes (n, %) 39 (9) 15 (20) 66 (15) 6 (25)

NYHA class II or higher, yes (n, %) 97 (23) 57 (76) 135 (30) 13 (54)
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Cardiovascular disease remains the leading cause of mortality worldwide for women, 
which stresses the need for accurate risk prediction in women (1). The New York 
Heart Association (NYHA) functional classification of patients with cardiovascular 
disease is a commonly used clinical scale to estimate the general condition of a 
patient (2). It has been specifically designed in and used for (acute) heart failure 
patients and has shown to be a valid and easy obtainable measure to predict 
mortality in these patients (3). Nowadays, use of this clinical scale is not solely limited 
to heart failure patients but widely used by cardiologists to grade severity of several 
complaints, i.e. chest pain, dyspnea and fatigue, and classify the condition of an 
individual (4). However, most validation studies have been performed in men with 
acute heart failure and recent studies in more heterogeneous populations showed 
that the predictive value of NYHA class for mortality might differ between the sexes 
and patient domains (3, 5). 

As the diagnosis is challenging, a variety of clinical scales are used and tests are 
performed to assess cardiovascular disease (risk). Yet, clinicians do not know which 
of these performs best in women, because originally diagnostic risk stratification tools 
were mainly developed in men. Since the NYHA classification scale is an easily 
obtainable non-invasive tool without any burden on the patient, it is often used in 
women at outpatient clinics. However, the value of NYHA class for prediction of 
mortality in this large and heterogeneous female population is unknown. Therefore, 
in women with a variety of symptoms, i.e. chest pain, dyspnea and fatigue, we 
specifically studied the association between NYHA class and mortality in a large 
population of patients presenting at outpatient cardiology clinics.

We extracted electronic health record data of thirteen outpatient clinics (Cardiology 
Centers of the Netherlands) for individuals that have visited between 2007 and 2018 
with a documented NYHA class for chest pain, dyspnea or fatigue at their initial visit. 
Patients received a diagnostic workup, including NYHA class for chest pain, dyspnea 
or fatigue, blood tests, echocardiography, a stress and rest electrocardiogram, full 
anamnesis by a specialized nurse and a cardiologist’ consult. Follow-up for mortality 
was performed by linkage to the population registry of Statistics Netherlands. We 
estimated survival functions using the Kaplan-Meier method. Cox proportional 
hazards regression analysis was used to study the association between NYHA class 
and mortality corrected for age. All analyses were performed per sex and stratified 
by primary complaint (i.e. chest pain, dyspnea and fatigue). All statistical analyses 
were performed in R (version 4.0.2). The Medical Research Ethics Committee of the 
UMCU waived the necessity for informed consent because research within the 
Cardiology Centers of the Netherlands database does not fall under the Dutch Medical 



NYHA is strongly associated with mortality in symptomatic women

|  41

3

Research Involving Human Subjects Act (Wet medisch-wetenschappelijk onderzoek 
met mensen, WMO).

Of the 9011 patients, 4782 (53%) were female of whom 1450 presented with dyspnea, 
2801 with chest pain and 531 with fatigue as primary complaint. NYHA class I, II and 
III-IV out of IV were respectively documented in 2196 (46%), 2077 (43%) and 509 
(11%) women (for male patients, this distribution was 2114 (50%), 1688 (40%) and 
428 (10%), respectively). Higher NYHA class at baseline was related to higher age. 
Other standard cardiovascular risk factors were similar between the NYHA classes 
(Figure 1, panel B). After eight years of follow up 354 (7%) women and 415 (10%) 
men died, of which 134 (38%) and 150 (36%), respectively, were classified as 
cardiovascular death. 

In all women, regardless of primary complaint, survival analysis showed that increased 
NYHA class was positively associated with mortality, both for all-cause (Figure 1) and 
cardiovascular (data not shown) mortality. Multivariable analysis corrected for age 
confirmed that women with NYHA class III-IV have a higher risk of mortality as 
compared with women presenting with NYHA class I (all women: hazard ratio (HR) 
3.9, 95% confidence interval (CI) 2.8-5.5, chest pain: HR 2.4, 95% CI 1.3-4.6, dyspnea: 
HR 2.6, 95% CI 1.5-4.6, fatigue: HR 2.5, 95% CI 1.0-6.0). Women suffering from 
complaints classified as NYHA class II showed a similar, but less evident, trend (all 
women: HR 1.7, 95% CI 1.3-2.3, chest pain: HR 1.4, 95% CI 0.8-2.2, dyspnea: HR 1.2 
95% CI 0.7-2.1, fatigue: HR 0.9, 95% CI 0.4-2.1). In all men, and in men presenting 
with dyspnea, chest pain or fatigue separately, a similar relationship between NYHA 
class and (cardiovascular) mortality was found (NYHA class III-IV vs. I in all men: HR 
4.4, 95% CI 3.2-6.0, chest pain: HR 2.3, 95% CI 1.4-3.8, dyspnea: HR 4.1, 95% CI 2.4-
7.8, fatigue: HR 7.9, 95% CI 2.0-31.3, data on cardiovascular mortality not shown). 
The association between NYHA class III-IV and mortality remained significant for both 
women and men after adjustment for SCORE (women: HR 7.8, 95% CI 4.9-12.2, men: 
HR 7.1, 95% CI 4.8-10.5).

Similar to men, in women presenting with chest pain, fatigue or dyspnea at outpatient 
cardiology clinics functional grading of their complaints using NYHA classification 
provides important information on their (cardiovascular) mortality risk. As NYHA class 
is an easily obtainable, non-invasive measure, treating physicians are able to quickly 
get an idea of the physical status and survival risk of the visiting female patient. We 
have shown that this is the case for patients with a wide range of complaints and not 
solely for heart failure patients. Therefore, women suffering from NYHA class III-IV 
complaints may warrant aggressive diagnostic and therapeutic workup. 
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NYHA Class I NYHA Class II NYHA Class III+IV

n 2196 2077 509

Age (mean(SD)) 55.6 (13.3) 63.7 (12.8) 69.8 (12.4)

BMI (mean(SD)) 25.7 (4.7) 27.5 (5.2) 28.4 (6.4)

Current smoker(%) 782 (39.1) 758 (39.2) 182 (38.6)

No diabetes (%) 2087 (95.3) 1849 (89.3) 428 (84.6)

No hypertension (%) 1607 (73.3) 1225 (59.2) 253 (49.9)

No dyslipidaemia (%) 1912 (87.2) 1606 (77.5) 406 (80.1)

SCORE (mean(SD)) 3 (5.9) 6 (10.3) 11 (12.8)

A B

C D

0 2 4 6 8

Fatigue

Dyspnea

Chest pain

Females

Males

Hazard ratio for all-cause mortality NYHA III-IV vs. I

Figure 1. NYHA class in symptomatic women at the outpatient cardiology clinic
A. Prevalence of complaints in women. B. Baseline table of symptomatic women stratified by NYHA-class. C. 
Mortality during follow up according to NYHA class. D. Hazard ratio for all-cause mortality in all men, all women 
and in women stratified by complaint.
BMI, body mass index; SCORE, Systematic COronary Risk Evaluation; SD, standard deviation; NYHA, New York 
Heart Association Classification
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ABSTRACT

Sex differences in coronary artery disease (CAD) are well established, with women 
presenting with non-obstructive CAD more often than men do. However, recent 
evidence has identified coronary microvascular dysfunction as underlying cause for 
cardiac complaints, yet sex-specific prevalence numbers are inconclusive. This review 
summarizes known sex-specific aspects in the pathophysiology of both macro and 
microvascular dysfunction and identifies currently existing knowledge gaps. In 
addition, this review describes current diagnostic approaches and whether these 
should take underlying sex differences into account by, for example, using different 
techniques or cut-off values for women and men. Future research into both innovation 
of imaging techniques and perfusion-related sex differences is needed to fill evidence 
gaps and enable the implementation of the available knowledge in daily clinical 
practice.
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INTRODUCTION

Women suffering from coronary artery disease (CAD), one of the leading causes of 
death globally, have a worse short- and long-term prognosis than men (1,2). They 
also more often present with clean epicardial arteries (non-obstructive CAD) than 
men (1), suggesting sex differences are present in the underlying etiology. The 
Women’s Ischemia Syndrome Evaluation study found that women with persistent 
anginal complaints and non-obstructive CAD had twice the risk of cardiovascular 
events compared with women without complaints (3). Additionally, myocardial 
perfusion was impaired in approximately half of the women, suggesting that coronary 
microvascular dysfunction (CMD) plays an important role in the pathophysiology of 
this condition (4). Since endothelium-dependent dysfunction can result in decreased 
perfusion of the myocardium, research suggests that this may be involved in the 
development of CMD (5).

However, CMD remains difficult to diagnose because the cardiac microvasculature is 
too small to visualize with conventional imaging techniques. In addition, generalized 
recommendations regarding treatment for non-obstructive CAD are still lacking (6). 
The most recent guidelines from the European Society of Cardiology acknowledge 
that women with non-obstructive CAD are a special group in need of additional 
research (7). This review summarizes both the known sex differences in the 
pathophysiology of (non-)obstructive CAD and the currently available imaging tools 
for diagnosis, while also identifying evidence gaps and providing some future 
perspectives. 

Structural and functional alterations in macrovascular disease
Coronary macrovascular disease or obstructive CAD occurs due to formation and/or 
rupture of atherosclerotic plaques. Sex differences in atherosclerosis can be observed 
at different levels. At the risk factor level, diabetes and smoking have a dispropor tio-
nally large effect on atherosclerosis risk in women compared with men (8). Other 
classical risk factors such as hypertension and dyslipidemia affect the risk equally in 
both sexes (1). 

At the structural level, animal data show that female rodents develop less extensive 
atherosclerosis under high-fat conditions than male rodents, possibly due to the effect 
of estrogens (8). Activation of estrogen receptors in female rats suppressed the 
proliferation of smooth muscle cells (SMCs), an effect that was not seen in males 
despite the presence of estrogen receptors on SMCs of both sexes (9,10). This suggests 
that estrogens may limit the degree of structural alterations in the vasculature in a 
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sex-specific manner. In addition, women more often present with plaque erosion 
while men more often have plaques prone to rupture (11-13). An extensive review 
of the (sex-specific) pathophysiology of atherosclerotic plaque formation is beyond 
the scope of this review and can be found elsewhere (14,8).

At the functional level, atherosclerosis-related changes in the vascular wall may reduce 
arterial compliance, which can lead to hypertension (15). Hypertension is the most 
prevalent risk factor for cardiovascular diseases (16) and is more common in elderly 
women than men (17). Women with hypertension maintain better systolic function 
than men but exhibit more stiffening of both the myocardium and the vasculature, 
suggesting sex differences underlying mechanisms of pressure overload (17).

Clinical observations show that women are more likely to have a normal coronary 
angiogram (CAG) than men, both when presenting with chest pain complaints (18) 
or when having a confirmed diagnosis of myocardial infarction (MI) (19). Data from 
a sudden coronary death registry showed that 40% of the women who died from CAD 
did not have any thrombi while this occurred in only 28% of men (11). This apparent 
paradox between unobstructed epicardial arteries and poor prognosis most often 
seen in women may be explained by the presence of microvascular disease. 

Structural and functional alterations in microvascular disease
The coronary microvasculature modulates the vascular tone through vasoconstriction 
and vasodilation, which is regulated by systemic and local factors acting on endothelial 
cells (ECs) and SMCs (20). The dysregulation of this adaptive system due to structural 
and functional alterations in the microvasculature is referred to as CMD (21,22). 
Classical macrovascular disease risk factors such as smoking, age and hypertension 
may also be associated with impaired microvascular function (23). Hypertension may 
disproportionally increase the CMD risk in women because they have lower 
microvascular arterial compliance than men (24). Sex differences in structural and 
functional alterations in CMD have been reported but require validation. 

At the structural level, inflammation can affect the microvasculature by inducing SMC 
proliferation and differentiation of fibroblasts into myofibroblasts (25,26). In general, 
nitric oxide (NO) is needed to maintain the normal functioning and structure of the 
arteries. NO is produced by endothelial NO synthase (eNOS) in reaction to shear stress 
of the artery walls, and a drop in NO levels leads to increased perivascular fibrosis 
and subsequent microvascular stiffening. Such a drop may occur in situations of 
pressure overload, when cardiomyocyte mitochondria produce free reactive oxygen 
species (ROS) in response to stress (27,28). These free ROS induce endothelial 
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inflammation, which can cause perivascular fibrosis (29). Estrogens promote the 
production of NO and may therefore protect women against structural changes in 
the microvasculature. However, this possible protective effect of estrogens is lost with 
the lack of estrogens after menopause, possibly leading to increased perivascular 
fibrosis and subsequent microvascular stiffening. Estrogens also inhibit collagen I and 
III deposition through activation of the Estrogen Receptor (ER) (30), while androgens 
such as testosterone promote the deposition of collagen via increasing TGF-β 
production (31). This may also contribute to increased perivascular fibrosis in women 
after menopause.

Capillary dysfunction leads to impaired angiogenesis (32), a process regulated by 
several myocardium-derived growth factors stimulating endothelial cell growth (33-
36). ERs can act as transcription factors for one of these molecules, vascular 
endothelial growth factor (VEGF). Animal data show that female mice have a better 
angiogenic capacity following ischemia than male mice, suggesting that estrogens 
help limiting myocardial damage after reduced blood flow in female animals (37,38), 
possibly via the stimulation of NO production. 

Microvascular instability and dysfunction will eventually lead to pruning of vessels, 
called rarefaction. This decreases the myocardial capillary density, leading to reduced 
perfusion of the heart and possibly myocardial hypoxia. Reduced myocardial perfusion 
has been shown to be a major contributing factor in heart failure with preserved 
ejection fraction (HFpEF) in both women and men (24). The prevalence and 
pathophysiology of capillary rarefaction in the heart has not yet been firmly 
established as autopsy studies in HFpEF patients are rare. The contribution of 
microvascular rarefaction to CMD and possibly HFpEF in both sexes needs further 
investigation and might provide an interesting target for therapy in this heart failure 
subtype (39). 

At the functional level, imbalance between vasodilating and vasoconstricting factors 
can lead to an impaired vessel response upon changes in oxygen demand and 
subsequent perfusion defects. The estrogen receptors ER-a and ER-b can induce 
vasodilation by activating eNOS, which may have a protective effect on cardiac 
function. Low estrogen levels initiate sustained renin-angiotensin-aldosterone system 
(RAAS) activation, which promotes ROS production and further decreases NO 
availability (40). The lack of estrogen after menopause may thereby lead to an increase 
in microvascular dysregulation possibly deteriorating into CMD. This together with 
the presence of cardiovascular risk factors could render women more vulnerable to 
macro- and microvascular dysfunction after menopause.
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Functional assessment of the coronary microcirculation 
While direct visualization of microvascular abnormalities is still impossible, 
measurements of the coronary flow enable indirect assessment of microvascular 
function. Under normal physiological conditions, the coronary microvasculature can 
induce reactive hyperemia in response to short or prolonged myocardial ischemia. 
In the presence of endothelium (in)dependent abnormalities, both the reactive 
hyperemia response and the subsequent (re)perfusion of the myocardium are 
suboptimal. Inducing stress can mimic this maximal hyperemic response for functional 
assessment of the microcirculation in the clinical setting. The difference in perfusion 
between healthy and diseased states can be assessed with several invasive and non-
invasive imaging techniques and can inform healthcare professionals about the degree 
of microvascular disease.

Quantification of perfusion 
Coronary blood flow can be quantified using several methods. All quantification 
methods require the use of either an endothelium-dependent (41,42) or endothelium-
independent (43,44) vasoactive stimulus to achieve maximal hyperemia. There is no 
evidence for sex differences in the effect of these stimuli. However, depending on 
how coronary perfusion is measured, inherent biological sex differences in coronary 
blood flow may require sex-specific cut-off values for impaired perfusion. We will 
discuss three commonly used myocardial perfusion metrics below. A more extensive 
overview can be found in Table 1.

Fractional flow reserve (FFR) is a surrogate estimate of coronary flow based on 
coronary pressure used to assess the extent of coronary artery stenosis. It is calculated 
by dividing the distal coronary artery pressure by the mean aortic pressure after 
maximal vasodilation. The FFR has no sex-specific cut-off point, with a value of 0.8 or 
higher indicating normal blood flow in both women and men. The FFR cannot 
differentiate between CAD and CMD, so additional testing is required to confirm CMD 
in case of an abnormal FFR (45,46).

The index of microcirculatory resistance (IMR) is a measure of microcirculatory 
resistance at maximal hyperemia calculated by dividing the distal coronary pressure 
by the absolute coronary flow. The IMR is unaffected by resting hemodynamic 
parameters or epicardial stenosis and provides a more direct measurement of the 
coronary microcirculatory function compared to the other metrics discussed here 
(47,48). An IMR ≥23-25 U is indicative for increased microcirculatory resistance in 
both women and men (47). 
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Coronary flow reserve (CFR) is an estimate of coronary perfusion. It measures the 
maximal blood flow achieved in both epicardial and microvascular vessels in response 
to hyperemic stimulation and is calculated by dividing the coronary flow at maximal 
vasodilation by the coronary flow at rest. Women have a higher resting flow but 
similar hyperemic flow compared with men, leading to a lower CFR value with the 
same degree of microvascular dysfunction (49). As of yet there is no consensus on 
the cut-off for CFR to denote impaired myocardial perfusion, but the underlying sex 
difference in hemodynamics supports research into the use of a different value for 
men and women. 

Invasive imaging methods
Invasive imaging measures the coronary blood flow velocity at rest and stress during 
coronary catheterization using either intra-coronary Doppler flow or thermodilution 
(50,51). Impaired microvascular function measured by Doppler flow was associated 
with an increased risk of long-term cardiac mortality in patients with ST-elevation 
myocardial infarction (50) and Doppler-derived CFR correlated better with the non-
invasive gold standard positron emission tomography (PET) than thermodilution-
derived CFR (52). However, with thermodilution the CFR and the IMR can be obtained 
simultaneously (51). There are no reported differences in effectiveness of these 
techniques between women and men, but underlying hemodynamic differences must 
be taken into account when interpreting the results (49). 

Table 1. Sex differences in currently available parameters to quantify coronary perfusion 

Parameter 
(abbreviation)

Method used to calculate 
perfusion

Imaging modalities using 
this parameter to quantify 
perfusion

Sex differences

Fractional Flow Reserve 
(FFR)

Pd / Pa at maximal hyperemia CAG None reported 
(47,81,82,46,49,48,83,50)

Index of Microcirculatory 
Resistance (IMR)

Pd / absolute coronary flow at 
maximal hyperemia

CAG None reported (46,49)

Coronary Flow Reserve 
(CFR)

Hyperemic coronary flow / 
basal coronary flow 

CAG, PET,  
echocardiography, CMR

Ratio possibly lower in 
women (49) 

Myocardial Blood Flow 
(MBF)  

Absolute myocardial perfusion 
in mL/min/g

PET, CMR Rest and stress MBF higher 
in women. 
MBF ratio lower in women 
(84)

Myocardial Perfusion 
Reserve Index (MPRI)

Myocardial perfusion in stress / 
myocardial perfusion in rest

CMR Not yet reported

CAG, coronary angiography; CMR, cardiac magnetic resonance imaging; Pa, mean proximal coronary artery pressure (mean 
aortic pressure); PET, positron emission tomography; Pd, mean distal coronary artery pressure
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Non-invasive imaging methods 
There are several non-invasive imaging methods available that differ in their approach 
and use of radiation. PET is considered the gold standard of non-invasive imaging 
(53), but exposes patients to ionizing radiation. Alternatives are transthoracic Doppler 
echocardiography (TTDE), cardiac magnetic resonance (CMR) (54) and possibly cardiac 
computed tomography angiography (CCTA) (55,56). These methods are summarized 
in Table 1. Data show that measurements obtained by TTDE correlate well with those 
obtained by invasive Doppler echocardiography (57-59). CCTA is currently only used 
for evaluation of calcification and stenosis in the epicardial vessels, but research 
groups are working on expanding its application to measuring myocardial perfusion 
and developing computational techniques that can extract flow and pressure data 
from CCTA images (55,56). CMR can detect both perfusion defects and obstructive 
CAD more accurately than invasive Doppler echocardiography and single-photon 
emission computed tomography (SPECT), respectively (54,60). It thus offers the 
potential to diagnose both obstructive CAD and CMD in a single examination (61). 
There are no reported sex differences for these imaging methods. 

DISCUSSION

In this review, we summarized currently available evidence on sex differences in the 
pathophysiology and diagnosis of coronary macro- and microvascular disease. In 
contrast to obstructive CAD, knowledge about non-obstructive CAD and CMD is still 
lacking on many levels. At the pathophysiological level, sex differences in structural 
and functional alterations in CMD have been reported but remain understudied. 
Meanwhile at the clinical level, consensus on the preferred imaging method and 
perfusion quantification metric is lacking and the prevalence of CMD remains unclear. 
In addition, perfusion defects are determined using the same cut-off values for men 
and women, even though research has shown that sex-specific cut-off values may be 
more appropriate. This unnecessary extra heterogeneity complicates the identification 
of true differences between women and men. Clear guideline recommendations on 
the choice of vasoactive stimulus, imaging medium and perfusion cut-off values will 
help to streamline and focus research efforts in this field. 

Future perspectives for CMD diagnostics 
To gain more insight into the pathophysiology and treatment of patients with non-
obstructive CAD, easily accessible and low risk diagnostics are needed to identify 
patients with CMD. Both non-invasive imaging techniques and blood-based biomarkers 
may provide future diagnostics for CMD (62). High reliability and lack of radiation 
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make CMR a promising non-invasive imaging technique for diagnosis of CMD. It is 
currently not considered as a standard diagnostic tool for CMD due to the limited 
availability of imaging equipment and the lack of agreement regarding acquisition 
and post-processing. Research efforts aimed at facilitating the use of CMR in standard 
care are working on creating perfusion measurements without the use of contrast 
injection (63), creating a fully automated absolute perfusion measurement (64), and 
building new MRI coils that will reduce MRI scanning times from an hour to 15 minutes 
(65). These improvements will make CMR a more feasible and attractive diagnostic 
option for CMD in the future.  Machine learning algorithms that support the imaging 
specialist in interpreting imaging results can be implemented to improve the accuracy 
of the diagnosis while reducing the reading time (66). Machine learning can also be 
applied to clinical care data. Algorithms built using data from electronic health records 
are emerging as a tool to help clinicians translate the substantial amount of available 
data to a diagnosis and appropriate treatment (67). It is important to stress the use 
of a sex-specific approach in validating these algorithms, since they are only as 
unbiased as the data they are based upon. If women are underrepresented in the 
datasets used to power these models, the algorithm could perform poorly for women. 
For example, facial recognition software based on an unbalanced dataset used 
classifiers that performed better on male faces than female faces (68). Therefore, 
proportionate representation of both women and men, but also of ethnic groups, 
should be ensured before using a dataset to develop healthcare algorithms (69). 

Biomarkers can be used to both improve risk stratification for and diagnosis of patients 
with CAD, possibly reducing the need for imaging in these patients. Several different 
markers of vascular inflammation, oxidative stress and some others have been 
proposed as possible biomarkers for CMD, but have not been established or validated 
yet (62).

Treatment perspectives and related diseases
Treatment for obstructive CAD is well established and includes revascularization via 
stenting or coronary bypass grafting. Data show that women are less likely to undergo 
these interventions than men, even when they have been diagnosed with acute 
coronary syndrome (ACS) (19) and have an equal or even higher risk profile (70). This 
sex difference is also apparent in prescribed medication, as women with ACS were 
less likely to receive β-blockers and statins than men with similar disease severity 
(71). Women taking cardiovascular medications are more likely to experience (serious) 
adverse drug reactions than men (72), which may explain why physicians may choose 
not to prescribe these drugs for women. However, sex-specific evidence per separate 
drug class is still too limited (73) to support not prescribing these drugs for women 
and thereby denying them the advantages of treatment.
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Treatment for CMD has been largely empirical due to the lack of knowledge about 
the pathophysiology and the difficulty of reliably diagnosing the condition. Currently 
available options include medications already used to treat obstructive CAD and 
cardiovascular risk factors, such as low-dose aspirin, statins and β-blockers (74). 
Persistent anginal symptoms can be reduced by using a device to narrow the coronary 
sinus (75). Optimal treatment of CMD is important, as several studies have shown 
that impaired perfusion of the heart is related to a poor prognosis independent of 
the imaging modality used (76-78). Given that the currently prescribed medications 
have already been in use for other indications, it is likely that the sex differences 
described for obstructive CAD treatment also hold true for CMD treatment.  However, 
data on this are still lacking due to the novelty of the research field. 

CMD can be the precursor of chronic cardiac conditions such as HFpEF (54), a subtype 
of HF that is more common in women (79). The prognosis of HFpEF is poor with 
approximately half of patients dying within five years after diagnosis but effective 
treatments are still lacking (79). Better understanding and earlier recognition of 
subclinical conditions such as CMD are therefore crucial to tackle this syndrome early 
on. Next to improvement of diagnosis of CMD, more research is needed into possible 
treatments of CMD, the underlying pathophysiology and possible disease phenotypes 
that can identify subgroups at higher or lower risk of developing HFpEF (80). 

CONCLUSION

Sex differences in CAD have been identified at all levels of the disease, but such 
detailed information is still missing for CMD. While research has suggested the 
presences of such differences, for example through the effect of sex hormones, many 
evidence gaps still exist. Currently available imaging techniques enable clinicians to 
evaluate CMD, but international consensus on the optimal procedure is missing and 
underlying sex differences in baseline perfusion are not always taken into account. 
Innovative strategies to improve current diagnostic techniques such as the 
incorporation of machine learning approaches will hopefully enable clinicians to 
screen for CMD in standard care. However, these approaches must consider sex 
differences in their development to avoid the introduction of biases in the end 
product.
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ABSTRACT

Chest pain or discomfort affects 20 - 40% of the general population over the course 
of their life and may be a symptom of myocardial ischemia. For the diagnosis of 
obstructive macrovascular coronary artery disease (CAD) algorithms have been 
developed, however, these do not exclude microvascular angina (MVA). This may lead 
to false reassurance of symptomatic patients, mainly women, with functionally 
significant, yet non-obstructive coronary vascular disease. Therefore, this study aims 
to estimate the prevalence of both macro- and microvascular coronary vascular 
disease in women and men presenting with chest pain or discomfort, and to 
subsequently develop a decision support tool to aid cardiologists in referral to 
cardiovascular imaging for both macro- and microvascular CAD evaluation. Women 
and men with chest pain or discomfort, aged 45 years and older, without a history of 
cardiovascular disease, who are referred to an outpatient cardiology clinic by their 
general practitioner are eligible for inclusion. Coronary computed tomography 
angiography (CCTA) is used for anatomical imaging. Additionally, myocardial perfusion 
imaging by adenosine stress cardiac magnetic resonance (CMR) imaging is performed 
to detect functionally significant coronary vascular disease. Electronic health record 
data, collected during regular cardiac workup, including medical history, cardiovascular 
risk factors, physical examination, echocardiography, (exercise) electrocardiography 
and blood samples for standard cardiovascular biomarkers and research purposes 
are obtained. Participants will be classified as positive or negative for coronary 
vascular disease based on all available data by expert panel consensus (a cardiovascular 
radiologist and two cardiologists). After completion of the clinical study, all collected 
data will be used to develop a decision support tool using predictive modeling and 
machine learning techniques. The study protocol was approved by the Institutional 
Review Board of the University Medical Center Utrecht. Results will be disseminated 
through national and international conferences and in peer-reviewed journals in 
cardiovascular disease. 

Trial registration
trialregister.nl NL8702
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INTRODUCTION

Chest pain or discomfort affects 20 - 40% of the general population over the span of 
their life and may be a symptom of myocardial ischemia (1). Approximately 40% of 
these patients are referred to an outpatient cardiology clinic for cardiac workup to 
evaluate if the underlying cause is indeed myocardial ischemia (1). However, 
distinguishing a possibly life-threatening cardiac etiology from a non-cardiac cause 
in a short period of time remains a challenge.

Current clinical diagnostic decision support tools have been solely developed to aid 
the cardiologist in diagnosing or excluding myocardial ischemia due to obstructive, 
i.e. anatomical, coronary artery disease (CAD) (2-5). Coronary computed tomography 
angiography (CCTA) is well-established to identify (non-)obstructive burden of 
anatomical coronary atherosclerotic disease and provides important information 
regarding CAD risk, also in women (6). However, invasive imaging studies in 
symptomatic patients reveal a high prevalence (63-71%) of anatomically non-
obstructive, yet functionally significant, CAD (7-9). Non-obstructive CAD has been 
considered a benign condition for years, but recently appeared to be a significant 
cause of myocardial ischemia due to observations of coronary vasospasms and 
microvascular angina (MVA) (10, 11). Furthermore, the prognosis for both sexes 
regarding non-obstructive CAD appears to be as poor as that of patients with 
obstructive CAD (12, 13). 

Despite increased awareness of the importance of coronary function testing for MVA 
and coronary spasms, its assessment remains a challenge carrying non-negligible risks 
and costs. However, recently several non-invasive imaging techniques have provided 
surrogate measures of the coronary microcirculation (14). Yet, the used imaging 
modality highly depends on local expertise, availability and costs (15). Cardiac 
magnetic resonance (CMR) imaging is emerging as a non-invasive technique with high 
spatial resolution to assess myocardial perfusion, i.e. functional CAD, without the 
need for ionizing radiation (16, 17). In fact, Knuuti et al. confirmed CMR to perform 
well for both anatomical and functional CAD (18). Therefore, 2019 ESC 
recommendations mention stress CMR imaging as an option that may be considered 
in patients with suspected coronary vascular disease (9).

Hence, to add to the existing knowledge regarding obstructive CAD in symptomatic 
patients clinically referred for imaging, this study will assess the prevalence of both 
anatomical obstructive (using CCTA) and (non-)obstructive, yet significant, functional 
CAD (using stress CMR imaging) in all patients with chest pain or discomfort visiting 
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the outpatient cardiology clinics. Additionally, we aim to develop a decision support 
tool that aids cardiologists in referral for either CCTA and/or stress CMR imaging and 
study whether extensive phenotyping could improve long-term outcomes.

METHODS AND ANALYSIS

Study design 
ARGUS is a single center, prospective cohort study performed at the University 
Medical Center Utrecht in the Netherlands. The study is actively recruiting women 
and men who visit cardiac outpatient clinics in Utrecht with chest pain or discomfort 
as the main reason for their visit. Currently, the Cardiology Centers of the Netherlands 
(CCN), location Utrecht, and HeartLife Klinieken Utrecht are referring centers for 
participant recruitment. The study procedures are conducted at the Radiology 
department of the UMC Utrecht. 

Study population
The study population comprises women and men aged 45 years and older with chest 
pain or discomfort as primary complaint who are referred by their general practitioner 
to the participating outpatient cardiology clinics. Exclusion criteria are listed in Table 
1 and include cardiac history and contraindications to undergo any of the study 
procedures. If CCTA or stress CMR is contraindicated after part of the study protocol 
is already completed, the participant will not be excluded and collected data will be 
used in the study.

Table 1. Inclusion and exclusion criteria for the ARGUS study 

Inclusion criteria

1. Age ≥ 45 years
2. Willing and able to provide written informed consent
3. Chest pain or chest discomfort main reason for visit
4. Willing and able to undergo complete study protocol

Exclusion criteria

1. Any cardiac history*
2. Contra-indications to CCTA prior to inclusion
3. Contra-indications to CMR prior to inclusion
4.  Contra-indications to adenosine (second- or third-degree AV-block, COPD or asthma with evidence of 

bronchospasm)

In- and exclusion criteria are assessed by both the cardiologist and research physician before enrollment through patient records 
and direct contact with the participant upon inclusion. 
*Cardiac history includes congenital heart disease, former cardiac procedures (angioplasty, myocardial infarction, bypass surgery, 
heart valve surgery or intervention, implantable cardiac defibrillator and/or cardiac resynchronization therapy, radiofrequency 
ablation, left ventricular assist device, heart transplantation and pacemaker implantation)
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Participant recruitment 
The treating cardiologist at the referring center invites eligible patients to participate 
in the study at the end of the regular care visit. Participants that show interest in the 
study are contacted by the executive researcher. If these individuals provide informed 
consent, meet all inclusion criteria and none of the exclusion criteria, they are enrolled 
and undergo the study procedure. The study procedure consists of a standardized 
questionnaire, venous blood collection for measurement of known cardiovascular 
biomarkers and for storage in a biobank for later biomarker studies, as well as imaging 
by both CCTA and stress CMR. If participants are already scheduled to undergo a 
clinically indicated CCTA, these results are obtained for study purposes and the CCTA 
won’t be performed as part of the study procedure. The workflow of the participant 
recruitment and imaging protocol for both participants with and without clinically 
indicated CCTA is visualized in Figure 1. 

Sample size considerations
Prior studies found CCTA-defined anatomical CAD to be present in 11.9%, and CMR-
defined myocardial ischemia in about 12.6% in low- to intermediate-risk patients with 
chest pain (19). Since we expect our population to be mostly low risk patients, we 
suspect the CAD prevalence to be at most 11%. Based on our sample size calculation 
a number of 400 would be sufficient to estimate a prevalence of 11% with a precision 
of 3%, using a 95% confidence interval (https://epitools.ausvet.com.au/
oneproportion). Thus, the ARGUS study will run for three years, in which we expect 
to enroll 400 subjects and perform 400 CCTA and accompanying stress CMR scans.

Regular care workup at the outpatient clinic
Data collected during regular care includes medical history, physical examination, 
electrocardiography (ECG), laboratory blood measurements, exercise testing and 
transthoracic echocardiography. Co-morbidities and medication use are registered 
using a standardized questionnaire. All regular care measurements (including 
information on follow-up visits and performed external procedures) are recorded in 
the local electronic health records of the outpatient clinics and extracted for analysis 
in the study.

     Study CMRI
No imaging indicated

CT clinically indicated
Cardiac evaluation Eligibility confirmed

(Table 2)
Study CT

Clinical CT
All patients presenting with 

chest pain or discomfort

Figure 1. Workflow of patient recruitment and imaging protocol depending on regular clinical care path
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Case report form
After obtaining informed consent, a study physician or trained research nurse fills out 
an extensive case report form with the participant, including information on symptoms 
(i.e. chest pain or chest discomfort specific characteristics such as location, character, 
duration, provoking or alleviating factors, such as relation to exercise, emotional 
stress, medication use or other symptoms such as dyspnea, palpitations or fatigue), 
cardiovascular risk factors, medical history, family cardiovascular history (first degree 
relatives with cardiovascular events), level of education and medication use. 
Additionally, pregnancy history and menopausal status are recorded for women. 

Blood sampling
A venous blood sample (75 mL) from a peripheral vein is collected and processed 
according to our existing biobank protocol (20). In short, 2.5mL ethylenediaminete-
traacetic acid (EDTA) plasma tube is analyzed by the clinical chemistry department 
of the UMC Utrecht by an Abbott CELL-DYN Sapphire to obtain complete blood cell 
counts and additional raw blood cell characteristics. Furthermore, EDTA, citrate and 
sodium-heparin plasma and peripheral blood mononuclear cells (PBMC) isolated from 
EDTA blood are aliquoted and frozen at -80 C within 2 hours after the sample was 
collected. All samples are stored long-term at UMCU Central BioBank (CBB) for future 
studies, except for 1 aliquot of 700 ul which is transported to the Durrer Center for 
Cardiovascular research (Netherlands Heart Institute, Amsterdam, the Netherlands). 
As previously described, standard cardiac biomarker levels (B-type natriuretic peptide 
(BNP) and high-sensitivity troponin-I (hs-TnI) (Abbott Diagnostics, Abbott Park, IL)) 
will be measured in plasma of all participants (20).

Cardiac & Coronary Computed Tomography Angiography (CCTA)
Protocol 
Participants are asked to refrain from caffeine consumption for 4 hours and from food 
and nicotine for 2 hours prior to imaging. If the resting heart rate exceeds 60 beats 
per minute, heart rate lowering pre-medication can be prescribed based on clinical 
judgement of the treating cardiologist. 

CCTA acquisitions will be performed using a 64-slice dual-layer spectral detector CT 
(SDCT) scanner (IQ on Spectral CT, Philips Healthcare, Best, The Netherlands) with 
64×0.625 mm collimation. In patients with a clinically scheduled CCTA in whom the 
scan could not be scheduled on the above-mentioned scanner, acquisitions will be 
performed according to local protocol, using either a 256-row multidetector scanner 
(Brilliance iCT, Philips Healthcare, Best, The Netherlands) or a 196-row CT-scanner 
(SOMATOM FORCE, Siemens Healthcare Diagnostics). Detailed scan parameters and 
acquisition protocol specifications are listed in Supplemental appendix 1. 



Cardiovascular imaging of women and men with chest pain 

|  71

5

In participants with a heart rate above 60 beats per minute at time of the examination, 
intravenous beta-blocker will be administered in line with the Society of Cardiovascular 
CT guidelines (SCCT) (21). First, all participants will undergo coronary calcium scoring 
(CCS), which will be quantified by Agatston scores using commercially available 
software (HeartBeat CS, IntelliSpace Portal, Philips Healthcare, Best, The Netherlands) 
(22). Acquisitions will be made using a prospectively ECG-triggered protocol at the 
78% of the R-R interval at 120 kVp and 40 mAs.  All acquisitions will be performed 
according to the recent SCCT guidelines (21). All images will be analyzed using a 
dedicated workstation (IntelliSpace Portal, Philips Healthcare, Best, The Netherlands). 
Subsequently, a CCTA scan will be acquired using the contrast agent 300mg I/mL 
Iopromide (Ultravist 300, Bayer Healthcare, Berlin, Germany) administered at a flow 
rate of 5.5 mL/s (<80 kg) or 6.0mL/s (≥80kg). Prior to the examination sublingual 
nitroglycerin 0.4mg will be administered in all participants. After contrast injection 
the intravenous line will be flushed using saline at the same flow rate. Seven seconds 
after the threshold of 200 Hounsfield Units (HU) is reached in the descending aorta 
the CCTA scan is acquired (prospectively ECG-triggered, 78% of the R-R interval at 
120 kVp and 150 mAs). 

Image Analysis 
Following SCCT guidelines all images will be assessed on image quality, plaque 
characteristics and degree of stenosis by the local cardiovascular radiologists (21). To 
provide a standardized assessment of CCTA, the Coronary Artery Disease – Reporting 
and Data system (CADRADS) classification will be reported (23). The estimated 
radiation dose for the CCTA examination is 5.7 mSv. 

Adenosine Stress Perfusion CMR
Protocol 
Stress CMR imaging will be performed on 1.5 or 3T scanners (Ingenia, Software release 
5, Philips Healthcare, Best, The Netherlands) following a standardized protocol 
(Supplemental appendix 2). Twenty-four hours before all participants will be asked 
to avoid caffeine. First, native T1-weighted images will be acquired. Afterwards, stress 
and rest myocardial perfusion imaging will be performed during the first pass of 
gadobutrol (Gadovist®, Bayer, Germany). Vasodilator stress will be achieved by 
adenosine infusion at 140 mcg/kg/min for 4 minutes. Rest perfusion imaging will be 
acquired at least one minute after ending of adenosine infusion. Subsequently, cardiac 
function, post-contrast T1-weighted and viability imaging will be performed. The total 
duration will be approximately 50 minutes.
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Image analysis 
All images will be analyzed by the local supervising CMR radiologists per regular 
clinical practice in accordance with the Society for Cardiovascular Magnetic 
Resonance (SCMR) guidelines (17). They will assess image quality, and report data 
on native- and post-contrast T1-values, quantitative functional analysis regarding 
end-diastolic and end-systolic volumes, ejection fraction, evidence of regional wall 
motion abnormalities (a-, hypo- or dyskinetic). Left ventricle strain imaging will be 
performed in long-axis cine images using Medis Suite MR software (Medis Medical 
Imaging Systems BV, Leiden). Subsequently, analysis of significant, not significant or 
no defect in perfusion at rest and stress, presence of scar tissue and transmurality 
based on the AHA/ACC 17 segment model will be reported (24). A perfusion defect 
is scored as a significant perfusion defect if ischemia is present in at least 2 segments 
and defined according to transmurality and persistence of the defect in accordance 
with the SCMR guidelines (17).

Definition of coronary vascular disease
The primary aim of the study is to provide insight into the prevalence of anatomical 
and functional coronary vascular disease. Coronary vascular disease is defined as 
either stress CMR-detected functional and/or CCTA-detected anatomical coronary 
vascular disease. Participants will be classified as positive or negative for any coronary 
vascular disease by expert panel consensus. The panel of experts comprises a 
cardiovascular radiologist and two cardiologists. The panel reviews all available data 
to reach a consensus whether coronary vascular disease is likely to be the underlying 
cause of the chest pain or discomfort (Figure 2). ESC guidelines for Chronic Coronary 
Syndromes are followed (25). First, the panel assesses the symptoms and signs to 
classify type of angina according to the traditional classification of suspected anginal 
symptoms (typical, atypical or non-anginal chest pain). Second, the general condition, 
risk factors, comorbidities and basic testing results collected during regular care are 
interpreted by the panel. Based on these regular care data the expert panel 
determines whether a cardiac cause is present (yes, no, possible) and, if so, whether 
they suspect the cause to be of macro- or microvascular or vasospastic origin. 
Following provision of the imaging results in combination with cardiac biomarker 
levels (BNP and hs-TnI) the expert panel re-evaluates their decision. The workflow of 
the data collection and subsequent diagnostic approach by the expert panel is 
visualized in Figure 2. 

The imaging results for both functional and anatomical coronary vascular disease will 
be documented separately and provided to the expert panel as follows: CCTA-detected 
anatomical coronary vascular disease based on the CADRADS-score assigned by the 
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radiologist and stress CMR-detected functional coronary vascular disease based on 
visual assessment of presence or absence of myocardial ischemia by the radiologist 
(Table 2) (23).

Long term follow-up
By linkage with regional (Julius General Practitioners’ Network) and national registries 
(i.e. Statistics Netherlands), all participants will be followed for consumption of 
medical care, occurrence of cardiac events, and all-cause and cause-specific mortality 
(26, 27).
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Figure 2. Workflow of data collection and implementation in the expert panel diagnosis
BNP, b-type natriuretic peptide; CAD, coronary artery disease; CADRADS, Coronary Artery Disease – Reporting 
and Data System; CCTA, cardiac computed tomography angiography; CMR, cardiac magnetic resonance; hs-TnI, 
High-Sensitivity Troponin I
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Statistical analyses
Descriptive data will be stratified by sex and presented as mean  standard deviation 
(SD), or as medians with corresponding interquartile range if not normally distributed 
for continuous variables and numbers (with %) for categorical variables. The 
prevalence of coronary vascular disease will be expressed as mean with a 95% 
confidence interval. Multivariable logistic regression will be used to analyze the 
association of various determinants at baseline with prevalent coronary vascular 
disease and the association between various anatomical and functional parameters 
at baseline. All analyses will be adjusted for appropriate a priori selected confounders 
(age, sex, medical history, comorbidities and cardiovascular risk factors). For prognostic 
studies, Cox proportional-hazards regression analysis will be used. All analyses will 
be performed both in the whole study population as well as stratified by sex. 

The collected data is part of the development of a decision support tool. By means 
of machine learning techniques an algorithm will be trained to identify patterns 
between input data and outcome variables. Based on clinical data and extensive 
blood-based information as input variables the outcomes of the CCTA and CMR scans 
will be predicted in terms of the presence or absence of functional/anatomic coronary 
vascular disease. ARGUS will function as the clinical validation study for the developed 
algorithm.

Study status
ARGUS is actively recruiting participants. The number of participants recruited at the 
time of submission is 92. Complete data of 70 participants is available, of whom 10.9% 
(5 women) were diagnosed with CMR-detected functional coronary vascular disease 
and 16.4% (13 women) with CCTA-detected anatomical coronary vascular disease. 
The current inclusion rate (5 participants per week) is sufficient to reach the goal of 
400 included participants at the end of the inclusion period of 3 years.  

Table 2. Classification of imaging results 

1. Assessment of anatomical CAD on CCTA

Non-significant Significant

Stenosis < 50% ≥ 50%

CADRADS classification 0/1/2 3/4/5

2. Assessment of functional CAD on CMR

Non-significant Significant

Myocardial ischemia No Yes

CCTA, cardiac computed tomography angiography; CAD, coronary artery disease; CADRADS, Coronary Artery Disease-Reporting 
and Data System, CMR, cardiac magnetic resonance
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Patient and public involvement
Participants from the outpatient clinic CCN were involved in the design of the study 
and evaluation of the study protocol. Participants receive information on the study 
at summary level during the enrollment and after the study will be completed and 
are asked to participate in evaluation of the study.

Ethics and dissemination
The study protocol was approved by the Institutional Review Board of the University 
Medical Center Utrecht (NL_57077.041.16). The study is conducted according to the 
principles of the Declaration of Helsinki and in accordance with the Medical Research 
Involving Human Subjects Act (WMO). The study does not interfere with regular 
patient care, and all patients will be treated at the discretion of their cardiologist or 
general practitioner according to the appropriate guidelines. All participants give 
written informed consent for the study procedure. Results will be disseminated 
through national and international conferences and in peer-reviewed journals of 
cardiovascular disease. 
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SUPPLEMENTARY MATERIAL

Supplemental appendix 1.
Cardiac & Coronary Computed Tomography Angiography specifications

Scanner Philips 
IQon 

Philips
Brilliance iCT

Siemens 
SOMATOM FORCE

64-slice 256-slice 384 (2 × 192) slice

Scan direction cranio-caudal cranio-caudal cranio-caudal

Prospective step-and-shoot 
(75% RR-interval)

Prospective step-and-shoot 
(75% RR-interval)

Prospective step-and-shoot 
or turboflash (75% 
RR-interval)

Collimation (mm) 64×0.625 128x0.625 192 x 0.6

Increment 0.5 0.45 0.5

CCS CTA CCS CTA CCS CTA

kVp 120 120 120 100 (<80 kg), 
120 (≥80 kg)

120 100

mAs 40a 150a 40a (<80 kg), 
50a (≥80 kg)

210a 70 / 47 350a

Pitch - - - - - 3.2 3.2

Rotatietijd 0,5 0,27 0.27 0.25 0.25

Contrast flowrate - 5.5 mL/s (<80kg),  
6.0 mL/s (≥80kg)

- 6.0 mL/s (<80kg),
6.7 mL/s (≥80kg)

- 6.0 mL/s (<80kg), 
6.7 mL/s (≥80kg)

Treshold for CCTA 
scan

150 HU 130 HU - Peak 
enhancement*

Post-treshold delay 
(seconds)

- 7 - 7 - 12

Reconstr.    

Axial 3/2 3/3 3/3 3/2 3/3 3/3

Coronal  3/2 3/2 3/2

Sagittal  3/2 3/2 3/2

Abbreviations: CCS, coronary calcium scoring; CTA, coronary tomography angiography, HU, Hounsfield Units; aReference mA, 
bEffective mA, *Based on test bolus tracking
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Supplemental appendix 2.
Adenosine Stress Perfusion Cardiac Magnetic Resonance (CMR) imaging protocol

CMR imaging will be performed on 1.5 or 3 T scanners (Ingenia, Philips Healthcare, 
Best, The Netherlands) with use of a 28-element phased array surface coil.  First cine 
images in the 4-, 3- and 2-chamber and short axis orientations will be acquired during 
mild expiration and ECG-triggering using a balanced turbo field echo sequence 
followed by basal, midventricular and apical pre contrast T1 weighted short axis slices. 
Rest and stress perfusion imaging will be performed. Maximal hyperemia for stress 
perfusion will be achieved by adenosine infusion at 140mcg/kg/min for 4 minutes. 
24 hours before CMR imaging all participants will be asked to avoid caffeine and 
xanthine-containing foods. If a contra-indication for adenosine is present on the day 
of the CMR examination or participants did not abstain from caffeine for the past 24 
hours, maximal hyperemia will be achieved by intravenous infusion of regadenoson 
(Rapiscan, 400 mcg, Astellas Pharma, Leiden, The Netherlands) and rest perfusion 
imaging will not be performed.  After three minutes of adenosine infusion, stress 
perfusion images will be obtained at basal, midventricular, apical levels in the short 
axis as well as 4-chamber orientations during the first pass of 0.05 ml/kg (3T) or 0.1 
ml/kg (1.5T) of gadobutrol (Gadovist®, Bayer, Germany) injected at a flow rate of 
4mls/s. Rest perfusion imaging will be acquired at least one minute after ending of 
adenosine infusion. Late gadolinium enhancement imaging will be carried out at least 
10 minutes after the second bolus of the contrast agent. After assessment of the 
optimal inversion time (TI) viability, delayed enhancement viability imaging will be 
performed in the 2- and 4- chamber short axis view using an inversion recovery turbo 
gradient echo sequence.  Afterwards delayed enhancement will be assessed using 
4-chamber phase sensitive inversion recovery. At last post-contrast T1 weighted 
images in the basal, midventricular and apical short slices will be acquired.  The total 
duration of the CMR imaging protocol will be approximately 50 minutes. 

MRI-sequence Looklocker Rest and stress 
perfusion

sBTFE
2-, 3- and 4- 
chamber

T1  weighted Viability
2- chamber

Viability
4- chamber

Field strength 1.5T 3T 1.5T 3T 1.5T 3T 1.5T 3T 1.5T 3T 1.5T 3T

Flip angle 
(degrees)

12 7 50 15 60 45 35 20 15 25 15 25

Act. TR/TE
(ms)

8.0 / 
3.1

8.0 / 
3.5

2.6 / 
1.31

3.7 / 
1.78

3.4 / 
1.7

2.8 / 
1.4

1.99 / 
0.88

2.2 / 
1.02

3.6 / 
1.15

6.1 / 
3.0

3.5 / 
1.15

6.1 / 
3.0

Min. TI delay 
(ms)

15.2 13.9 117.9 135.4 118.3 92.5 110.2 92.4

Abbreviations: sBTFE = balanced turbo field echo, T= Tesla, TR = repetition time, TE = echo time, TI = inversion time



CHAPTER

6



Groepenhoff F, Siegersma KR, Eikendal ALM, Leiner T, Rittersma ZH, Menken FR, Hofstra L, 
Onland-Moret NC, den Ruijter HM

Women with higher grades of coronary 
stenoses have lower calcium scores than men

In preparation



PART II  |  Chapter 6

82  |

Coronary artery calcium is highly prevalent in coronary artery disease (CAD) and 
predicts all-cause mortality (1). Therefore, the coronary artery calcium score (CACS) 
is widely used as risk marker in both women and men suspected of CAD. CACS is 
generally low in women and the diagnostic value of CACS to detect CAD is also lower 
in women than in men (2). This may be a consequence of coronary plaques more 
often being non-calcified or mixed in women, whereas in symptomatic men plaques 
are mainly calcified (3). To describe CAD severity beyond calcification, the Coronary 
Artery Disease Reporting and Data System (CAD-RADS) has been developed (4). CAD-
RADS classifies CAD severity based on both stenosis degree and presence of (non-)
calcified atherosclerotic plaque. The PROMISE trial showed that CAD-RADS is more 
powerful than CACS or traditional stenosis-based assessment in prediction of adverse 
events and mortality, and has clear added value (1). It may well be that CAD-RADS 
identifies high-risk non-calcified plaques that are more prevalent in women, but sex-
stratified data were not published. We hypothesize that the sex difference in plaque 
composition is reflected by a sex-specific relation between CACS and CAD severity, 
scored by CAD-RADS. 

We studied the association between CACS and CAD-RADS (4) in 121 symptomatic 
men (n=46) and women (n=75). Included patients had no cardiac history, visited a 
Dutch outpatient cardiology clinic for the first time with chest discomfort, were 
suspected of CAD, and underwent coronary computed tomography angiography 
(CCTA) (5). The relation between CACS and CAD-RADS was assessed using sex-stratified 
Kendall’s rank correlation analysis. CAD-RADS was categorized in clinically relevant 
categories of no (CAD-RADS 0), minor (CAD-RADS 1-2) and significant CAD (CAD-RADS 
≥ 3) (4). A two-sided P < 0.05 was considered statistically significant. The study was 
approved by the Institutional Review Board of the University Medical Center Utrecht 
and all participants provided written informed consent.

Characteristics of the study population are displayed in Figure 1, panel A. Age was 
comparable between the sexes (a mean age of 60 (SD 10) years in women vs 62 (SD 
8) years in men). Interestingly, women more often reported dyspnea in combination 
with chest discomfort (63% in women vs 30% in men). In women with chest 
discomfort, CACS was mostly absent (median CACS 0 [IQR: 0 – 55]). In those women 
with CAD-RADS ≥ 1 (n=41 (55%)), which indicates the presence of coronary plaque, 
CACS was also low (median CACS 32 [IQR: 9 – 137]). In men, CACS was mostly present 
(median CACS 44 [IQR: 0 – 306]). Moreover, coronary plaque (CAD-RADS ≥ 1) was 
present in 39 (85%) men. In these men with coronary plaques, median CACS was 79 
[IQR: 8 – 412]. Overall, the CAD severity by means of CAD-RADS was lower in women; 
CAD- RADS ≥ 3 was present in 9% of women vs 35% of men. The association between 
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CACS and CAD-RADS is visualized in Figure 1, panel B. In both sexes, CACS significantly 
increased with higher CAD-RADS scores (Kendall’s rank correlation tau = 0.74 in 
women, 0.45 in men, both P < 0.01). Despite the significantly stronger positive 
association in women as compared with men (P = 0.008), CACS did not rise as strong 
with increasing CAD-RADS score in women as compared with men. In women with 
minor CAD (CAD-RADS 1 or 2) median CACS was 27 [IQR: 5 – 113]. In women with 
significant CAD (CAD-RADS ≥ 3) median CACS was 195 [IQR: 129 – 265]. In men the 
increase in CACS was steeper; from a median CACS of 0 [IQR: 0 – 0] in no CAD to a 
median CACS of 45 [IQR: 8 -152] in minor CAD to a median CACS of 363 [IQR: 12 – 
1219] in significant CAD (CAD-RADS ≥ 3). 

In conclusion, the relation between the degree of CAD defined by CAD-RADS score 
and coronary calcification seems dependent on sex. We found that within similar 
coronary stenosis severity categories (as defined by CAD-RADS), women have lower 
CACS than men. In women with significant CAD, i.e. CAD-RADS ≥ 3, median CACS is 
not even half the score of CACS observed in men. Our preliminary findings imply that 
women can have relatively high degrees of coronary stenoses with little calcification. 
Therefore, CAD-RADS could have added value on top of CACS, specifically in women, 
and warrants further investigation.   

Figure 1. A, Baseline characteristics of the study population per sex; B, CACS plotted against stenosis severity 
in men (blue) and women (pink)
BMI, body mass index; CVD, cardiovascular disease; CACS, coronary artery calcification score; CAD-RADS, 
Coronary Artery Disease Reporting and Data System; AU, Agatston Units; No CAD = CAD-RADS 0, no 
atherosclerosis or stenosis; Minor CAD = CAD-RADS 1 or 2, any stenosis <50%; Significant CAD = CAD-RADS ≥ 
3, any stenosis >50%
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ABSTRACT

Coronary Artery Calcium Score (CACS) is a strong predictor for mortality in 
asymptomatic individuals. However, in patients with symptoms suspicious for cardiac 
disease data on the value of CACS is scarce, despite its wide use in this population. 
Sex, age and race/ethnic differences in atherosclerotic plaque composition and 
development might imply a need to use personalized percentiles instead of absolute 
CACS. To assess the prognostic value of absolute and sex-, age-, and race/ethnicity-
specific percentiles of coronary artery calcification in symptomatic women and men 
we performed an observational study in 4985 symptomatic patients (2793 women, 
56%) visiting a diagnostic outpatient cardiology clinic who were referred for cardiac 
computed tomography (CT) to determine CACS. Data were linked to the databases 
of Statistics Netherlands for all-cause mortality data. Kaplan–Meier curves, 
multivariate Cox proportional hazards regression and concordance statistics were 
used to evaluate the prognostic value of CACS and sex-, age-, and race/ethnicity-
specific percentiles. Women were older compared to men (60 vs. 59 years). Median 
CACS was 0 (IQR: 0-54) in women and 42 (IQR: 0-278) in men. After a median follow 
up of 4.4 years (IQR: 3.1 to 6.3), 116 (2.3%; 53 women and 63 men) patients died. 
Sex-, age-, and race/ethnicity-specific percentiles did not perform better compared 
to absolute CACS (C-statistic 0.65, 95% confidence interval [CI]: 0.57-0.73, vs 0.66, 
95% CI: 0.58-0.74, in women and 0.59, 95% CI: 0.51-0.67, vs 0.62, 95% CI: 0.55-0.69, 
in men, for the percentiles and absolute CACS, respectively). In conclusion, in 
symptomatic patients at cardiac outpatient clinics, absolute and sex-, age-, and race/
ethnicity-specific percentiles of CACS predict mortality equally well, in both women 
and men. Hence, there is no need to use personalized, sex-, age-, and race/ethnicity-
specific, percentiles instead of absolute CACS. 
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INTRODUCTION

In asymptomatic women and men, calcification of the coronary arteries is proven to 
be a strong predictor for mortality (1). Moreover, patients with no coronary artery 
calcification have a very low prevalence of obstructive coronary artery disease (CAD) 
and their long-term prognosis is relatively good (2). In individuals with symptoms 
suspicious for cardiac disease, coronary artery calcification is also widely used to 
assess mortality risk. However, its value in these symptomatic individuals is not well 
established (3).  To evaluate the calcification of the coronary arteries and the presence 
of CAD, a non-contrast enhanced computed tomography (CT)-scan is recommended 
in symptomatic patients with an intermediate pre-test probability of CAD. This pre-
test probability is based on sex, age and type of complaints (4). Based on the results 
of this diagnostic assessment, the amount of coronary artery calcium is quantified 
with use of the coronary artery calcium score (CACS) by the Agatston method (5). 
CACS, as a continuous variable, is often categorized for clinical use in four different 
categories: no calcification (CACS = 0), minimal (CACS 1-100), moderate (CACS 101-
399) and severe calcification (CACS ≥ 400).

Several studies demonstrated sex differences in the amount and type of atherosclerotic 
plaques. Symptomatic men mostly have calcified plaques while women predominantly 
have mixed or non-calcified plaques (6, 7).  Therefore, use of absolute CACS to 
estimate mortality risk may lead to false reassurance in women with low CACS, as 
symptomatic women might have CAD caused by non-calcified plaques (8). Thus, CACS 
may have a different prognostic value in women compared to men. Moreover, the 
presence of coronary artery calcification also differs between ethnicities (9) and 
increases with increasing age (10). Therefore, the Multi-Ethnic Study of Atherosclerosis 
(MESA) reported sex-, age-, and race/ethnicity-specific percentiles for CACS in the 
general and asymptomatic population (11, 12). However, the question remains if 
these percentiles are a better discriminator of risk compared to absolute CACS in 
symptomatic patients in a real-world cardiology setting. Furthermore, the value of 
degree of stenosis for mortality prediction might differ in women compared to men, 
since non-calcified plaques, that are more prevalent in women (6, 7), are not reflected 
in the CACS. 

To address these questions, we first studied the prognostic value of coronary artery 
calcification measures in a symptomatic population in a sex-stratified manner, as CACS 
is mainly assessed and used as a risk marker in these symptomatic women and men 
(13-15). Both absolute measures, as reflected by CACS, and sex-, age-, and race/
ethnicity-specific percentiles (11) were evaluated as measures to reflect the amount 
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of calcification. Second, we evaluated whether degree of coronary stenosis at CT 
angiography increases the discriminative prognostic value when added to the model 
based on CACS. 

METHODS

Patient selection
Individual patient data from electronic health records (CardioPortal™, Cardiology 
Centers of the Netherlands proprietary electronic health records, EHR) was retrieved 
from thirteen Dutch outpatient cardiology clinics (Cardiology Centers of the 
Netherlands, CCN) between April 2007 and February 2018. A detailed description of 
the population of this cohort has been previously published (16). The Medical 
Research Ethics Committee of the UMCU declared that the Medical Research Involving 
Human Subjects does not apply to this study. We analyzed patients that underwent 
cardiac CT as part of clinical care, resulting in a study population of 4985 women and 
men presenting at one of the outpatient cardiology clinics of CCN, aged between 45 
and 85 years (Figure 1). Standardized workup was performed and documented for 
these patients, including information on cardiovascular risk factors (age, history of 
smoking, history of cardiovascular disease, presence of diabetes mellitus, 
hypertension, dyslipidemia, body mass index (BMI) and signs of heart failure). 

Calcium score and degree of stenosis assessment
Cardiac CT was composed of a scan protocol to calculate CACS and a contrast-
enhanced protocol for coronary angiography. Results of the cardiac CT were reported 
in free text. This text was transformed into different features, e.g. CACS and degree 
of stenosis in one of the main coronary arteries. We determined sex-, age-, and race/
ethnicity-specific percentiles based on retrieved absolute CACS for all women and 
men using the previously reported percentile tables from the MESA-study (12), as 
these were not structurally documented in the EHR. As CACS is clinically used in 
different categories, we categorized CACS into the following groups: zero CACS, CACS 
1 to 100, CACS 101 to 400 and CACS >400. For sex-, age-, and race/ethnicity-specific 
percentiles the following categories were used: no CAC, ≤75th percentile, 75th to 
90th percentile, and >90th percentile. In 2715 (54%) of these patients, degree of 
stenosis determined by CT angiography was also documented in free text. A 
comparison was made for baseline characteristics of the complete CT population in 
which CACS was reported and the CT population in whom degree of stenosis was 
additionally documented. The available CT angiography results were classified into 
grades of stenosis, namely 0%, 1-24%, 25-49%, 50-70%, 71-99% and 100% stenosis 
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(17). The following textual terms indicating stenosis severity were used to classify the 
degree of stenosis if the absolute percentage was missing; for 1-24% any, minimal, 
minor, for 25-49% partial, diffuse, mild, not-significant, non-significant, for 50%-70% 
important, clear, significant, intermediate, for 71-99% severe, high grade and for 100% 
occlusion. As (high risk) plaque characteristics were irregularly and unstructured 
mentioned in free text, these features were not taken into account for analysis. 

Selection of patients’ first cardiac CT
(n = 7.490)

Patient selection with cardiac CT and 
registration of intake information

(n = 7.228)

‐ No intake registration  in the database (n = 41)
‐ Cardiac CT was made before intake at CCN (n = 221)

Patients with cardiac CT, intake 
registration and linkage to Statistics 

Netherlands
(n = 6.912)

‐ Unable to register  with Statistics Netherlands (n = 316)

Patient selection for CACS and sex‐, 
age‐ and race specific percentiles

(n = 4.985)

‐ Patients <45 and >85 years of age (n = 703)
‐ Patients without reported CACS (n = 1.224)

Patient selection for added value of 
stenosis degree
(n = 2.715)

‐ Patients without reported stenosis degree (n = 2.270)

Patients in the CCN database
(n = 109.151)

‐ Patients without a cardiac CT  (n = 101.473)
‐ Unknown date of cardiac CT (n = 188)

Figure 1. Patient selection for CACS and sex-, age- and race/ethnicity-specific analysis and for analysis of 
addition of stenosis degree
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Outcome assessment
Information on patients’ country of origin, mortality and cause of death was obtained 
by linkage to the population registry of Statistics Netherlands. The results are based 
on calculations by UMC Utrecht using non-public microdata from Statistics 
Netherlands. 

Statistical analyses
The baseline characteristics of the datasets were described as mean +/- standard 
deviation (SD) or median with interquartile range (IQR) when appropriate. Due to 
privacy constraints, numbers of individuals fewer than 10 are not allowed to be 
exported from Statistics Netherlands. In all tables, these are represented as ‘<10’ with 
the corresponding percentage. We estimated survival functions using Kaplan-Meier 
method. Cox proportional hazards regression analysis was performed to study the 
association between measures of coronary artery calcification (absolute CACS as 
calculated by the Agatston score and sex-, age-, and race/ethnicity-specific percentiles) 
and mortality. For the model based on the sex-, age-, and race/ethnicity-specific 
percentiles, a binary variable was added to indicate whether CACS was positive (>0) 
at baseline. The addition of a variable to indicate the presence or absence of CACS is 
needed to correct for the possible discontinuity in the sex-, age-, and race/ethnicity-
specific percentiles between individuals with a CACS of zero or any positive continuous 
CACS. We first constructed models including CACS or sex-, age-, and race/ethnicity-
specific percentiles as continuous variables. Subsequently, we constructed models 
with the previously described categorized CACS and sex-, age-, and race/ethnicity-
specific percentiles. The concordance statistic (C-statistic) with 95% confidence 
intervals (CI) was used to assess the ability of these models to discriminate patients 
at risk for mortality. A higher C-statistic indicates a better fit and higher prognostic 
power. Subsequently, we evaluated whether addition of degree of stenosis on top of 
absolute CACS improved the prognostic power of the Cox proportional hazards model. 
All analyses were performed stratified by sex. All statistical analyses were performed 
in R (version 4.0.2).

Sensitivity analyses
The race groups within the sex-, age-, and race/ethnicity-specific-percentiles as 
defined by the MESA-study (12) were not identical to patients’ country of origin as 
documented in the population registry of the Statistics Netherlands. In our primary 
analyses we calculated sex-, age-, and race/ethnicity-specific percentiles based on 
the Caucasian race. In a sensitivity analysis we excluded all patients born outside 
Europe, using this individual’s characteristic as a surrogate for a different race.
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RESULTS

Baseline characteristics 
Baseline characteristics of the selected population are displayed in Table 1. Of the 
4985 patients, 2793 (56%) patients were women. On average, women were one year 
older compared to men (60 vs. 59 years of age). Other cardiovascular risk factors were 
similar between women and men. Both sexes primarily presented with chest pain or 
discomfort. Median CACS in women was 0 (IQR: 0-54), and 42 (IQR: 0-278) in men. 
CACS categories of 0, 1-100, 100-400 and > 400 were respectively present in 1387 
(50%), 899 (32%), 340 (12%) and 167 (6%) of all women in this study. In men this 
distribution was 569 (26%), 774 (35%), 436 (20%) and 413 (19%), respectively. Higher 
CACS was associated with higher age and a higher prevalence of hypertension and 
dyslipidemia in both sexes (Supplementary Table 1). 

Table 1. Baseline characteristics of study population per sex

Overall Women Men

n 4985 2793 2192

Age in years 59 (8) 60 (8) 59 (8)

Body mass index 27 (5) 27 (5) 27 (4)

Originated from Europe, n (%) 4309 (86) 2411 (86) 1898 (87)

Complaints, n (%)

Chest pain or discomfort 2683 (54) 1585 (57) 1098 (50)

Dyspnea 538 (11) 329 (12) 209 (10)

Fatigue 172 (4) 85 (3) 87 (4)

Palpitations 463 (9) 290 (10) 173 (8)

Collapse 27 (1) <10 >10

Smoking status, n (%)    

Current 1476 (32) 859 (33) 617 (30)

Former 1650 (36) 875 (34) 775 (38)

Never 1504 (33) 854 (33) 650 (32)

Diabetes Mellitus, n (%) 396 (8) 213 (8) 183 (8)

Hypertension, n (%) 1581 (32) 954 (34) 627 (29)

Dyslipidemia, n (%) 850 (17) 477 (17) 373 (17)

CACS score (median [IQR]) 8 [0, 121] 0 [0, 54] 42 [0, 278]

CACS catgory, n (%)    

0 1956 (39) 1387 (50) 569 (26)

1-100 1673 (34) 899 (32) 774 (35)

101-400 776 (16) 340 (12) 436 (20)

>400 580 (12) 167 (6) 413 (19)

Examinations during follow-up:

At least one CAG, n (%) 812 (16) 309 (11) 503 (23)

At least one PCI or CABG, n (%) 307 (6) 89 (3) 218 (10)

Years of follow up (median [IQR]) 4.5 [3.1, 6.3] 4.5 [3.1, 6.3] 4.5 [3.1, 6.3]

CACS, coronary artery calcium score; CAG, coronary angiography; PCI, percutaneous coronary intervention; CABG, coronary 
artery bypass graft
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The association between coronary calcification and mortality
After a median follow up of 4.5 years (IQR: 3-6), 116 (53 women and 63 men) patients 
died, of which 22 were attributed to cardiovascular mortality. Mortality rate was 
higher in women and men who had higher CACS (women: 1%, 2%, 4% and <6%, men: 
<2%, 3%, 3% and 5%, for, respectively CACS categories of 0, 1-100, 100-400 and > 
400, Supplementary Table 1). Figure 2 and 3 show the survival over time per 
calcification category for women and men (absolute CACS in Figure 2, sex-, age-, and 
race/ethnicity-specific percentiles in Figure 3). Overall, women had a better survival. 
Higher levels of absolute CACS were associated with worse survival compared to low 
CACS levels. The association was also seen with higher sex-, age-, and race/ethnicity-
specific percentiles, albeit less strong. However, differences were small. 

Mortality rates, hazards ratios and C-statistics are displayed in Table 2 for both women 
and men. For continuous calcification measures, the discriminative ability of absolute 
CACS was moderate in both women and men (C-statistic: 0.66, 95% CI: 0.58-0.74 in 
women, and 0.62, 95% CI: 0.55-0.69, in men). The performance of the models on 
absolute CACS were similar to those based on sex-, age-, and race/ethnicity-specific 
percentiles (0.65, 95% CI: 0.57-0.73 in women, 0.59, 95% CI: 0.51-0.67 in men). Results 
were similar for the models that used categorical classifications of CACS and sex-, 
age-, and race/ethnicity-specific percentiles instead of continuous measures. The 
categorical CACS model showed a C-statistic of 0.65 (95% CI: 0.57-0.73) in women, 
and 0.60 (95% CI: 0.53-0.67) in men. The categorical sex-, age-, and race/ethnicity-
specific percentile model had C-statistics for women and men of, respectively, 0.64 
(95% CI: 0.57-0.73) and 0.61 (95% CI: 0.54-0.67).

The sensitivity analyses in which we excluded all patients in whom the country of 
birth was documented to be outside Europe (n= 676, 13.5%), as a surrogate for a 
different race, showed similar results. The European population comprised 2411 
women and 1898 men. The C-statistic for absolute CACS was comparable to the sex-
, age- and race/ethnicity-specific percentiles (in women, 0.67, 95% CI: 0.59- 0.76, vs 
0.66, 95% CI: 0.58-0.75, and in men 0.64, 95% CI:0.55-0.72, vs 0.59, 95%-CI: 0.510.67). 
All results of the sensitivity analysis are displayed in Supplementary Table 2.

Stenosis degree and the association between coronary calcification and mortality
Stenosis severity by CT angiography was documented for 1330 (60.7%) men and 1385 
(49.6%) women. Baseline characteristics of these women and men are depicted in 
Table 3. Supplementary Table 3 shows the baseline characteristics of the CT population 
in which CACS was reported and the CT population in whom degree of stenosis was 
additionally documented. During a median follow-up of 5 years (IQR: 3-6 years), 46 



Coronary calcification predicts mortality in symptomatic women and men

|  95

7

(3.5%) men and 22 (1.5%) women died. Compared to the population in which only 
CACS was available, these women and men did not differ in baseline characteristics 
(for direct comparison and baseline characteristics per CACS category see 
Supplementary Table 3 and 4, respectively). In the population in whom both CACS 
and information on stenosis degree was available, the relation between calcification 
measures and mortality was comparable to the relation found in the total population 

0.7

0.8

0.9

1.0

0 1 2 3 4 5 6 7

Su
rv

iv
al

 P
ro

ba
bi

lit
y

CACS 0
CACS 1-100
CACS 100−400
CACS 400+

1387 1386 1345 1081 825 620 431 237
899 894 866 690 512 369 257 136
340 338 329 257 187 133 86 43
167 166 158 127 98 57 40 23CACS 400+

CACS 100−400
CACS 1-100

CACS 0

0 1 2 3 4 5 6 7

Follow−up time (years)
Number at risk

.9

.0

0.7

0.8

0.9

1.0

0 1 2 3 4 5 6 7

569 568 551 449 347 260 172 113
774 772 750 590 440 326 217 124
436 435 419 339 258 191 125 58
413 412 391 298 236 168 111 61CACS 400+

CACS 100−400
CACS 1−100

CACS 0

0 1 2 3 4 5 6 7

Number at risk

CACS 0
CACS 1-100
CACS 100−400
CACS 400+

Su
rv

iv
al

 P
ro

ba
bi

lit
y

Follow−up time (years)

Survival curves of categorized CACS in men (A) and women (B)
�

�

Figure 2. Survival of women and men by absolute CACS



PART II  |  Chapter 7

96  |

(Table 4). In men, the discriminative power of the model did not improve when degree 
of stenosis was added (C-statistic changed from 0.63, 95% CI: 0.55-0.71 based on 
CACS to 0.59, 95% CI: 0.51-0.67 after addition of stenosis to the model). In women, 
the performance to predict mortality improved slightly (C-statistic: 0.68, 95% CI: 
0.58-0.78, and 0.72, 95% CI: 0.61-0.83, respectively). However, this improvement was 
not significant and thus no hard conclusions can be drawn. 

Figure 3. Survival of women and men by sex- and race/ethnicity specific percentiles (MESA)
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Table 2. Mortality prediction as a function of absolute and age-, sex- and race/ethnicity specific percentiles of CACS 
in women (above) and men (below)

Women Model n events HR (95%CI) C-statistic 
(95%CI)

Absolute CACS

Continuous 2793 53 1.0 (1.0-1.0) 0.66 (0.58-0.74)

Categorized 0.65 (0.57-0.73)

CACS 0 1387 14 reference

CACS 1-100 899 18 2.1 (1.0-2.1)

CACS 101-400 340 12 4.0 (1.8-8.6)

CACS > 400 167 <10 5.7 (2.5-13.2)

Sex-, age-, and race/ethnicity-specific percentiles

Continuous 
adjusted for any 
calcification 

2793 53 0.65 (0.57-0.73)

MESA percentile 0.4 (0.1-1.5)

Any calcification 6.1 (1.9-19.1)

Categorized 0.64 (0.57-0.72)

No calcification 1387 14 reference

<75th percentile 517 18 3.5 (1.8-7.1) 

75th-90th 
percentile

448 11 2.7 (1.2-5.9)

>90th percentile 441 10 2.5 (1.1-5.6)

Men Model n events HR (95%CI) C-statistic 
(95%CI)

Absolute CACS

Continuous 2192 63 1.0 (1.0-1.0) 0.62 (0.55-0.69)

Categorized 0.60 (0.53-0.67)

CACS 0 569 <10 reference

CACS 1-100 774 23 3.0 (1.2-7.5)

CACS 101-400 436 14 3.3 (1.3-8.7)

CACS > 400 413 20 5.1 (2.0-12.7)

Sex-, age-, and race/ethnicity-specific percentiles

Continuous 
adjusted for any 
calcification

2192 63 0.59 (0.51-0.67)

Percentile 0.5 (0.2-1.5)

Any calcification 5.7 (1.9-16.8)

Categorized

No calcification 569 <10 reference 0.61 (0.54-0.67)

<75th percentile 872 33 3.9 (1.6-9.3)

75th-90th 
percentile

413 10 2.5 (0.9-7.0)

>90th percentile 338 14 4.3 (1.6-11.1)
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Table 3. Baseline characteristics of women and men that underwent cardiac CT angiography

Overall Women Men

n 2715 1385 1330

Age in years (mean (SD)) 60 (8) 60 (8) 59 (8)

Body mass index (mean (SD)) 27 (4) 27 (5) 27 (4)

Complaints, n (%)

Chest pain or discomfort 1499 (55) 801 (58) 698 (53)

Dyspnea 295 (11) 167 (12) 128 (10)

Fatigue 93 (3) 47 (3) 46 (4)

Palpitations 272 (10) 163 (12) 109 (8)

Collapse 18 (1) <10 >10

Smoking status, n (%)    

Current 809 (32) 428 (34) 381 (31)

Former 936 (37) 461 (36) 475 (38)

Never 765 (31) 380 (30) 385 (31)

Diabetes Mellitus, n (%) 211 (8) 97 (7) 114 (9)

Hypertension, n (%) 885 (33) 518 (38) 367 (28)

Dyslipidemia, n (%) 497 (18) 263 (19) 234 (18)

Degree of Stenosis, n (%)    

0% 792 (29) 527 (38) 265 (20)

1-49% 1114 (41) 563 (41) 551 (41)

50-70% 431 (16) 168 (12) 263 (20)

>70% 378 (14) 127 (9) 251 (19)

CACS (median [IQR]) 34 [0, 162] 14 [0, 92] 67 [6, 267]

CACS category, n (%)    

0 682 (25) 472 (34) 210 (16)

1-100 1150 (42) 585 (42) 565 (43)

101-400 598 (22) 251 (18) 347 (26)

>400 285 (11) 77 (6) 208 (16)

Examinations during follow-up:

At least one CAG, n (%) 553 (20) 205 (15) 348 (26)

At least one PCI or CABG, n (%) 234 (9) 66 (5) 168 (13)

Deaths, n (%) 68 (3) 22 (2) 46 (4)

Cardiovascular death, n (%) 10 (0.4)

Years of follow up (median [IQR]) 4.6 [3.2, 6.3] 4.6 [3.2, 6.3] 4.7 [3.2, 6.4]

CACS, coronary artery calcium score; CAG, coronary angiography; PCI, percutaneous coronary intervention; CABG, coronary 
artery bypass graft
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DISCUSSION

Our data showed that both absolute and sex-, age-, and race/ethnicity-specific 
percentiles of CACS perform equally well in predicting mortality in symptomatic 
women and men who visit outpatient cardiology clinics in a real-world setting. Hence, 
for discrimination of mortality in symptomatic women and men there is no need for 
sex-, age-, and race/ethnicity-specific percentiles to quantify the amount of coronary 
artery calcification. CACS predicts mortality with moderate performance, comparable 
to the performance in asymptomatic women and men (12). Finally, the data hint that 
in women, the discriminative power of CACS for mortality might be higher when 
degree of stenosis was included in the model. However, these results should be 
interpreted with caution as the improvement was minimal and not significant. In men, 
addition of degree of stenosis did not result in better prediction of mortality. This 
subtle sex-difference might be due to the presence of non-calcified plaques causing 
symptoms in women (6). This type of plaques remains (partly) unappreciated when 
using CACS only for mortality prediction. 

Table 4. Mortality prediction as a function of absolute CACS and degree of stenosis in women and men

Women Model n events HR (95%CI) C-statistic (95%CI)

Absolute CACS

Continuous 1385 22 1.0 (1.0-1.0) 0.68 (0.58-0.78)

+ stenosis Degree of stenosis 0.72 (0.61-0.83)

0% 527 <10 reference

1-49% 563 14 6.9 (1.6-30.6)

50-70% 168 <10 4.9 (0.9-28.6)

>70% 127 <10 2.8 (0.3-22.4)

Men Model n events HR (95%CI) C-statistic (95%CI)

Absolute CACS

Continuous 1330 46 1.0 (1.0-1.0) 0.63 (0.55-0.71)

+ stenosis Degree of stenosis 0.59 (0.51-0.67)

0% 265 <10 reference

1-49% 551 22 4.5 (1.3-15.3)

50-70% 263 10 3.9 (1.1-14.7)

>70% 251 11 4.2 (1.1-16.3)
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To the best of our knowledge, this is the first sex-stratified study that evaluates the 
value of CACS and sex-, age-, and race/ethnicity-specific percentiles in a large, 
contemporary clinical care cohort of symptomatic individuals. In the scientific 
literature only limited data on the prognostic value of CACS in symptomatic patients 
is available. The only recent study that focused on symptomatic women (n = 1972, 
51%) and men (n = 1868, 49%) suspected of CAD was the PROMISE trial (3). In the 
PROMISE trial the added value of degree of stenosis, and even specific (high risk) 
plaque characteristics, was incorporated in prognostic models. They showed a high 
prognostic value of CACS, which further increased after addition of stenosis degree. 
However, their analysis was not performed stratified by sex, hampering any 
comparison to our data and impeding the analysis of sex differences, even though 
plaque composition is significantly different between the sexes. They also showed 
that the recently developed Coronary Artery Disease Reporting and Data System 
(CAD-RADS) (17) classification provides the highest prognostic value for cardiovascular 
events. 

Our results in symptomatic women and men are in line with the results of the MESA 
study, which was conducted in non-symptomatic general population individuals. The 
MESA study demonstrated that absolute CACS outperforms sex-, age-, and race/
ethnicity-specific percentiles for event prediction (12). We also found that the 
discriminative capacity remains intact when categorizing CACS, comparable to the 
results of the MESA study. This finding is valuable for clinical use, as hazard ratios 
derived from categories are easier to interpret than hazard ratios derived from 
continuous values. Furthermore, other studies in asymptomatic individuals concluded 
that CACS equally predicted mortality risk between the sexes (1, 18), despite the 
finding that women had a lower CACS compared to men (1) and while significant sex 
differences were present in the cumulative mortality (18). Most studies reported that 
CACS may be a better predictor for mortality in women compared to men (14, 15, 
18). This suggestion is in line with the slightly higher C-statistic for the CACS-model 
we have described in women. In addition, Wang et al. noted that sex-specific CACS 
percentiles tended to better stratify risk in women than men as opposed to absolute 
scores (14). The reason for the difference might be the inclusion of an asymptomatic 
and older population in the study by Wang et al. 

The strength of the study presented here lies in the real-world population in whom 
cardiac CT is often used as a primary diagnostic, yet the power of cardiac CT is not 
often studied. This population is best described as a symptomatic population, referred 
to a specialized cardiac screening center, which is positioned in the care trajectory 
between general practitioners and hospital care. Furthermore, the link to the database 
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of Statistics Netherland provided high-quality long-term follow-up data on mortality 
and information on country of birth. 

Use of EHR data also has inherent limitations. First, data were not primarily collected 
for study purposes. Therefore, part of the population that underwent cardiac CT could 
not be included, due to insufficient documentation of CT results in the EHR. Second, 
as CT angiography was only performed based on referral by the cardiologist and/or 
local scan protocol, not all patients underwent CT angiography. Thus, the subanalysis 
focusing on degree of stenosis, based on CT angiography results, could only be 
performed in a subset of patients. This significantly reduced the power of our 
statistical analysis and might have led to selection bias. To evaluate this bias, we have 
compared the overall and subpopulation and repeated the analyses in the 
subpopulation. The populations were comparable on known baseline characteristics. 
Moreover, the results of the use of CACS and sex-, age- and race/ethnicity-specific 
percentiles for risk stratification did not significantly differ. This suggests that increased 
discriminative power of CACS when degree of stenosis was added to the model is 
generalizable. Third, as stenosis severity was retrieved from textual reports in which 
degree of stenosis was not always quantified, the interpretation of the grade of 
stenosis could also have led to uncertainty in our data. Fourth, we did not take 
treatment differences into account between different groups. These differences may 
explain the decreasing hazard ratio with an increasing degree of coronary stenosis, 
although this decrease was not found to be significant. Finally, as we have used 
country of origin as a surrogate for race/ethnicity, as the latter was unavailable in the 
database of Statistics Netherlands, the categories used in the original MESA 
calculations and our study population were not identical. To assess whether this has 
influenced our results we have performed sensitivity analysis in which we only studied 
women and men that originated from Europe, assuming they all have the Caucasian 
race. These results were not significantly different from the main analyses. Moreover, 
as our population was mainly coming from Europe, our results might not be applicable 
to women and men of other ethnic populations. 

We found that adding degree of stenosis to the survival model might slightly improve 
the discriminative power in women, but not in men. However, this improvement in 
women was not statistically significant and the confidence intervals largely overlapped. 
Even though we have shown a moderate to good prognostic value of CACS in both 
symptomatic women and men, our results warrant evaluation beyond CACS alone 
for optimal mortality risk prediction as the C-statistics were below 0.70. This might 
be especially relevant in women, in whom information on the degree of stenosis 
possibly has additional value due to presence of non-calcified plaques. In this study 
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we were unable to assess the added value of degree of stenosis properly due limited 
and incomplete data. Nevertheless, the small difference between women and men 
we found after degree of stenosis was added to the model stresses the importance 
of a sex-specific view on individuals suspect of or suffering from CAD. Replication of 
this study in larger trials or populations is going to contribute to confirm the 
hypotheses proposed in this study, regarding the importance of non-calcified plaques 
in women for cardiovascular morbidity and mortality.

CONCLUSION

In symptomatic women and men at outpatient cardiology clinics absolute CACS 
predicts mortality with a moderately good performance. Sex-, age-, and race/ethnicity-
specific percentiles did not perform better compared to absolute CACS, thus there is 
no need to use them. Including degree of stenosis in the model might slightly improve 
mortality risk prediction in women, but not in men.  
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SUPPLEMENTARY MATERIAL

Supplementary Table 1. Baseline characteristics of study population per sex stratified per CACS category

Women CACS = 0 CACS 1-100 CACS 101-400 CACS >400

n 1387 899 340 167

Age in years (mean (SD)) 56 (7) 62 (8) 64 (8) 67 (8)

Body mass index (mean (SD)) 26 (5) 27 (5) 27 (5) 27 (5)

Smoking status, n (%)

Current 441 (34) 270 (32) 99 (32) 49 (31) 

Former 383 (30) 301 (36) 129 (42) 62 (40) 

Never 465 (36) 262 (32) 82 (27) 45 (29) 

Diabetes Mellitus, n (%) 78 (6) 75 (8) 30 (9) 30 (18) 

Hypertension, n (%) 349 (25) 352 (39) 164 (48) 89 (53) 

Dyslipidemia, n (%) 167 (12) 179 (20) 82 (24) 49 (29) 

Degree of stenosis, n (%)

0% 432 (92) 82 (14) 11 (4) <10

1-49% 34 (7) 399 (68) 110 (44) 15-20

50-70% <10 65 (11) 74 (30) 23 (30) 

>70% <10 39 (7) 56 (22) 32 (42) 

Examinations during follow-up:

At least one CAG, n (%) 10 tot 15 90 (10) 114 (34) 90 (54) 

At least one PCI or CABG, n (%) <10 24 (3) 23 (7) 41 (25) 

Mortality rate, n (%) 14 (1) 18 (2) 12 (4) <10

Years of follow up (median [IQR]) 5 [3, 6] 4 [3, 6]   4 [3, 6] 4 [3, 6]

Men CACS = 0 CACS 1-100 CACS 101-400 CACS >400

n 569 774 436 413

Age in years (mean (SD)) 54 (7) 58 (8) 61 (8) 64 (7)

Body mass index (mean (SD)) 27 (4) 27 (4) 27 (4) 27 (4)

Smoking status, n (%)

Current 165 (32) 217 (30) 113 (28) 122 (32) 

Former 168 (32) 259 (36) 174 (42) 174 (45) 

Never 191 (37) 245 (34) 123 (30) 91 (24) 

Diabetes Mellitus, n (%) 23 (4) 64 (8) 35 (8) 61 (15) 

Hypertension, n (%) 113 (20) 197 (26) 153 (35) 164 (40) 

Dyslipidemia, n (%) 57 (10) 129 (17) 85 (20) 102 (25) 

Degree of stenosis, n (%)

0% 181 (86.2) 68 (12) 14 (4) <10

1-49% 25 (12) 355 (63) 128 (37) 40-45

50-70% <10 94 (17) 109 (31) 57 (27) 

>70% <10 48 (9) 96 (28) 106 (51) 

Examinations during follow-up:

At least one CAG, n (%) <10 109 (14) 147 (34) 239 (58) 

At least one PCI or CABG, n (%) <10 38 (5) 67 (15) 111 (27) 

Mortality rate, n (%) <10 23 (3) 14 (3) 20 (5) 

Years of follow up (median [IQR]) 5 [3, 6] 4 [3, 6] 4 [3, 6]  4 [3, 6]

CACS, coronary artery calcium score; CAG, coronary angiography; PCI, percutaneous coronary intervention; CABG, coronary 
artery bypass graft
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Supplementary Table 2. Mortality prediction as a function of absolute and age-, sex- and ethnicity specific 
percentiles of CACS in women (above) and men (below), only performed in European women and men

European women Model n events HR (95%CI) C-statistic 
(95%CI)

Absolute CACS

Continuous 2411 47 1.0 (1.0-1.0) 0.67 (0.59-0.76)

Categorized 0.67 (0.59-0.75)

CACS 0 1185 11 reference

CACS 1-100 773 16

CACS 101-400 304 12

CACS > 400 149 <10

Sex-, age-, and race/ethnicity-specific percentiles

Continuous adjusted for any calcification 2411 47 0.61 (0.58-0.75)

MESA percentile 0.4 (0.1-1.7)

Any calcification 6.9 (2.0-23.7)

Categorized 0.66 (0.58-0.74)

No calcification 1185 11 reference

<75th percentile 466 16 3.8 (1.8-8.3)

75th-90th percentile 386 11 3.4 (1.5-8.0)

>90th percentile 374 <10 3.0 (1.2-7.1)

European men Model n events HR (95%CI) C-statistic

Absolute CACS

Continuous 1898 57 1.0 (1.0-1.0) 0.64 (0.56-0.72)

Categorized 0.62 (0.55-0.70)

CACS 0 480 <10 reference

CACS 1-100 665 20 3.9 (1.3-11.3)

CACS 101-400 380 13 4.4 (1.4-13.6)

CACS > 400 373 20 7.1 (2.4-20.7)

Sex-, age-, and race/ethnicity-specific percentiles

Continuous adjusted for any calcification 1898 57 0.59 (0.51-0.67)

MESA percentile 0.5 (0.2-1.7)

Any calcification 7.3 (2.1-25.6)

Categorized 0.62 (0.55-0.69)

No calcification 480 <10 reference

<75th percentile 763 30 5.1 (1.8-14.5)

75th-90th percentile 360 <10 3.3 (1.0-10.6)

>90th percentile 295 14 6.1 (2.0-18.6)
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Supplementary Table 3. Direct comparison of CT and CTA population

CT population Subgroup with CTA 

n 4985 2715

Female, n (%) 2793 (56) 1385 (51)

Age in years (mean (SD)) 59 (8) 57 (8)

Body mass index (mean (SD)) 27 (4) 27 (4)

Complaints, n (%)

Chest pain or discomfort 2683 (54) 1499 (55)

Dyspnea 538 (11) 295 (11)

Fatigue 172 (4) 93 (3)

Palpitations 463 (9) 272 (10)

Collapse 27 (0.5) 18 ( 0.7)

Smoking status, n (%)   

Current 1476 (32) 809 (32)

Former 1650 (36) 936 (37)

Never 1504 (33) 765 (31)

Diabetes Mellitus, n (%) 396 (8) 211 (8)

Hypertension, n (%) 1581 (32) 885 (33)

Dyslipidemia, n (%) 850 (17)    497 (18)

CACS (median [IQR]) 8 [0, 121] 35 [0, 162]

CACS category, n (%)   

0 1956 (39) 682 (25)

1-100 1673 (34) 1150 (42)

101-400 776 (16) 598 (22)

>400 580 (12) 285 (11)

Deaths, n (%) 116 (2) 68 (3)

Cardiovascular death, n (%)     22 (0.4)     10 (0.4)
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Supplementary Table 4. Baseline characteristics of CTA study population per sex stratified per CACS category

Women CACS = 0 CACS 1-100 CACS 101-400 CACS >400

n 472 585 251 77

Age in years (mean (SD)) 56 (7) 61 (8) 64 (8) 66 (8)

Body mass index (mean (SD)) 26 (5) 27 (5) 27 (5) 27 (4)

Smoking status, n (%)

Current 168 (39) 173 (32) 68 (29) 19 (27)

Former 136 (32) 200 (37) 99 (43) 26 (37)

Never 123 (29) 166 (31) 66 (28) 25 (36)

Diabetes Mellitus, n (%) 22 (5) 43 (7) 21 (8) 10-15 (13-19)

Hypertension, n (%) 135 (29) 221 (38) 122 (49) 40 (52)

Dyslipidemia, n (%) 64 (14) 110 (19) 66 (26) 23 (30)

Degree of stenosis, n (%)

0% 432 (92) 82 (14) 11 (4) <10 (<13)

1-49% 34 (7) 399 (68) 110 (44) 20-25 (25-32)

50-70% <10 (<2) 65 (11) 74 (30) 23 (30)

>70% <10 (<2) 39 (7) 56 (22) 32 (42)

Examinations during follow-up:

At least one CAG, n (%) <10 (<2) 72 (12) 96 (38) 32 (42)

At least one PCI or CABG, n (%) <10 (<2) 23 (4) 22 (9) 20 ( 26)

Mortality rate, n (%) <10 (<2) <10 (<2) <10 (<4) <10 (<13)

Years of follow up (median [IQR]) 5 [3, 7] 4 [3, 6] 4 [3, 6] 4 [3, 5]

Men CACS = 0 CACS 1-100 CACS 101-400 CACS >400

n 210 565 347 208

Age in years (mean (SD)) 54 (6) 58 (8) 61 (8) 63 (8)

Body mass index (mean (SD)) 26 (4) 27 (4) 27 (4) 27 (3)

Smoking status, n (%)

Current 75 (40) 160 (30) 85 (26) 61 (32)

Former 55 (29) 193 (36) 146 (45) 81 (42)

Never 57 (31) 181 (34) 96 (29) 51 (26)

Diabetes Mellitus, n (%) <10 48 (9) 28 (8) 29 (14)

Hypertension, n (%) 34 (16) 143 (25) 118 (34) 72 (35)

Dyslipidemia, n (%) 23 (11) 94 (17) 65 (19) 52 (25)

Degree of stenosis, n (%)

0% 181 (86) 68 (12) 14 (4) <10 (<4)

1-49% 25 (12) 355 (63) 128 (37) 40-45 (19-22)

50-70% <10 (<4) 94 (17) 109 (31) 57 (27)

>70% <10 (<4) 48 (9) 96 (28) 106 (51)

Examinations during follow-up:

At least one CAG, n (%) <10 (<4) 92 (16) 127 (37) 123 (59)

At least one PCI or CABG, n (%) <10 (<4) 33 (6) 61 (18) 73 (35)

Deaths, n (%) <10 (<4) 21 (4) 12 (4) 12 (6)

Years of follow up (median [IQR]) 5 [4, 7] 4 [3, 6] 5 [3, 6] 4 [3, 6]

CACS, coronary artery calcium score; CAC, coronary artery calcium; CAG, coronary angiography; PCI, percutaneous coronary 
intervention; CABG, coronary artery bypass graft
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ABSTRACT 

The prognosis of women and men with persistent anginal complaints and non-
obstructed coronary arteries is worse compared with asymptomatic women and men. 
The increased healthcare burden in the hospital due to repeated coronary angiography 
in these women and men has been documented, yet little is known about the 
percentage of women and men who remain symptomatic and under care of the 
general practitioner in the years following a coronary angiographic outcome of non-
obstructed coronary arteries. From the Utrecht Coronary Biobank study, including 
individuals who underwent a coronary angiography from 2011 to 2015 (n = 2,546, 
27% women), we selected women and men with non-obstructed coronary arteries 
(n = 687, 39% women). This population was linked to the Julius General Practitioners 
Network (JGPN); a database with routine care data of general practitioners. For every 
individual with non-obstructed coronary arteries, we selected an asymptomatic non-
referred age-, sex- and general practitioner-matched individual from the JGPN. We 
compared the healthcare consumption of men and women with non-obstructed 
coronary arteries to these matched individuals. The McNemar’s test was used for 
pairwise comparison, and sex differences were assessed using stratified analyses. The 
prevalence of non-obstructed coronary arteries was higher in women as compared 
with men (39% vs. 23%). During a median follow-up of 7 years [IQR 6.4-8.0], 89% of 
the individuals with non-obstructed coronary arteries (91% women and 87% men) 
visited their general practitioner for one or more cardiovascular consultations. This 
was only 34% in the matched individuals (89% vs. 34%, p<0.001). The consultations 
were most often for angina (equivalents) (57% vs. 11%, p<0.001) and heart failure 
(10% vs. 2%, p=0.015). In addition, individuals with non-obstructed coronaries at 
coronary angiography more often consulted the general practitioner for psychosocial 
complaints (31% vs. 15%, p=0.005). Findings were similar for women and men. In 
conclusion, a coronary angiographic outcome of non-obstructed coronary arteries is 
more common in women than in men. In the years following the coronary angiography, 
the majority of the population remains symptomatic. Both women and men with 
non-obstructed coronary arteries had higher health needs for angina, heart failure 
and psychosocial complaints than matched asymptomatic individuals.
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INTRODUCTION 

Women with persistent complaints with non-obstructed coronary arteries have a 
poor prognosis (1). Recent evidence points to alternative mechanisms of cardiac 
ischemia that are often not detected during coronary angiography. Vasospastic angina 
and coronary microvascular disease may explain persistent symptoms, and the 
predisposition for heart failure with preserved ejection fraction (HFpEF) (2-4). 

Relatively more women than men undergoing coronary angiography have non-
obstructed coronary arteries (5). Specifically, the percentage of women undergoing 
coronary angiography that are referred back to the general practitioner with the 
outcome non-obstructed coronary arteries is even twice the percentage of men (6).  
As such, non-obstructed coronary arteries is mainly considered a ‘women’s problem’ 
(5) and studies have been performed mostly in women (7) hampering a comparison 
with men (8). Furthermore, most studies focused selectively on women with persisting 
symptoms, not on all women with non-obstructed coronary arteries, that is, also 
including those without persisting anginal complaints (1, 7). 

Prior studies on the outcome of these women were mainly investigating major adverse 
cardiovascular events as registered in the hospital setting (9, 10). In the Women’s 
Ischemia Syndrome Evaluation (WISE) study, over 15% of women with non-obstructed 
coronary arteries underwent a second coronary angiography during 5 years of follow 
up (11). An European study evaluating both women and men undergoing coronary 
angiography with non-obstructed coronary arteries showed similar results in both 
sexes, namely more hospitalizations, repeat coronary angiography and overall more 
consultations in primary care as compared with asymptomatic individuals from the 
general population (12). No information was available on the reasons for these 
consultations in primary care. Thus, even though women and men with non-
obstructed coronary arteries may not experience a hard endpoint, they may suffer 
from  persistent symptoms and associated morbidities that affect health-related 
quality of life (11). In this study we assessed the percentage of women and men with 
non-obstructed coronary arteries who remain symptomatic in the years following the 
coronary angiography by linkage to a general practitioner’s registry. In addition, we 
assessed their health need by comparing all cardiovascular and psychosocial primary 
care consultations to matched asymptomatic individuals. 
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MATERIALS AND METHODS

Patient population
The UCORBIO cohort has been extensively described elsewhere (8). In short, UCORBIO 
comprises 2,546 consecutive routine care participants that underwent a coronary 
angiography between 2011 and 2015 at the UMC Utrecht. The study was approved 
by the Medical Ethics Committee of the UMC Utrecht (reference number 11-183), all 
participants provided written informed consent and the study conformed to the 
Declaration of Helsinki. Standardized electronic case record files were completed at 
baseline (containing age, sex, cardiovascular risk factors, indication for and findings 
from coronary angiography, medication use, treatment initiated after coronary 
angiography). Significant coronary artery disease was defined as >50% stenosis, non-
obstructive coronary artery disease as <50% stenosis and/or wall irregularities and 
no coronary artery disease as normal coronary arteries. For this study we only 
analyzed data of women and men with non-obstructed coronary arteries consisting 
of the group of no and non-obstructed coronary arteries (n = 687; 267 (39%) females) 
who consented to linkage of their data (Figure 1). 

Follow up information on persisting symptoms and primary care consultations was 
obtained by linkage to the Julius General Practitioners Network (JGPN) database (13). 
Linkage was performed by a trusted third party using anonymous pseudo-identification 
to ensure protection of the privacy of the patients during linkage. The JGPN database 
comprises routine care data of individuals registered with participating general 
practitioners from the vicinity of Utrecht, The Netherlands. Because the catchment 
area for the UCORBIO patients was larger than the vicinity of Utrecht, only 139 (20%) 
of the 687 UCORBIO patients could be identified within the JGPN database. We 
restricted our analyses to these 139 patients (n = 53 (38%) women). Those identified 
within the JGPN database did not significantly differ from the remaining UCORBIO 
patients that could not be linked to JGPN (Supplementary Table 1). Follow-up 
information was available for a median of 7 years [IQR, 6.4-8.0].  

Comparison population
The JGPN is a representative sample of the Dutch population; all Dutch citizens are 
registered with a general practitioner, except those living in a nursing home (12). We 
defined the entry date in this cohort for the UCORBIO individual with non-obstructed 
coronary arteries as the day of coronary angiography. For every individual with non-
obstructed coronary arteries, we selected a matched individual registered in the JGPN 
who did not have symptoms on the entry date of the individual with non-obstructed 
coronary arteries. The women and men with non-obstructed coronary arteries were 
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matched to the asymptomatic JGPN individuals on age (in 5-year strata), sex, and 
general practitioner (1:1). Because a general practitioner’s practice has on average 
2,500 people enlisted, asymptomatic individuals within these strict selection criteria 
were limited. Furthermore, as every unique individual could only be selected once, 
for three individuals with non-obstructed coronary arteries an adequate asymptomatic 
individual was not available, leaving 136 (98%) matched pairs. 

Data description
All contacts between enlisted patients and their general practitioner were extracted 
from the general practitioner’s electronical medical file consisting of all primary care 
consultations. The general practitioner classifies a diagnosis and/or main symptom 
according to the International Classification for Primary Care (ICPC) coding system 
(13) and labels every contact according to this ICPC coding system. Information on 
primary care use was collected similar for both women and men with non-obstructed 
coronary arteries as asymptomatic individuals. We restricted the extracted information 
to two domains; (suspected) cardiovascular disease and psychosocial problems, either 

Women n = 687 (27%)

Non-obstructed coronary arteries
n�= 267 (39%)

Linkage to JGPN succesful (20%)
n = 139 (38% women)

Asymptomatic age-, sex- and GP-matched
individual available (98%) 

n = 136

Men n = 1859 (73%)

Non-obstructed coronary arteries
 n�= 420 (23%)

UCORBIO N = 2546 (27% women)

Non-obstructed coronary arteries
 n�= 687 (39% women)

Figure 1. Flowchart of selection of the study population
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labeled with (“K”) in the ICPC coding system in case of cardiovascular and (“P”) for 
psychosocial problems. For the “K” diagnoses and an additional single “R” code for 
shortness of breath (R02), we further sub-analyzed these for chest pain or pressure 
(K01, K02), angina pectoris (K74), ischemic heart disease (IHD) (K75 and K76), 
shortness of breath (R02) and heart failure with preserved or reduced ejection fraction 
(K77). For some analyses we combined chest pain or pressure (K01, K02), angina 
pectoris (K74), ischemic heart disease (IHD) (K75 and K76) and shortness of breath 
(R02) to a single combined variable “angina (equivalent)”. As the per-complaint 
analyses only focused on the most prevalent “K” diagnoses as mentioned above (K01, 
K02, K74, K75, K76, K77) and not on all possible “K” ICPC codes, the complete 
“cardiovascular disorders” count will include more complaints and therefore be higher 
than the sum of the consultations for selected ICPC codes; if an individual consulted 
the general practitioner for palpitations, this consultation is counted in the 
“cardiovascular disorders” count but not in the per-complaint analyses. Furthermore, 
we counted per ICPC code whether there was ‘at least one’ contact with the general 
practitioner as described above, but did not investigate the number of contacts per 
ICPC code. We evaluated all complaints separately and per complaint; if an individual 
consulted the general practitioner for both chest discomfort and shortness of breath 
during the follow-up period both were counted in the per-complaints analyses. 
Therefore, the total number of consultations can be higher than the number of 
participants analyzed in this study. 

Statistical analyses
Continuous variables that were normally distributed were reported as means with 
standard deviation, whereas categorical variables were expressed as numbers and 
percentages. The pairwise McNemar’s test was used for the comparison of proportions 
for cardiovascular or psychosocial consultations between women and men with non-
obstructed coronary arteries and asymptomatic individuals. Sex differences were 
assessed by performing stratified analyses. A P-value < 0.05 was considered statistically 
significant. All statistical analyses were performed using RStudio, version 3.5.2 (www. 
r-project.org). 

RESULTS

Baseline characteristics of women and men with non-obstructed coronary arteries 
Non-obstructed coronary arteries were more common in women than in men that 
underwent coronary angiography in the UCORBIO study (39% women and 23% in 
men). Within the non-obstructed coronary artery population, the total proportion of 
women and men was 39% versus 61% (Figure 1). Baseline characteristics of the study 
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population of women and men with non-obstructed coronary arteries are presented 
in Table 1. On average, these women were 3 years older than men with non-obstructed 
coronary arteries.  Furthermore, comorbidities and risk factors are prevalent in both 
women and men (Table 1). Information on medication use can be found in the 
Supplementary material (Supplementary Table 2). Women were more likely to be 
non-smoking, to have hypertension at baseline and to be diagnosed with type 2 
diabetes than men. However, these differences were not statistically significant. The 
prevalence of other established risk factors was comparable between women and 
men with non-obstructed coronary arteries. In men, even though not statistically 
significant, a history of myocardial infarction was more often documented than in 
women. The indication to perform coronary angiography as documented by the 
cardiologist was most often stable coronary artery disease in both sexes. In both 
sexes, a non-significant obstruction in one of the epicardial coronaries was more 
common than no obstruction at all (Table 1). 

Table 1. Baseline characteristics of women and men with non-obstructed coronary arteries 

Characteristics Women
N=53

Men
N=86

p-value

Mean age (SD) – years 66 (13) 63 (12) 0.08

Mean body mass index (SD) 26.7 (6) 26.6 (5)

Smoking, n (%)       0.065

   Nonsmoker    37 (74)    43 (54) 

   Former smoker     8 (16)    25 (31) 

   Active smoker     5 (10)    12 (15) 

Hypertension, n (%)    32 (60)    44 (51) 0.376

Diabetes, n (%)    12 (23)    14 (16) 0.477

Hypercholesterolemia, n (%)    22 (42)    39 (45) 0.789

Reduced kidney function, n (%)     1 (2)     2 ( 2) 1.000   

Chest pain, n (%)    25 (64)    30 (50) 0.241  

Shortness of breath, n (%)    23 (59)    20 (33) 0.021   

LVEF < 50%, n (%)     3 (7)    11 (18) 0.178   

COPD, n (%)     5 (9)     6 (7) 0.843

Previous myocardial infarction, n (%)     7 (13)    22 (26) 0.126

Indication for coronary angiography, n (%)       

   Unstable angina     7 (13)    11 (13) 0.872

   Acute myocardial infarction     4 (8)     4 ( 5) 

   Stable CAD    30 (57)    48 (56) 

   Other    12 (23)    23 (27) 

Outcome CAG, n (%)       

   No CAD    23 (43)    19 (22) 

   Minor CAD  
   (wall irregularities/coronary obstruction(s) <50%)

   30 (57)    67 (78) 

LVEF, left ventricular ejection fraction; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease
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Cardiovascular consultations after coronary angiography showed non-obstructed 
coronary arteries
During a median follow- up of 7 years [IQR 6.4-8.0], 123 (89%) of the women and men 
with non-obstructed coronary arteries consulted their general practitioner. These 
consultations (once or more) were labelled for a cardiovascular disorder following the 
coronary angiography. The women and men with non-obstructed coronary arteries 
had significantly more consultations (n=123 (89)) than the asymptomatic individuals 
(n = 46 (34%), p < 0.001). In 57% of the cases, the consultation was documented for 
angina or an angina equivalent (Table 2). There were no significant differences between 
women and men. The general practitioner was consulted by 62% of women and men 
with non-obstructed coronary arteries within the first year of follow up (68% of women 
and 58% of men). A detailed analysis of the time between the coronary angiography 
and the cardiovascular and psychosocial consultations in the years following the 
coronary angiography can be found in Supplementary Figure 1.

Psychosocial consultations 
The label “P” of the ICPC-coding system was used to study the incidence of primary 
care visits for psychosocial problems. Of the women and men with non-obstructive 
coronary arteries, 43 were documented under this label as compared to 21 of the 
asymptomatic individuals (31% vs. 15%, p = 0.005). In more detail, these consultations 
were mainly for anxiety, sleep or mood-related symptoms such as depression (Table 
3). This higher prevalence of primary care consultations for psychosocial symptoms 
in the women and men with non-obstructed coronary arteries as compared with the 
asymptomatic individuals could not be explained by a higher prevalence of a history 
of psychological complaints (data not shown).  

Table 2. Cardiovascular consultations in women and men with non-obstructed coronary arteries vs. asymptomatic 
matched individuals

Non-obstructed 
coronaries (N=139)

Asymptomatic matched 
individuals (N=136)

P-value

General practitioner consultation for

Cardiovascular disorders, n (%) 123 (89)  46 (34) <0.001

No. of cardiovascular visits, median [IQR] 17 [5-52]  0 [0-8] <0.001

     Angina (equivalent), n (%)  79 (57)  15 (11) <0.001

           Chest discomfort, n (%)  24 (17)   1 (1) <0.001

           Angina pectoris, n (%)  32 (23)   3 (2) <0.001

           Ischemic heart disease consult, n (%)  25 (18)   6 (4) <0.001

           Shortness of breath, n (%)  17 (12)   5 (4) 0.010

Heart failure, n (%)  14 (10)   3 (2) 0.015
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Subgroup-analyses for men and women 
When we repeated the analyses for women and men separately, similar results for 
both sexes were found (Table 4). 

Table 3. Psychological consultations in women and men with non-obstructed coronary arteries vs. asymptomatic 
matched individuals

Non-obstructed 
coronaries

(N=139)

Asymptomatic 
matched individuals 

(N=136)

P-value

General practitioner consultation for

Psychological disorder, n (%)  43 (31)  21 (15) 0.005

    Anxiety, n (%)  10 (7)   6 (4) 

    Stress or work-related problems, n (%)   2 (1)   1 (1) 

    Sleep disorder, n (%)  20 (14)  11 (8) 

    Low mood, n (%)  21 (15)   6 (4) 

    Depressive symptoms, n (%)  13 (9)   2 (2) 

    Burn out, n (%)   6 (4)   2 (2) 

Table 4. Cardiovascular consultations in women and men with non-obstructed coronary arteries vs. asymptomatic 
individuals 

Non-obstructed 
coronaries

Asymptomatic 
matched individuals

P-value

Women N=53 N=52

General practitioner consultation for

Cardiovascular disorder, n (%) 48 (91) 17 (33)  <0.001

    Angina(equivalent), n (%) 31 (59)  6 (12) <0.001

        Chest discomfort, n (%)  8 (15)  1 (2) 

        Angina pectoris, n (%) 16 (30)  1 (2) 

        Ischemic heart disease, n (%)  7 (13)  1 (2) 

        Shortness of breath, n (%)  8 (15)  2 (4) 

        Heart failure, n (%)  7 (13)  2 (4) 

Men N=86 N=84

General practitioner consultation for

Cardiovascular disorder, n (%) 75 (87) 29 (35) <0.001

    Angina(equivalent), n (%) 48 (56)  9 (11) <0.001

        Chest discomfort, n (%) 16 (19)  0 (0) 

        Angina pectoris, n (%) 16 (19)  2 (2) 

        Ischemic heart disease, n (%) 18 (21)  5 (6) 

        Shortness of breath, n (%)  9 (11)  3 (4) 

    Heart failure, n (%)  7 (8)  1 (1) 
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Timing of general practitioner consultations in women and men with non-obstructed 
coronaries
There is no clear pattern in the timing of the cardiovascular consultations of women 
and men with non-obstructed coronary arteries (Figure 2). Yet, the difference in the 
number of consultations for cardiovascular and psychosocial consultations during 
follow-up between individuals with non-obstructed coronary arteries (Figure 2, panel 
A, respectively, panel B) and asymptomatic matched individuals (Figure 2, panel C, 
respectively, panel D) is striking. Detailed timing of consultations is documented in 
the supplemental material (Supplementary figure 1). 

DISCUSSION

Our study shows that the majority of both women and men with non-obstructed 
coronary arteries remain symptomatic in the years following the coronary angiography. 
They consult their general practitioner more often for cardiovascular and psychosocial 
care than matched asymptomatic individuals. Although the prevalence of non-
obstructed coronary arteries is higher among women (6), our data does not indicate 
that there are differences between women and men in health needs in the years 
following coronary angiography. Notably, angina equivalent symptoms were more 
seen, but also a high burden of consultations for psychosocial symptoms was recorded, 
as compared with asymptomatic women and men. 

Previous studies highlighted that individuals with non-obstructed coronary arteries 
were not as healthy as previously thought (14-16). Our results support these findings, 
as up to 90% of these individuals remain symptomatic, are likely to experience 
psychological issues and pursue medical care for these complaints, mostly at the 
general practitioner.  

Although the absolute numbers are small, women and men with non-obstructed 
coronary arteries seem more prone to developing heart failure. This has been 
described before and a likely pathophysiological explanation for this phenomenon 
might be underlying microvascular disease (2). While the prevalence of microvascular 
disease has shown to be high in symptomatic women without obstructive coronary 
artery disease (16), our data do not indicate that men have less symptoms of heart 
failure in the years following angiography. Another possible explanation could be 
epicardial vasospasm, which is not regularly assessed during coronary angiography 
but is known to be a frequent cause of anginal complaints in the absence of obstructive 
coronary artery disease (3, 4). Yet, vasospastic angina as an isolated pathology does 
not seem to be accompanied by a poor prognosis (17).



Persistent symptoms after non-obstructed coronary arteries 

|  121

8

In addition to cardiovascular complaints, the proportion of women and men that 
consult their general practitioner for psychological complaints is substantial. Although 
we were unable to assess causality due to the observational nature of this study, the 
association between psychosocial burden and non-obstructed coronary arteries 
seems to be strong in both women and men. These results are in line with previous 
research showing depression to be related to both the development as well as adverse 
outcomes of coronary artery disease (18). Even though previous research suggests 
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Figure 2. Visualization of cardiovascular (left) and psychological (right) consultations during follow-up after 
coronary angiography in women and men with non-obstructed coronary arteries (panel A, respectively, B) and 
matched asymptomatic men and women (panel C, respectively, D). Each horizontal bar represents the follow-
up period in days of one individual participant and each dot represents a general practitioner consultation
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the risk might be higher in females as compared to males (19, 20), we do not find 
evidence for this in our study. However, due to limited power, we cannot exclude or 
confirm sex differences in psychological complaints in these patients. The high burden 
of psychological complaints in this specific group of patients warrants urgent attention, 
both in clinical care as well as in research. 

It is established that women and men with non-obstructed coronary arteries and 
prolonged anginal symptoms are at risk for (other) cardiovascular diseases, and with 
a rather poor prognosis (1). To date, it was unknown how large the population “at 
risk” is. This study has provided evidence that the number of patients with prolonged 
or recurrent symptoms suggestive of cardiac pathology is high in both sexes. 

Our results suggest that the healthcare burden and costs are substantial, due to 
repeated general practitioner visits, the possible additional diagnostic tests that are 
performed and the economic burden, given that the majority of this population is 
still at working age. In the WISE study, the costs of symptom-driven care in women 
with persistent angina was reported to be almost 750,000 dollars per year (10). Even 
though healthcare costs cannot be compared between countries, it does provide 
insight in the extensive costs that are associated with symptomatic women and men 
with non-obstructed coronary arteries. Based on nation-wide reports, on average 
20% of the patients who consult the cardiologist for chest discomfort the first time, 
at least a functional or anatomical investigation is performed, including over 10,000 
coronary angiographies each year (18). Extrapolating our results, in 27% of these 
coronary angiographies non-obstructed coronary arteries would be the result of 
whom 90% (i.e. n >2000), would return to the general practitioner with prolonged 
complaints. 

Strengths and Limitations
The strengths of this study are the fact that we have compared groups of the same 
source population and we included both women and men. Also, as we evaluated all 
women and men in whom non-obstructed coronary arteries were found, instead of 
selecting only those with prolonged complaints, we could evaluate the magnitude of 
the proportion of women and men with non-obstructed coronary arteries that 
remained symptomatic. Furthermore, we studied the health needs for both 
cardiovascular and psychological issues for a median duration of seven years. This 
study also has a number of limitations. Our study population did not undergo further 
coronary function assessment to assess whether microvascular disease or vasospasm 
was the underlying cause; extensive invasive testing protocols on women and men 
suffering from ischemia with non-obstructed coronary arteries have been recently 
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established by the coronary vasomotor working group (COVADIS) (19), guiding when 
and how to evaluate coronary vascular dysfunction or vasospasm in these patients. 
These additional tests are currently being implemented in clinical care. Randomized 
trials assessing feasibility and value of these tests in improvement of quality of life 
and angina in these women and men (20) show promising results, possible due to 
improved perception of disease and/or tailored medical treatment. As the data was 
collected during regular care, we only had access to the data as documented by the 
general practitioner. Thus, we had to rely on ICPC codes to determine the prevalence 
of complaints. However, since general practitioners in the Netherlands are trained to 
only allocate a specific code to a patient if they are reasonably sure of their diagnosis, 
these codes can be used with a reasonably high certainty (21). Only 20% of the eligible 
women and men with non-obstructed coronary arteries in the UCORBIO database 
could be identified within the JGPN database. This selection was “at random”; as the 
women and men identified within the JGPN did not differ from the not-linked 
UCORBIO women and men, we can exclude selection bias. Yet, the power to perform 
detailed subgroup analyses was low and we could only compare the most prevalent 
complaints sex-stratified. Finally, as we performed our study in one center with a 
relatively homogeneous Caucasian population, our results might not be generalizable 
to other ethnic populations undergoing coronary angiography.

CONCLUSIONS

The diagnosis of non-obstructed coronary arteries is more common in women than 
in men undergoing coronary angiography. The majority of the angina population 
without obstructive CAD remains symptomatic following coronary angiography. They 
had over two-fold higher health needs for angina, heart failure and psychosocial 
complaints compared to controls. There were no differences between men’s and 
women’s health needs following coronary angiography without obstructive CAD.
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SUPPLEMENTARY MATERIAL

Supplementary Table 1. Comparison of UCORBIO men and women with non-obstructed coronary arteries that could 
be identified in the JGPN database compared with those that could not be identified and therefore were not 
included in this study

n Overall
687

No JGPN 
548

JGPN 
139

Women, n (%)   267 (38.9)   214 (39.1)    53 (38.1) 

Mean age (SD) – years 62 (12) 62 (12) 64 (12)

Smoking,  n (%)        

   Non smoker   385 (59.7)   305 (59.2)    80 (61.5) 

   Former smoker   158 (24.5)   125 (24.3)    33 (25.4) 

   Active smoker   102 (15.8)    85 (16.5)    17 (13.1) 

Hypertension, n (%)   359 (52.3)   283 (51.6)    76 (54.7) 

Diabetes, n (%)   112 (16.3)    86 (15.7)    26 (18.7) 

Hypercholesterolemia, n (%)   287 (41.8)   226 (41.2)    61 (43.9) 

Mean body mass index (SD)   26.2 (4.7)   26.1 (4.7)   26.6 (5.0)

Kidney disease, n (%)    23 ( 3.3)    20 ( 3.6)     3 ( 2.2) 

Chest pain, n (%)   239 (43.9)   184 (41.3)    55 (55.6) 

Shortness of breath, n (%)   187 (34.3)   144 (32.3)    43 (43.4) 

LVEF <50%, n (%)   105 (18.5)    91 (19.7)    14 (13.2) 

COPD, n (%)    60 ( 8.7)    49 ( 8.9)    11 ( 7.9) 

Previous MI, n (%)   119 (17.3)    90 (16.4)    29 (20.9) 

Indication, n (%)        

   UAP    49 ( 7.1)    31 ( 5.7)    18 (12.9) 

   Myocardial infarction    41 ( 6.0)    33 ( 6.0)     8 ( 5.8) 

   Other   194 (28.2)   159 (29.0)    35 (25.2) 

   Stable CAD   403 (58.7)   325 (59.3)    78 (56.1) 

Minor CAD (%) (wall irregularities/coronary 
obstruction(s) <50%)

  464 (67.5)   367 (67.0)    97 (69.8) 

LVEF, left ventricular ejection fraction; MI, myocardial infarction; UAP, unstable angina pectoris; CAD, coronary artery disease; 
CAG, coronary angiography.
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Supplementary Table 2. Baseline medication use of women and men with non-obstructed coronary arteries 
stratified by sex

n Women
53

Men 
86

Aspirin use = yes, n (%) 29 (54.7) 44 (51.2) 

Clopidogrel use  = yes, n (%)  2 ( 3.8) 10 (11.6) 

Betablocker use = yes, n (%) 25 (47.2) 41 (47.7) 

Calcium antagonist use = yes, n (%) 19 (35.8) 20 (23.3) 

Nitrates use = yes, n (%)  7 (13.2)  7 ( 8.1) 

Nitroglycerin use = yes, n (%)  8 (15.1) 16 (18.6) 

ACE-inhibitor use = yes, n (%) 19 (35.8) 30 (34.9) 

ARB use = yes, n (%)  6 (11.3)  9 (10.5) 

Diuretic use = yes, n (%) 20 (37.7) 23 (26.7) 

Statin use = yes, n (%) 26 (49.1) 44 (51.2) 

Ezetimibe use = yes, n (%)  6 (11.3)  3 ( 3.5) 

Oral anti-diabetic medications use = yes, n (%) 11 (20.8) 12 (14.0) 

ACE, angiotensin converting enzyme; ARB, angiotensin receptor blocker
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Supplementary Figure 1. Timing of first cardiovascular (left) and psychological (right) consultations at the general 
practitioner for women and men with non-obstructed coronaries (above) following coronary angiography and 
matched individuals (below)
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ABSTRACT

Coronary microvascular dysfunction (CMD) is an important underlying cause of angina 
pectoris. Currently, no diagnostic tool is available to directly visualize the coronary 
microvasculature. Invasive microvascular reactivity testing is the diagnostic standard 
for CMD, but several non-invasive imaging techniques are being evaluated. However, 
evidence on reported non-invasive parameters and cut-off values is limited. Thus, we 
aimed to provide an overview of reported non-invasive parameters and corresponding 
cut-off values for CMD. PubMed and Embase databases were systematically searched 
for studies enrolling patients with angina pectoris without obstructed coronary 
arteries, investigating at least one non-invasive imaging technique to quantify CMD. 
Methodological quality assessment of included studies was performed using 
QUADAS-2. Thirty-seven studies were included. Ten cardiac magnetic resonance (CMR) 
studies reported MPRI and nine positron emission tomography (PET) and eleven 
transthoracic echocardiography (TTE) studies reported CFR. Mean MPRI ranged from 
1.47 ± 0.36 to 2.01 ± 0.41 in patients and from 1.50 ± 0.47 to 2.68 ± 0.49 in controls 
without CMD. Reported mean CFR in PET and TTE ranged from 1.39 ± 0.31 to 2.85 ± 
1.35 and 1.69 ± 0.40 to 2.40 ± 0.40 for patients, and 2.68 ± 0.83 to 4.32 ± 1.78 and 
2.65 ± 0.65 to 3.31 ± 1.10 for controls, respectively. This systematic review summarized 
current evidence on reported parameters and cut-off values to diagnose CMD for 
various non-invasive imaging modalities. In current clinical practice, CMD is generally 
diagnosed with a CFR less than 2.0. However, due to heterogeneity in methodology 
and reporting of outcome measures, outcomes could not be compared and no definite 
reference values could be provided. 
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BACKGROUND

Patients with angina pectoris (AP) often do not show significant obstructive coronary 
artery disease (CAD) on coronary angiography (CAG) (1, 2). Consequently, a cardiac 
cause of AP complaints is frequently deemed unlikely. Yet, a significant fraction of 
these patients suffer from cardiac ischemia due to coronary microvascular dysfunction 
(CMD) (2–6), a condition associated with increased risk of adverse cardiovascular 
events. This emphasizes the importance of accurate diagnosis of CMD (2, 7–11). 

The Coronary Vasomotion Disorders International Study Group (COVADIS) determined 
the following criteria to diagnose CMD: presence of symptoms and objective 
documentation of myocardial ischemia, absence of obstructive CAD (<50% stenosis 
and/or fractional flow reserve <0.8) and confirmed reduced coronary flow reserve 
(CFR) (and/or inducible microvascular spasm). However, assessment of CMD remains 
challenging, as no tools are available to directly visualize the coronary microvasculature. 
In fact, the current golden standard to diagnose CMD is invasive measurement of CFR 
in epicardial arteries without functionally relevant stenosis (12). The CFR depicts the 
increase in coronary blood flow in response to vasoactive agents (2, 4, 9) and provides 
indirect quantification of coronary microvascular blood flow (5, 13). 

The invasive nature and high costs of coronary reactivity testing (CRT) initiated the 
search for a non-invasive alternative to diagnose CMD, including myocardial perfusion 
reserve index (MPRI) measured using cardiac magnetic resonance imaging (CMR), 
and CFR using positron emission tomography (PET) and transthoracic echocardiography 
(TTE) (13–16). Yet, the cut-off value for CFR to diagnose CMD differs between these 
modalities, is not well validated and, even though sex-differences in coronary 
physiology are known, the need for a sex-specific cut-off value remains under debate 
(17). To date, a CFR below 2.0 to 2.5 is deemed diagnostic for CMD (9, 16, 18–20). 

The (dis)advantages of these non-invasive imaging techniques in the diagnosis of 
CMD have been discussed extensively before (21). However, it is unclear which 
outcome parameters and corresponding cut-off values should be used to diagnose 
CMD. As such, this systematic review aims to provide an overview of currently 
reported reference and cut-off values for diagnosing CMD in a non-invasive manner. 
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METHODS

Search strategy
On October 15, 2018 the PubMed and Embase databases were systematically 
searched for non-invasive imaging studies on CMD. The search was updated on 
November 1, 2020. Studies were considered for eligibility without date restriction. 
The search terms and synonyms of ‘coronary microvascular dysfunction’, 
‘nonobstructive coronary disease’ and ‘imaging’, including the imaging modalities 
CMR, PET and TTE were used. A broad search strategy was performed as studies on 
CMD are limited and nomenclature of CMD is not standardized. Therefore, search 
terms were searched for in ‘All Fields’. The detailed search strategy is provided in 
Additional file 1: Search Strategy. 

Study selection
To assess eligibility, the results from the literature search were initially screened by 
title and abstract and subsequently for full text. Article selection and data extraction 
were performed independently by two reviewers (RGMK and FG). Observational 
studies and randomized controlled trials providing baseline outcome measurements 
were considered for inclusion. 

Studies were included if they enrolled participants with AP (i.e. effort angina or anginal 
equivalents) and CAG or coronary computed tomography angiography confirmed 
absent or nonobstructive CAD (based on the definition described in the study protocol 
of the included studies), or healthy participants without prior history of cardiovascular 
disease or AP as a control group and reported the results of a non-invasive imaging 
method with use of pharmacological stress (i.e. flow parameters measured with either 
CMR, PET or TTE) to diagnose CMD. 

Studies written in languages other than English or Dutch, exclusively consisting of 
participants with comorbidities, i.e. CAD, diabetes mellitus, aortic stenosis or 
cardiomyopathies, were excluded. Studies were excluded if outcomes were not 
reported as flow parameters, if patients were stratified according to the outcome of 
interest or if patient or control groups contained fewer than 10 participants. 

Quality assessment
A methodological quality assessment was performed with the QUADAS-2 (Tool for 
the Quality Assessment of Diagnostic Accuracy Studies (22)). Studies were assessed 
for concerns of applicability (‘low’, ‘high’ or ‘unclear’) and for risk of bias (‘low’, ‘high’ 
or ‘unclear’) on four key domains (patient selection, index test, reference standard 
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and flow and timing). The assessments per domain were combined into an overall 
risk of bias and concern of applicability.

Data extraction and analysis
The variables of interest were extracted using a standardized data collection form. 
Post-hoc evaluations within one clinical trial assessing the same imaging modality 
were considered as one study. Due to heterogeneity of the included studies, meta-
analysis of the results was not possible. 

RESULTS

Search results
The search yielded a total of 6,976 results, 2,568 studies in PubMed and 4,408 studies 
in Embase. Removal of duplicates resulted in 5,238 unique entries. After title and 
abstract screening, 443 possibly relevant studies were obtained. The full texts of these 
studies were screened to select those that met the inclusion criteria as provided in 
the methods section. One relevant study was obtained through cross-reference 
checking. Thirty-seven studies met the inclusion criteria and were included in the final 
analysis. The search and inclusion and exclusion of relevant studies are summarized 
in Figure 1. The characteristics of the included studies are summarized in Table 1. 
Quality assessment of included studies showed a clear description of the reference 
standard was not part of the study protocol in most of the included studies. The full 
assessment  is provided in the supplemental material (Additional file 2: Table S1) (22). 

Demographic information
The number of patients included in each study was generally small, with a median 
study population of 22 patients (range: 11 to 963, 89% women) and median of 18 
controls (range: 10 to 268, 33% women). The mean age in patient groups ranged from 
50.0 ± 7.0 to 66.0 ± 10.0 years of age and 35.3 ± 3.9 to 62.6 ± 9.1 years of age in 
control groups. The specific demographic information per study is summarized in 
Table 1 (printed at the end of this chapter). 

Flow parameters
Different flow parameters were reported (Table 2). In CMR studies, the myocardial 
perfusion reserve index (MPRI) was most often reported. Other parameters reported 
were myocardial perfusion reserve (MPR) and CFR. MPR is defined as the ratio 
between the relative upslope of myocardial signal intensity (obtained with the use 
of gadolinium as contrast agent) during stress and rest. In contrast to MPR, the MPRI 
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is corrected for left ventricular contrast signal intensity, allowing for a reduction in 
signal differences within the image and intra-individual level differences in signal 
intensity due to heart rate and blood pressure (6, 23, 24). As such, MPRI is often the 
preferred outcome measure as it seems to be more accurate in quantifying coronary 
microvascular blood flow. In one study, CMR-derived CFR results were presented (25). 
CFR was calculated and measured in the exact same way as the MPR and can therefore 
be considered as a synonym of MPR.

6,976 studies identified through database research  
(PubMed = 2,568, Embase = 4,408)

1,738 duplicates removed

36 studies included

4,795 studies excluded

5,238 studies screenend for title and abstract

443 full text screened for elegibility

37 studies in final analysis

1 cross reference included

407 studies excluded: 

Conference abstract or study design other than observational
study or RCT (n = 157)
Outcomes did not match inclusion criteria (n = 107)
Domain did not match inclusion criteria (n = 59)
No full text or language other than English/Dutch (n = 65)
Post-hoc evaluation (n = 12)
Methods unclear (n = 2)
Stratified results according to outcome of interest (n = 5)

Figure 1. Flow chart study design
RCT, randomized controlled trial
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In PET studies microvascular function was usually quantified with CFR. Other outcome 
parameters were MPR or myocardial flow reserve (MFR). MPR and MFR were 
calculated based on the same methods and measurements as CFR and could therefore 
be used interchangeably. CFR was defined as the ratio between hyperemic and resting 
myocardial blood flow (MBF) (26, 27) which was expressed in ml/min/g (28). CFR was 
often corrected for rate pressure product (RPP), defined as heart rate multiplied by 
systolic blood pressure and represents cardiac metabolic demand. This correction is 
recommended as it reduces variability in outcomes due to person-level differences 
in systolic blood pressure and heart rate (2, 27).

In TTE studies CFR was used. Similar to PET and CMR, a variety of equivalent terms 
were reported, namely CFR, coronary blood flow (CBF) and coronary flow velocity 
reserve (CFVR). CFR, CBF and CFVR were all defined as the ratio of peak stress and 
rest coronary blood flow velocities (CBFV), usually obtained by spectral Doppler 
measurements.

CMR imaging
CMR was used to diagnose CMD in 15 of the 37 included studies (Additional file 3: 
Table S2) (6, 15, 23, 25, 29–39). CMR results are mostly expressed as the MPRI (n = 

Table 2. Overview of outcome parameters considered in this systematic review

Imaging method Parameters Definition

Cardiac magnetic 
resonance imaging 

Myocardial perfusion reserve index (MPRI) MBFstress/MBFrest * LV contrast signal 
intensity.

Myocardial perfusion reserve (MPR) MBFstress/MBFrest

Coronary flow reserve (corrected for rate  
pressure product) (CFR (corrected for RPP))

MBFstress/MBFrest * (HR * SBP / 10.000)

Positron emmission 
tomography

Coronary flow reserve (corrected for rate  
pressure product) (CFR (corrected for RPP))

MBFstress/MBFrest * (HR * SBP / 10.000)

Myocardial perfusion reserve (MPR) MBFstress/MBFrest

Myocardial flow reserve (MFR) MBFstress/MBFrest

Transthoracic 
echocardiography

Coronary flow reserve (CFR) MBFstress/MBFrest

Coronary flow velocity reserve (CFVR) MBFstress/MBFrest

Coronary blood flow (CBF) MBFstress/MBFrest

HR, heart rate; LV, left ventricular; MBFrest, myocardial blood flow in resting conditions; MBFstress, myocardial blood flow during 
hyperemic circumstances; SBP, systolic blood pressure
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11). The other outcome parameters mentioned were MPR and CFR (n = 5). One study 
assessed MPRI as well as MPR (29). Patient groups were globally comparable as all 
studies included patients with AP without CAD on CAG. Absolute mean transmural 
mean MPRI values in patient groups ranged from 1.47 ± 0.36 to 2.01 ± 0.41. In 
controls, mean MPRI ranged from 1.50 ± 0.47 to 2.68 ± 0.49. The results of CMR 
studies with MPRI as outcome parameter in patients and controls are summarized in 
Figure 2A.

PET imaging
A total of 13 studies used PET to quantify coronary microvascular function (Additional 
file 4: Table S3) (16, 35, 40–50). In PET studies reporting mean CFR as outcome 
measure, mean CFR ranged from 1.39 ± 0.31 to 2.85 ± 1.35 in patient groups. In the 
control group, mean CFR ranged from 2.68 ± 0.83 to 4.32 ± 1.78. The results of PET 
studies with CFR as outcome parameter in patients and controls are summarized in 
Figure 2B.

TTE imaging
In 11 studies CMD was assessed by TTE (Additional file 5: Table S4) (16, 51–60). All 
studies calculated CFR as the ratio of basal and hyperemic diastolic flow velocity 
measured in the left anterior descending coronary artery (LAD). In the included TTE 
studies, patient groups were comparable with regard to inclusion of patients with AP 
and no or nonobstructive CAD on CAG (Table 1). Two RCTs were included, mentioning 
CFR at baseline. A mean CFR of 1.69 ± 0.40 to 2.40 ± 0.40 was found in patients with 
angina and no CAD on CAG, whereas healthy control subjects show a higher mean 
CFR of 2.65 ± 0.65 to 3.31 ± 1.10. An overview of the CFR outcomes of TTE studies in 
patients and controls is presented in Figure 2C.

Sex differences
Only one of the included studies compared outcomes between men and women. 
Sestito et al. (56) determined CBF (defined as the ratio of diastolic CBF velocity at 
peak stress and rest) using TTE in 71 patients diagnosed with CMD (48 women, 68%). 
No significant difference in CBF was found between men and women (CBF 2.09 ± 0.60 
and 2.03 ± 0.50, respectively). Furthermore, the proportion of women as compared 
to men in the patient groups was much larger (89%) as compared with the control 
population (33%). 
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DISCUSSION

We provided an overview of currently used non-invasive imaging techniques and 
corresponding reference values for CMD in patients with AP and no or nonobstructive 
CAD as well as healthy subjects. We found quite some differences between reported 
non-invasive imaging parameters to assess CMD, which we have summarized in Figure 
2. These differences reflect the large heterogeneity between the studied population 
as well as the rapidly developing imaging techniques and protocols per imaging 
technique, which result in a variety of different study protocols. Due to the 
heterogeneity between the included studies we were unable to perform a formal 
meta-analysis and provide clear clinically applicable cut-off values to diagnose CMD. 
MPRI was found to correlate well with invasive measurements obtained with CRT, 
such as index of microcirculatory resistance and CFR (15, 23). Therefore, MPRI could 
potentially serve as a non-invasive alternative to CRT. Current literature proposes two 
different cut-off values, namely 1.40 and 1.84 (6, 15), corresponding with the results 
found in this review. However, the results of this review suggest a grey area of MPRI 
values, as some overlap is seen between MPRI in patients and healthy controls. Stress 
MBF values can aid in differentiating CMD from normal coronary microvascular 
function. Liu et al. (15) have shown that a decreased stress MBF (i.e. less than 2.30 
ml/min/g) is suggestive of CMD in patients with inconclusive MPRI values. 
Furthermore, some CMR studies now investigate the clinical applicability of 
quantitative myocardial tissue characterization with rest and stress T1 mapping as an 
alternative (29, 33). Ischemic myocardial tissue can be differentiated from healthy 
tissue based on distinct properties at T1 mapping during rest and stress conditions, 
without the use of contrast agents. However, the diagnostic value of T1 mapping in 
diagnosing CMD still needs extensive validation (29).

Currently, PET is the most frequently applied and validated non-invasive imaging 
technique in quantifying microvascular blood flow. PET is considered the golden 
standard of non-invasive diagnosis of CMD, although discordance between invasive 
fractional flow reserve (FFR) and non-invasive CFR is reported in up to 30% of cases (16, 
26, 27, 61). CMD is generally diagnosed with a CFR less than 2.0 if corrected for RPP or 
less than 2.5 if uncorrected (28, 35, 45, 47). However, no evidence-based cut-off values 
for CFR in PET are available yet. Similarly, no cut-off values for CFR in TTE have yet been 
determined and generally a cut-off value of less than 2.0 for the diagnosis of CMD is 
applied (18, 58, 62–65). The study of Hildick-Smith et al. showed CFR with use of 
adenosine stress TTE to be well above this applied cut-off value, i.e. a mean CFR 3.7 in 
healthy controls and 5.9 in athletes (66). However these study population comprised 
men of 27 years of age and could therefore not be directly used as reference value for 
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the, mainly older and female, population of interest at risk for CMD. TTE assessment 
of CFR with Doppler echocardiography has been validated against intracoronary Doppler 
measurements and outcomes correlate well (2, 5, 60, 67).

Causes of heterogeneity in measured outcome parameters
Patient groups
The heterogeneity in outcomes observed in this systematic review is most likely the 
result of differences in inclusion criteria applied across several studies and differences 
in the use of imaging techniques. Although most studies investigated patients with 
typical AP and no or nonobstructive CAD during diagnostic CAG, the setting in which 
participants were recruited was not reported clearly. Furthermore, the definition of 
no or nonobstructive CAD and the control population was often unclear and, if 
documented, heterogeneous among the included studies (Additional file 6: Table S5). 
Therefore, a more homogeneous definition could not be applied in the search method. 
Hence, we suggest the use and documentation of standardized criteria as reported 
by COVADIS (12). 

Methodological differences
Unclarity of the used reference standard, as reflected by the risk of bias assessment 
(Additional file 2: Table S1), may have introduced significant bias. Moreover, it was 
often unclear whether researchers were blinded to the reference standard when 
interpreting results from the index test. 

Furthermore, measurement of MPRI in CMR might contribute to the inconsistent 
results observed in this systematic review. MPRI can be measured transmural, but 
also subendo- or epicardial. Several studies show subendocardial MPRI to be 
decreased more often than epicardial MPRI in CMD patients (34, 39, 64, 68), which 
might indicate subendocardial MPRI to be more valuable in diagnosing CMD as 
compared with epicardial or transmural MPRI. Unfortunately, in this systematic review 
only transmural MPRI values were included. 

Regarding PET, correction for RPP is not standard which results in decreased 
comparability of outcomes. Moreover, the use of different radioactive tracers 
(15O-water, 13N-ammonia and Rubidium-82) could result in varying outcomes due 
to differences in characteristics and processing of images (14, 27, 28). The use of a 
specific radiotracer might require a specific cut-off value to diagnose CMD (14). Similar 
concerns apply to the use of various vasoactive agents to achieve hyperemia in stress 
perfusion imaging. Adenosine and dipyridamole are most commonly administered 
to achieve hyperemia. However, adenosine seems to be superior to dipyridamole 
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with regard to attaining maximal hyperemia and their effects are not identical. 
Therefore the use of the different types and doses of vasoactive agent could have 
contributed to the differences found in the outcome parameters (27, 69, 70).

Lastly, this systematic review highlights the discordance in nomenclature and reporting 
of outcomes. Standardization of outcome parameters reported could increase 
comparability of studies assessing reference values for the diagnosis of CMD.

Sex differences
In the present analysis women were highly represented in the patient groups (89%) 
compared to control groups (33%). Therefore, sex differences could contribute to 
discrepancies between studies resulting in decreased comparability between CFR 
and MPRI measurements in patient and control groups. Kobayashi et al. (17) measured 
coronary vascular diameter with quantitative CAG and intravascular ultrasound in 
patients with AP and nonobstructive CAD and found a smaller vascular diameter in 
women. Furthermore, they showed a significantly higher resting CBF in women. The 
latter is consistent with findings by Opstal et al. (71) and Chareonthaitawee et al. (72) 
who studied coronary blood flow in healthy subjects with 13N-ammonia PET (n = 
206) and 15O-water PET (n = 169), respectively. These findings suggest sex differences 
in flow parameters. High resting myocardial flow volumes could decrease CFR (in PET 
and TTE) or MPRI (in CMR) in women compared to men as flow parameters are 
determined as the ratio of stress and rest perfusion. Although sex differences in 
resting MBF and CFR have been observed in invasive CRT (3, 17, 73), only one of the 
included studies included assessed sex differences regarding CBF and reported no 
significant sex differences (56). These findings are consistent with another study 
comparing non-invasive CFR between men and women using PET (74). Therefore, 
further research is needed to establish whether or not sex-specific cut-off values are 
required for the non-invasive diagnosis of CMD. 

Recommendations for future research
The studies included in this review show heterogeneity in study methodology and 
outcome. This contributes to the discrepancies in outcomes between studies and to 
the lack of consensus regarding definition and cut-off values for CMD in non-invasive 
imaging modalities. We emphasize the need for large validation studies and suggest 
standardization of outcome parameters to reduce heterogeneity and increase 
comparability of studies. This is needed to provide clinically applicable, possibly sex-
specific, reference values for the diagnosis of CMD in the future. 
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Furthermore, during this systematic review, we found several other imaging modalities 
that are studied for their potential to diagnose CMD, such as myocardial contrast 
echocardiography (MCE) (63, 75, 76), CT-perfusion (77) and absolute quantification of 
myocardial perfusion by CMR (78). Even though, current evidence is still limited so the 
clinical significance and applicability in regular care of these modalities in CMD diagnosis 
remains unclear, current research shows promising results. For example, Bechsgaard 
et al. studied CT myocardial perfusion in women with angina and no obstructive CAD, 
(defined as <50% stenosis), in comparison with female controls (77). They showed CT-
perfusion is able to identify decreased global myocardial perfusion and impaired 
increase of myocardial blood flow during adenosine provocation in women with angina 
and non obstructive CAD as compared with the control group. The use of CT-perfusion 
in addition to the commonly performed CCTA could in the future play an important role 
in the evaluation of CMD early in the evaluation of patients with angina. 

Study limitations
The number of studies investigating non-invasive imaging techniques to diagnose 
CMD is limited. As such, the results of this systematic review are based on limited 
data. Hence, only an indication of reference and cut-off values could be provided. 
Furthermore, a formal meta-analysis could not be performed due to heterogeneity 
of included studies. In addition, the risk of selection bias in the included studies was 
high. Also, the heterogeneity in the definition of non obstructive CAD might also have 
impacted the results as the included studies comprise patients with both completely 
normal or non obstructed coronaries. Unfortunately, as the definition of 
nonobstructive CAD was unclear or heterogeneous, it was not possible to separately 
analyze outcomes for patients with normal coronaries as compared to nonobstructive 
CAD. These analyses would have been of additive value as in patients with 
nonobstructive CAD there might still be epicardial stenosis that could impact 
myocardial blood flow. These limitations emphasize the importance of standardization 
of imaging protocols and analyses, patient selection and reporting of outcome 
measurements to obtain reliable and clinically relevant cut-off values for CMD.

CONCLUSIONS

This systematic review provided an overview of currently used parameters and cut-off 
values for CMD in patients with AP and no or nonobstructive CAD as well as healthy 
subjects. However, no definite cut-off values could be determined as no meta-analysis 
could be performed due to heterogeneity of studies investigating non-invasive imaging 
techniques in CMD.
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Table 1. Characteristics of the included studies

Author 
(year)

Study design Patient group N = Mean age 
(± SD)

Sex 
(F/M)

Meeder
(1997) 

Case-control Patients with syndrome X with typical cardiac 
chest pain with exercise-induced ischemic-
appearing electrocardiographic changes (>1 
mm horizontal ST-T segment depression) 
and/or reversible myocardial perfusion 
defects at thallium-201 perfusion scintigraphy 
and no significant CAD on CAG. Gastro-
intestinal causes of chest pain were excluded. 

25 51 ± 9 16/9

Bottcher 
(1999)

Case-control Angina pectoris and positive stress ECG, 
normal CAG without risk factors for CAD.

25 53 ± 7 25/0

Buus 
(1999) 

Case-control Typical effort angina, positive stress ECG, 
normal CAG and TTE. No history of 
hypertension or diabetes mellitus.

16 56.6 ± 1.2 13/3

Panting 
(2002)

Case-control Typical effort angina, abnormal stress ECG, 
normal CAG recruited from Women’s Heart 
Disease Clinic at Royal Brompton Hospital 
(London).

20 55.9 ± 10.5 16/4

Marroquin 
(2003)

Case-control Women with chest pain and epicardial 
coronaries that were angiographically normal 
or with only minimal luminal irregularities 
(<50% stenoses) who were enrolled in the 
WISE study at the University of Pittsburgh.

34 52.1 ± 10.0 34/0

De Vries 
(2006) 

Case-control Typical chest pain and normal CAG. Exclusion: 
LBBB on ECG, first degree AV block and 
diabetes mellitus.

42 58 ± 12 26/16

Graf 
(2006)

Case-control Typical angina, normal CAG and positive 
stress ECG or SPECT, exclusion of myocardial 
or valvular disease by TTE. Exclusion: diabetes 
mellitus.

58 58 ± 10 39/19

Pärkkä
(2006)

Cross-
sectional/ 
descriptive

N/A N/A N/A N/A

Wöhrle
(2006)

Case series Typical angina pectoris and normal CAG 12 61.8 ± 8.2 7/5

Galiuto
(2007) 

Case-control Typical effort angina, positive stress ECG and 
normal CAG. Exclusion: moderate to severe 
hypertension, diabetes mellitus, other heart 
disease or contraindications to adenosine 
infusion.

17 55 ± 10 9/8

Graf 
(2007)

Case-control Typical angina, normal CAG and positive 
stress ECG or SPECT. Myocardial or valve 
disease excluded by TTE. Exclusion: diabetes 
mellitus and other major diseases.

79 58 ± 10 52/27
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Control group N = Mean age 
(± SD)

Sex 
(F/M)

Imaging modality 
(outcome 
parameter)

Vasoactive agent 
used (dose)

Healthy volunteers 21 42 ± 13 8/13 PET (MPR), N-13 
ammonia

dipyridamole 
(0.56 mg/kg per 4 
minutes)

Healthy age and sex matched 
volunteers

15 54 ± 10 15/0 PET (CFR), N-13 
ammonia

dipyridamole 
(0.56 mg/kg per 4 
minutes)

Healthy subjects (recruited among 
blood donors and hospital staff)

15 53.5 ± 1.1 12/3 PET (CFR), N-13 
ammonia

dipyridamole 
(0.56 mg/kg per 4 
minutes)

Healthy age and sex matched 
subjects, no history of chest pain 
and low cardiovascular risk profile. 
No SPECT or CAG was performed.

10 57.9 ± 7.4 8/2 CMR (MPRI), 1.5T adenosine 
(140 mcg/kg/min 
for 6 minutes)

Healthy age-matched women. 9 50.4 ± 12.2 9/0 PET (CFR), 13-N 
ammonia

adenosine 
(140 mcg/kg/min 
for 4 minutes)

Healthy volunteers without chest 
pain or CAD.

21 N/A N/A PET (CFR), N-13 
ammonia

dipyridamole 
(0.56 mg/kg per 6 
min)

N/A N/A N/A N/A PET (CFR), N-13 
ammonia

dipyridamole 
(0.56 mg/kg per 4 
min)

Male volunteers, nonsmoking. One 
patient with hypertension, others 
no history of cardiovascular disease.

18 40.0 ± 14.4 0/18 CMR (MPR), 1.5T

PET (MPR), 
15O-labeled water

dipyridamole 
(0.56 mg/kg per 4 
min)

N/A N/A N/A N/A CMR (MPRI), 1.5T adenosine 
(140 mcg/min/kg  
for 3 min)

Healthy subjects age and sex 
matched. Exclusion: moderate to 
severe hypertension, diabetes 
mellitus, other heart disease or 
contraindications to adenosine 
infusion.

17 55 ± 10 10/7 TTE (CFR), distal 
LAD with 
pulse-wave 
Doppler 

adenosine 
(140 mcg/kg in 90 
seconds)

Atypical chest pain, normal CAG and 
negative stress test. Myocardial or 
valve disease excluded by TTE. 
Exclusion: diabetes mellitus and 
other major diseases.

10 53 ± 11 6/4 PET (CFR), N-13 
ammonia

dipyridamole 
(0.56 mg/kg per 4 
min)
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Author 
(year)

Study design Patient group N = Mean age 
(± SD)

Sex 
(F/M)

Vermeltfoort 
(2007)

Case series Effort angina, positive stress ECG or SPECT 
and normal CAG. Exclusion: history of heart 
disease, hypertension, diabetes mellitus, 
absence of pain without medication, 
contra-indication for CMR.

20 55 ± 11 15/5

Cemin
(2008)

Case-control N/A N/A N/A N/A

Lanza
(2008) 

Case-control Effort angina, positive stress test and normal 
CAG. Exclusion: history of heart disease or 
systemic diseases.

18 58 ± 7 11/7

Di Monaco 
(2009)
 

Case-control Patients presenting with effort angina, 
positive stress test and normal CAG in a 
university hospital. Exclusion: previous 
enrollment in SPECT study.

29 59 ± 7 18/11

Mehta
(2011) 

RCT Women with chest pain and abnormal stress 
testing, no obstructive CAD (<50%) on CAG. 
Exclusion: renal failure or hepatic 
insufficiency, contraindication to withholding 
nitrates, calcium channel agents and 
beta-adrenergic blockers for 24h, 
contraindication to CMR and use of drugs 
inhibiting CYP3A.

20 57 ± 11 20/0

Scholtens 
(2011)

Case-control Patients submitted for PET analysis because 
of typical chest pain, positive stress ECG and 
normal CAG.

14 55 (34-76)
Median 
(range)

10/4

Sestito 
(2011)

Case-control Patients with a history of effort angina, 
positive stress test and normal CAG 
undergoing clinical follow-up. Exclusion: 
other cardiac or systemic disease.

71 56 ± 9 48/23

Vaccarino
(2011) 

Cohort N/A N/A N/A N/A

Vermeltfoort 
(2011)
 

Case series N/A N/A N/A N/A

Di Franco
(2012)
 

Case-control Effort angina, positive stress test and normal 
CAG enrolled at outpatient ambulatory clinic.

14 61 ± 5 9/5

Karamitsos 
(2012)

Case-control Typical effort angina, abnormal stress ECG 
and normal CAG. Exclusion: diabetes mellitus, 
hypertension and other cardiac or systemic 
disease.

18 62 ± 8 15/3

Table 1. Continued
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Control group N = Mean age 
(± SD)

Sex 
(F/M)

Imaging modality 
(outcome 
parameter)

Vasoactive agent 
used (dose)

N/A N/A N/A N/A CMR (MPRI), 1.5T adenosine 
(140 mcg/kg/min 
for 3 minutes)

Healthy volunteers with low pretest 
likelihood of coronary disease who 
were undergoing CAG.

14 62.6 ± 9.1 8/6 TTE (CFR), distal 
LAD with 
pulse-wave 
Doppler

adenosine 
(140 mcg/kg/min 
for 5 minutes)

Healthy volunteers, enrolled from 
the non-medical hospital staff, 
comparable in age and sex. 

10 54 ± 8 6/4 TTE (CFR), 
mid-distal LAD 
with Doppler 
spectral tracing

adenosine
(140 mcg/kg/min 
for 90 seconds)

Healthy subjects, age and sex 
matched.

20 56 ± 6 12/8 TTE (CFR), 
mid-distal LAD 
with Doppler 
spectral tracing

adenosine 
(140 mcg/kg/min 
for 90 seconds)

N/A N/A N/A N/A CMR (MPRI), 1.5T adenosine 
(140 mcg/kg/min 
for 5 min)

Healthy subjects 13 58 (48-73)
Median 
(range)

11/2 PET (MPR), N-13 
ammonia 

adenosine 
(140 mcg/kg/min 
for 6 minutes)

Healthy volunteers enrolled from 
the nonmedical hospital staff, age 
and sex matched.

20 52 ± 7 11/9 TTE (CBF), 
mid-distal LAD 
with Doppler 
spectral tracing

adenosine 
(140 mcg/kg/min 
for 90 seconds)

Middle aged male-male twin pairs 
from the Vietnam Era Twin Registry 
without previous history of CAD.

268 54.0 
(53.5–54.6)
Median 
(range)

0/268 PET (CFR), N-13 
ammonia

adenosine 
(140 mcg/kg/min 
for 4 minutes)

Healthy subjects without 
cardiovascular risk factors.

27 41 ± 13 16/11 PET (CFR), 15O- 
labeled water

adenosine 
(140 mcg/kg/min 
for 3 minutes)

Healthy subjects enrolled from 
patients referred to outpatient 
cardiology clinic for palpitations or 
evaluation of cardiovascular risk, 
age and sex matched.

14 61 ± 3 7/7 TTE (CBF), 
mid-distal LAD 
with Doppler 
spectral tracing 

adenosine 
(140 mcg/kg/min 
for 90 seconds)

Healthy individuals without 
cardiovascular risk factors.

14 58 ± 6 11/3 CMR (CFR), 3T adenosine (140 
mcg/kg/min for 
4-5 minutes)
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Author 
(year)

Study design Patient group N = Mean age 
(± SD)

Sex 
(F/M)

Uusitalo
(2013)
 

Cohort N/A N/A N/A N/A

Nelson 
(2014)
 

Case-control N/A N/A N/A N/A

Thomson 
(2015)

Case-control Women with signs and symptoms of ischemia 
with clinically indicated CRT; part of 
NHLBI-sponsored WISE-Coronary Vascular 
Dysfunction study performed at Cedars-Sinai 
Medical Center or the University of Florida. 
Exclusion: history of obstructive CAD (>50% 
stenosis) or other cardiac disease, 
contraindications to CMR.

118 53.9 ± 11.4 118/0

Tagliamonte 
(2015)

RCT Signs and symptoms of myocardial ischemia, 
no CAD (<70% stenosis on CAG). Myocardial 
ischemia confirmed by SPECT, assigned to 
placebo. 
Exclusion: renal failure or hepatic 
insufficiency, LBBB on ECG, use of drugs 
inhibiting CYP3A, other cardiac disease.
As above, assigned to ranolazine.

29

29

65 ± 11

66 ± 10

9/20

10/19

Wu
(2015)

RCT Diagnosis of CMD based on the presence of 
typical effort angina, exercise-induced ST 
segment depression (>1 mm), normal CAG, 
absence of any specific cardiac disease 
including vasospastic angina and reduced CFR 
(<2.0) measured by TTE with adenosine.

20 60 ± 8 17/3

Bairey Merz 
(2016)
 

RCT Symptoms due to ischemia objectified by 
stress testing, no obstructive CAD (<50% 
stenosis on CAG) with abnormal CRT (CFR 
<2.5) or CMR (MPRI <2.0). Exclusion: other 
cardiac disease or life expectancy <4 years, 
contraindication for CMR or use of CYP3A4 
inhibitors.

128 55.2 ± 9.8 123/5

Bakir 
(2016)

Case series N/A N/A N/A N/A

Table 1. Continued
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Control group N = Mean age 
(± SD)

Sex 
(F/M)

Imaging modality 
(outcome 
parameter)

Vasoactive agent 
used (dose)

Healthy men ≤45 years from healthy 
control groups of two earlies 
reported studies. Exclusion: 
hypertension, smoking, diabetes 
mellitus, obesity or history of 
atherosclerotic disease.

77 35.3 ± 3.9 0/77 PET (CFR), 
15O-labeled water

adenosine (dose 
not reported)
or dipyridamole 
(0.56 mg/kg per 4 
minutes)

Healthy age matched women with 
no cardiac risk factors.

15 56 (SD not 
available)

15/0 CMR (MPRI), 1.5T adenosine 
(140 mcg/kg 3-4 
minutes)

Healthy age matched women with 
no cardiac risk factors.

21 53.6 ± 9.1 21/0 CMR (MPRI), 1.5T adenosine 
(140 mcg/kg from 
2 min prior until 
completion of first 
pass perfusion 
imaging)

N/A N/A N/A N/A TTE (CFR), distal 
LAD with Doppler 
spectral tracing

dipyridamole 
(up to 0.84 mg 
over 6 min)

N/A N/A N/A N/A TTE (CBFVR), 
mid-distal LAD 
with Doppler 
spectral tracing 

nitroglycerin 
(25 mcg)

N/A N/A N/A N/A CMR (MPRI), 1.5T adenosine 
(not reported)

Women without signs and 
symptoms of myocardial ischemia 
and absence of cardiovascular risk 
factors recruited at Cedars-Sinai 
Medical Center based on their age 
and hormone-use status to match 
CMD subjects in the WISE trial. 
Exclusion: contraindication to CMR 
or adenosine, renal disease.

20 54 ± 9 20/0 CMR (MPRI), 1.5T adenosine 
(140 mcg/kg/min 
for 3-4 minutes)
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Author 
(year)

Study design Patient group N = Mean age 
(± SD)

Sex 
(F/M)

Mygind
(2016) 

Case series Women referred for clinically indicated CAG 
due to angina-like chest pain form the Patient 
Analysis & Tracking System in eastern 
Denmark. Inclusion: CAD <50% stenosis. 
Exclusion: other cause of chest pain more 
likely, no cardiac disease, life-expectancy <1 
year.

963 62.1 ± 9.7 963/0

Anchisi 
(2017)

Case series Recurrent chest pain, ECG alterations at 
ergometry and normal CAG. Exclusion: other 
cardiac disease and previous 
revascularization. Setting: Cardiology Unit of 
Azienda Ospedaliera-Universitaria ‘Maggiore 
della Carità’ in Novara. 

16 64 ± 11 10/6

Jaarsma 
(2017) 

Case-control Typical effort angina, positive stress ECG and 
normal CAG (stenosis <25%), consecutively 
enrolled at Maastricht University Medical 
Center. Exclusion: contraindications for CMR 
or adenosine. One patient excluded due to 
poor image quality. 

13 65 ± 9 7/6

Michelsen 
(2017)

Case-control Women with angina-like chest pain and no 
significant obstructive CAD (<50% stenosis) 
and with successful TTE examination, 
randomly selected from the iPOWER study 
cohort.

95

102

61.8 ± 8.8
(in all 107 
particpants)

95/0

102/0

Liu 
(2018) 

Case-control Patients with angina and suspected or known 
CAD referred for outpatient diagnostic CAG 
without obstructive CAD on CAG.

22 65 ± 8 8/14

Liu 
(2018) 

Case-control Patients with stable angina and suspected 
CAD referred for outpatient diagnostic CAG in 
a tertiary referral hospital with FFR ≥0.8 and 
IMR ≥25 U.

13

11

N/A

N/A

N/A

N/A

Zorach 
(2018)

Case-control Patients with typical effort angina and no CAD 
(<50% stenosis) on CAG and with risk factors 
for CMD (diabetes mellitus or metabolic 
syndrome) recruited from the University of 
Virginia Health System. 

46 57.5 ± 11.2 34/12

Rahman 
(2019) 

Case-control Patients undergoing elective diagnostic 
angiography for investigation of exertional 
chest pain and nonobstructive coronary 
artery disease (<30% diameter stenosis and/
or fractional flow reserve >0.80) with CFR < 
2.5.

38 2.01 ± 0.41 N/A

CABG, coronary artery bypass grafting; CAD, coronary artery disease; CAG, coronary angiography; CRT, coronary reactivity testing; 
ECG, electrocardiogram; F, female; FFR, fractional flow reserve; IMR, index of microcirculatory resistance; ISMN, isosorbide-5-
mononitrate; LAD, left anterior descending coronary artery; LBBB, left bundle branch block; M, male; NHLBI-sponsored WISE. 
National Heart, Lung, and Blood Institute sponsored women’s ischemia syndrome evaluation; RCT, randomized controlled trial

Table 1. Continued
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Control group N = Mean age 
(± SD)

Sex 
(F/M)

Imaging modality 
(outcome 
parameter)

Vasoactive agent 
used (dose)

N/A N/A N/A N/A TTE (CFVR), LAD 
with pulsed-wave 
Doppler 
Contrast 
(SonoVue) used in 
case of difficulty 
visualizing LAD.

dipyridamole 
(0.84 mg/kg in 6 
min)

N/A N/A N/A N/A TTE (CFR), color 
Doppler flow 
mapping, 
mid-distal LAD

dipyridamole 
(0.84 mg/kg per 6 
min)

N/A N/A N/A N/A CMR (MPR), 3T adenosine 
(140 mcg/kg/min 
for 4 min)

N/A N/A N/A N/A PET (MBFR), 
Rubidium-82; 
TTE (CFVR), LAD 
with pulse-waved 
Doppler; Contrast 
(SonoVue) used in 
case of difficulty 
visualizing LAD.

adenosine
(0.84 mg/kg per 6 
min)
dipyridamole 
(0.84 mg/kg per 6 
min)

Healthy age-matched subjects. 20 61 ± 7 7/13 CMR (MPRI), 1.5T 
or 3T

adenosine 
(140 mcg/kg/min 
for ≥3 to 6 min)

Healthy volunteers 30 51 ± 15 9/21 CMR, 1.5 or 3T adenosine 
(140 mcg/kg/min, 
for ≥3 to 6 min)

Healthy controls without risk factors 
for CMD.

20 53.4 ± 11.9 12/8 CMR (MPR), 1.5T regadenoson

Patients undergoing elective 
diagnostic angiography for 
investigation of exertional chest 
pain and nonobstructive coronary 
artery disease (<30% diameter 
stenosis and/or fractional flow 
reserve >0.80) with CFR > 2.5.

27 2.68 ± 0.49 N/A CMR (MPR), 3T adenosine 
(140 mcg/kg/min 
for 3 min)
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SUPPLEMENTARY MATERIAL

Additional file 1: Search Strategy
PubMed search strategy
(((nonocclusive OR “non occlusive” OR nonobstructive OR “non obstructive” OR 
“microvascular dysfunction” OR “small vessel disease” OR “cardiac syndrome X” OR 
“microvascular angina” OR CMD  OR MVD)) AND (coronary OR heart OR myocardial 
OR cardiac)) AND (imaging OR MRI OR CT OR SPECT OR PET OR TTE OR echo)

Embase search strategy
(nonocclusive OR ‘non occlusive’ OR nonobstructive OR ‘non obstructive’ OR 
‘microvascular dysfunction’ OR ‘small vessel disease’ OR ‘cardiac syndrome x’ OR 
‘microvascular angina’ OR cmd OR  mvd) AND (coronary OR heart OR myocardial  
OR cardiac) AND (imaging OR mri OR ct OR spect OR pet OR tte OR echo)
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Additional file 2

Table S1. Risk of bias assessment according to QUADAS-2

Author (year) Risk of bias Applicability concerns
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Meeder (1997)
Bottcher (1999)
Buus (1999)
Panting (2002)
Marroquin (2003)
De Vries (2006)
Graf (2006)
Pärkkä (2006)
Wöhrle (2006)
Graf (2007)
Vermeltfoort (2007)
Galiuto (2007)
Cemin (2008)
Lanza (2008)
Di Monaco (2009)
Mehta (2011)
Scholtens (2011)
Sestito (2011)
Vaccarino (2011)
Vermeltfoort (2011)
Di Franco (2012)
Karamitsos (2012)
Uusitalo (2013)
Nelson (2014)
Thomson (2015)
Tagliamonte (2015)
Wu (2015)
Bairey Merz (2016)
Bakir (2016)
Mygind (2016)
Anchisi (2017)
Jaarsma (2017)
Michelsen (2017)
Liu (2018) (19)
Liu (2018) (27)
Zorach (2018)
Rahman (2019)

Legenda risk of bias assessment

Low risk of bias or Low concern of applicability
High risk of bias or High concern of applicability
Unclear risk of bias or Unclear concern of applicability
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Additional file 3

Table S2. Quantification of coronary microvascular dysfunction in CMR studies

Study Outcome Protocol Patients 
(n)

Mean (±SD) Controls 
(n)

Mean (±SD)

Panting (2002) MPRI 1.5T, adenosine 20 1.47 ± 0.36 10 1.50 ± 0.47

Wöhrle (2006) MPRI 1.5T, adenosine 12 1.48 ± 0.71 N/A N/A

Pärkkä (2006) MPR 1.5T, dipyridamole N/A N/A 18 2.51 ± 0.95

Vermeltfoort (2007) MPRI 1.5T, adenosine 20 1.83 ± 0.50 N/A N/A

Karamitsos (2012) CFR (correct 

ed for RPP)

3.0T, adenosine 18 2.63 ± 0.12 14 2.53 ± 0.13

Nelson (2014) MPRI 1.5T, adenosine N/A N/A 15 2.20 ± 0.53

Thomson (2015) MPRI 1.5T, adenosine 118 1.71 ± 0.43 21 2.23 ± 0.37

Bairey Merz (2016) MPRI 1.5T, adenosine 128 1.60 ± 0.30 N/A N/A

Bakir (2016) MPRI 1.5T, adenosine N/A N/A 20 2.19 ± 0.38

Liu (2018) (15) MPRI 1.5T or 3.0T, 
adenosine

22 1.60 ± 0.50 20 2.00 ± 0.30

Liu (2018) (29) MPRI 
(MPR)

1.5T, adenosine 13 1.30 ± 0.50
(1.50 ± 0.60)

20 2.00 ± 0.30
(2.80 ± 0.50)

3.0T, adenosine 11 1.20 ± 0.20
(1.8 0 ± 0.70)

10 2.00 ± 0.30
(2.80 ± 0.40)

Rahman (2019) MPR 3.0T, adenosine 38 2.01 ± 0.41 27 2.68 ± 0.49

Median (IQR)

Jaarsma (2017) MPR 3.0T, adenosine 12 1.35 (1.09-1.78) N/A N/A

Median (range)

Mehta (2011) MPRI 1.5T, adenosine 20 1.40 (1.20 – 1.90) N/A N/A

Zorach (2018) MPR 1.5T, regadenoson 46 2.21 (1.95 – 2.69) 20 2.93 (2.76-3.19)
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Additional file 4

Table S3. Quantification of coronary microvascular dysfunction in PET studies. Correction for RPP is indicated by + or –

Study Outcome Protocol Patients 
(n)

Mean (±SD) Controls 
(n)

Mean (±SD)

Meeder (1997) MPR (-) N-13, dipyridamole 25 2.71 ± 0.67 21 2.91 ± 1.04

Bottcher (1999) CFR (+) N-13, dipyridamole 25 2.03 ± 0.53 15 2.96 ± 0.63

Marroquin (2003) CFR (-) N-13, adenosine 34 2.85 ± 1.35 N/A N/A

Graf (2006) CFR (+) N-13, dipyridamole 58 2.14 ± 0.88 N/A N/A

De Vries (2006) CFR (+) N-13, dipyridamole 24 1.99 ± 0.70 21 2.91 ± 1.04

Pärkkä (2006) MPR (-) 15-O labeled water, 
dipyridamole

N/A N/A 18 4.32 ± 1.78

Graf (2007) CFR (-) N-13, dipyridamole 79 2.37 ± 1.00 N/A N/A

Scholtens (2011) MPR (+) N-13, adenosine 14 1.39 ± 0.31 13 2.91 ± 0.78

Vaccarino (2011) CFR (-) N-13, adenosine N/A N/A 268 2.68 ± 0.83

Vermeltfoort (2011) CFR (+) 15-O labeled water, 
adenosine

N/A N/A 27 3.28 ± 0.83

Uusitalo (2013) CFR (+) 15-O labeled water, 
adenosine or dipyridamole

N/A N/A 77 4.10 ± 1.30

Mean ± SEM

Buus (1999) CFR (-) N-13, dipyridamole 16 2.06 ± 0.14 15 2.93 ± 0.17

Median (IQR)

Michelsen (2017) MFR (+) Rb-82, adenosine 95 2.13 (1.80-2.40) N/A N/A
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Additional file 5

Table S4. Quantification of coronary microvascular dysfunction in TTE studies

Study Outcome Protocol Patients (n) Mean (±SD) Controls 
(n)

Mean (±SD)

Galiuto (2007) CFR PWDoppler,
distal LAD, 
adenosine

17 1.98 ± 0.60 17 2.88 ± 1.50

Cemin (2008) CFR PWDoppler,
distal LAD, 
adenosine

N/A N/A 14 2.65 ± 0.65

Lanza (2008) CFR Doppler ST, 
mid-distal LAD, 
adenosine

18 2.03 ± 0.60 10 3.29 ± 1.00

Di Monaco (2009) CFR Doppler ST, 
mid-distal LAD, 
adenosine

29 1.94 ± 0.63 12 3.31 ± 1.10

Sestito (2011) CBF Doppler ST, 
mid-distal LAD, 
adenosine

71 2.05 ± 0.60 20 2.92 ± 0.90

Di Franco (2012) CBF Doppler ST, 
mid-distal LAD, 
adenosine

14 1.90 ± 0.50 14 3.10 ± 0.90

Tagliamonte (2015) CFR Doppler ST, 
mid-distal LAD, 
dipyridamole

29 (ranolazine) 
29 (placebo)

1.91 ± 0.31
1.94 ± 0.29

N/A N/A

Wu (2015) CBFV PWDoppler, 
mid-distal  LAD,
nitroglycerin

13
(placebo) 11 
(ISMN)

1.69 ± 0.40

1.71 ± 0.40

N/A N/A

Anchisi (2017) CFR Color Doppler, 
mid-distal LAD, 
dipyridamo le

16 2.40 ± 0.40 N/A N/A

Median (IQR)

Mygind (2016) CFVR PW Doppler,
LAD, dipyridamole 
or MCE

963 2.33 (1.98–2.76) N/A N/A

Michelsen (2017) CFVR PW Doppler,
LAD, dipyridamole 
or MCE

102 1.99 (1.64–2.43) N/A N/A



Non-invasive parameters in coronary microvascular dysfunction

|  163

9

Additional file 6

Table S5. Definition of nonobstructive coronary artery disease in included studies

Author (year) Definition nonobstructive coronary artery disease (NOCAD)

Meeder (1997) Completely normal coronary arteries without any vessel irregularities on  coronary angiography

Bottcher (1999) Completely normal coronary arteriography

Buus (1999) Normal coronary angiography with smooth coronary arteries

Panting (2002) Completely normal results on coronary angiography, with no inducible spasm on ergonovine-
provocation testing

Marroquin (2003) Normal or minimal luminal irregularities on coronary angiography (<50% stenosis)

De Vries (2006) Normal coronary findings on angiography

Graf (2006) Normal angiogram

Pärkkä (2006) N/A

Wöhrle (2006) Smooth vessel contours without lumen irregularities on coronary angiography

Galiuto (2007) Angiographically normal coronary arteries

Graf (2007) Normal coronary angiogram

Vermeltfoort (2007) Completely normal results from coronary angiography

Cemin (2008) N/A

Lanza (2008) Angiographically normal epicardial coronary arteries

Di Monaco (2009) Totally normal coronary arteries at angiography

Mehta (2011) <50% epicardial coronary stenosis in all epicardial coronary arteries on coronary angiography

Scholtens (2011) Normal coronary angiogram

Sestito (2011) Smooth coronary arteries at angiography. Coronary artery spasm had been excluded according 
to intracoronary or systemic ergonovine test in patients who reported angina episodes also at 
rest

Vaccarino (2011) N/A

Vermeltfoort (2011) N/A

Di Franco (2012) Angiographically normal coronary arteries

Karamitsos (2012) Angiographically smooth normal epicardial coronary arteries on coronary angiography

Uusitalo (2013) N/A

Nelson (2014) N/A

Thomson (2015) Exclusion: >50% luminal diameter stenosis in 1 epicardial coronary artery

Tagliamonte (2015) <70% coronary stenosis in all epicardial coronary arteries on coronary angiography

Wu (2015) Normal coronary angiography

Bairey Merz (2016) <50% epicardial coronary stenosis in all epicardial coronary arteries

Bakir (2016) N/A

Mygind (2016) <50 % stenosis of epicardial vessels assessed by diagnostic invasive coronary angiography

Anchisi (2017) Normal coronary angiography

Jaarsma (2017) Normal coronary arteries or minimal vessel wall irregularities (<25% stenosis) on coronary 
angiography

Michelsen (2017) <50% stenosis on coronary angiography

Liu (2018) (19) Angiographic NOCAD (<50% visual stenosis) on coronary angiography

Liu (2018) (27) FFR ≥0.8 and IMR ≥25 U measured with invasive coronary angiography

Zorach (2018) Exclusion: >50% stenosis in at least one coronary artery or FFR <0.8 in at least one coronary 
artery on coronary angiography
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Coronary vascular disease is still the number one cause of death in both women and 
men globally (1). However, the majority of coronary vascular disease research has 
been performed in men. Many findings from these studies have not yet been 
replicated in women, not even when the study in question had a balanced study 
population with equal numbers of women and men. As such, much of the 
contemporary evidence base for medicine still heavily relies on “male-biased” 
research. For chest pain patients this is apparent from the evaluation being primarily 
directed towards the in- or exclusion of the “typical male” form of coronary vascular 
disease; obstructive coronary artery disease (CAD). This approach seems outdated 
considering the current evolution of sex-specific research, revealing sex differences 
in risk factors, symptoms and development of coronary vascular disease, which has 
been emerging over the recent years. For example, we now know that, beyond 
obstructive CAD, there is also the risk of non-obstructive coronary vascular disease. 
This is functionally significant and thus relevant and seems to be more prevalent in 
women. Alas, this new evidence has not yet made its way into current guidelines that 
still propose a “one size fits all” diagnostic approach. This thesis evaluated sex 
differences in coronary vascular disease to address the question whether this 
approach should be sex-specific instead. 

Main findings of this thesis

In the first part of this thesis, we validated current symptom-based risk prediction 
scores for coronary vascular disease in women and men separately. Chapter 2 showed 
that a prediction model based on chest pain characteristics and risk factors for CAD 
performed well in both sexes, but that both the included predictors as well as the 
performance of the model changed when the model was developed in women and 
men separately. Chapter 3 illustrated that functional grading of complaints provides 
important information about mortality risk in women who consult the cardiologist 
with a variety of cardiac complaints.

In the second part, we showed that both the composition of the atherosclerotic 
plaque and the incidence of CAD are different in women and men. The literature 
review described in Chapter 4 showed that these differences are relevant in the 
evaluation of women and men at risk for cardiovascular disease who visit a cardiology 
clinic, as these differences in (patho)physiology imply use of a different approach to 
diagnose coronary vascular disease in women and men. Moreover, we found most 
literature comprised a domain of women and men at intermediate to high risk of CAD 
who were clinically referred for evaluation of a coronary artery stenosis. Little was 
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known however on all, ranging from low- to high-risk, symptomatic women and men 
suspected of coronary vascular disease. The ARGUS study was introduced in Chapter 
5 to study early-stage coronary vascular disease beyond obstructive CAD in all these 
symptomatic women and men. The aim of this study was to examine the prevalence 
of both macro and microvascular coronary vascular disease in all women and men 
visiting the outpatient clinic with chest pain or discomfort. The ARGUS study showed 
that women tend to have lower coronary calcium scores (CACS) when suffering from 
the same degree of CAD as men, pointing out that low CACS values might not be as 
reassuring in women as they are in men (Chapter 6). In addition, absolute CACS values 
were strongly related to all-cause mortality risk in both sexes despite overall lower 
values in women (Chapter 7). 

In the third part we focused specifically on symptomatic women and men without 
obstructive CAD. Chapter 8 demonstrated that most of these patients remain 
symptomatic in the years following their diagnostic coronary angiography (CAG) 
appointment. In addition, they had a higher healthcare consumption than matched 
asymptomatic individuals that were not referred for CAG. Chapter 9 reviewed the 
value of non-invasive imaging tools to diagnose coronary microvascular dysfunction 
(CMD) in these symptomatic patients. It was highlighted that at this moment, despite 
the impressive developments of non-invasive imaging techniques for CMD, outcomes 
could not be compared due to heterogeneity in studies and it is not evident which 
modality or outcome measure to use.

Taken together, the three parts of this thesis demonstrate the importance of sex 
differences in various areas of coronary vascular disease. First, we showed that in 
women specific complaints and risk factors might have different implications for 
diagnosing CAD than in men and that the relation between these complaints and 
prognosis may differ. Second, the underlying pathophysiology might be different in 
women than in men, both within atherosclerotic plaques and during the disease 
trajectory. Third, the microvascular variant of coronary vascular disease that may 
occur more often in women is not benign and increases future healthcare use but 
often goes unrecognized due to lack of diagnostic tools. 

These findings are not adequately reflected in current guidelines (2) that describe a 
similar diagnostic pathway for women and men based on one general risk prediction 
model with a focus on obstructive CAD. The individual predictors in these models are 
weighted by sex, yet there is otherwise little attention for sex differences in either 
the importance of specific symptoms and risk factors or the possibility that models 
might perform better when comprising different predictors in women and men. In 
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addition, even though it mentions CMD, the currently used guidelines largely ignore 
the non-obstructive variants of CAD that are more common in women due to lack of 
consistent data on risk factors and patient characteristics. In these, mostly female, 
patients with angina (equivalents) but non-obstructed coronaries, complaints are 
often caused by CMD or epicardial vasospasm (3, 4), although definite answers 
regarding sex differences in prevalence remain to be uncovered. 

In the light of the evidence presented in this thesis, along with other supporting 
literature (3, 4), the “one size fits all” approach no longer seems suitable; non-
obstructive CAD or functional coronary vascular disease should be equally included. 
Below, we will discuss the advantages and necessary steps that must be taken to 
develop sex-specific guidelines.

What do we need to develop sex-specific guidelines…?

To develop these guidelines new data is needed. Currently recommended and used 
risk prediction tools are developed, validated and periodically updated (5, 6) on quite 
old data (7) often collected from population-based cohort studies (8-10). These 
populations are incomparable with the symptomatic patients of today’s practice for 
several reasons. First, research has shown that the atherosclerotic plaque is changing 
over time (11). Second, at the time these studies were conducted, we were not aware 
of the complete range of coronary vascular disease entities and how to identify these, 
thus only data on obstructive CAD and mortality was collected. Third, these 
population-based cohorts often include a relatively healthy population (12, 13), and 
do not represent the individuals visiting their general practitioner with complaints. 
Hence, we cannot continue to rely on risk prediction tools based on data originating 
from “historical” atherosclerotic tissue or studies focused on obstructive CAD and 
not designed to evaluate non-obstructive disease as well. To shape a diagnostic 
approach to identify (non-)obstructive variants of coronary vascular disease in 
symptomatic patients we need up-to-date data, reflecting the contemporary – risk 
factor profile and underlying pathologies of the – symptomatic patient population 
presenting at the doctor’s office.

In addition to new data, also sex-stratified data is needed. For this purpose, it is 
important that women and men are both sufficiently represented in studies. 
Fortunately, at this moment many large trials are performed with a well-balanced 
dataset with equal numbers of women and men (14, 15). Thus, based on the large 
number of participants and the distribution of women and men, these studies will 
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already be adequately powered to perform sex-stratified analyses. Hence, provision 
of sex-stratified data should not be a problem. Yet, at this moment sex-stratified 
analyses are not regularly performed or at least not documented (16). Mandated 
post-hoc analyses per sex would be a big step towards sex-sensitive guidelines and 
should be performed even when studies do not have enough power to really test for 
sex-differences. First, these estimates can then at least be included in large meta-
analyses. Second, presenting these results will help to determine whether there are 
(no) differences between women and men that need to be appreciated. If all 
important studies from the past, especially those that are the foundation of our 
guidelines, would repeat their analysis per sex, powerful meta-analyses can be done, 
and this will help a lot to come closer to the sex-specific guidelines we need to 
adequately care for women and men. In designing new studies, a power calculation 
per sex could for example aid in determining the right number of women and men 
and prevent ‘lack of power’ limiting the provision of sex-specific findings afterwards. 
We suggest scientific journals to use their power to enforce performance and 
subsequent reporting of these analyses irrespective of whether differences are found 
between the sexes. The National Institutes of Health have led the way for the rest of 
the scientific community, as they mandate inclusion of sex in research as a biological 
variable (17). Similarly, the Dutch Heart Foundation plays an important role in funding 
of research focused on sex-differences and women’s cardiovascular health. 

Besides large trials, more and more data extracted from electronic health records 
and disease specific registries (18, 19) is becoming available that will aid in 
identification of relevant sex-differences and provide sex-sensitive data to reshape 
the guidelines in a sex-specific manner. For example, patients with angina and non-
obstructed coronary arteries that undergo clinically indicated invasive coronary 
function testing are registered prospectively (19) for research purposes. By doing so, 
data will be systematically documented. Hence, naturally more data will become 
available that will be helpful in identifying specific complaints or risk profiles 
associated with these ‘new’ entities of coronary vascular disease, such as CMD or 
vasospasm. This will be an important first step in development of tools to predict the 
complete spectrum of coronary vascular disease. Yet, still only those patients with 
angina (A) in whom obstructive CAD has been excluded, (B) returning to their physician 
with sustained angina and (C) with probably the most typical or suspect complaints 
will be referred for these coronary function tests by their cardiologist. Solely these 
patients will be included in the before-mentioned registry and provide us with 
structurally documented data. As a result, these registries do not comprise the less 
severe cases or patients with more atypical or vague complaints who might also suffer 
from CMD/vasospastic angina. 



PART IV  |  Chapter 10

172  |

Therefore, prospective cohort studies are still needed to fill the remaining knowledge 
gaps left behind by clinical care data. To gain insight in and develop a guideline that 
is applicable to the whole symptomatic population presenting at the outpatient clinic, 
research should comprise all these women and men in whom this guideline will be 
used. That is, symptomatic women and men consulting their clinician before referral 
for additional diagnostic testing. A prospective cohort study that assesses (all possible 
predictors for) coronary vascular disease in all symptomatic patients is required to 
exclude clinician’s referral bias as well as study a new disease entity beyond the sparse 
information collected during regular care. Such a study will both provide an in-or 
exclusion diagnosis of coronary vascular disease as well as enable extensive 
phenotyping in all these symptomatic patients, which cannot be done regularly in 
clinical care. As an example of a study with a broad population ranging from low- to 
high-risk patients, in Chapter 5 we introduced the ARGUS study. In this study, all 
possibly relevant baseline data was prospectively collected: risk factors, complaints, 
biometric data, echocardiography, exercise testing and laboratory values. For outcome 
measures, next to coronary computed tomography angiography for anatomical 
evaluation of the coronaries, cardiac magnetic resonance imaging was included to 
also evaluate the presence or absence of myocardial ischemia. Recent research 
described promising results for use of non-invasive imaging modalities, such as cardiac 
magnetic resonance imaging, to provide information on CMD in a non-invasive 
manner (20-22). In theory, ARGUS might provide extensive baseline data and 
diagnostic information on both coronary artery stenosis and absolute perfusion of 
the myocardial blood flow. Unfortunately, even though quantification methods for 
absolute myocardial perfusion performed good in research (22-25), it seemed not 
yet possible to implement these techniques in the clinical care setting as we were 
unable to quantify myocardial perfusion to exclude or identify CMD. It will take time 
to take these techniques from the so-called bench to the bedside. Furthermore, the 
use of cardiac magnetic resonance imaging, or other non-invasive imaging modalities, 
does not fully exclude the presence of vasospasm or CMD. Hence, despite the current 
possibilities of cardiac magnetic resonance imaging, this might not be the way to go 
(yet) to in- or exclude coronary vascular disease completely. As the non-invasive 
modalities have not yet advanced enough to independently diagnose coronary 
dysfunction (Chapter 9), it can be imagined that a future prospective study would 
include the gold standard assessment for CMD, invasive coronary function testing in 
those with non-obstructive CAD. Yet, it might be difficult to motivate patients and 
even unethical to perform an extensive study such as the ARGUS study as there are 
non-negotiable risks accompanying the coronary function testing. So, for this part it 
might be necessary to do certain concessions, for example study specific high-risk 
patients first. Therefore, as suggested by the recent Dutch guidelines (26), it seems 
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wise to start by studying patients in whom it is of importance or has treatment 
consequences, i.e., those with prolonged unexplained complaints or persistent 
suspicion of coronary dysfunction. Currently, ARGUS already has shown that it is (A) 
feasible to perform a prospective study in all women and men presenting at the 
outpatient clinic without referral bias and interference in the clinical care path and 
(B) collect all data needed to improve the diagnostic pathway for both women and 
men suspect of coronary vascular disease. 

… and what should these sex-specific guidelines say?

To shape the future sex-sensitive guidelines in more detail, this thesis has already 
provided some directions. Based on the first part of this thesis, we can conclude that 
symptoms suspect of cardiovascular disease and commonly known cardiovascular 
risk factors possess value to diagnose CAD and predict mortality in both sexes. In 
Chapter 2 we showed, comparable to Bösner et al. (27), a high diagnostic value of 
chest pain characteristics and risk factors for CAD in both sexes. However, there are 
small sex differences in the specific characteristics and risk factors that support the 
diagnosis of CAD. To some extent, sex differences are already taken into account in 
the current guidelines (2). For example, the pre-test probability for obstructive CAD 
is calculated in the light of sex and performance of these calculations is good in both 
women and men (7). Yet, as our results highlight relevant differences in both the 
included predictors as well as the strength of chest pain characteristics and risk factors 
for CAD when models were developed per sex (Chapter 2), it might be worthwhile 
to re-fit the current models and assess the included predictors for each sex separately. 
In other words, sex-specifically developed models with sex-specifically selected 
predictors seem preferred over currently used universal-models fitted with sex 
included as a covariate, especially in women. This does not necessarily imply that 
these predictors will be female-specific factors, as previous research showed that 
inclusion of pregnancy hypertension did not improve currently used cardiovascular 
risk prediction tools (28), yet a sex-specific set of universal cardiovascular risk factors 
might be more accurate for prediction of CAD as compared to an identical set of 
factors weighted per sex. Based on our results, in women the model would for 
example also include dyspnea whereas in men functional grading of complaints might 
be included (Chapter 2). 

These renewed symptom-based models will mainly be of relevance in women, as 
most tools used nowadays are developed in predominantly male populations and 
therefore already perform very well in men. Even though we did not study this, and 
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it is beyond the scope of this piece, sex-sensitive re-appreciation is very likely to be 
also fruitful for other tools used in risk prediction such as blood-based biomarkers. 
To illustrate, an unrecognized myocardial infarction is more common in women (29). 
A recent study showed that use of sex-specific thresholds for troponins might identify 
more women with myocardial injury as compared to the currently used universal 
thresholds (30) which might reduce the incidence of unrecognized myocardial 
infarctions in women. For our proposed sex-specific guidelines, validation and, if 
required, improvement of all tools previously developed in male-biased datasets 
should thus be performed in the light of sex with use of balanced datasets including 
all coronary vascular disease entities. 

Conjointly with re-appreciation of the value of complaints per sex, these guidelines 
should also consider sex when choosing the most optimal diagnostic approach. As 
the variants of coronary vascular disease can clearly be different between women 
and men, it does not make sense to simply apply an identical diagnostic path to both 
women and men. As emphasized extensively in the previous paragraphs, the 
diagnostic approach should not just include obstructive CAD but also non-obstructive 
variants of coronary vascular disease or other cardiac diseases that can present 
similarly with chest pain or discomfort such as heart failure. Thus, we stress the need 
to shape the diagnostic pathway with the most probable underlying pathologies in 
mind. This could be an initial, but not solely, functional approach in women and a 
more anatomical approach in men.

The exact roadmap of this sex-specific diagnostic approach beyond obstructive CAD 
remains largely to be determined. At this moment we lack diagnostic models for 
non-obstructive types of coronary vascular disease as most cardiovascular (imaging) 
studies in both sexes concentrated on diagnosing or excluding obstructive CAD in 
patients at intermediate to high risk (i.e., patients referred for clinically indicated 
additional testing (31, 32)). Hence, as there is a lack of knowledge on clinical entities 
of coronary vascular disease beyond “classical” obstructive CAD caused by calcified 
atherosclerotic plaques, current models are only capable of diagnosing obstructive 
CAD. The recently developed guideline ‘Chest Pain With Non-obstructed Coronary 
Arteries’ from the Dutch Society of Cardiology (26) provides some guidance in the 
assessment of patients without obstructive CAD, by advising coronary functional 
testing to assess CMD and vasospasm. Nonetheless, to date, this guideline is unable 
to provide clear recommendations regarding risk factors or symptoms that can be 
used to determine in which patients coronary function should indeed be assessed. 
However, if our suggested steps will be carried out (mandatory (post-hoc) sex-stratified 
analyses, use of available clinical care data and prospective trials to fulfill the 
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remaining knowledge gaps) we are hopeful.  Consistent data on risk factors, patient 
characteristics and diagnostic information on the presence or absence of coronary 
vascular disease will then become available to provide more guidance in the future. 
Based on these data separate coronary vascular disease phenotypes can be identified 
and used to create the perfect roadmap for the diagnostic approach.
Besides lack of data from studies performed in the “obstructive-CAD” era, development 
of models focused on non-obstructive variants of coronary vascular disease is further 
complicated by the fact that no diagnostic tool is capable of direct visualization of the 
coronary microvasculature. Thus, patients need to be exposed to invasive coronary 
angiography to enable coronary function testing to receive a diagnosis, which hinders 
large scale research due to its invasive nature. The Coronary Vasomotor Dysfunction 
(COVADIS) study group has recently provided recommendations on when and how 
coronary vascular dysfunction should be assessed in patients with angina and no 
obstructive coronary artery disease (33) and showed that it is feasible in clinical 
practice (34). Furthermore, they reported that medical therapy stratified based on 
coronary function testing significantly improves symptoms and quality of life. These 
results indicate that coronary function testing is of added value as compared to medical 
therapy alone without invasive testing to confirm a diagnosis. Hence, it is likely that 
this technique will conquer a place in the care path of women and men with chest 
pain and non-obstructed coronaries. However, even though the approach as suggested 
by the COVADIS group seems feasible and fruitful, invasive testing puts a burden on 
patients and does not come without risks. Luckily, several non-invasive imaging 
techniques to diagnose CMD are currently being developed and evaluated (Chapter 
9). Alas, despite the impressive developments of non-invasive imaging techniques to 
diagnose CMD, due to heterogeneity in methodology and reporting of outcome 
measures in current studies translation to clinical practice is still hampered. To live up 
to the promise of non-invasive imaging to diagnose CMD, large, well-designed studies 
are needed including a clearly defined group of patients, preferably those with 
objectified signs of ischemia and non-obstructive CAD as determined by gold-standard 
anatomical assessment. Furthermore, standardization of outcome parameters per 
imaging modality is warranted to provide clinically applicable, possibly sex-specific, 
reference values for the diagnosis of CMD in the future. The most promising modality 
is not evident yet but should at least be determined based on local expertise and 
availability. Even more important, it should be chosen in the light of the most probable 
disease in the individual male or female patient. For example, the second part of this 
thesis underlines the importance of a sex-specific view on coronary vascular disease 
and evaluation beyond coronary calcification for optimal risk prediction, especially in 
women. Thus, despite its moderately good performance, especially in women relying 
on the coronary calcium score only might not be the way to go. 
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Until the diagnostic pathway and treatment for these symptomatic women and men 
with non-obstructed coronaries will be optimal, close attention is warranted as we 
now know they might suffer from CMD, and thus put a large burden on health care 
(35), despite their “normal” CAG. Moreover, we showed after a CAG result of non-
obstructed coronary arteries (A) in both sexes, the majority of women and men 
remain symptomatic and (B) they frequently consult their GP with cardiovascular and 
psychological issues (Chapter 9). One can argue how, when and by whom these 
patients should be followed up. Since we observed that almost all of them visit their 
general practitioner (GP) more often, we suggest there is an important role for the 
GPs to seize this problem. It might pay off to implement regular follow-up visits after 
a “normal” CAG to evaluate whether these patients suffer from prolonged complaints 
or follow up their cardiac function. The importance of follow-up of these individuals 
is even more emphasized by the fact that we observed that both women and men 
with non-obstructed coronary arteries consume evidently more care for heart failure 
in the years following CAG than matched asymptomatic individuals. This indicates 
that these symptomatic patients, despite their non-obstructed coronaries, might be 
at risk for development of heart failure. Our results point out that, by focusing on 
coronary macrovascular disease only, we fail these patients and possibly miss the 
opportunity to prevent heart failure. This is an unwanted situation for both the 
patients and the healthcare system, as the medical burden and costs associated with 
heart failure are high, especially when compared to regular GP visits and follow-up. 
Hence, the high number of GP consultations for both cardiovascular and psychosocial 
care stress the need to monitor symptomatic women and men after a “normal” CAG 
beyond MACE not in the least because quality of life influences the prevalence of 
cardiovascular events and mortality (36). These “soft” outcomes might point us 
towards a burden in these patients that is currently missed by our focus on “hard” 
endpoints such as mortality. Along these lines, the upcoming research on patient 
reported outcome measures is a promising development in cardiology (37).

Future perspectives: call for a sex-specific view

In conclusion, this thesis has demonstrated that there is still an undisputed need for 
a sex-specific view on patients suspect of coronary vascular disease, as differences in 
coronary vascular disease between women and men are evident and extensive. Thus, 
the need for sex-stratified cardiovascular research and subsequently derived evidence-
based medicine is clear. It is of paramount importance to state that, of course, 
personalized medicine should go further than just sex. As discussed in Chapter 7, also 
ethnicity is an important factor to keep in mind when evaluating coronary vascular 
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disease on a more personalized level. Nonetheless, sex is an indisputable variable we 
emphasize in this thesis, as women comprise at least halve of the of the world’s 
population, probably even the majority due to the lower life expectancy in men, and 
above the age of 55 there are considerably more women as compared to men (38). 
Thus, sex is a vital and easily appreciated factor that we at least can consider from now 
on in research to come one step closer to inclusive individualized precision medicine. 

We feel we have provided some guidance in how this guideline could be crafted and 
argue that we should not compare the sexes one on one but appreciate each sex 
separately. Both obstructive, macrovascular disease and non-obstructive or 
microvascular disease occur in women and in men. We should not think in blue and 
pink. “Men suffer from obstructive CAD” and “women have CMD” does not do justice 
to either sex. We showed that even though non-obstructive CAD is relatively more 
common in women, the absolute numbers are equally high in men. Also, even though 
obstructive CAD is more common in men, the prevalence and impact in women 
cannot be overlooked, especially since prognosis of women suffering from severe 
obstructive CAD is worse as compared to men (39). In other words, there is no such 
thing as a woman-only or man-only disease. As such, it does not appear to be wise 
to study just one sex nor to use universal guidelines. A clinician should evaluate his 
or her patients through sex-colored glasses, supported by a specific guideline for each 
sex. Evidence based medicine for women should be based on evidence in women 
and vice versa for men. 

To meet the need for sex-specific guidelines, we propose to follow-up on a sex-specific 
diagnostic approach. We envision to accomplish this via a two-track policy. We 
recommend to firstly re-analyze currently available data per sex and secondly craft 
prospective cohort studies in the patient domain of interest to fill remaining 
knowledge gaps on differences between women and men. Via these two main routes, 
similarities as well as differences between women and men will become clear and 
sufficient data will be available to develop sex-specific guidelines that appreciate both 
women and men as they are: equal but not identical. Based on these guidelines we 
will be able to provide women and men with the diagnostic testing and therapy they 
need, instead of performing all testing in all patients. This will decrease the need for 
repeat and multiple testing, provide tailored treatment strategies and substantially 
lower the burden on both individual patients as the healthcare system. An evidence-
based, sex-specific clinical workflow will make future healthcare sustainable and 
optimize care for individual patients. The body of evidence provided in this thesis 
leaves the necessity for appreciation of women and men separately in the doctor’s 
office undisputed and calls for action.
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Samenvatting in het Nederlands

Achtergrond
Hart- en vaatziekten zijn wereldwijd nog steeds de belangrijkste doodsoorzaak bij 
mannen en bij vrouwen. Hart- en vaatziekten zijn vaak het gevolg van slagaderverkalking, 
ook wel atherosclerose genoemd. Bij atherosclerose vormt zich een plaque; een 
plaatselijke verdikking in de wand van een bloedvat die ontstaat als gevolg van een 
ontstekingsreactie. Een plaque zorgt ervoor dat de opening van het bloedvat vernauwd 
en verstijfd raakt en er minder bloed door het bloedvat kan stromen. Zoals de veel 
gebruikte term slagaderverkalking al aangeeft, bevat een plaque vaak kalk. Echter, een 
plaque kan ook gemaakt zijn van zacht weefsel en weinig tot geen kalk bevatten. Dan 
spreekt men van een niet-verkalkte of niet-gecalcificeerde plaque.  

Bij coronairlijden is sprake van atherosclerose van de bloedvaten van het hart. Het 
bloedvatsysteem van het hart bestaat uit drie grote bloedvaten, ook wel coronairen 
of kransslagaders genoemd. Deze grote bloedvaten vertakken zich vervolgens verder 
tot in de kleinste haarvaten (de microcirculatie of microvasculatuur). Deze bloedvaten 
zorgen ervoor dat het aanbod van bloed, waarin zuurstof en voedingsstoffen worden 
aangeboden aan de hartspier, aansluit bij de vraag (oftewel de behoefte). Dit 
vaatsysteem van het hart is gevoelig voor atherosclerose. Als een van deze bloedvaten 
dusdanig vernauwd raakt dat de bloedtoevoer zo ernstig wordt verminderd dat het 
hart onvoldoende zuurstof krijgt, kunnen er klachten ontstaan. De meest bekende 
klacht is pijn op de borst. Bij een beperkte vernauwing van het bloedvat treden deze 
klachten met name op bij inspanning, wanneer het hart meer zuurstof nodig heeft. 
In rust verdwijnen deze klachten dan ook weer. In dit geval is er sprake van stabiel 
coronairlijden. Als de mate van vernauwing toeneemt, doordat de plaque steeds 
groter wordt, kunnen er ook klachten optreden in rust. Men spreekt dan van instabiel 
coronairlijden. 

Coronairlijden kan leiden tot een acute hartstilstand wanneer de bloedtoevoer naar 
de hartspier plots (bijna) volledig wordt onderbroken. Deze onderbreking treedt op 
wanneer een bloedstolsel dat zich boven op de plaque vormt acuut het bloedvat 
verstopt. Zo’n bloedprop heet een trombus. Sinds de jaren ’80 weten we dat er twee 
oorzaken te onderscheiden zijn waardoor een trombus ontstaat; bij de ene vorm, een 
‘plaque ruptuur’, scheurt de plaque open. Vervolgens komt de inhoud van de plaque, 
o.a. bestaande uit ontstekingscellen, vrij en vormt zich een trombus boven op deze 
‘wond’. Bij de andere vorm, ‘plaque erosie’, blijft de plaque zelf intact maar ontstaat 
een soort ‘schaafwond’ met daarbovenop een trombus. We zien een plaque ruptuur 
vaker bij mannen. Plaque erosie komt vaker voor bij vrouwen. 
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Onderzoek naar hart- en vaatziekten was in het verleden vooral gericht op mannen. 
Om deze reden weten we het meeste van vormen van hart- en vaatziekten die klassiek 
veel bij mannen voorkomen, zoals een plaque ruptuur en verkalkte plaques. Inmiddels 
wordt de invloed van geslacht op hart- en vaatziekten steeds meer op waarde geschat. 
Geslachtsverschillen in hart- en vaatziekten in het algemeen, en meer specifiek in 
(het ontwikkelen van) plaques, worden de laatste jaren steeds meer beschreven. 
Ondanks de toename in aandacht voor, en kennis over, man-vrouw verschillen in 
hart- en vaatziekten, loopt de cardiologische praktijk nog wel achter. Men beoordeelt 
en behandelt patiënten in de hedendaagse praktijk namelijk vooral op basis van 
‘mannelijk’ wetenschappelijk bewijs. Daardoor is de huidige ‘evidence-based-
medicine’ nog steeds voornamelijk op mannen gebaseerd. Naast onvoldoende kennis 
over het vrouwhart, speelt het feit dat we vooral veel geleerd hebben over de opbouw 
van plaques bij patiënten met een vergevorderde vorm van atherosclerose ook een 
rol bij de lacune in kennis. Daardoor weten we namelijk nog heel weinig over plaque 
vorming bij mannen en vrouwen in een vroeger stadium. Dit komt omdat het meeste 
onderzoek gebaseerd is op het door de microscoop bekijken van plaques. Plaques 
moeten uit het lichaam gehaald worden voordat we ze op deze manier door de 
microscoop kunnen bekijken. Dit betekent dat plaques hiervoor alleen beschikbaar 
zijn als ze (1) tijdens een operatie verwijderd worden of (2) als iemand reeds overleden 
is. Oftewel, alleen plaques van mannen en vrouwen met een vergevorderde vorm 
van vaatlijden (die hiervoor geopereerd worden of overlijden) kunnen door de 
microscoop bekeken worden. Om deze hiaten in de hedendaagse kennis op te vullen, 
of in ieder geval te verkleinen, is onderzoek nodig naar mannen én vrouwen vroeg 
in het ziektebeloop van slagaderverkalking. 

DEEL I – Klachten

In het eerste deel van dit proefschrift wordt een eerste stap gezet om kennis over 
mannen en vrouwen in een vroeg stadium van ziekte te vergroten. Dit hebben we 
gedaan door te onderzoeken in hoeverre lichamelijke klachten die patiënten 
vermelden tijdens een eerste consult bij een cardioloog gebruikt kunnen worden om 
risico op ziekte en overlijden te voorspellen. Dit hebben we apart voor vrouwen en 
mannen bekeken. Hiervoor hebben we in hoofdstuk 2 en 3 mannen en vrouwen 
onderzocht die na verwijzing door de huisarts de cardioloog hebben bezocht met 
klachten die verdacht zijn voor, oftewel die zouden kunnen wijzen op, hart- en 
vaatziekten. Bij de cardioloog volgt een uitgebreide evaluatie waarbij onder andere 
de bloeddruk wordt gemeten, een fietstest wordt gedaan en een hartfilmpje wordt 
gemaakt. Vervolgens vraagt de cardioloog de klachten in detail uit, spreekt eventueel 
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aanvullend onderzoek af en/of stelt een diagnose. Deze informatie wordt vervolgens 
opgeslagen in het elektronisch patiëntendossier. Om te onderzoeken in hoeverre 
klachten gebruikt kunnen worden om ziekte (hoofdstuk 2) en/of risico op overlijden 
(hoofdstuk 3) te voorspellen, hebben we deze informatie uit het elektronisch 
patiëntendossier gebruikt. Hierbij vonden we dat klachten van waarde zijn voor het 
stellen van de diagnose ‘coronairlijden’ en voor het voorspellen van sterfte. Dezelfde 
voorspellende modellen werkten goed bij zowel mannen als vrouwen. Maar wat 
opviel was dat hoe sterk elke specifieke klacht bijdraagt aan deze voorspelling 
verschilde tussen mannen en vrouwen. Dit betekent dat voorspellende modellen die 
apart voor mannen en vrouwen worden ontwikkeld het risico nóg beter zullen kunnen 
inschatten. Deze kennis is vooral van belang voor vrouwen, omdat de huidige 
voorspelmodellen vooral in en voor mannen zijn ontwikkeld en in mannen dus al 
goed werken.  

DEEL II – Onderliggend ziekteproces en beeldvorming

Het tweede deel van dit proefschrift geeft een overzicht van man-vrouw verschillen 
in het ziektebeeld coronairlijden. Eerst wordt in hoofdstuk 4 een overzicht gegeven 
van de tot op heden beschikbare literatuur die deze man-vrouw verschillen beschrijft. 
Dit betreft zowel de onderliggende biologische verschillen in coronairlijden, alsook 
de mogelijkheden die er zijn om coronairlijden in beeld te brengen. Uit dit 
literatuuronderzoek kwam onder andere naar voren kwam dat onderzoek naar 
coronairlijden tot nu toe vooral gebaseerd was op patiënten die na bezoek aan de 
cardioloog verwezen werden voor aanvullend onderzoek naar coronairlijden. Er is 
nog weinig bekend is over alle mannen en vrouwen die de polikliniek cardiologie 
bezoeken maar (nog) niet worden doorverwezen voor aanvullend onderzoek. Hierdoor 
mis je dus de mannen en vrouwen met een lager risico, of minder verdachte klachten, 
die niet worden verwezen voor aanvullend onderzoek. Om inzicht te krijgen in al deze 
mannen en vrouwen met klachten in een vroeg stadium, nl. een eerste bezoek aan 
de cardioloog i.v.m. klachten, is de ARGUS studie gestart. Deze studie wordt 
beschreven in hoofdstuk 5. Het doel van deze studie is om in kaart te brengen hoe 
vaak er coronairlijden voorkomt bij mannen en vrouwen die voor het eerst de 
cardioloog bezoeken met pijn op de borst klachten. Hierbij wordt zowel gekeken naar 
de grote kransslagaders (de macrocirculatie) als de kleine haarvaten (de 
microcirculatie) die tot in de hartspier doorlopen. Om beide vormen van coronairlijden 
te onderzoeken worden er in deze studie twee beeldvormende technieken gebruikt 
om het hart en haar doorbloeding in beeld te brengen: een CT- en MRI-scan. Met de 
CT wordt gekeken naar plaquevorming in de grote kransslagaders. De MRI wordt 
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vervolgens gemaakt om te kijken naar de doorbloeding tot in de kleinste vaatjes van 
de hartspier. 

Met behulp van de resultaten van de ARGUS studie is in hoofdstuk 6 gekeken naar 
man-vrouw verschillen in coronairlijden op de CT-scan. Tijdens de CT-scan wordt de 
kalkscore bepaald. Deze score beschrijft de hoeveelheid kalk in de kransslagaders. 
Een hoge kalkscore is een belangrijke voorspeller voor hart- en vaatziekte en sterfte. 
Ook is het met behulp van de CT-scan mogelijk om de mate van (niet)-verkalkte 
plaquevorming in de kransslagaders te bekijken. De relatie tussen twee metingen op 
de CT-scan hebben we vergeleken: de kalkscore en een nieuwe maat voor de ernst 
van coronairlijden, de zogenaamde CAD-RADS score. De CAD-RADS score geeft de 
hoeveelheid plaque in de kransslagaders aan en hoeveel procent vernauwing van de 
kransslagaders deze plaques geven. Uit ons onderzoek bleek dat de kalkscore sterk 
samenhangt met deze CAD-RADS score. Oftewel, bij een ernstigere mate van 
coronairlijden (hogere CAD-RADS score), neemt de hoeveelheid kalk in de 
kransslagaders toe. Wat echter duidelijk opviel was dat de stijging van de kalkscore 
bij toename van de vernauwing minder groot was in vrouwen dan in mannen. Oftewel, 
vrouwen hebben lagere kalkscores dan mannen bij eenzelfde ernst van coronairlijden. 
Deze resultaten geven aan dat een lage kalkscore mogelijk minder geruststellend is 
bij vrouwen dan bij mannen. Ook wijzen deze resultaten erop dat onderzoek naar 
CT-uitkomsten per geslacht uitgevoerd moet worden om de waarde van deze 
parameters binnen mannen en vrouwen te bepalen. Vervolgens hebben we in 
hoofdstuk 7 onderzocht of kalkscore in mannen en vrouwen die de cardioloog 
bezoeken een goede voorspeller is voor sterfte. Daarnaast hebben we bekeken of de 
absolute kalkscore of een gepersonaliseerde waarde voor de hoeveelheid kalk op 
basis van leeftijd, geslacht en afkomst beter gebruikt kan worden voor het voorspellen 
van sterfte. De absolute kalkscore bleek sterk voorspellend voor het risico op sterfte 
bij zowel mannen als vrouwen die de cardioloog bezoeken. Opvallend was dat, ook 
al was de kalkscore over het algemeen behoorlijk wat lager in vrouwen dan in mannen, 
de absolute kalkscore het risico op sterfte minstens net zo goed voorspelde als een 
gepersonaliseerde waarde. Deze resultaten komen overeen met resultaten uit een 
eerder onderzoek dat uitgevoerd is in gezonde mannen en vrouwen zonder klachten. 
Naast de voorspellende waarde van kalk, is ook gekeken naar de rol die de mate van 
vaatvernauwing speelt in de relatie tussen kalkscore en sterfte. Bij vrouwen kan sterfte 
mogelijk beter voorspeld worden als de kalkscore én de mate van vernauwing samen 
worden bekeken, maar bij mannen was dit niet het geval. Dit zou verklaard kunnen 
worden doordat vrouwen vaker niet-verkalkte plaques hebben. Mogelijk zorgen deze 
niet-verkalkte plaques voor vernauwingen die, boven op de kalkscore, bijdragen aan 
een verhoogd risico op sterfte. Deze niet-verkalkte plaques mis je als je alleen kijkt 
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naar de kalkscore om het risico op sterfte in te schatten. Concluderend is in dit tweede 
deel van dit proefschrift bewijs aangedragen dat het tijd is om de waarde van 
beeldvorming parameters per geslacht te bekijken bij mannen en vrouwen met 
klachten die verdacht zijn voor coronairlijden.

 
Deel III – Coronairlijden zonder vernauwde kransslagaders 

Naast man-vrouw verschillen in het voorkomen van coronairlijden met vernauwingen 
in de kransslagaders, is ook steeds meer aandacht voor mannen en vrouwen met 
klachten passend bij zuurstoftekort van het hart waarbij géén vernauwing wordt 
gevonden in de grote vaten van het hart. Het laatste deel van dit proefschrift richt 
zich om deze reden op een tot nu toe onderbelichte groep met een hoger risico op 
eerder overlijden aan hart- en vaatziekten; mannen en vrouwen met klachten passend 
bij zuurstoftekort van het hart zonder vernauwde kransslagaders. Vermoed wordt, 
dat de oorzaak van klachten en hart- en vaatziekten bij deze patiënten gelegen is in 
een verstoring van de functie van de microcirculatie van het hart, dat wil zeggen de 
eerdergenoemde kleine(re) haarvaatjes van het hart. Eerder onderzoek heeft laten 
zien dat deze patiënten een hoger risico hebben op hartinfarcten, beroertes en 
overlijden. Maar er is nog weinig bekend over de totale ziektelast van deze patiënten 
die, ondanks beangstigende pijn op de borst klachten, naar huis worden gestuurd 
omdat er geen oorzaak gevonden wordt. Naast een hoger risico op deze harde 
eindpunten, hebben deze mannen en vrouwen vaak nog langdurige (hart)klachten. 
Om inzicht te krijgen in de grootte van deze last, hebben wij in hoofdstuk 8 onderzoek 
gedaan naar de zorgbehoefte voor hart- en vaatziekten en psychische problemen van 
mannen en vrouwen die geen vernauwingen van de kransslagaders bleken te hebben 
bij hartkatheterisatie. Hierbij bleek, net als eerder al was beschreven, dat tijdens een 
hartkatheterisatie bij vrouwen bijna 2 keer vaker geen grote vernauwingen in de 
kransslagaders gezien worden dan bij mannen (39% t.o.v. 23%). In de jaren na deze 
katheterisatie, waarbij dus geen belangrijke vaatvernauwingen werden gezien, houdt 
de meerderheid van deze individuen toch klachten. Dit betreffen veelal klachten van 
pijn op de borst en klachten passend bij hartfalen. Maar ook psychische klachten 
komen veel voor. Vervolgens is gekeken of deze mannen en vrouwen méér klachten 
hebben dan de gemiddelde bevolking. Hiervoor is deze groep vergeleken met mannen 
en vrouwen van dezelfde leeftijd, uit dezelfde huisartsenpraktijk, die geen 
hartkatheterisatie nodig hadden. Alle klachten bleken vaker voor te komen in onze 
studiepopulatie dan in de gewone bevolking. Dit leert ons dat, ondanks dat de 
kransslagaders geen afwijkingen lieten zien, er mogelijk toch een vorm van hart- en 
vaatziekten speelt waardoor deze mannen en vrouwen klachten blijven houden. 
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Behalve dat het verhoogde risico op het ontwikkelen van langdurige klachten en 
hartfalen natuurlijk ernstig lijden met zich meebrengt voor deze mannen en vrouwen 
zelf, gaat dit ook zonder meer gepaard met enorme economische en maatschappelijke 
(zorg)kosten. Daarom is het belangrijk dat er meer onderzoek gedaan wordt naar 
deze langdurige ziektelast en hoe deze kan worden verlaagd. 

De voorgenoemde verstoorde functie van de microcirculatie is aldus een toenemend 
probleem. De laatste aanbevelingen van de Coronary Vasomotor Dysfunction 
studiegroep geeft richting bij wie, wanneer en welke onderzoeken gedaan moeten 
worden naar deze vorm van coronairlijden om deze zo vroeg mogelijk te kunnen 
diagnosticeren. Dit betreffen testen tijdens een hartkatheterisatie om de functie van 
de bloedvaten te onderzoeken. De eerste onderzoeken wijzen uit dat deze 
aanbevelingen goed uitvoerbaar zijn in de klinische praktijk en dat het uitvoeren van 
deze vaatfunctietesten zorgt voor minder klachten op lange termijn. Het nadeel is 
dat de aanbevolen onderzoeken belastend zijn voor de patiënt en de uitvoering ervan 
niet zonder risico is. Daarom is in hoofdstuk 9 gekeken in de literatuur of er minder 
belastende onderzoeken zijn om deze mannen en vrouwen met een verhoogd risico 
op slechte uitkomsten vroegtijdig te herkennen. Op dit moment is er geen niet-
invasieve methode om de functie van de microcirculatie te bepalen. Wel is de 
hoeveelheid niet-invasieve beeldvormende technieken die in ontwikkeling zijn om 
de cardioloog in de toekomst te helpen met het stellen van een diagnose van coronair 
microvasculair lijden hoopgevend. 

Conclusie

Dit proefschrift toont het belang aan om mannen en vrouwen met klachten verdacht 
voor coronairlijden apart te bestuderen. Deze sekse-specifieke benadering is van 
belang over de hele breedte van de zorg voor mannen en vrouwen met hart- en 
vaatziekten; van het beoordelen van symptomen, het toepassen van risicoscores tot 
aan het kiezen en interpreteren van het juiste aanvullende (beeldvormend) onderzoek. 
Alleen wanneer het individu wordt bekeken door de juiste ‘sekse-specifieke bril’ kan 
elk individu optimale zorg, diagnostiek en behandeling worden geboden. Mannen en 
vrouwen zijn niet gelijk, dus laten we ze gelijkwaardig behandelen. 
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Dankwoord 

Onderzoek doe je niet alleen en dit proefschrift was er niet geweest zonder hulp van 
collega’s en vrienden om af en toe stoom bij af te blazen. Hieronder wil ik graag een 
aantal mensen in het bijzonder bedanken. Uiteraard is dit allesbehalve volledig dus 
iedereen die een bijdrage heeft geleverd aan dit proefschrift maar niet genoemd 
staat: Bedankt! 

Allereerst natuurlijk alle patiënten en studie deelnemers zonder wie onderzoek niet 
mogelijk zou zijn; deelnemers van de ARGUS studie, patiënten van CCN en deelnemers 
van de UCORBIO studie: bedankt voor jullie belangeloze inzet! 

Prof. dr. ir. den Ruijter, beste Hester, wat ben ik trots dat ik jou mag bedanken als 
promotor. Bij mijn sollicitatie kwam jij later aanschuiven, minder misleidend had onze 
eerste kennismaking niet kunnen zijn. Je bent de afgelopen jaren mijn rots in de 
branding maar ook ultieme voorbeeld geweest, uiteraard als onderzoeker maar veel 
meer nog als mens. Dat dingen soms moeten schuren en wringen, nou dat heb ik 
geweten. Je hebt me uit mijn comfortzone getrokken, aangemoedigd onderuit te 
durven gaan en geleerd dat als rechtdoor niet lukt, er altijd een andere weg is om tot 
een doel te komen. Je vertelde mij dat de belangrijkste les uit mijn promotie op 
persoonlijk vlak zou zijn, je had het niet beter kunnen voorspellen. Bedankt dat je 
altijd achter me stond en nooit aan mij hebt getwijfeld, ook al deed ik zelf niet anders, 
je was een fantastische promotor. 

Prof. dr. Leiner, beste Tim, bedankt voor je betrokkenheid bij zowel mijn promotie als 
het vormgeven van mijn verdere carrière. Ondanks je drukke agenda en verre reizen 
was je altijd te bereiken als dat nodig was. Bedankt dat je ook de tijd nam voor een 
kopje koffie om mee te denken hoe ik mezelf kon ontwikkelen en kon ontdekken waar 
mijn hart lag. Dankzij jou ga ik goed voorbereid en geïnspireerd beginnen bij de 
radiologie en ik hoop dat we ooit collega’s zullen zijn. Bedankt voor het zijn van een 
hele fijne promotor en dat je me hebt laten zien dat het mogelijk is om zowel een 
échte wetenschapper te zijn als dokter. 

Dr. Onland-Moret, beste Charlotte, ik ben heel dankbaar dat jij gedurende mijn 
promotie aan mijn begeleidingsteam bent toegevoegd. Je was er altijd om door alle 
bomen het bos weer te zien en structuur aan te brengen in de projecten. Dank voor 
je eindeloze geduld om mijn statistische (of epidemiologische?) kennis bij te spijkeren 
en de tijd - die je niet had maar wel nam - om ook gewoon even gezellig te kletsen 
of een luisterend oor te bieden als ik ergens mee worstelde. Bedankt!
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Dr. Eikendal, beste Anouk, al heb je die plek meer dan verdiend, het voelt wel een 
beetje gek om jou hier als copromotor te bedanken. Met de smoes ‘Anouk heeft 
verstand van MRI’s’ mocht ik je van Hester vragen mij te begeleiden, nou volgens mij 
heb je me sindsdien bij alle aspecten van zowel het promoveren als het leven 
geholpen, maar een scan hebben we nog nooit samen bekeken. Als arts-epidemioloog, 
mentor, ‘studie-bazen-manager’, collega maar bovenal vriendin heb je de afgelopen 
jaren tot een waar feestje gemaakt en ik hoop dat er nog heel veel brainstorm en 
therapeutische schommel ‘meetings’ volgen. Je wordt hoe dan ook een fantastische 
huisarts! 

Graag wil ik de leden van de leescommissie, te weten prof. dr. ir. van der Schouw, prof. 
dr. Rutten, prof. dr. Pasterkamp, prof. dr. Velthuis en prof. dr. Maas bedanken voor 
het zitting nemen in mijn beoordelingscommissie en kritisch lezen van mijn 
proefschrift.

Ook wil ik alle coauteurs bedanken voor de mooie publicaties en prettige 
samenwerking. In het bijzonder Crystel, bedankt dat ik gebruik mocht maken van 
jouw mooie studie en je bereidheid ook tijdens je drukke klinische werkweek mee te 
denken, en dr. Somsen van Cardiologie Centra Nederland, voor de scherpe maar 
opbouwende feedback vanuit de praktijk. 

Dan alle mede-promovendi en andere collega’s waar ik de afgelopen drie jaar fijn 
mee heb samengewerkt en van heb mogen leren. 

De “Young Talent Club”, bedankt voor de gezelligheid, meetings en ervaringen in 
Amerika en vooral mijn peer-groepje (Veerle, Mark en Elise) voor de fijne gesprekken 
die ik zo vroeg in mijn promotie traject erg goed kon gebruiken. Gerard, dank dat ik 
mee mocht op deze reis en jij er sindsdien bent geweest om gewoon even te luisteren, 
me aan het denken te zetten, te triggeren (“ik weet nog niet of je wel echt een 
wetenschapper bent”) en compleet uit mijn comfort zone te trekken. Volgens mij is 
het je gelukt, gezien het ‘echte’ lab paper’ als resultaat!

Het UPOD team, Saskia bedankt voor het warme welkom, de momentjes om even 
te sparren over onderzoek en hulp bij het datamanagement samen met Enja en Suzan. 
En natuurlijk Mark, bedankt voor al je hulp met de data en het om sleutelen van mijn 
PC. Imo, we hebben weinig direct samengewerkt maar bedankt voor je oprechte 
interesse in mij sinds de 1e minuut van mijn sollicitatie, dat je er altijd was als ik iets 
van je wilde weten en spot-on feedback tijdens de ARGUS overleggen. Bram en 
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Tjebbe, het was boeiend om eens de andere kant van het ARGUS project te zien, 
mochten jullie ooit rijk worden met de verkoop van het algoritme, vergeet niet wie 
er heeft geholpen met labelen! 

All people of the Experimental Cardiology group and the Laboratory of Clinical 
Chemistry and Hematology, especially Ineke en Joukje, thank you for the warm 
welcome since my – literally – first day chasing sheep, presentations that I still don’t 
completely understand and all the fun in between (especially the pub quiz by Ray 
which was even more difficult than understanding some of the Friday Morning 
Meetings…). Thank you all for being so welcoming even though I was not really a 
lab-rat. Dear members of the Asselbergs group, thank you for letting me join every 
once in a while to gain interesting insights and learn from you.

Daniek, ik weet niet hoe ik de studie had moeten uitvoeren zonder jou! Ondanks alle 
chaos die in de loop der jaren is ontstaan weet jij altijd het overzicht te bewaren met 
een brede lach op je gezicht. Dank voor de fijne samenwerking, gezelligheid, tijd en 
ruimte om over alles en iedereen te klagen (al had jij er nog véél meer last van dan 
ik), en het feit dat je hoe druk je het ook had altijd klaar stond voor de studie. Dankzij 
jou hebben we nu een mooie ARGUS-Biobank waar hopelijk in de toekomst nog mooie 
experimenten mee gedaan kunnen worden. Aan jouw goede ideeën en 
doorzettingsvermogen zal het in ieder geval niet liggen! Naomi, Lianne, Merel, Evelyn 
en Mark bedankt voor alle gezelligheid op het lab en jullie tomeloze inzet voor de 
studie.

Naast het lab wil ik ook de rest van het enorme ARGUS studieteam bedanken. 
Allereerst het Trialbureau en de Beeldbewerking van de Divisie Beeld, de laboranten 
van zowel de MRI als de CT en de planning. In het bijzonder Seline, Laura, Nils, Marjan, 
Gerrit, Ramona, Diana, Ellen, Simone, Marieke, Saskia, Greet, Bernadette, Rianne, 
Marion, Jorgen, Esther, Annick, Gideon, Ronald, Merel, Daniel, Carla, Nick en Mark. 
Ondanks de drukte bij jullie op de afdeling stonden jullie open voor samenwerking 
met Anne-Mar en mijzelf, ook al zorgde dit voor extra werk voor jullie. Ook was er 
altijd ruimte om voor onze studie  te schuiven of ons wat extra uit te leggen. De 
automaat-koffie zal ik niet missen, maar jullie gezelligheid wel! Verder wil ik nog in 
het bijzonder Niels bedanken, als ik weer eens als een naïeve puppy terugkwam met 
een plan van Tim, hielp jij me dit plan om te bouwen naar iets wat enigszins 
uitvoerbaar was. Je was mijn steunpilaar wat betreft de MRI en ik heb veel van je 
geleerd. MEDIS, Hans, David en Pieter, dank voor alle hulp met de software en de 
fijne samenwerking! Iedereen van CCN die betrokken was bij ARGUS, zowel 
cardiologen, balie dames en studenten als echografisten, bedankt voor jullie enorme 
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inzet om patiënten hun weg naar de studie te doen vinden. Roxana, ik hecht veel 
waarde aan onze fijne samenwerking bedankt voor de tijd en energie die je erin hebt 
gestopt om ARGUS samen te doen slagen. Natuurlijk ook Clara, iedereen van het 
Diakonessenhuis, Janneke en het HeartLife-team bedankt. 

Hester’s Devils (inmiddels omgedoopt tot Science Lovers), Ingrid, bedankt dat jij het 
lab en onze groep draaiende houdt, voor het organiseren van alle uitjes en alle 
dagelijkse gezelligheid. Michèle, it was not frequent, but I always left the lab smiling 
after running in to you, lots of luck with your baby! Elise, bedankt voor het 
broodnodige kopje koffie op de maandag ochtend tijdens de weekstart, de yoga-
schilder-brainstormdagen en gezelligheid. Gideon, bedankt dat jij het wiel had 
uitgevonden voor ik begon (inclusief alle ovale of vierkante niet-rollende wielen), 
Robin, bedankt voor de kopjes koffie om gewoon even bij te kletsen of een – 
tevergeefs - bijlesje genetica, heel veel succes met de rest van je carrière ik hoop je 
ooit in Amerika of Japan te mogen opzoeken! And Ernest, even though it was short, 
I am glad that I got to work with you. Thank you for your help, patience, and kindness 
with our project, you saved me by finishing it! We are very lucky with you in our team.

Ik wil ook de studenten bedanken die ik (deels) heb mogen begeleiden. Thuur, wat 
ben ik blij dat jij het meteen in mijn eerste maanden aandurfde samen met mij. Ik 
hoop dat jij net zoveel van mij hebt geleerd als ik van jou en ook de leuke kanten van 
het onderzoek hebt meegenomen naar de rest van je carrière. Ik kijk nog steeds uit 
naar je boek over het torenleven! De Troostpot was nooit meer hetzelfde zonder jouw 
veel te zure snoepjes. Mirna, bedankt dat ik jou mocht helpen je prachtige onderzoek 
af te ronden, het is een stuk geworden waar je trots op kunt zijn. Succes met de rest 
van je carrière! Milena, helaas had Sophie je al snel weggekaapt, maar het was altijd 
gezellig koffie drinken en kletsen over niet-wetenschappelijke dingen, ik hoop dat we 
nog eens zullen samenwerken! Willemijn, het was kort maar krachtig, bedankt voor 
je hulp! Leila, bedankt dat ik je mocht begeleiden en ik kijk uit naar het afronden van 
je onderzoek. Mayra, wauw, wat heb jij een werk verzet in die korte tijd en wat ben 
ik blij dat ik de studie in jouw handen kan achterlaten. 

Marian en Birgit, ik durf wel aan te nemen dat ook jullie zwarte boekje nog steeds 
ongeopend ligt te verstoffen, zullen we die als we oud en grijs zijn samen openen? Ik 
ben blij dat ik jullie die week echt heb leren kennen en er twee nuchtere (Eureka) 
buddy’s voor het leven bij heb gekregen. Birgit, heel veel succes in Duitsland, je 
collega’s en patiëntjes daar hebben mazzel met jou. Marian, Ik ben blij dat jij als 
colourful bird aan bent komen vliegen. Sindsdien mijn onmisbare koffie maatje of het 
nou op het lab, digitaal of buiten werk is, en ook die taart is er gelukkig toch nog 
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gekomen (ook al heeft het de lab-wedstrijd niet gehaald). Bedankt dat je mij als PhD 
hebt geadopteerd in de ivoren-postdoc-toren en het einde van mijn PhD is zeker niet 
het einde van onze vriendschap. 

Alle vroegere en huidige Torenbewoners, bedankt voor de afgelopen jaren aan 
koffiemomentjes en levenslessen. Ian, vanaf dag 1 mijn ultieme voorbeeld hoe het 
einde van je PhD eruit moet zien: geen stress, eindeloos je voorkant knutselen en 
dan toch gewoon een stock afbeelding kiezen omdat het kan, bedankt voor de 
gezelligheid, koffie momentjes en wijze lessen als Toren-oudste. Tim, bedankt voor 
de gezelligheid en ik vind het bewonderenswaardig hoe jij voor je eigen pad hebt 
gekozen hoe jammer het ook was dat je ons achterliet. Arjan, we hebben maar kort 
samen de toren bewoond maar gelukkig op de valreep toch nog echt samengewerkt! 
Bedankt voor de fijne samenwerking, dat je me hebt meegenomen in de wereld van 
de Athero-Express en jouw doorzettingsvermogen en management tips toen ik ons 
project echt niet meer zag zitten. Michael en Malin, jullie waren een verfrissende 
datascience wind in de stoffige Toren, dank voor alle gezelligheid en hulp als ik weer 
kwam aankloppen met mijn zoveelste R-error. Heel veel succes met het afronden van 
jullie PhD’s en hopelijk kunnen we nog eens real-life een paas- of kerstbrunch reünie 
doen! Sander, bedankt voor de altijd leuke, interessante, soms wat wazige, tip van 
de dag of vaderlijke raad als we weer eens bij de nespresso machine stonden bij te 
komen. Anne-Mar, partner-in-studie-crime, helaas heeft onze real life samenwerking 
niet al te lang geduurd maar het was wel mega gezellig en fijn om samen de kar te 
trekken. Heel veel succes met het op de rails houden van je kleurrijke promotieteam 
en ik kijk nu al uit naar je prachtige HELPFulUP-thesis! Diantha, ik vond het heel 
gezellig met jou erbij in onze virtuele Toren en het is echt heel knap hoe jij vanuit huis 
alles zo snel geregeld hebt voor je nieuwe studie. Heel veel succes de komende jaren!

De #0900-Trootspothotline, zonder jullie was dit proefschrift er zeker nooit gekomen. 
Of we nou met de bus naar Disney gingen en op de zwarte lijst van de 
personeelsvereniging terecht kwamen omdat we onze stoel niet wilden opgeven voor 
een jankend kind, of op de fiets naar Parijs zaten (Jonne waar was je nou..), dankzij 
jullie werd het harde werken af en toe onderbroken voor een wandeling of weekendje 
zonder e-mails en vooral heel veel lol. Jonne, ik kan een heel boekje volschrijven over 
alles waar ik jou voor moet bedanken, maar daar heb je als moeder gelukkig helemaal 
geen tijd meer voor. Overigens, eigenlijk moet je mij bedanken, want vanaf mijn eerste 
dag heb je op mij kunnen oefenen voor het moederschap en mij mogen opvoeden 
en helpen opgroeien in de wondere wereld van de wetenschap en tijdens mijn eerste 
baan. Ondanks dat ik ‘net 14’ was en jij ‘al bijna getrouwd’ klikte het meteen en mocht 
ik met jullie mee naar New York, hebben we samen de studie best aardig aan de praat 
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gekregen en werd je middels eindeloze koffies, XXL-chocolate cookies en overprized 
thee echt mijn maatje. Bedankt voor alle wijze levenslessen en ik hoop dat we nog 
vele avonturen gaan beleven als je ooit weer een dagje zonder Eli kan. Sophie, toen 
ik de Toren binnen kwam lopen was de toon meteen gezet; ‘welkom, als je maar niet 
denkt dat ik je analyses ga doen’. Gelukkig meende je hier niets van (je had nl. mijn 
studieprotocol allang geschreven) en was je de afgelopen jaren mijn steun en 
toeverlaat. Een plek als copromotor zou zeker niet hebben misstaan. Ik ben blij dat 
we mijn hele periode in de Toren samen hebben mogen werken, koffie drinken, lachen 
en alle frustraties hebben kunnen delen. Ik hoop dat ik je kijk op arts-onderzoekers 
een beetje positiever heb kunnen maken. Je hebt me geïnspireerd een echte 
wetenschapper te willen worden en het plezier in het schrijven te ontdekken. Ik wens 
je heel veel succes met je nieuw job, maar voor jou is geen berg te hoog (zelfs niet 
op een rammelende tour fiets terwijl iedereen op een lichtgewicht carbon fiets 
omhoog sprint) dus met jouw doorzettingsvermogen en kracht om je eigen weg te 
volmaken kom je er wel. Ik zet je onvermijdelijke oratie als professor vast in mijn 
agenda over een paar jaar! Klaske, pfoe, dacht ik dat ik met Sophie een eenhoorn 
had getroffen als bewonderenswaardige collega waar ik me aan op kon trekken, kom 
jij aanzetten. In het begin was het wat zoeken met schijnbaar overlappende 
onderzoeksdoelen, maar uiteindelijk bleek het een gouden combinatie en werd onze 
samenwerking een perfect storm. Bedankt dat je altijd klaar stond om te zeuren, te 
sparren of een rondje – iets te hard – te fietsen. Succes met de laatste loodjes, maar 
na alle hobbels die jij hebt moeten nemen de afgelopen jaren zijn die peanuts. Vergeet 
je jezelf niet te bedanken als projectmanager, promotor en PhD in één? (Ex-)
Torenmeiden, ik had me geen betere collega’s en vriendinnen kunnen wensen, we 
vulden elkaar naadloos aan. Laten we de G&T en sushi erin houden om onze successen 
te blijven vieren!

Lieve vriendinnen, gelukkig waren jullie er ook voor de nodige afleiding en om af en 
toe even objectief mijn PhD-gestress aan te horen. Altijd bleken mijn ‘problemen’ 
alles mee te vallen in het licht van de ‘gewone wereld’. Olifanten werden weer muggen 
als ik ze hardop uitsprak tegen jullie. Jaim en Am wat ben ik blij dat we weer 
teamgenootjes zijn, ik was vergeten hoe fijn het is jullie weer zo vaak te zien en 
spreken! Daan, Nic, Linde en Joyce, ondanks onze korte samenspeel periodes zijn 
jullie vriendinnen voor het leven geworden. Char, samen van overijverige geneeskunde 
student tot echte dokters, laten we snel weer samen werken in hetzelfde ziekenhuis. 
Bedankt dat jullie er altijd zijn om even bij te kletsen, of het nou wekelijks is of er 
weer maanden niet van komt, het is altijd weer als vanouds en ik kan bij jullie voor 
alles terecht.
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Lieve Cu en Niek, mijn beste maatjes, mijn rechter- en mijn linkerhand. Met jullie 
naast me kan ik alles aan en als ik, zo af en toe, aan mezelf twijfel zijn jullie er om me 
te vertellen dat ik even normaal moet doen. Als ik een mooie prestatie weer eens 
niet het vieren waard vind, staan jullie klaar met een te dure fles champagne of 
dropjes en ijs. Jullie zijn toppers en ik ben blij dat jullie altijd voor me klaar staan! 
Sorry Niek geen lofzang van een paar bladzijden maar je weet best hoe dankbaar ik 
je ben en je zou het toch niet woord voor woord lezen. 

Als laatste wil ik natuurlijk mijn lieve familie bedanken. Zonder jullie onvoorwaardelijke 
steun en vertrouwen was ik nooit zo ver gekomen. Lieve opa Herman, dank dat u 
mijn artikelen altijd probeert te lezen ook al is het jargon niet te begrijpen, oma Bep 
en oma Miep, bedankt dat jullie me altijd verwennen als ik weer uit kom razen van 
de drukte van elke dag, dat zal de komende jaren nog meer dan nodig blijven en 
gelukkig werk ik weer een stuk dichterbij en opa Ruud ik zal uw onvoorwaardelijke 
trots altijd meenemen. Lief broer(tje), Kas, het is niet altijd makkelijk mijn broertje 
te zijn, maar ik ben blij dat je er bent en me af en toe helpt relativeren en doet inzien 
wat de echt belangrijke dingen in het leven zijn. Pap en Mam, als laatste een paar 
hele dikke zoenen voor jullie natuurlijk. Jullie hebben me altijd alle liefde, kansen en 
vrijheid gegeven te doen wat ik wil, me geholpen als dat kon en me een beetje 
afgeremd waar nodig. Daar ben ik jullie elke dag dankbaar voor. Bedankt dat jullie 
ons met jullie opvoeding alles hebben meegegeven om onze dromen na te jagen en 
geleerd hebben dat je met stroop meer bereikt dan met azijn, je met hard werken 
alles kan worden wat je wilt maar ook zeker dat er veel meer is in het leven dan werk. 
Papa, Mama, Kas en natuurlijk Niek, ik kan me geen fijner thuisfront wensen, bedankt 
voor alles! 
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