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OVERVIEW 

Coronary artery anomalies represent a group of congenital disorders with an anomalous 
location of a coronary ostium, an anomalous course or an anomalous termination of a 
coronary artery. The prevalence of coronary artery anomalies in the general population 
is estimated to be around 1% (1-4). Although most individuals with coronary artery 
anomalies remain undetected as their disease course is clinically insignificant, some 
individuals, and especially those with an anomalous coronary artery from the opposite 
sinus of Valsalva (ACAOS), may become symptomatic and experience adverse cardiac 
events. Several anatomic high-risk features have been described in ACAOS patients. 
These include interarterial course (IAC) between the aorta and pulmonary artery, an 
intramural course, a slit-like ostium, an acute take-off angle or a proximal narrowing of 
the anomalous vessel and are considered to be of special interest due to their predispo-
sition to myocardial ischemia, heart failure, ventricular arrhythmias, and sudden cardiac 
death (SCD) (1, 5-8). Other coronary artery anomalies include high take-off from the 
aorta, duplication of coronary arteries or absent left main stem with separate ostium 
for left anterior descending coronary artery and left circumflex coronary artery, which 
are rather normal variations without clinical significance in the majority (1). 

CORONARY ARTERY ANOMALIES AND CURRENT RECOMMENDATIONS  

In particular, young athletes with ACAOS are considered to be at risk for sports-related 
SCD (5-8). Autopsy series showed that after hypertrophic cardiomyopathy, ACAOS is the 
second most common underlying cause of sports-related SCD in young competitive 
athletes during or shortly after strenuous exercise and are believed to be the cause of 
up to one third of SCD in US army recruits (8-10). In addition to young athletes, an in-
creasing number of coincidentally detected ACAOS is found in the middle-aged and 
elderly population as the use of non-invasive imaging for the exclusion of coronary 
artery disease (CAD) is increasing. Currently, guidelines regarding diagnostic evaluation, 
sport restriction and treatment of ACAOS are lacking Although some recommendations 
exist, they are inconsistent and are debatable. Recommendations range from a surgical 
approach in the vast majority of patients to a watchful waiting approach with sports 
restriction in the remainder. However, optimal diagnostic and therapeutic strategies for 
anomalous coronary arteries are lacking because of a lack of scientific evidence and 
guidelines. Therefore, indications for surgical correction remain controversial in certain 
cases and besides the clinical evaluation, non-invasive imaging techniques in assessing 
and guidance for the treatment of individuals with ACAOS might be even more im-
portant in the future.  
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CORONARY ARTERY ANATOMY  

Formerly, the coronary arteries were considered outgrowths of the aortic root. Howev-
er, in the most recent decade, evidence was brought up that coronary endothelial pre-
cursors self-organize in the subepicardial space (see Figure 1) and form a vascular plex-
us that only in later stages (of embryological development) connects to the aorta (11) 
(see Figure 2). Different genes, vascular endothelial growth factor availability, coronary 
arterio-venous growth coordination, and the vascular density around the aortic trunk, 
which is modulated by hypoxic domains, are involved in the correct connection be-
tween the distal coronary artery parts and the proximal aortic root parts (4).  
 

 
Figure 1: Movement of the proepicardial organ (PEO) to and over the heart is shown in the top panel, and 
mesenchymal migration and differentiation are shown in the bottom panel. The PEO (blue) is an outgrowth 
from the dorsal body wall that moves to the looping heart (red). Next, migrating epithelium is seen spreading 
over the heart. In cross section, the epithelium is a single cell layer. Epithelial/mesenchymal transition pro-
vides cells that migrate into the myocardium. Vasculogenic cells differentiate and link to form plexi that 
induce other mesenchymal cells to become smooth muscle. These plexi are remodeled into definitive arteries, 
and the most proximal points of the major coronaries finally link up with the aorta. (Adapted from Reese DE et 
al. Development of the coronary vessel system. Circ Res. 2002 Nov 1;91(9):761-8). 

 

 
Figure 2: Schematic representation of proximal coronary artery development. 1: Half aortic root (Ao) with no 
coronary orifices. The peritruncal ring (PR) is already present. 2: Half aortic root with coronary artery (arrow) 
penetrating the aortic wall out of the peritruncal ring. 3: Half aortic root with coronary artery penetrating the 
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complete aortic wall, except for the aortic intimal lining. 4: Half aortic root with completely developed coro-
nary artery, (Adapted from Bogers AJ et al. Development of the origin of the coronary arteries, a matter of 
ingrowth or outgrowth? (Anat Embryol (Berl). 1989;180(5):437-41). 

Anatomic high-risk features of coronary artery anomalies  

Two variants of ACAOS are considered clinically important: R-ACAOS (anomalous right 
coronary artery originating from the left coronary sinus) and L-ACAOS (anomalous left 
coronary artery originating from the right coronary sinus). R-ACAOS are more prevalent 
than L-ACAOS (12), however, it was previously thought that mainly L-ACAOS were the 
sole cause of SCD, because a larger amount of myocardium is potentially at risk for 
arrhythmia (13). Recently, several reports showed that SCD also occurs in patients with 
underlying R-ACAOS (4, 14). An important high-risk anatomic feature is an IAC, where 
the anomalous vessel is coursing between the aorta and the pulmonary artery (also 
called the “malignant” variant) (15). Retroaortic course (anomalous vessel between the 
left atrium and the aorta), prepulmonic (anomalous vessel ventral to the pulmonary 
artery) and anomalous vessels originating from the non-coronary sinus are considered 
as less critical variants (16). Other high-risk anatomic features besides the IAC and the 
slit-like ostium are an acute take-off angle (<45°), intramural course (anomalous vessel 
within the tunica media of the aortic wall) and an elliptical vessel shape (defined as 
height/width ratio of >1.3 of the anomalous vessel) and proximal vessel narrowing of 
the anomalous vessels (>50% narrowing of the cross-section vessel area compared to 
the distal part) (17-19).  

Underlying mechanisms of adverse cardiac events in patients with coronary 
artery anomalies 

The underlying mechanism of SCD in individuals with ACAOS is unknown, but several 
hypotheses exist. During exercise, the cardiac output increases and can change the 
geometry of the anomalous coronary artery. This is a consequence of aortic dilatation 
and dynamic mechanical compression of the intramural and interarterial segments. 
Furthermore, the intramural course leads to a segmental hypoplasia with a proximal 
narrowing compared to the distal part of the anomalous vessel. An elliptic vessel shape 
of the proximal part is sought to be the consequence of an asymmetrical lateral com-
pression of the anomalous vessel in the intramural course during systole leading to 
cardiac ischemia (1, 4, 20). Further discussed mechanism are valve-like obstruction of 
the slit-like ostium, coronary kinking during exercise of ACAOS with acute angulation of 
the arterial take-off and proximal spasm or extreme tachycardia during exercise, result-
ing to ischemic arrhythmias (21). A very rare but lethal anomaly presenting almost only 
in early infancy is the anomalous origin of the left coronary artery arising from the pul-
monary artery (ALCAPA, or Bland-White Garland syndrome). In this anomaly, extensive 
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collaterals develop between the right and left coronary arterial systems and over time 
the flow reverses causing myocardial ischemia and congestive heart failure due to hypo-
perfused myocardium (22).  

AIM OF THIS THESIS 

I focused my research on coronary artery anomalies and the role of non-invasive cardiac 
imaging in these patients. This thesis should provide insight in the complexity of coro-
nary artery anomalies, should give information about the incidence, prevalence, the risk 
of adverse cardiac events and the value of non-invasive imaging modalities including 
new scanning techniques to reduce radiation exposure in these patients. Finally, it 
should help physicians in their decision making regarding surgical correction and sports 
behavior counseling of their patients with coronary artery anomalies. In Chapter 2.1 we 
describe the incidence and characteristics of sports-related SCD in Switzerland, per-
formed in a retrospective autopsy study. Furthermore, we evaluated the underlying 
causes including coronary artery anomalies of sports-related SCD. In Chapter 2.2 we 
present a single center study, looking at prevalence, incidence and characteristics of 
coronary artery anomalies detected by coronary computed tomography angiography. In 
Chapter 2.3 we investigated whether hybrid coronary computed tomography angi-
ography and single photon emission tomography myocardial perfusion imaging repre-
sents a valuable non-invasive tool in assessing patients with ACAOS. Specifically, we 
wanted to evaluate whether this technique helps to discriminate whether myocardial 
ischemia was a result of the coronary artery anomaly, or from coronary artery disease in 
a middle-aged population with ACAOS. In Chapter 2.4 we describe the value of fused 
cardiac hybrid imaging with coronary computed tomography angiography and positron 
emission tomography myocardial perfusion including the additional value of non-
invasive measured coronary flow reserve in patients with complex coronary artery 
anomalies. Due to its non-invasive nature, relatively low cost and high detection rate of 
coronary artery anomalies, a further increase of the utilization of coronary computed 
tomography angiography may be expected in the evaluation of ACAOS and therefore 
reduction of radiation dose is aimed. We therefore analyzed in Chapter 2.5 the image 
quality of coronary arteries on the latest 256-slice coronary computed tomography 
angiography using prospective electrocardiogram triggering techniques with a radia-
tion- and contrast-sparing protocol. 
  



Introduction 

15 

REFERENCES 

1. Angelini P. Coronary artery anomalies: an entity in search of an identity. Circulation. 2007;115(10):1296-
305. 

2. Angelini P, Flamm SD. Newer concepts for imaging anomalous aortic origin of the coronary arteries in 
adults. Catheterization and cardiovascular interventions : official journal of the Society for Cardiac Angi-
ography & Interventions. 2007;69(7):942-54. 

3. Davis JA, Cecchin F, Jones TK, Portman MA. Major coronary artery anomalies in a pediatric population: 
incidence and clinical importance. Journal of the American College of Cardiology. 2001;37(2):593-7. 

4. Perez-Pomares JM, de la Pompa JL, Franco D, Henderson D, Ho SY, Houyel L, Kelly RG, Sedmera D, Shep-
pard M, Sperling S, Thiene G, van den Hoff M, Basso C. Congenital coronary artery anomalies: a bridge 
from embryology to anatomy and pathophysiology--a position statement of the development, anatomy, 
and pathology ESC Working Group. Cardiovascular research. 2016;109(2):204-16. 

5. Basso C, Maron BJ, Corrado D, Thiene G. Clinical profile of congenital coronary artery anomalies with 
origin from the wrong aortic sinus leading to sudden death in young competitive athletes. Journal of the 
American College of Cardiology. 2000;35(6):1493-501. 

6. Eckart RE, Scoville SL, Campbell CL, Shry EA, Stajduhar KC, Potter RN, Pearse LA, Virmani R. Sudden death 
in young adults: a 25-year review of autopsies in military recruits. Annals of internal medicine. 
2004;141(11):829-34. 

7. Kim SY, Seo JB, Do KH, Heo JN, Lee JS, Song JW, Choe YH, Kim TH, Yong HS, Choi SI, Song KS, Lim TH. 
Coronary artery anomalies: classification and ECG-gated multi-detector row CT findings with angiograph-
ic correlation. Radiographics : a review publication of the Radiological Society of North America, Inc. 
2006;26(2):317-33; discussion 33-4. 

8. Lorenz EC, Mookadam F, Mookadam M, Moustafa S, Zehr KJ. A systematic overview of anomalous coro-
nary anatomy and an examination of the association with sudden cardiac death. Reviews in cardiovascu-
lar medicine. 2006;7(4):205-13. 

9. Maron BJ, Doerer JJ, Haas TS, Tierney DM, Mueller FO. Sudden deaths in young competitive athletes: 
analysis of 1866 deaths in the United States, 1980-2006. Circulation. 2009;119(8):1085-92. 

10. Maron BJ, Haas TS, Ahluwalia A, Murphy CJ, Garberich RF. Demographics and Epidemiology of Sudden 
Deaths in Young Competitive Athletes: From the United States National Registry. The American journal of 
medicine. 2016. 

11. Bogers AJ, Gittenberger-de Groot AC, Poelmann RE, Peault BM, Huysmans HA. Development of the origin 
of the coronary arteries, a matter of ingrowth or outgrowth? Anatomy and embryology. 
1989;180(5):437-41. 

12. Angelini P, Uribe C, Monge J, Tobis JM, Elayda MA, Willerson JT. Origin of the right coronary artery from 
the opposite sinus of Valsalva in adults: characterization by intravascular ultrasonography at baseline 
and after stent angioplasty. Catheterization and cardiovascular interventions : official journal of the Soci-
ety for Cardiac Angiography & Interventions. 2015;86(2):199-208. 

13. Cheitlin MD, De Castro CM, McAllister HA. Sudden death as a complication of anomalous left coronary 
origin from the anterior sinus of Valsalva, A not-so-minor congenital anomaly. Circulation. 
1974;50(4):780-7. 

14. Frescura C, Basso C, Thiene G, Corrado D, Pennelli T, Angelini A, Daliento L. Anomalous origin of coronary 
arteries and risk of sudden death: a study based on an autopsy population of congenital heart disease. 
Human pathology. 1998;29(7):689-95. 

15. Brothers JA, Whitehead KK, Keller MS, Fogel MA, Paridon SM, Weinberg PM, Harris MA. Cardiac MRI and 
CT: differentiation of normal ostium and intraseptal course from slitlike ostium and interarterial course 
in anomalous left coronary artery in children. AJR American journal of roentgenology. 
2015;204(1):W104-9. 



Part I 

16 

16. Sundaram B, Patel S, Bogot N, Kazerooni EA. Anatomy and terminology for the interpretation and report-
ing of cardiac MDCT: part 1, Structured report, coronary calcium screening, and coronary artery anato-
my. AJR American journal of roentgenology. 2009;192(3):574-83. 

17. Cheezum MK, Ghoshhajra B, Bittencourt MS, Hulten EA, Bhatt A, Mousavi N, Shah NR, Valente AM, 
Rybicki FJ, Steigner M, Hainer J, MacGillivray T, Hoffmann U, Abbara S, Di Carli MF, DeFaria Yeh D, Lan-
dzberg M, Liberthson R, Blankstein R. Anomalous origin of the coronary artery arising from the opposite 
sinus: prevalence and outcomes in patients undergoing coronary CTA. European heart journal cardiovas-
cular Imaging. 2016. 

18. Harris MA, Whitehead KK, Shin DC, Keller MS, Weinberg PM, Fogel MA. Identifying Abnormal Ostial 
Morphology in Anomalous Aortic Origin of a Coronary Artery. The Annals of thoracic surgery. 
2015;100(1):174-9. 

19. Miller JA, Anavekar NS, El Yaman MM, Burkhart HM, Miller AJ, Julsrud PR. Computed tomographic angi-
ography identification of intramural segments in anomalous coronary arteries with interarterial course. 
The international journal of cardiovascular imaging. 2012;28(6):1525-32. 

20. Angelini P, Velasco JA, Ott D, Khoshnevis GR. Anomalous coronary artery arising from the opposite sinus: 
descriptive features and pathophysiologic mechanisms, as documented by intravascular ultrasonogra-
phy. The Journal of invasive cardiology. 2003;15(9):507-14. 

21. Lawless CE. Return-to-play decisions in athletes with cardiac conditions. The Physician and sportsmedi-
cine. 2009;37(1):80-91. 

22. Greenberg MA, Fish BG, Spindola-Franco H. Congenital anomalies of the coronary arteries. Classification 
and significance. Radiologic clinics of North America. 1989;27(6):1127-46. 

 

 
 
 
 
 
  



 

17 

 
 

Part II 

Non-invasive imaging in coronary artery 
anomalies and risk of sudden cardiac death 

  



 

  



19 

Chapter 2.1. 

Sports-related sudden cardiac death in 
Switzerland classified by static and dynamic 

components of exercise 

 
 
 
 
 
 
 
 
 
 
 

Gräni C1, Chappex N2, Fracasso T3, Vital C1, Kellerhals C1, Schmied C4, Saguner AM4, 
Trachsel LD1, Eser P1, Michaud K2, Wilhelm M5.  

 
1Department of Cardiology, Inselspital, University Hospital Bern, Switzerland. 

2University Center of Legal Medicine, Lausanne and Geneva, University of Lausanne, Switzerland. 
3University Center of Legal Medicine, Lausanne and Geneva, University of Geneva, Switzerland. 

4Department of Cardiology, University Heart Center Zurich, Switzerland. 
5Department of Cardiology, Inselspital, University Hospital Bern, Switzerland 

 
Modified from  

Eur J Prev Cardiol. 2016 Jul;23(11):1228-36. 
  



Chapter 2.1. 

20 

ABSTRACT 

Background Sports-related sudden cardiac deaths (SrSCD) occur most frequently in high 
dynamic and/or static sports. We aimed to assess the incidence and characteristics of 
SrSCD in Switzerland and to compare SrSCD occurrence according to sports categories 
with the sports participation behavior in the general population. 

Methods Between 1999 and 2010 forensic reports of SrSCD in young individuals (10-
39years) were retrospectively reviewed and categorized based on peak static (increas-
ing from I to III) and dynamic sports components (increasing from A to C). Data were 
compared to the sports participation behavior of the Swiss population. 

Results Sixty-nine SrSCD were identified. 48 (69.6%) occurred during recreational (REC) 
and 21 (30.4%) during competitive (COMP) sports. Incidences (x/100’000 athlete per-
son-years) for COMP and REC were 0.90 and 0.52, respectively (p=0.001). Most SrSCD 
occurred in IC (23 cases, 33.3%), followed by IIC (13,18.9%), IIIA and IIIC (11 
each,15.9%), IIIB (6,8.7%), IIA (4,5.8%) IB (1,1.5%). No SrSCD was found in IA and IIB. 
Incidences between sports categories (IIIA 0.25, IB 0.25, IC 0.18, IIC 0.33, IIIC 0.25), were 
not significantly different except to IIA (0.94, p<0,001), due to the fact that only few 
people were involved in this sports category. Coronary artery disease (CAD) was the 
most common underlying pathology of SrSCD. 

Conclusions In this Swiss cohort, incidence of SrSCD was very low and similar in all sports 
categories classified by its static and dynamic components. However, the incidence was 
higher in COMP compared to REC and CAD proved to be the most common underlying 
cause of SrSCD. 

Abbreviations 
CAD = coronary artery disease 
COMP = competitive sports 
CVRF = cardiovascular risk factors 
ECG = electrocardiogram 
MI = myocardial infarction 
PPS = pre participation screening 
REC = recreational sports 
SrSCD = sports-related sudden cardiac death 
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INTRODUCTION 

Sports-related sudden cardiac death (SrSCD) in the young is rare, but always cata-
strophic. Although performing sports is related to decreased overall mortality, tempo-
rary maximum physical performance is associated with a higher risk for SrSCD during 
and up to one hour after cessation of sports.(1, 2) It is suggested that sports might be a 
strong trigger for a cardiovascular event, particularly in congenital heart disease or 
coronary artery disease (CAD).(2, 3) Recommendations for a pre-participation screening 
(PPS) with or without resting ECG exist in most countries and is well accepted by the 
athletes.(4, 5) In Switzerland, mandatory PPS including an ECG exists for elite athletes 
and in certain sports associations (e.g. football, athletics, cycling). For all other athletes 
PPS is on a voluntary basis.(6) 

For physiologic purposes different sports can be divided into dynamic (isotonic) and 
static (isometric) components. Dynamic components are represented by the maximal 
oxygen uptake (max O2), and result in increased cardiac output (volume load), whereas 
static components are related to the percentage of maximal voluntary contraction 
(MVC) with the consequence of increased pressure load.(7, 8) In athletes, absolute 
numbers of SrSCD are highest in sports with high dynamic and/or static components.(9, 
10) Importantly, sports in these categories are very popular. It is unknown which sports 
categories based on their dynamic and static exercise components are at high risk for 
SrSCD in a population with a selective PPS program. We aimed to assess the incidence, 
characteristics and underlying cause of SrSCD and to compare SrSCD occurrence accord-
ing to sports categories with the sports participation behavior in the general population 
of Switzerland. 

METHODS 

Study population  

We defined a SrSCD as an unexpected cardiovascular death occurring during or within 
one hour after physical activity.(11) After the publication of the first PPS recommenda-
tion in 1998 in Switzerland, we retrospectively reviewed all forensic reports of German- 
and French speaking parts of Switzerland from 1999 to 2010 (with an overall population 
of 7´030´900) for SrSCD in young individuals (10-39 years). We included only German-
and French speaking parts of Switzerland as some of the SrSCD cases of the Italian 
speaking part of Switzerland were investigated in Italy. Data were retrospectively col-
lected in an anonymized fashion in the Swiss REGistry of Athletic Related Death 
(www.swissregard.ch).(12) The heart examination was performed by the local forensic 
pathologist, and the diagnosis of the cause of death was established based on macro-
scopic findings. In selected cases, microscopy and toxicology were performed. Criterion 

http://www.swissregard.ch/
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for hemodynamically relevant coronary artery disease (CAD) was a lumen narrowing of 
≥50%.(13) We divided SrSCDs into two groups depending on whether they occurred 
during recreational sports (REC) or competitive sports (COMP). COMP are defined as 
athletes who participate in organized teams or individual sports that require systematic 
training and regular competition against others and requiring a high degree of athletic 
excellence and commitment.(14) REC is defined as engagement in physical activity with 
low-, moderate or vigorous intensity and no participation in competitions. Sports in 
which SrSCDs occurred were further classified based on peak static and dynamic com-
ponents achieved during training or competition as suggested in the Task Force 8 of the 
American College for Cardiology.(7) I to III characterizes an increasing static component, 
whereas A to C represents an increasing dynamic component. I represents <20% of 
MVC, II 20-50% MVC, and III >50% MVC, whereas A describes <40% of max O2, B 40-70% 
of max O2, and C >70% of max O2.(7) Incidences and underlying conditions of SrSCD 
were analyzed. The denominators for the calculation of incidences were derived from 
the Swiss Federal Office of Statistics (15) and a survey from the year 2008 on sports 
participation in Switzerland from the Swiss Federal Office of Sports. According to the 
survey, 73% of the Swiss population participate regularly in sports. Thereof, 80% are 
engaged in REC and 20% in COMP.(16) The survey also lists participation numbers with-
in the 67 different sports disciplines. We calculated the sports participation rate (multi-
ple sports exposure possible) according to the different sports categories classified by 
dynamic and static components of sports, based on the above mentioned survey.(16) 

In Switzerland, sudden unexpected deaths are reported to the district attorney, 
which in turn initiates an inquiry. The preliminary forensic examination is a scene inves-
tigation of the corpse, mostly performed by a forensic pathologist. The district attorney 
may mandate further examination such as an autopsy. A recent study in the Swiss can-
ton of Vaud, the autopsy rate of sudden cardiac death in the young is a high as 
47.5%.(13) Although the autopsy rate is lower compared to other countries, based on 
clinical experience and internal communications with other forensic institutes in Swit-
zerland, the autopsy rate seems valid for non- SrSCD and SrSCD and applicable to all 
cantons in Switzerland.(17) Our cohort includes only autopsied SrSCDs. SrSCDs based on 
only a scene investigation were not included. Therefore, our recorded numbers of 
SrSCDs were multiplied by 2.1 times for the adjusted calculated incidences. Incidences 
between sports categories with reference of the lowest incidence (minimum one case 
of SrSCD) were compared.  

Statistical analysis  

All statistical analyses were performed using SPSS Statistics for Windows, version 22 
(IBM Corporation, Armonk, NY) and MedCalc, Software bvba version 15.10.0 (Belgium). 
Data are reported as median ± interquartile range (IQR, 25th – 75th percentile), or mean 
± standard deviation (SD), or percentages, as appropriate. Continuous variables were 
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analysed using the Student’s t-test or Mann-Whitney U-test, where appropriate. Cate-
gorical data were analysed with Chi-squared test or Fisher´s exact test in case of low 
field numbers. For the comparison of SrCD rates, lowest incidence category (categories 
without a single SrSCD were excluded) was defined as the reference category. All other 
incidences of sport categories were compared to that reference category. P-values of all 
outcomes were two-sided; a value less than 0.05 was considered significant. Confidence 
intervals (CI) were defined as 95%.  

Ethics  

This study was evaluated by the Ethics committee of the Canton of Bern, Switzerland. 
Based on the Swiss Human Research Law, an informed consent for the analysis of anon-
ymized, retrospective data was not necessary. 

RESULTS 

In the 12-year period under investigation, a total of 72 SrSCDs were recorded. One pro-
fessional Canadian volleyball player, one US American and one German handball player, 
who died in Switzerland during a sports event, were excluded from the study. Of the 69 
remaining SrSCDs used for analyses, 6 (8.7%) concerned females, and 63 (91.3%) males 
(p <0.001). Of these, 48 (69.6%) died during REC and 21 (30.4%) during COMP. The 
male-female ratio was comparable between REC and COMP with 45 (93.8%) versus 3 
(6.3%), and 18 (85.7%) versus 3 (14.3%), respectively (p = 0.36). Mean age at time of 
SrSCD in REC was 27.6 years (± 9.9) versus 30.0 years (± 7.9) in COMP (p = 0.29). Num-
ber of SrSCDs in COMP and REC with regard to age classes is shown in Figure 1. The 
calculated incidence corrected for autopsy rate was higher for COMP with 0.90/100'000 
than REC with 0.52/100'000 (p=0.001, see Table 1). Underlying diagnoses of 69 SrSCDs 
are displayed in Figure 2. 



Chapter 2.1. 

24 

 
Figure 1: Numbers of SrSCD distribution between REC and COMP according to the age. 
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Figure 2: Underlying Diagnoses of SrSCDs in REC and COMP athletes. The group “Other” comprise commotion 
cordis (n=1), dextro-transposition of the great arteries with patent ductus arteriosus (n=1), Wolff-Parkinson-
White syndrome (n=1), and sarcoidosis (n=1) and one unknown case. 

 
Of note, under “other” (n=5) the following cases were summarized: one commotion 
cordis, one dextro-transposition of the great arteries with patent ductus arteriosus, one 
Wolff-Parkinson-White syndrome, one sarcoidosis and one unknown case. In REC, CAD 
with or without myocardial infarction (MI) was the main cause of SrSCD (12, 25%), fol-
lowed by hypertrophic cardiomyopathy (8, 16.7%), and unremarkable findings on au-
topsy (8, 16.7%). Similarly, in COMP, CAD with or without MI was the most common 
cause of SrSCD (8, 38.1%) followed by dilated cardiomyopathy and aortic valve stenosis 
(each 2, 9.5%). Of the COMP athletes, 3 (14%) were elite athletes and all three died of a 
MI. All athletes who suffered from SrSCD were Caucasian, except one Swiss athlete who 
had Afro- American roots. 

Based on the classification of peak static and dynamic components achieved during 
training or competition,(7) most SrSCDs occurred in IC (23, 33.3%), followed by IIC (13, 
18.9%), IIIA and IIIC (each with 11, 15.9%), IIIB (6, 8.7%), IIA (4, 5.8%), and IB (1, 1.5%). 
However, as indicated on Table 2 and Figure 3, incidences between sport categories 
were similar based on sports behavior.(16)  
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Only in sports category IIA incidence of SrSCD was significantly greater than in the ref-
erence sports category IIIB. No SrSCD was found in low static and dynamic and moder-
ate static and dynamic sports (IA and IIB). 

CAD was the most common underlying pathology in 20 (29%) of all SrSCDs. Of those, 
8 (40%) presented with CAD with MI whereas the remaining 12 (60%) had CAD without 
MI. CAD with or without MI was comparable between REC (12 out of 48, 25%) and 
COMP (8 out of 21, 38%, p = 0.27). Of all CAD related SrSCDs, soccer was most often 
represented with 6 cases (30%), followed by wrestling (3, 15%), and cycling and hand-
ball (2 cases each, 10%), the rest occurred in running, skiing, ice hockey, weight lifting, 
dancing, rowing and gymnastics (1 case each, 5%). Performing a subanalysis of all SrSCD 
cases in athletes aged ≤ 35 years (n=45), CAD with or without MI was the single cause 
leading to most deaths (n=12, 26.7%). There were no CAD cases in SrSCDs younger than 
23 years. The proportion of CAD related SrSCDs increased with age as follows:<20 years: 
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0%, 21-25 years: 10%, 26-30 years: 25%, 31-35 years: 25%, 36-39 years: 40%. No female 
SrSCD case presented with CAD. 
 

 
Figure 3: Numbers of SrSCD and incidences in different sport categories. Classification of sports-related SrSCD 
in REC and COMP athletes based on peak static (isometric) and dynamic (isotonic) components according to 
the Task Force 8 of the American College of Cardiology.(7) I to III represents increasing static components of 
sports, A to C represents increasing dynamic components of sports. Max O2: maximal oxygen uptake; MVC: 
maximal voluntary contraction. * Incidences are shown in “athlete person-years” and calculated based on the 
average autopsy rate in Switzerland (47.5%)13 and adjusted (x2.1) SrSCD numbers 
CI = Confidence interval 

DISCUSSION 

To our knowledge, this is the first study focusing on incidence and the distribution of 
SrSCD according to dynamic and static components of sports activities as defined by the 
36th Bethesda Conference Task Force 8 in a population with selective PPS, including 
ECG.(7, 8) 
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Incidences 

The analysis of SrSCD in Switzerland with a PPS for elite athletes only and PPS on a vol-
untary basis for all other athletes showed a relatively low incidence of SrSCDs with a 
significantly higher incidence of SrSCDs in COMP compared to REC. In contrary, the data 
from Denmark showed no significant difference in COMP versus REC (0.47 versus 
0.43/100,000 athlete person-years), however, their definition of REC athletes differed 
from ours. They defined REC with a higher threshold regarding to training load, hence 
absolute numbers of SrSCD in REC were very low in their study and the methodological 
difference makes comparison difficult between the two studies.(18) Our SrSCD inci-
dence was similar to the one found in a prospective study of France(19) with a similar 
PPS practice, to retrospective studies from the U.S.A. with 2/100’000 athlete person-
years(20, 21) and to data from Norway with 0.9/100’000 athlete person-years.(22) A 
study from Italy, who has a strict PPS practice, has also shown similar incidences since 
the implementation of the systematic PPS program.(4, 23) Whether our athletes with 
SrSCD underwent a PPS is unknown, however, it has been suggested that only 9% of 
non-elite COMP athletes in Switzerland undergo a PPS.(24)  

The clear male predominance in our study population supports findings of many 
previous studies. Higher training loads and intensities, of males during competitive 
sports, higher participation rates, but also a predisposition for premature CAD could be 
an explanation for this observation.(21, 25) 

We could show that sports with a high dynamic (e.g. running), static (e.g. weight lift-
ing), or dynamic and static component (e.g. cycling, rowing) were associated with high 
numbers of SrSCDs. Of note, these are also the type of sports with a high participation 
rate within the general Swiss population.(16) There were no significant differences 
between the sports categories with regard to SrSCDs incidence, apart from sport cate-
gory IIA that differed from IIIB. Only four SrSCD cases were observed in IIA and the 
higher incidence was driven by the low participation rate in this sports category. Our 
findings of similar incidences between sports categories is in contrast to the study of 
Harmon et al. who showed in National Collegiate Athletic Association-athletes in the 
U.S.A. that “stop-and-go” sports like basketball (high dynamic/moderate static) were at 
highest risk for SrSCD.(11) However their finding was largely due to SrSCDs in black 
college athletes, who were not represented in our study.(11) Similarly to our findings, in 
the Venetian population SrSCDs occurred mostly in soccer players, followed by basket-
ball players and swimmers, with no differences in incidences between these sports. (3) 
In contrast to our study, participation rates were not known in the studies from the 
Norwegian and French databases, which showed most SrSCD in high dynamic/low- 
moderate static sports.(19, 22)  
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Underlying causes of SrSCD 

Interestingly, CAD with and without MI was the most common underlying cause of 
SrSCD in this study sample of young athletes. The CAD proportion was similarly high in 
both groups with 38% in COMP and 25% in REC, p = 0.27). CAD was also found to be the 
main reason for SrSCD in older athletes,(26) whereas in younger athletes hereditary 
cardiac diseases were found to be the main underlying conditions.(3, 9, 19, 27) This is in 
contrast to our study, where CAD was the predominant cause of SrSCDs even in our 
younger athletes (≤ 35 years). The fact that CAD was the leading cause of SrSCD can be 
interpreted in different ways. As PPS by ECG cannot detect premature CAD, but can 
detect cardiomyopathies or channelopathies, selection bias might be part of the 
explanation. Of note, in all three elite athletes with mandatory PPS the underlying cause 
of death was MI. Interestingly, similar results were found in the Norwegian study with 
48% of young athletes suffering from SrSCD related to MI (22) and 66% of SrSCD in 
Turkish football players related to CAD.(28) CAD was also the main cause of non-sports-
associated cardiac arrests in 43% of individuals aged 25 to 35 years in the U.S.(21) Simi-
larly, CAD was the underlying cause of sudden cardiac death in 30% of young non-
athletes in French speaking parts of Switzerland (5-39 years).(13) Furthermore, in a 
large prospective study from France, SCDs mainly occurred in REC and in a large propor-
tion were due to underlying CAD.(10) Likewise, in a recently published study from Ger-
many, SrSCD in older athletes (>35years) was mainly triggered by premature CAD. In the 
same study however, CAD was also in a high number the underlying cause of SrSCD in 
younger athletes (<35years).(29) In summary, it seems that there may be regional dif-
ferences with regard to CAD-associated SrSCD (3, 25, 27) which might be represented in 
our Swiss cohort, with less frequent cardiomyopathies than premature CAD. 
Interestingly, familial hypercholesterolaemia is highly prevalent in Europe (1:500) and 
also in Switzerland.(30) In most countries familial hypercholesterolaemia is largely 
underdiagnosed (e.g. Switzerland 13%, Italy and France each <1%) (31) and linked to 
SrSCD in young adults.(32) There is also evidence that diabetes type MODY “maturity 
onset diabetes of the young” may be underdiagnosed.(33) However, whether 
cardiovascular risk factors are underdiagnosed in asymptomatic athletes is unclear. 

LIMITATIONS 

An important limitation is that personal motivation of the athlete and exertion with 
exercise is not reflected in the classification based on dynamic and static components. A 
further limitation is the heterogeneity of the forensic reports from the different insti-
tutes, which may have led to an underestimation of the true SrSCD incidence. The num-
ber of events is small and statistical power is therefore rather low, especially in the low 
to moderate static/dynamic sports. Moreover, the assumed autopsy rate of about 
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47.5% for SrSCD in Switzerland(13) may have under- or overestimated the true number. 
However, it might be hypothesized that the calculated SrSCD by 2.1 rather reflects the 
“highest possible” incidence rate. A selection bias regarding age, gender, sports catego-
ry, and diagnosis of autopsies is unknown; nevertheless, this cannot be excluded. An-
other issue is possible misclassification of the underlying diagnosis, e.g. lack of molecu-
lar autopsy in cases with otherwise unremarkable autopsy findings or SrSCDs classified 
as CAD, where CAD was possibly an uninvolved coincidental autopsy finding. This fact of 
coincidental findings might also be applicable to other cases (e.g. sarcoidosis). Further, 
distinction of REC and COMP reflected the physical activity at the time of SrSCD, regard-
less of fitness and training history of the person and may have led to misclassification of 
athletes.(34)  

CONCLUSION 

In this Swiss cohort with a selective PPS, the incidence of SrSCD in young athletes 
(≤39years) was very low, but higher in COMP compared to REC. Absolute numbers of 
SrSCD were higher in sports with high dynamic and/or static components. However, 
since these sports were also the most popular, we found no relevant differences in the 
incidences of SrSCD between sports categories. CAD proved to be the most common 
underlying cause of SrSCD in COMP and REC and also in athletes younger and older than 
35 years. 
 
Funding This study was supported by a Grant from the Swiss Heart Foundation.  
  



Sports-related sudden cardiac death in Switzerland 

31 

REFERENCES 

1. Albert CM, Mittleman MA, Chae CU, Lee IM, Hennekens CH, Manson JE. Triggering of sudden death from 
cardiac causes by vigorous exertion. N Engl J Med. 2000;343(19):1355-61. 

2. Thompson PD, Franklin BA, Balady GJ, Blair SN, Corrado D, Estes NA, 3rd, Fulton JE, Gordon NF, Haskell 
WL, Link MS, Maron BJ, Mittleman MA, Pelliccia A, Wenger NK, Willich SN, Costa F. Exercise and acute 
cardiovascular events placing the risks into perspective: a scientific statement from the American Heart 
Association Council on Nutrition, Physical Activity, and Metabolism and the Council on Clinical Cardiolo-
gy. Circulation. 2007;115(17):2358-68. 

3. Corrado D, Basso C, Rizzoli G, Schiavon M, Thiene G. Does sports activity enhance the risk of sudden 
death in adolescents and young adults? J Am Coll Cardiol. 2003;42(11):1959-63. 

4. Corrado D, Basso C, Schiavon M, Pelliccia A, Thiene G. Pre-participation screening of young competitive 
athletes for prevention of sudden cardiac death. J Am Coll Cardiol. 2008;52(24):1981-9. 

5. Solberg EE, Bjornstad TH, Andersen TE, Ekeberg O. Cardiovascular pre-participation screening does not 
distress professional football players. Eur J Prev Cardiol. 2012;19(3):571-7. 

6. Villiger B, Hintermann M, Goerre S, Kriemler S, Schmied C. Task Force «Prevention of Sudden Cardiac 
Death in Elite Sport» SGSM/SSMS 2010: The sudden cardiac death of a young athlete: Recommendations 
for a sensible and effective preventive exam. Schweizerische Zeitschrift für Sportmedizin und Sportrau-
matologie. 2011;59:108-9. 

7. Mitchell JH, Haskell W, Snell P, Van Camp SP. Task Force 8: classification of sports. J Am Coll Cardiol. 
2005;45(8):1364-7. 

8. Pelliccia A, Fagard R, Bjornstad HH, Anastassakis A, Arbustini E, Assanelli D, Biffi A, Borjesson M, Carre F, 
Corrado D, Delise P, Dorwarth U, Hirth A, Heidbuchel H, Hoffmann E, Mellwig KP, Panhuyzen-Goedkoop 
N, Pisani A, Solberg EE, van-Buuren F, Vanhees L, Blomstrom-Lundqvist C, Deligiannis A, Dugmore D, 
Glikson M, Hoff PI, Hoffmann A, Hoffmann E, Horstkotte D, Nordrehaug JE, Oudhof J, McKenna WJ, Pen-
co M, Priori S, Reybrouck T, Senden J, Spataro A, Thiene G. Recommendations for competitive sports 
participation in athletes with cardiovascular disease: a consensus document from the Study Group of 
Sports Cardiology of the Working Group of Cardiac Rehabilitation and Exercise Physiology and the Work-
ing Group of Myocardial and Pericardial Diseases of the European Society of Cardiology. European heart 
journal. 2005;26(14):1422-45. 

9. Harmon KG, Drezner JA, Maleszewski JJ, Lopez-Anderson M, Owens D, Prutkin JM, Asif IM, Klossner D, 
Ackerman MJ. Pathogeneses of sudden cardiac death in national collegiate athletic association athletes. 
Circ Arrhythm Electrophysiol. 2014;7(2):198-204. 

10. Marijon E, Tafflet M, Celermajer DS, Dumas F, Perier MC, Mustafic H, Toussaint JF, Desnos M, Rieu M, 
Benameur N, Le Heuzey JY, Empana JP, Jouven X. Sports-related sudden death in the general population. 
Circulation. 2011;124(6):672-81. 

11. Harmon KG, Asif IM, Klossner D, Drezner JA. Incidence of sudden cardiac death in National Collegiate 
Athletic Association athletes. Circulation. 2011;123(15):1594-600. 

12. Wilhelm M, Kellerhals C, Bolliger S, Schmied C, Wyler D, Nagel R, Michaud K. Swissregard.ch – a prospec-
tive registry on sudden death and aborted sudden cardiac death in Swiss athletes. 2011;59(2):96-8. 

13. Hofer F, Fellmann F, Schlapfer J, Michaud K. Sudden cardiac death in the young (5-39 years) in the can-
ton of Vaud, Switzerland. BMC Cardiovasc Disord. 2014;14:140. 

14. Maron BJ, Mitchell JH. Revised eligibility recommendations for competitive athletes with cardiovascular 
abnormalities. J Am Coll Cardiol. 1994;24(4):848-50. 

15. Angelini P. Coronary artery anomalies: an entity in search of an identity. Circulation. 2007;115(10):1296-
305. 

16. Lim JC, Beale A, Ramcharitar S. Anomalous origination of a coronary artery from the opposite sinus. 
Nature reviews Cardiology. 2011;8(12):706-19. 

17. Wilhelm M, Bolliger SA, Bartsch C, Fokstuen S, Gräni C, Martos V, Medeiros Domingo A, Osculati A, 
Rieubland C, Sabatasso S, Saguner AM, Schyma C, Tschui J, Wyler D, Bhuiyan ZA, Fellmann F, Michaud K. 



Chapter 2.1. 

32 

Sudden cardiac death in forensic medicine - Swiss recommendations for a multidisciplinary approach. 
Swiss Med Wkly. 2015;145:w14129. 

18. Risgaard B, Winkel BG, Jabbari R, Glinge C, Ingemann-Hansen O, Thomsen JL, Ottesen GL, Haunso S, 
Holst AG, Tfelt-Hansen J. Sports-related sudden cardiac death in a competitive and a noncompetitive 
athlete population aged 12 to 49 years: data from an unselected nationwide study in Denmark. Heart 
Rhythm. 2014;11(10):1673-81. 

19. Chevalier L, Hajjar M, Douard H, Cherief A, Dindard JM, Sedze F, Ricard R, Vincent MP, Corneloup L, 
Gencel L, Carre F. Sports-related acute cardiovascular events in a general population: a French prospec-
tive study. Eur J Cardiovasc Prev Rehabil. 2009;16(3):365-70. 

20. Harmon KG, Drezner JA, Wilson MG, Sharma S. Incidence of sudden cardiac death in athletes: a state-of-
the-art review. Br J Sports Med. 2014;48(15):1185-92. 

21. Meyer L, Stubbs B, Fahrenbruch C, Maeda C, Harmon K, Eisenberg M, Drezner J. Incidence, causes, and 
survival trends from cardiovascular-related sudden cardiac arrest in children and young adults 0 to 35 
years of age: a 30-year review. Circulation. 2012;126(11):1363-72. 

22. Solberg EE, Gjertsen F, Haugstad E, Kolsrud L. Sudden death in sports among young adults in Norway. Eur 
J Cardiovasc Prev Rehabil. 2010;17(3):337-41. 

23. Corrado D, Pelliccia A, Bjornstad HH, Vanhees L, Biffi A, Borjesson M, Panhuyzen-Goedkoop N, Deligian-
nis A, Solberg E, Dugmore D, Mellwig KP, Assanelli D, Delise P, van-Buuren F, Anastasakis A, Heidbuchel 
H, Hoffmann E, Fagard R, Priori SG, Basso C, Arbustini E, Blomstrom-Lundqvist C, McKenna WJ, Thiene G. 
Cardiovascular pre-participation screening of young competitive athletes for prevention of sudden 
death: proposal for a common European protocol. Consensus Statement of the Study Group of Sport 
Cardiology of the Working Group of Cardiac Rehabilitation and Exercise Physiology and the Working 
Group of Myocardial and Pericardial Diseases of the European Society of Cardiology. European heart 
journal. 2005;26(5):516-24. 

24. Schmied C, Notz S, Cribari M, Gahwiler R, Keller DI, Luscher TF. Cardiac pre-competiton screening in 
Swiss athletes. Current situation in competitive athletes and short-time assessment of an exemplary lo-
cal screening program. Swiss Med Wkly. 2012;142:w13575. 

25. Maron BJ, Doerer JJ, Haas TS, Tierney DM, Mueller FO. Sudden deaths in young competitive athletes: 
analysis of 1866 deaths in the United States, 1980-2006. Circulation. 2009;119(8):1085-92. 

26. Borjesson M, Urhausen A, Kouidi E, Dugmore D, Sharma S, Halle M, Heidbuchel H, Bjornstad HH, Gielen 
S, Mezzani A, Corrado D, Pelliccia A, Vanhees L. Cardiovascular evaluation of middle-aged/ senior indi-
viduals engaged in leisure-time sport activities: position stand from the sections of exercise physiology 
and sports cardiology of the European Association of Cardiovascular Prevention and Rehabilitation. Eur J 
Cardiovasc Prev Rehabil. 2011;18(3):446-58. 

27. de Noronha SV, Sharma S, Papadakis M, Desai S, Whyte G, Sheppard MN. Aetiology of sudden cardiac 
death in athletes in the United Kingdom: a pathological study. Heart. 2009;95(17):1409-14. 

28. Ozdemir C, Saka T, Asil H, Uzun I, Oner M. Soccer related sudden deaths in Turkey. J Sports Sci Med. 
2008;7(2):292-8. 

29. Bohm P, Scharhag J, Meyer T. Data from a nationwide registry on sports-related sudden cardiac deaths in 
Germany. Eur J Prev Cardiol. 2015. 

30. Austin MA, Hutter CM, Zimmern RL, Humphries SE. Genetic causes of monogenic heterozygous familial 
hypercholesterolemia: a HuGE prevalence review. Am J Epidemiol. 2004;160(5):407-20. 

31. Nordestgaard BG, Chapman MJ, Humphries SE, Ginsberg HN, Masana L, Descamps OS, Wiklund O, He-
gele RA, Raal FJ, Defesche JC, Wiegman A, Santos RD, Watts GF, Parhofer KG, Hovingh GK, Kovanen PT, 
Boileau C, Averna M, Boren J, Bruckert E, Catapano AL, Kuivenhoven JA, Pajukanta P, Ray K, Stalenhoef 
AF, Stroes E, Taskinen MR, Tybjaerg-Hansen A. Familial hypercholesterolaemia is underdiagnosed and 
undertreated in the general population: guidance for clinicians to prevent coronary heart disease: con-
sensus statement of the European Atherosclerosis Society. Eur Heart J. 2013;34(45):3478-90a. 

32. Larsen MK, Nissen PH, Kristensen IB, Jensen HK, Banner J. Sudden cardiac death in young adults: envi-
ronmental risk factors and genetic aspects of premature atherosclerosis. J Forensic Sci. 2012;57(3):658-
62. 



Sports-related sudden cardiac death in Switzerland 

33 

33. Tsakiris D, Ioannou K. An underdiagnosed type of diabetes: the MODY syndromes. Pathophysiology, 
clinical presentation and renal disease progression. J Nephrol. 2004;17(5):637-41. 

34. Solberg EE, Borjesson M, Sharma S, Papadakis M, Wilhelm M, Drezner JA, Harmon KG, Alonso JM, 
Heidbuchel H, Dugmore D, Panhuyzen-Goedkoop NM, Mellwig KP, Carre F, Rasmusen H, Niebauer J, 
Behr ER, Thiene G, Sheppard MN, Basso C, Corrado D. Sudden cardiac arrest in sports - need for uniform 
registration: A Position Paper from the Sport Cardiology Section of the European Association for Cardio-
vascular Prevention and Rehabilitation. Eur J Prev Cardiol. 2015. 

 
  



 

 
  



35 

Chapter 2.2. 

Prevalence and characteristics of coronary 
artery anomalies detected by coronary 

computed tomography angiography in 5 634 
consecutive patients in a single center in 

Switzerland. 

 
 
 
 
 
 
 
 
Gräni C1, Benz DC1, Schmied C2, Vontobel J1, Possner M1, Clerc OF1, Mikulicic F1, Stehli J1, 

Fuchs TA1, Pazhenkottil AP1, Gaemperli O3, Kaufmann PA1, Buechel RR1.  
 

1Department of Nuclear Medicine, Cardiac Imaging, University Hospital Zurich, Switzerland. 
2Department of Cardiology, University Hospital Zurich, Switzerland. 

3Department of Nuclear Medicine, Cardiac Imaging, University Hospital Zurich, Switzerland; Department of 
Cardiology, University Hospital Zurich, Switzerland. 

 
Modified from  

Swiss Med Wkly. 2016 Apr 28;146:w14294. doi: 10.4414/smw.2016.14294. eCollection 2016 
  



Chapter 2.2. 

36 

ABSTRACT  

Study/Principles: Coronary computed tomography angiography (CCTA) allows three 
dimensional visualization of the origin, course and ending of the coronary vessels with 
high spatial resolution, yielding accurate depiction of coronary artery anomalies (CAA). 
This study sought to determine the prevalence, incidence and characteristics of CAA 
detected by CCTA in a single center in Switzerland. 

Methods: CAAs were retrospectively identified in 5634 consecutive patients referred for 
CCTA between March 2007 and July 2015. Single coronary arteries, Bland-White-
Garland syndrome, anomalous coronary arteries originating from the opposite site of 
the sinus of Valsalva (ACAOS) with an interarterial course and coronary artery fistulas 
were classified as potentially malignant CAAs. 

Results: We identified 145 patients with CAA resulting in an overall prevalence of 2.6% 
and cumulative incidence of 2.1% in all patients referred for CCTA in the observed peri-
od. Forty-nine (33.8%) patients showed malignant CAAs including 1 (0.7%) patient with 
Bland-White-Garland syndrome, 7 (4.8%) with single coronary arteries, 36 (24.8%) with 
ACAOS and an interarterial course, and 5 (3.5%) with coronary artery fistulas. The re-
maining 96 (66.2%) patients were classified as having benign variants.  

Conclusions: The prevalence of CAA detected by CCTA is non-negligible. Due to its non-
invasive nature, relatively low cost and low radiation exposure, a further increase of the 
utilization of CCTA may be expected which may consequently be paralleled by an in-
creasing absolute number of incidentally detected CAAs. Hence, awareness of the main 
issues and possible management strategies regarding CAAs is of importance for every 
treating physician. 

Abbreviations: 
ACAOS Anomalous coronary arteries originating from the opposite sinus of Valsalva 
CAA Coronary artery anomalies 
CAD Coronary artery disease 
CCTA Coronary computed tomography angiography 
LAD Left anterior descending coronary artery 
LCS  Left coronary sinus of Valsalva  
LCX  Left circumflex coronary artery 
LM  Left main stem 
RIM  Ramus intermedius artery 
RCS  Right coronary sinus of Valsalva 
RCA  Right coronary artery 
SCD Sudden cardiac death 
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INTRODUCTION 

The incidence of coronary artery anomalies (CAA) in the general population is reported 
to be 0.3 – 5.6% [1,2]. Coronary computed tomography angiography (CCTA) is consid-
ered the primary imaging modality to detect and characterize the anatomy of CAA. It 
has a higher detection rate of CAA compared to invasive coronary angiography and 
other non-invasive imaging modalities, because three dimensional visualization of the 
entire coronary tree [3,4] allows accurate depiction of the origin, course and ending of 
the coronary vessels [5]. 

CCTA has seen substantial technical advancements over the last decade, particularly 
with regard to spatial resolution and an impressive reduction in radiation dose exposure 
[6]. Consequently, these developments were paralleled by a growing use of CCTA in 
clinical routine and increasing importance for the non-invasive assessment for coronary 
artery disease (CAD) in patients with low-to-intermediate pre-test probability [7]. Thus, 
it may be expected that the incidental detection of CAA will see a further increase and 
referring cardiologists and general physicians will be confronted to a greater extend 
with this entity.  

Some CAAs like anomalous coronary arteries originating from the opposite site of 
the sinus of Valsalva (ACAOS), coronary artery fistulas or Bland-White-Garland syn-
drome are considered to be associated with adverse cardiac events [8–12]. ACAOS can 
be classified based on the origin of the anomalous vessel and according to the anoma-
lous vessel course as ACAOS with an interarterial, retroaortic or prepulmonic course 
(Figure 1). ACAOS, especially those with an interarterial course are of particular interest 
as this anomaly is associated with ventricular arrhythmias, syncope and sudden cardiac 
death (SCD) [9,13–15]. In fact, ACAOS have been demonstrated to constitute the under-
lying cause of SCD in up to 20% in young athletes and in up to 30% in military recruits 
[13,16,17].  

This study sought to determine the prevalence, incidence and characteristics of CAA 
detected by CCTA in a single center in Switzerland. 

METHODS 

Patients and Anatomy 

All 5634 consecutive patients undergoing CCTA at our institution between March 2007 
and July 2015 were retrospectively reviewed for CAA. Classification of CAAs was made 
based on anatomical and functional characteristics. Anatomical characteristics were 
assessed as following: CAAs were defined as a coronary artery with abnormal origin, 
course, termination or anomalies of intrinsic coronary arterial anatomy [1]. Myocardial 
bridging (i.e. an anomalous course of the coronary artery partially within the myocardial 
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muscle tissue) is considered to be a normal variant  [18,19] and was therefore not in-
cluded in the present study. Coronary artery ectasia is defined as an arterial segment 
with a diameter 1.5 times the normal adjacent artery segment. In patients with CAD, 
coronary artery ectasia, a form of abnormal intrinsic coronary arterial anatomy is con-
sidered to be CAD correlate. Therefore, we classified coronary artery ectasia as a CAA 
only in patients without concomitant obstructive CAD. Obstructive CAD was defined as 
≥ 50% luminal diameter narrowing as demonstrated by CCTA. In patients with ectasia, 
associated underlying diseases were assessed. As single coronary arteries, Bland-White-
Garland syndrome, ACAOS with an interarterial course and coronary artery fistulas are 
associated with adverse cardiac events, we further classified these, based on functional 
characteristics with possible hemodynamic relevance as potentially “malignant CAAs”. 
All other CAAs were considered as benign variants.  

CCTA Imaging 

CCTA was performed on 64-slice (LightSpeed VCT XT, Discovery 750 HD) and 256-slice 
(Revolution CT; all GE Healthcare, Waukesha, WI, USA) CT scanners using prospective 
ECG triggering with the smallest possible x-ray window at 75% of the R-R cycle accord-
ing to current guidelines and as previously described  [20,21]. Prior to examination all 
patients received 2.5 mg isosorbiddinitrate sublingually (Isoket, Schwarz Pharma, Mon-
heim, Germany) and up to 30mg metoprolol (Beloc Zok, AtraZeneca, London, UK) was 
administered intravenously if the heart rate per minute was >65 in order to obtain op-
timal image quality [20]. Iodixanol (Visipaque 320, 320 mg/mL, GE Healthcare) was 
injected into an antecubital vein followed by 50 mL saline solution. Volume and flow 
rate were adapted to body surface area [22]. All images were transferred to an external 
workstation (AW 4.4, GE Healthcare) for image reconstruction and evaluation. Curved 
multiplanar reconstructions and three dimensional volume rendering techniques were 
performed for analysis. Values for effective radiation dose were estimated for CCTA as 
the product of the dose length product (DLP) times a conversion coefficient for the 
chest (k = 0.014 mSv/mGy × cm) as previously described [23,24].  

Statistical Analysis 

All statistical analyses were performed using SPSS Statistics 22 (IBM Corporation, Ar-
monk, NY). Data are reported as median ± interquartile range (IQR, 25th – 75th percen-
tile), or mean ± standard deviation (SD), or percentages for non-parametric and para-
metric data, respectively. Continuous variables were analysed using the Student’s t- test 
or Mann-Whitney U-test, where appropriate. Categorical data were analysed with Chi-
squared test or Fisher´s exact test. A p-value <0.05 was considered statistically signifi-
cant. Overall prevalence of CAA was calculated as the proportion of patients with CAA 
out of all patients undergoing CCTA during the observed period. Cumulative incidence 
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was calculated as the proportion of patients with newly diagnosed CAA out of all pa-
tients undergoing CCTA during the observed period. 
 

 
Figure 1: Schematic illustration of a selection of coronary artery anomalies. For comparison, the normal ana-
tomical situs is given in the middle (i.e. Panel E). A: ACAOS with RCA originating from the LCS with a retroaortic 
course. B: ACAOS with RCA originating from the LCS with an interarterial course. C: “Single left” coronary 
artery with a RCA originating from the LAD and a prepulmonic course. D: ACAOS with LAD originating from the 
RCS with an interarterial course. F: ACAOS with LAD originating from the RCS with a prepulmonic course. G: 
ACAOS with LM originating from the RCS with a retroaortic course. H: ACAOS with LM originating from the 
RCS with an interarterial course. I: ACAOS with LCX originating from the RCS with a retroaortic course. ACAOS 
= Anomalous coronary arteries originating from the opposite site of the sinus of Valsalva; RCA = Right coro-
nary artery; LCS = Left coronary sinus; LAD = Left anterior descending artery; RCS = Right coronary sinus; LM = 
Left main stem; LCX = Left circumflex coronary artery 
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RESULTS 

We identified 145 patients with CAA and an overall prevalence of 2.6%. CAA classified 
by vessel origination, course and termination and its prevalence are shown in Table 1. 
CAA was newly diagnosed in 117 (80.1%) of patients with a cumulative incidence of 
2.1% in the observed period. Out of these, 12 patients were referred for CCTA specifi-
cally for exclusion of CAA due to suspicious findings for CAA during echocardiography. 
All other patients were referred for CAD exclusion. Thus, CAA was an incidental finding 
in the remaining 105 (72.4%) patients. Forty-nine (33.8%) patients showed malignant 
CAAs including 1 (0.7%) patient with Bland-White-Garland syndrome, 7 (4.8%) with 
single coronary arteries (Figure 2), 36 (24.8%) with ACAOS and an interarterial course 
(Figure 3), and 5 (3.5%) with coronary artery fistulas (Figure 4). The remaining 96 
(66.2%) patients were classified as having benign coronary variants. Of note, typical 
angina was significantly more frequent (p= 0.006) in patients with potentially malignant 
CAA compared to patients with benign variants. Twelve (8.3%) patients showed ectasia 
of the coronary arteries, and out of these 6 (50.0%) had a concomitant dilated ascend-
ing or descending aorta (including one patient with known Kawasaki syndrome and one 
patient with Marfan syndrome). Median effective radiation dose of CCTA was 1.4 mSv 
[Interquartile range, IQR 1.2 – 2.3]. 
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Baseline characteristics of malignant and benign CAAs are given in Table 2.  
 

 
 

 
Figure 2: A patient with suspected coronary artery anomaly in echocardiography has a “single right” coronary 
artery, as depicted by CCTA. 
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Figure 3: Incidental finding of an ACAOS variant with RCA originating from LCS and a malignant interarterial 
course of the vessel in a patient referred for CCTA for exclusion of CAD. 

 

 
Figure 4: CCTA of a 64year old patient with atypical angina referred exclusion of CAD shows no relevant CAD 
but a coronary artery fistula originating from the LAD and terminating in the pulmonary artery, potentially 
causing his symptoms. 
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DISCUSSION 

This is the largest study assessing the prevalence, incidence and characteristics of CAA 
detected by CCTA in a population referred for CCTA in Switzerland. The overall preva-
lence of CAA (i.e.2.6%) in the observed period detected in CCTA is comparable to previ-
ous studies [1,2,12,25]. A recent smaller study from our institution showed a higher 
prevalence of CAA (i.e. 7.9%) depicted by CCTA. This difference may be explained by the 
fact that myocardial bridging (prevalence 3.4%) was included in the mentioned study, 
contrary to the present work where myocardial bridging was not classified as a true 
coronary anomaly but rather a normal variant due to its common occurrence [26]. The 
most commonly found CAA in our study was ACAOS. In line with previous studies, 
among the ACAOS variants, RCA arising from the LCS were most frequently represented 
in our population [27, 28]. In a study analyzing 126,595 patients undergoing invasive 
coronary arteriography over a 28-year period, the rate of RCA originating from LCS was 
six times higher than the rate of left coronary artery originating from the RCS (0.17% 
versus 0.047%) [28]. In contrast, we observed a similar proportion of the two ACAOS 
variants (i.e. 0.59% versus 0.46%). This may be in part due to the better performance of 
CCTA over invasive coronary angiography, particularly for the detection and characteri-
zation of patients with left coronary artery originating from the RCS [27,28].  

Imaging modalities 

Whenever knowledge of the anatomy of the cardiac vessels is crucial, CCTA represents 
a highly valuable noninvasive modality because of its capability to accurately and three 
dimensionally visualize the coronary arteries, yielding a higher detection rate over inva-
sive coronary angiography [26]. Regarding echocardiography, reported data suggest 
that transesophageal echocardiography is more sensitive than transthoracic echocardi-
ography in identifying CAA. This is mainly driven by the increased sensitivity for as-
sessing the vessel course. However, it remains a semi-invasive technique (i.e. insertion 
of a tube in the esophagus and sedation) characterized by a significant level of operator 
dependence. Both echocardiographic techniques as well as cardiac magnetic resonance 
imaging technique are valid alternatives when radiation is a concern, especially in as-
sessing children with suspected CAA [4,29]. 

Benign variants of CAA 

Absent left main coronary artery (with separate ostia for LAD and LCX, Figure 5) was 
present second most (i.e. in 18.6 %). Of note, certain authors suggest that separate 
ostium of LAD and LCX is rather a normal variant than an anomaly with little clinical 
significance [1], however recognizing this condition before coronary bypass surgery may 
be crucial. Also in cases of difficulty in cannulating LAD or LCX in invasive coronary angi-
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ography, CCTA serves as an ideal backup imaging modality. This is of particular interest 
as CCTA seemed to outperform invasive coronary angiography also in proximal segment 
evaluation of the coronary arteries [26] and helps to differentiate between absence of 
left main stem and LAD or occluded or hypoplastic LCX occlusion [30].  

Malignant variants of CAA 

A high proportion (i.e. 33.8 %) of CAAs, including Bland-White-Garland syndrome, single 
coronary artery, ACAOS with an interarterial course and fistulas were considered as 
potentially malignant variants due to potentially hemodynamic clinical relevance [31]. 
Previous studies reported that approximately 20% of CAAs are clinically relevant and 
carry an increased risk of myocardial infarction, malignant ventricular arrhythmia, con-
gestive heart failure, syncope and SCD [8–12,28]. 
 

 
Figure 5: CCTA of a 63year old male shows obstructive CAD and absent left main stem with separate ostium 
for LAD and LCX. Absent left main stem is considered a benign variant of CAA but the finding may be of clinical 
importance for eventual revascularization procedures. 
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Congruently with previous reports, typical angina was significantly more frequently 
reported in potentially malignant CAA in our cohort [25,32–35]. Due to a lack of clear 
guideline recommendations, the management of patients with CAAs remains fraught 
with uncertainty. This is particularly true for asymptomatic individuals with coincidental-
ly discovered CAAs. It has been recommended that in patients with Bland-White-
Garland syndrome or ACAOS with origin of the left coronary artery from the right sinus 
and ACAOS who survived SCD, showed serious ventricular tachyarrhythmia or docu-
mented myocardial ischemia, surgical treatment represents first line therapy [11]. Fur-
ther risk stratification with single photon emission computed tomography myocardial 
perfusion imaging (SPECT-MPI), positron emission tomography myocardial perfusion 
imaging (PET-MPI) or stress echocardiography may be warranted in unclear cases [36–
38]. As slit-like ostium, intramural course and proximal narrowing of the anomalous 
vessel are believed to confer a higher risk for adverse cardiac events, exact anatomic 
depiction as offered by CCTA may be helpful for further risk stratification [8,9,13–
15,39–42]. Furthermore, age, sex and physical activity should be incorporated in the risk 
stratification as well, since there is evidence that especially young (<30years) male ath-
letes or military recruits are at increased risk for SCD [43], whereas in older patients the 
risk seems to be rather negligible [44]. Surgical revascularization may consist of ectopic 
coronary re-implantation, creation of a new ostium at the end of the ectopic artery 
intramural segment (so-called unroofing procedure), or coronary bypass grafting [43]. 
Of note, there are no controlled studies that have evaluated the outcome of interven-
tion in asymptomatic individuals.  

Coronary arterial fistula is a rare anomaly in which a communication is present be-
tween a coronary artery and a cardiac chamber or another vascular structure. Even in 
small coronary artery fistulas, a “steal-phenomenon” caused by redirection of saturated 
blood away from the myocardium may cause hypoperfusion and reduction of myocar-
dial blood flow distally of the supplying coronary artery. Hemodynamically insignificant 
fistulae, which are clinically silent and not associated with other abnormal findings, may 
not require further treatment. However, hemodynamically significant fistulae should be 
closed by ligation or coiling [11]. Similarly, a “steal-phenomenon” caused by reversed 
flow in the coronary artery into a pulmonary artery due to decreased pulmonary artery 
pressure after birth may be present in Bland-White-Garland syndrome patients [45]. 
International Guidelines suggest that in adults with previous unrecognized Bland-White-
Garland syndrome and reduced systolic function surgical myocardial revascularization 
should be performed in order to achieve a dual coronary supply [11].  

Although coronary artery ectasia are not typical malignant CAAs, they carry an in-
creased risk of myocardial infarction due to vasospasm, slower coronary blood flow, and 
thrombosis, typically within the dilated segments [46,47]. Coronary artery ectasia was 
present third most frequently present (i.e. in 8.3 %). Besides CAD related ectasia, which 
were not included in the present study, most common underlying causes of ectasia are 
associated with small-, medium- and large-vessel vasculitis and sickle cell disease 
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[46,47]. In our study 50% of patients with coronary artery ectasia showed concomitant 
dilated arteriopathy, which is in concordance to Papadakis et al. who reported a similar-
ly high coincidence of coronary ectasia in patients with ascending aortic aneurysm [48]. 
Due to a lack of studies and guidelines, management recommendations for coronary 
artery ectasia are solely based on personal experiences. Therapy should be tailored to 
each individual case after assessment of severity, history of complications, underlying 
etiology, and comorbidities [47]. However, data on optimal treatment strategies (i.e. 
surgical versus conservative treatment) are scarce and to some extent controversial, 
rendering patient management challenging, mainly because of the fact that CAAs are 
rare, their anatomical spectrum is diverse, and the age of first clinical presentation may 
vary substantially. Thus, assessment of coronary artery anatomy by CCTA plays a central 
role in management of these entities, especially in CAAs with high risk anatomic fea-
tures with its potentially hemodynamic relevance [49,50]. 

LIMITATIONS 

CAAs represent a wide group of congenital disorders whose pathophysiological mecha-
nisms and clinical consequences are highly variable. Some experts proposed to catego-
rize CAAs based on functional characteristics as major, minor, hemodynamic relevant 
and severe versus non-severe CAAs. We are aware that the term potentially “malignant 
CAA” is an imperfect compromise. Furthermore, in the current study, ACAOS were not 
analyzed according to other high risk anatomic features such as intramural (in the aortic 
wall) course, slit-like ostium and proximal narrowing [42,51] and therefore misclassifica-
tion may be possible in certain ACAOS variants.  

There is evidence that in very rare cases myocardial bridging (i.e. an anomalous 
course of the coronary artery partially within the myocardial muscle tissue) is associated 
with adverse cardiac events [52] and historically, myocardial bridging was classified as a 
CAA. However, myocardial bridging is quite common and is found in up to 86% of all 
autopsies. Thus, the entity of myocardial bridging should rather be considered as a 
normal variant [18,19] and we excluded these patients from our study. Finally, it may be 
perceived as a limitation of the present study that there is no control group such as a 
cohort where the coronary anomalies were detected by invasive coronary angiography. 
As all patients were referred due to suspected CAD (due to symptoms or high cardio-
vascular risk) or for CAA exclusion, the prevalence of CAA in our population may be 
higher than in a general population due to selection bias. Thus, extrapolation of the 
results of this study to a general population should be made only with caution. 
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CONCLUSION 

The prevalence of CAA detected by CCTA in Switzerland is not negligible. Exact anatomic 
characterization of CAA is essential for identifying potentially malignant characteristics 
and guiding further work-up and treatment decisions. Due to its non-invasive nature, 
relatively low cost and low radiation exposure, a further increase of the utilization of 
CCTA may be expected which may consequently be paralleled by an increasing absolute 
number of incidentally detected CAAs. Hence, awareness of the main issues and possi-
ble management strategies regarding CAAs is of importance for every treating physi-
cian. 
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ABSTRACT 

Background Anomalous coronary arteries originating from the opposite sinus of Valsalva 
(ACAOS) are associated with adverse cardiac events. Discrimination between ACAOS 
and coronary artery disease (CAD) related perfusion defects may be difficult. The aim of 
the present study was to investigate the value of hybrid coronary computed tomogra-
phy angiography (CCTA) / SPECT-MPI in patients with ACAOS and possible concomitant 
CAD. 

Methods We retrospectively identified 46 patients (mean age 55±14 years) with ACAOS 
revealed by CCTA who underwent additional SPECT-MPI. ACAOS with an interarterial 
course were classified as malignant, whereas all other variants were considered benign. 
CCTA/SPECT-MPI hybrid imaging findings (ischemia or scar) were analyzed according to 
the territory subtended by an anomalous vessel or a stenotic coronary artery.  

Results Twenty-six (57%) patients presented with malignant ACAOS. Myocardial ische-
mia or scar was found only in patients who had concomitant obstructive CAD in the 
vessel matching the perfusion defect as evidenced by hybrid CCTA/SPECT imaging.  

Conclusion Hybrid CCTA/SPECT-MPI represents a valuable non-invasive tool to discrimi-
nate the impact of ACAOS from concomitant CAD on myocardial ischemia. Our results 
suggest that in a middle-aged population myocardial ischemia due to ACAOS per se may 
be exceedingly rare and is more likely attributable to concomitant CAD. 

Abbreviations 
ACAOS Anomalous coronary arteries originating from the opposite sinus of Valsalva 
CCTA Coronary computed tomography angiography 
SPECT  Single photon emission computed tomography 
MPI  Myocardial perfusion imaging 
CAD  Coronary artery disease 
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INTRODUCTION 

Anomalous coronary arteries originating from the opposite sinus of Valsalva (ACAOS) 
constitute one category among coronary artery anomalies and can be subdivided into 
anomalous origin of the right coronary artery (RCA) from the left coronary sinus (LCS), 
anomalous origin of the main stem, left anterior descending coronary artery (LAD) or 
left circumflex artery (LCX) from the right coronary sinus (RCS), and anomalous origin of 
the right or left coronary artery from the non-coronary sinus.1-3 The incidence of ACAOS 
is reported to be around 1% in the general population.4 ACAOS have been associated 
with angina pectoris, dyspnea, palpitations, ventricular arrhythmia, syncope and sudden 
cardiac death (SCD).5-10 The latter is particularly true for the so-called malignant variants 
of ACAOS, characterized by an interarterial course of the anomalous coronary artery 
between the aorta and pulmonary trunk. Malignant variants of ACAOS are considered 
to be the underlying cause of SCD in up to 20% in young athletes and up to 30% in mili-
tary recruits.11-13 The increased risk of SCD with this anomaly has been associated, apart 
from the interarterial course, with other anatomic high-risk features such as slit-like 
ostium, acute-angle take-off and intramural aortic segments.13 Coronary computed 
tomography angiography (CCTA) is considered the primary imaging modality to detect 
and characterize the anatomy of ACAOS because it has a higher accuracy and detection 
rate than invasive coronary angiography, echocardiography and magnetic resonance 
imaging.14-16 Due to the increasing utilization of CCTA, increased absolute numbers of 
intentional and incidental diagnosis of coronary artery anomalies may be expected. 
However, there are no standardized guidelines for the workup of ACAOS detected by 
CCTA.17 It remains unclear to what extent vessels with an anomalous course themselves 
may induce myocardial ischemia. Furthermore, discrimination between ACAOS and 
concomitant coronary artery disease (CAD) related perfusion defects may be difficult. 
We hypothesized that hybrid imaging combining CCTA and single photon emission 
computed tomography myocardial perfusion imaging (SPECT-MPI) may provide the 
means for such discrimination and offer an added value for risk stratification. The aim of 
the present study was to investigate the value of hybrid CCTA/SPECT-MPI in patients 
with ACAOS and possible concomitant CAD.  

METHODS 

Patient population 

We retrospectively identified patients with ACAOS revealed by CCTA who underwent 
additional clinically indicated SPECT-MPI at our institution between March 2003 and 
June 2015.  

Hybrid CCTA/SPECT myocardial perfusion imaging in ACAOS 
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CCTA 

CCTA was performed on multi-slice CT scanners (LightSpeed VCT XT, Discovery CT 750 
HD, and Revolution CT, all GE Healthcare, Waukesha, WI, USA) according to current 
guidelines and as previously described.18, 19 Prior to examination all patients received 
2.5 mg isosorbiddinitrate sublingually (Isoket, Schwarz Pharma, Monheim, Germany) 
and up to 30mg metoprolol (Beloc Zok, AtraZeneca, London, UK) was administered 
intravenously if the heart rate per minute was >65 in order to obtain optimal image 
quality.19 Iodixanol (Visipaque 320, 320 mg/mL, GE Healthcare) was injected into an 
antecubital vein followed by 50 mL saline solution. Volume and flow rate were adapted 
to body surface area.20 

SPECT-MPI 

All patients underwent a one-day 99m-Technetium-tetrofosmin stress/rest protocol 
according to the European procedural guidelines for radionuclide imaging of myocardial 
perfusion.21 Briefly, physical stress testing was performed on a bicycle with a target 
heart rate of at least 85% of the predicted maximum age corrected heart rate. Pharma-
cological stress was induced by adenosine (continuous infusion at 140 μg/kg per mi-
nute, with or without the combination of bicycle exercise) or dobutamine (incremental-
ly infused, starting at 5 μg/kg per minute and increasing at 1-min intervals to a maxi-
mum of 60 μg/kg per minute until at least 85% of the predicted maximum heart rate 
had been reached). 99mTc-tetrofosmin was injected at peak physical or dobutamine 
stress or after 3 min of induced adenosine stress. Rest MPI was performed thereafter 
with the identical acquisition protocol after injection of a three times higher dose of 
99mTc-tetrofosmin. Acquisition was performed either on a conventional standard dual-
detector SPECT camera (Ventri, GE Healthcare) or on a novel gamma camera with cad-
mium-zinc-telluride (CZT) detector technology (Discovery NM 530c, GE Healthcare). 
Acquisition time on the conventional dual head SPECT camera was 15 minutes for stress 
and rest and 3 and 2 minutes for stress and rest, respectively, on the CZT camera.22 A 
non-contrast enhanced CT scan was performed for coronary artery calcium scoring 
(CACS) and attenuation correction of SPECT-MPI.23 Calculation of CACS was performed 
in all patients, except in those with previous revascularization.  

Coronary anatomy 

Coronary anatomic characteristics such as origin and course of ACAOS were recorded 
from volume rendered images. Virtual angiographic view was used for evaluation of slit-
like origin as a high risk anatomic feature.24, 25 Double-oblique multiplanar reformatted 
images were used to identify other high risk anatomic features such as take-off angle, 
intramural course and length, proximal and distal height/width vessel ratio, elliptical 
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course (defined as height/width ratio of >1.3), proximal and distal vessel diameter area 
and proximal vessel narrowing (Figure 1) of the anomalous vessels.24, 25  
 

 
Figure 1: CCTA of a patient with malignant ACAOS variant and a RCA originating from LCS with an interarterial 
course. This anomaly shows high risk anatomic features such as acute angle take off (A), proximal intramural 
course with elliptic vessel shape and high height/width ratio (B). By contrast the distal vessel course shows a 
normal height/with ratio (C) 

 
Coronary vessel dominance was classified as right dominant if the posterior descending 
artery and posterolateral branch originated from the RCA or as left dominant if originat-
ing from the LCX artery, and as balanced if the posterior descending artery originated 
from the RCA in combination with posterolateral branches originating from the LCX 
artery.26 ACAOS with an interarterial course (between the aorta and pulmonary trunk) 
or a subpulmonary course (between the aorta and the right ventricular outflow tract) 
were classified as malignant, whereas all other variants were considered benign (Figure 
2).27 CAD was defined as a luminal diameter narrowing ≥ 50% as depicted by CCTA. 
 

 
Figure 2: Different vessel courses in patients with anomalous coronary artery origin from the opposite sinus 
(ACAOS) 

Hybrid image fusion 

Datasets from SPECT-MPI and CCTA were fused on a dedicated workstation (Advantage 
Workstation 4.3, GE Healthcare) using a commercially available software tool (CardIQ 

Hybrid CCTA/SPECT myocardial perfusion imaging in ACAOS 
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Fusion, GE Healthcare) to create hybrid CCTA/SPECT-MPI images, as previously de-
scribed in detail.28 A matched CCTA/SPECT-MPI hybrid imaging finding was defined as a 
reversible (ischemia) or fixed (scar) SPECT-MPI defect in a territory subtended by an 
anomalous vessel or a stenotic coronary artery (defined as narrowing of the coronary 
luminal diameter ≥50%). All other combinations of pathologic findings were classified as 
unmatched. 

Statistical Analysis 

All statistical analyses were performed using SPSS Statistics 22 (IBM Corporation, Ar-
monk, NY). Data are reported as median ± interquartile range (IQR, 25th – 75th percen-
tile), or mean ± standard deviation (SD), or percentages for non-parametric and para-
metric data, respectively. Continuous variables were analysed using the Student’s t- test 
or Mann-Whitney U-test, where appropriate. Categorical data were analysed with Chi-
squared test or Fisher´s exact test. A p-value <0.05 was considered statistically signifi-
cant.  

Ethics 

The study conformed to the principles outlined in the declaration of Helsinki and was 
evaluated and approved by the local ethics committee and the need for written in-
formed consent was waived. 

RESULTS 

We identified 46 patients with ACAOS (mean age 55.2 ± 13.6 years, 74% male) who 
underwent both CCTA and SPECT-MPI. In 38 (82.6%) of the patients CCTA was followed 
by SPECT-MPI, whereas in the remaining 8 patients SPECT-MPI was the first imaging 
modality. Table 1 depicts the types of ACAOS found. Patient characteristics are given in 
Table 2. Of note, CACS was significantly higher and patients with a history of CAD were 
significantly more frequent in the group of patients with benign ACAOS variants than in 
the group of patients with malignant ACAOS. An abnormal resting electrocardiogram 
was found in 8 (31%) of patients with a malignant and in 6 (30%) of patients with a 
benign ACAOS variant. During SPECT-MPI, 4 (15%) patients with a malignant ACAOS 
variant had an abnormal stress electrocardiogram and 4 (15%) complained of chest 
pain, compared to 2 (10%) and 3 (15%) of patients with a benign ACAOS variants, 
respectively (p = NS). 
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Table 1  ACAOS characteristics 

Characteristic All 
n = 46 

Malignant  
n = 26 

Benign 
n = 20 

RCA originating from LCS, n (%) 23 (50.0%) 22 (84.6%) 1 (5.0%) 

LCX originating from RCS, n (%) 15 (32.6%) 0 15 (75.0%) 

Single right coronary artery, n (%) 4 (8.7%) 2 (7.7%) 2 (10.0%) 

LM originating from non-coronary sinus, n (%) 2 (4.3%) 0 2 (10.0%) 

LAD and LCX originating from RCS, n (%) 1 (2.2%) 1 (3.8%) 0 

LAD originating from RCS, n (%) 1 (2.2%) 1 (3.8%) 0 

RCA = Right coronary artery; LCS = Left coronary sinus of Valsalva; LCX = Left circumflex coronary artery; RCS = 
Right coronary sinus of Valsalva; LM = Left main stem, LAD = Left anterior descending coronary artery 

Table 2 Patient characteristics 

Characteristic All 
n = 46 

Malignant  
n = 26 

Benign 
n = 20 

p-value 

Male gender, n (%) 37 (80%) 19 (73%) 18 (90%) NS 

Age (years), mean ± SD 56 ± 12 54 ± 12 59 ± 13 NS 

Cardiovascular risk factors, n (%)     

 Obesity (BMI >= 30kg/m2) 8 (17.4%) 4 (15.4%) 4 (20%) NS 

 Smoking 16 (34.8%) 8 (30.8%) 8 (40.0%) NS 

 Diabetes mellitus 4 (8.7%) 1 (3.8%) 3 (15.0%) NS 

 Hypertension 9 (9.6%) 11 (42.3%) 11 (55.0%) NS 

 Dyslipidaemia 20 (43.5%) 8 (30.8%) 12 (60.0%) 0.05 

 Positive family history 9 (19.6%) 4 (15.4%) 5 (25.0%) NS 

Known CAD, n (%) 19 (41.3%) 7 (26.9%) 12 (60.0%) 0.020 

History of revascularization, n (%) 6 (13.0%) 4 (15.4%) 2 (10.0%) NS 

Clinical symptoms, n (%)     

 Asymptomatic 12 (26.1%) 6 (23.1%) 6 (30.0%) NS 

 Typical angina pectoris 8 (17.4%) 6 (23.1%) 2 (10.0%) NS 

 Atypical chest pain 14 (30.4%) 11 (42.3%) 3 (15.0%) NS 

 Dyspnoea 3 (6.5%) 0 3 (15.0%) NS 

 Palpitations 6 (13.0%) 3 (11.5%) 3 (15.0%) NS 

 Syncope 3 (6.5%) 0 3 (15.0%) NS 

CACS, median [IQR] 48 [0-300] 2 [0-143.5] 90 [38.3-387.0] 0.010 

Diagnostic test, n (%)     

 Bicycle SPECT-MPI 14 (30.4%) 14 (53.8%) 0 <0.001 

Bicycle/Adenosine SPECT-MPI 4 (8.7%) 2 (7.8%) 2 (10.0%) NS 

 Dobutamine SPECT-MPI 5 (10.9%) 2 (7.7%) 3 (15.0%) NS 

 Adenosine SPECT-MPI 23 (50.0%) 8 (30.8%) 15 (75.0%) 0.007 

CAD = coronary artery disease; SPECT-MPI = single photon emission computed tomography myocardial perfu-
sion imaging; SD = standard deviation; [IQR] = interquartile range 

 

Hybrid CCTA/SPECT myocardial perfusion imaging in ACAOS 
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Of the 26 malignant ACAOS variants, 3 (11.5%) showed a subpulmonary course between 
the aorta and the right ventricular outflow tract, whereas the remaining 23 (88.5%) 
showed an interarterial course. Of the bening ACAOS variants 1 (5%) showed a 
prepulmonic course, whereas the other 19 (95%) showed a retroaortic course.  

Malignant ACAOS showed significantly more high risk anatomic features such as slit-
like ostium, acute angle take-off of the vessel, intramural course, higher proximal 
diameter ratio and eliptical form of the proximal vessel (Table 3).  

Table 3  Anatomic characteristics among malignant and benign ACAOS variants 

Characteristic Malignant 
n = 26 

Benign 
n = 20 

p-value 

Slit-like ostium, n (%) 18 (69.2%) 0 <0.001 
Intramural vessel course, n (%) 21 (80.8%) 2 (10.0%) <0.001 

Intramural length (mm), median [IQR]  13.5 [10.0-15.3] 0 <0.001 

Acute take off angle (<45%), n (%) 19 (73.1%) 7 (35.0%) 0.010 
 Take off angle (°), median [IQR]  23.0 [14.6-43.6] 66.4 [37.1-68.3] 0.001 
Proximal vessel diameter ratio (height/width), median [IQR] 2.2 [1.5-2.6] 1.3 [1.0-1.2] <0.001 
Proximal diameter area (mm2), median [IQR] 6.6 [5.4-10.5] 4.5 [4.7-11.9] NS 
Elliptic vessel course (proximal diameter ratio >1.3), n (%) 22 (84.6%) 3 (15.0%) <0.001 
Distal diameter ratio (height/width), median [IQR] 1.0 [1.0-1.1] 1.0 [1.0-1.1] NS 
Distal vessel diameter area (mm2), median [IQR] 11.6 [9.4-14.2] 6.3 [5.0-9.7] 0.001 
Proximal vessel narrowing (%), median [IQR] -37.0 [-50.9-9.5] 4.5 [-34.9-59.0] 0.010 
Coronary vessel dominance, n (%)    

Right vessel dominance 21 (80.8%) 17 (85.0%) NS 

Left vessel dominance 4 (15.4%) 1 (5.0%) NS 

Balanced vessel dominance 1 (3.9%) 2 (10.0%) NS 

Coronary vessel dominance supplied by anomalous vessel, n (%) 17 (65.4%) 3 (15.0%) 0.001 

[IQR] = interquartile range 

 
CCTA depicted obstructive CAD in 17 (40%) of patients. SPECT-MPI revealed myocardial 
ischemia in 3.8% of patients with malignant ACAOS variants and in 30% (p<0.05) of 
patients with benign ACAOS variants (Table 4).  

Table 4 Perfusion defects in SPECT characterized by groups 

Characteristic Malignant  
n = 26 

Benign 
n = 20 

p-value 

Ischemia, n (%) 1 (3.8%) 6 (30.0%) 0.033 

 Due to CAD, in a non-anomalous vessel 1 (3.8%) 4 (20.0%)  

 Due to CAD, within an anomalous vessel 0 2 (10.0%)  

Scar, n (%) 5 (19.2) 5 (25.0%) NS 

 Due to CAD, in a non-anomalous vessel 3 (11.5%) 4 (20.0%)  

 Due to CAD, within an anomalous vessel 1 (3.8%) 1 (5.0%)  

 Not matching the territory of a coronary vessel 1 (3.8%) 0  

CAD = coronary artery disease 
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Vessel based analysis using hybrid CCTA/SPECT-MPI revealed that ischemia was mainly 
due to obstructive CAD in a non-anomalous vessel (Figure 3). Two patients with a be-
nign ACAOS variant (one LAD originating from the non-coronary sinus and one retroaor-
tic course of an anomalous LCX) showed myocardial ischemia in the myocardial territory 
subtended by the anomalous vessel itself. However, in both patients, concomitant ob-
structive CAD (as diagnosed by CCTA) was also present in the anomalous coronary ar-
tery. Scars were present in 5 (19.2%) patients with malignant ACAOS and in 5 (25.0%) 
patients with benign ACAOS. Similarly, hybrid CCTA/SPECT-MPI showed that scars were 
due to CAD in non-anomalous vessels (Figure 4). Of note, in one patient with a malig-
nant ACAOS variant, scar tissue could not be attributed to a coronary artery perfusion 
territory and was subsequently identified by cardiac magnetic resonance imaging as 
fibrosis due to myocarditis. Five (10.9%) patients in whom relevant ischemia was de-
tected by SPECT-MPI have undergone subsequent revascularization. No revasculariza-
tion of anomalous vessels without CAD was performed.  
 

 
Figure 3: CCTA shows a patient with a benign ACAOS variant and a retroaortic course of the LCX (A). Hybrid 
CCTA/SPECT-MPI (using the CT attenuation corrected stress dataset) reveals an anteroapical ischemia match-
ing the perfusion area of the LAD (B). CCTA demonstrates severe coronary atherosclerosis with subtotal 
stenosis of the middle LAD (C). 

Hybrid CCTA/SPECT myocardial perfusion imaging in ACAOS 
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Figure 4: Hybrid CCTA/SPECT-MPI (using the CT attenuation corrected rest dataset) shows a malignant ACAOS 
with the RCA originating from the LCS with an interarterial course. The inferolateral scar tissue could be 
clearly allocated to the perfusion territory subtended by the non-anomalous LCX which was previously revas-
cularized with a stent due to occlusion and subsequent myocardial infarction (A, B).  

DISCUSSION 

Our results show that prevalence of CAD is relatively high in a middle-aged population 
of patients with coronary anomalies referred for non-invasive cardiac imaging due to 
suspected CAD. In these patients the correct assignment of territories to the subtending 
coronary arteries may be particularly challenging. Even in patients with no coronary 
anomalies, the so called standard distribution of myocardial perfusion territories does 
not correspond with individual anatomy in more than half of the patients.29 Hybrid 
cardiac imaging fusing CCTA with SPECT-MPI has been introduced about one decade 
ago28, 30 and has been established as a tool for comprehensive anatomical and function-
al lesion evaluation31, 32 as well as for allocation of the affected coronary artery with the 
respective myocardial territory. Implementation of cardiac hybrid imaging may improve 
outcome prediction33 and optimize downstream resource utilization.34 

In our study myocardial ischemia or scar was only found in patients who had con-
comitant obstructive CAD in the vessel matching the perfusion defect. It may be hy-
pothesized that the anomalous course of the vessel per se may promote coronary insuf-
ficiency in coronary arteries additionally affected by CAD. However, the fact that most 
of the perfusion defects could be attributed to a myocardial territory subtended by a 
non-anomalous vessel with obstructive CAD or an anomalous vessel of benign variant 
but with concomitant obstructive CAD, with absence of anatomic high-risk features, 
suggests that contribution of the anomaly itself may play only a minor role for the mani-
festation of myocardial perfusion deficits. 
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In line with the results of the present study, Uebleis et al. demonstrated that out of 
17 patients with ACAOS, one third presented with myocardial ischemia in SPECT-MPI. 
However, only patients without concomitant CAD were included. Similar to our analysis, 
it could be shown that correlation between the anatomical variants of ACAOS and the 
presence of myocardial ischemia was low. Only in 3 patients perfusion defects could be 
matched to the territory of an anomalous vessel, and thereof 2 anomalies were malig-
nant variants.17 In accordance to previous studies, we found that malignant ACAOS had 
significantly more high risk anatomic features such as slit-like ostium, intramural course, 
acute angle take-off of the vessel, higher proximal diameter ratio and eliptical form of 
the proximal vessel compared to benign variants.25, 35 In contrast to our study, in a small 
population with malignant ACAOS revealed by invasive coronary angiography, De Luca 
et al. demonstrated ischemia by SPECT-MPI in 4 out of 5 patients.36 However, in this 
study it remained unclear whether myocardial ischemia or scar was matching the area 
of anomalous vessel perfusion.29 

It is not known which study protocol is most adequate for the evaluation of myocar-
dial perfusion in patients with ACAOS. This is to some extent reflected by the heteroge-
neous choice of stress testing protocols applied in the present study. In fact, bicycle 
exercise testing was performed in the majority of patients with a malignant variant of 
ACAOS, while in patients with a benign ACAOS variant stress was mostly induced phar-
macologically. Dobutamine has been used in conjunction with intravascular ultrasound 
(IVUS) imaging in the assessment of ACAOS and demonstrated an anatomic compres-
sion of ovoid ostia in some patients as well as changes in the vessel diameter.37 This 
suggests that dobutamine stress testing or bicycle exercise stress protocol might be 
preferable over adenosine, as this may most closely resemble the hemodynamic cir-
cumstances leading to dynamic vessel obstruction and potentially inducing myocardial 
ischemia during sports or daily physical activities.36 However Lim et al. demonstrated 
that invasively measured fractional flow reserve in a malignant variant of ACAOS was 
similarly reduced by dobutamine and also adenosine. Therefore adenosine might be an 
alternative option for functional evaluation of patients with ACAOS.37 Furthermore, it 
remains uncertain whether standard physical stress protocols with a minimal heart rate 
of 85% of the predicted maximum heart rate is adequate and it might be discussed 
whether more intense physical exertion beyond the level of established standard test 
protocols are needed in order to increase the detection rate of potential perfusion 
defects induced by ACAOS.  

The present study extends our limited knowledge by demonstrating that in a mid-
dle-aged population significant impairment of myocardial perfusion due to the anoma-
lous vessel in ACAOS per se is exceedingly rare and is much more likely attributable to 
concomitant CAD. Thus, hybrid imaging of CCTA/SPECT-MPI may offer a beneficial value 
for risk stratification of patients with either benign of malignant variants of ACAOS. 

Hybrid CCTA/SPECT myocardial perfusion imaging in ACAOS 
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Whether coronary anomalies may constitute a co-factor promoting the incurrence 
of coronary insufficiency in case of concomitant coronary atherosclerosis remains yet to 
be elucidated.  

LIMITATIONS 

It may be perceived as a limitation that we retrospectively included patients referred for 
hybrid CCTA/SPECT-MPI as this may have led to a possible selection bias towards inclu-
sion of patients with a higher prevalence of CAD. However, it has to be mentioned that 
22% of the patients showed no calcifications. Older patients (over thirty years old) as 
represented in our population tend to have a decreased incidence of anomalous vessel 
related sudden cardiac deaths and therefore possibly less anomalous vessel related 
myocardial ischemia in SPECT-MPI.38 Hence, extrapolation of our results for younger 
patients has to be made with caution.  

CONCLUSION  

Hybrid CCTA/SPECT-MPI represents a valuable non-invasive tool to discriminate the 
impact of ACAOS from concomitant CAD on myocardial ischemia. The results of this 
study suggest that in a middle-aged population impairment of myocardial perfusion due 
to ACAOS per se may be exceedingly rare and is much more likely attributable to con-
comitant CAD. 
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ABSTRACT 

Objective There are no data available on the value of fused cardiac hybrid imaging with 
computed tomography angiography (CCTA) and positron emission tomography myocar-
dial perfusion (PET-MPI) in patients with complex coronary artery anomalies (CCAA).  

Design/Setting Retrospective, single center study.  

Patients Seven consecutive patients with CCAA (mean 57±7 years, 86% were male) who 
underwent clinically indicated hybrid CCTA/PET-MPI between 2005 and 2015 in our 
clinic were included. The findings from both modalities and fused cardiac hybrid imag-
ing were evaluated in these patients. 

Results Out of the 7 patients with CCAA, 2 had Bland-White-Garland anomaly, 2 showed 
a coronary artery fistula, 2 showed a “single right” and one patient showed a “single 
left” coronary artery. Semi-quantitative fused hybrid CCTA/PET-MPI depicted inferol-
ateral scar matching the territory of a non-anomalous vessel with significant concomi-
tant coronary artery disease (CAD) in one patient only. By contrast, analysis of quantita-
tive myocardial blood flow (MBF) as assessed by fused hybrid CCTA/PET-MPI revealed 
abnormally reduced flow capacities in the territories subtended by the anomalous ves-
sels in 4 patients.  

Conclusions In this case series of middle-aged patients with CCAA, perfusion defects as 
assessed by semi-quantitative PET-MPI were rare and attributable to concomitant CAD 
rather than to the anomalous vessel itself. By contrast, impaired MBF as assessed by 
quantitative hybrid CCTA/PET-MPI was revealed in the majority of patients in the vessel 
territories subtended by the anomalous coronary artery itself. Fused hybrid CCTA/PET-
MPI incorporating information on morphology and on semi-quantitative and quantita-
tive myocardial perfusion may provide added value for the management of patients 
with CCAA. 

Abbreviations:  
ACAOS  Anomalous origin of the coronary artery from the opposite sinus 
CCTA  Coronary computed tomography angiography 
CFR  Coronary flow reserve 
MBF  Myocardial blood flow 
PET-MPI  Positron emission tomography myocardial perfusion imaging 
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INTRODUCTION 

Complex coronary artery anomalies (CCAA) such as Bland-White-Garland syndrome, 
anomalous coronary artery origin from the opposite sinus (ACAOS), “single right” or 
“single left” coronary arteries and coronary artery fistulas occur with an incidence of 
0.002% to 1% in the adult population (1-3). Non-invasive coronary computed tomogra-
phy angiography (CCTA) has become the primary modality in evaluating and characteriz-
ing CCAA, as CCTA offers a higher accuracy and detection rate over invasive coronary 
angiography, echocardiography and magnetic resonance imaging (4-6). CCAA are con-
sidered to be associated with symptoms of myocardial ischemia, angina pectoris, dysp-
nea, palpitations, ventricular arrhythmia, congestive heart failure, syncope and sudden 
cardiac death (SCD) (2, 7-10). Although standardized guidelines for the workup of CCAA 
are lacking, it has been suggested that a hybrid morphological and functional non-
invasive imaging approach, including CCTA and single photon emission computed to-
mography imaging myocardial perfusion imaging (SPECT-MPI) might be of added value 
for risk stratification and decision making in CCAA (10-16). SPECT-MPI, however, allows 
assessment of myocardial perfusion on a semi-quantitative basis (i.e. assessing the 
relative differences of normalized myocardial radiotracer uptake) only. By contrast, 
positron emission tomography myocardial perfusion imaging (PET-MPI) expands current 
diagnostic capabilities of SPECT-MPI through its ability to additionally offer absolute 
quantitation of myocardial blood flow (MBF). It is well known that the assessment of 
quantitative MBF by PET-MPI exerts an added value for risk stratification and provides 
prognostic information for patients with subclinical coronary artery disease (CAD), bal-
anced triple vessel CAD, cardiac transplant, and microvascular dysfunction in cardiomy-
opathies (17-21). However, assignment of territories to the correct subtending coronary 
artery is challenging. In fact, it has been shown that the so called standard distribution 
of myocardial perfusion territories does not correspond with individual true anatomy in 
more than half of the patients with normal coronary anatomy (22), a rate that can be 
assumed to be much higher in patients with CCAA. Thus, it may be hypothesized that 
hybrid imaging with fusion of CCTA and semi-quantitative and quantitative PET-MPI 
offers an added value for patients with CCAA.  

METHODS 

Patient population and follow-up 

We retrospectively identified all consecutive patients with CCAA revealed by CCTA who 
underwent additional clinically indicated PET-MPI between March 2005 and Mai 2015 in 
our clinic and recorded the findings. Aside from morphological information on the coro-
nary anatomy as offered by CCTA, we evaluated the following parameters derived from 
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PET MPI: semi-quantitative perfusion, hyperemic absolute MBF, coronary flow reserve 
(CFR), and relative flow reserve (RFR). Fused hybrid imaging using CCTA datasets and 
semi-quantitative as well as quantitative MBF parameters was performed for each pa-
tient. Clinical data, symptoms, and outcome data were assessed and follow up was 
obtained by performing telephone interviews and reviewing electronic patient records. 
Major adverse cardiovascular events (MACE) were defined as cardiac death, myocardial 
infarction, revascularization or anomalous vessel related cardiac surgery. 

CCTA imaging 

CCTA was performed on multi-slice CT scanners (LightSpeed VCT XT and Revolution CT, 
both GE Healthcare, Waukesha, WI, USA) according to current guidelines and as previ-
ously described (23, 24). Prior to examination all patients received 2.5 mg isosorbiddini-
trate sublingually (Isoket, Schwarz Pharma, Monheim, Germany) and up to 30mg 
metoprolol (Beloc Zok, AstraZeneca, London, UK) was administered intravenously if 
heart rate per minute was >65 in order to obtain optimal image quality (24). Iodixanol 
(Visipaque 320, 320 mg/mL, GE Healthcare) was injected into an antecubital vein fol-
lowed by 50 mL saline solution.  

PET imaging 

Cardiac 13N-ammonia PET was performed using a 1-day rest/stress or stress/rest proto-
col. Stress was pharmacologically induced using adenosine at a standard rate (0.14 
mg/min/kg) over 7 min, as previously reported (18). All patients received a 700- to 900-
MBq injection of 13N-ammonia into a peripheral vein during 10 s as a slow bolus. Imag-
es were acquired in 2-dimensional mode on a PET or PET/CT scanner (Advance, Discov-
ery LS, Discovery DSTX, Discovery VCT, all GE Healthcare, Milwaukee, Waukesha, WI, 
USA), with a field of view between 14.6 and 15.7 cm. Dynamic acquisitions of the emis-
sion scans were performed using a standard protocol consisting of 9 × 10-s, 6 × 15-s, 3 × 
20-s, and 1 × 900-s frames. Transmission scan for photon attenuation correction was 
performed with low-dose CT attenuation correction (non-gated, tube voltage 140 kV, 
tube current 120 to 150 mA, and slice thickness: 3.75 to 4.75 mm) (18, 25).  

Regional 13N-ammonia uptake was assessed using the 17-segment model and the 
semi-quantitative scoring system of defect severity and extent, as recommended by the 
American Society of Nuclear Cardiology (26). Quantitative MBF was determined using 
the PMOD software package (version 3.7, PMOD Technologies Ltd., Zurich, Switzerland) 
developed and validated at our institution (27). A spherical region of interest was placed 
into the blood pool of the left ventricle. Myocardial and blood pool time-activity curves 
were generated from the dynamic frames and corrected for radioisotope decay. MBF 
was estimated by model fitting of the blood pool and myocardial time-activity curves 
(28) correcting for partial volume and spillover, as previously described (29). CFR was 
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calculated as the ratio of hyperemic to resting MBF, and CFR ≥2.0 was considered nor-
mal (30). From the 17 segment model relative and absolute MBF in segments corre-
sponding to anomalous and remote, non-anomalous vessels without CAD were assessed 
for calculation of RFR. RFR was defined as the ratio of hyperemic MBF in the area of the 
target vessel (anomalous vessel) to hyperemic MBF in a normally perfused area (non-
anomalous vessel without CAD) (31) and a RFR of ≥0.78 was considered normal (32). In 
2-dimensional scatter plots integrating hyperemic MBF and CFR of territories perfused 
by anomalous versus non-anomalous vessels in the same patient with superimposed 
thresholds for normal, reduced flow capacity or definite ischemia as proposed by John-
son and Gould were drawn (33). 

Hybrid imaging 

Semi-quantitative and quantitative datasets from PET-MPI were fused with CCTA da-
tasets on a dedicated workstation (Advantage Workstation 4.3, GE Healthcare) using a 
commercially available software tool (CardIQ Fusion, GE Healthcare), as previously de-
scribed in detail (34). A matched semi-quantitative CCTA/PET-MPI fused imaging finding 
was defined as a reversible (ischemia) or fixed (scar) PET-MPI defect in a territory sub-
tended by an anomalous vessel and/or a stenotic coronary artery (defined as narrowing 
of the coronary luminal diameter ≥50%).  

Statistical Analysis 

All statistical analyses were performed using SPSS Statistics 22 (IBM Corporation, Ar-
monk, NY, USA). Data are reported as median ± interquartile range (IQR, 25th – 75th 
percentile), or mean ± standard deviation (SD), or percentages as appropriate.  

Ethics 

The study conforms to the principles outlined in the declaration of Helsinki and was 
evaluated and approved by the local ethics committee (KEK-ZH-Nr. 2015-0235). The 
need for informed written consent was waived.  

RESULTS 

Imaging results 

We identified 7 patients with CCAA who underwent both CCTA and PET-MPI. Mean age 
was 57 ± 7 years and 86% were male. Two patients (28%) had Bland- White Garland 
syndromes with one anomalous left coronary artery from the pulmonary artery (AL-
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CAPA) (i.e. patient no.1) as previously published by our group (12) and one anomalous 
right coronary from the pulmonary artery (ARCAPA) (i.e. patient no. 2). Two patients 
(28%) showed a single right coronary artery, i.e. one with a subpulmonic course (be-
tween the aorta and the right ventricular outflow tract) of the left anterior descending 
artery (i.e. patient no.3) and one with a retroaortic course of the left coronary artery 
and an interarterial course of a septal branch (i.e. patient no. 4). One patient (14%) 
showed a single left coronary artery with an intramural and interarterial course of the 
right coronary artery (RCA) (i.e. patient no. 5) and two patients (28%) showed a fistula 
from the left anterior descending artery (LAD) connecting to the pulmonary artery (i.e. 
patient no. 6 and 7) (Figure 1).  
 

 
Figure 1: CCTA reveals a fistula from the left anterior descending artery (LAD) to the pulmonary artery (PA). 
CCTA = Coronary computed tomography angiography;  

Table 1 Patient’s characteristics and types of anomaly 

Patient 
no. 

Age Sex Symptoms Type of anomaly Origin of 
anomalous 
vessel 

Course of 
anomalous 
vessel 

Termination of 
anomalous 
vessel 

1 56 f Palpitations ALCAPA LM of PA Normal Normal 

2 48 m Palpitations ARCAPA RCA of PA  Normal Normal 

3 61 m Typical angina  Single right LM of RCS Subpulmonic Normal 

4 55 m Typical angina  Single right LM of RCS Interarterial Normal 

5 57 m Typical angina  Single left RCA of LCS Interarterial Normal 

6 70 m Syncope Fistula LAD to PA Normal - A. Pulm 

7 52 m Atypical angina  Fistula LAD to PA Normal - A. Pulm 

ALCAPA = Anomalous left coronary from the pulmonary artery; LM = Left main artery, PA = Pulmonary artery; 
ARCAPA = Anomalous right coronary from the pulmonary artery; RCA = Right coronary artery, RCS = right 
coronary sinus, LCS = Left coronary sinus, LAD = left anterior descending coronary artery 



73 

Patient’s characteristics and description of coronary artery anomalies are given in Table 
1. Symptoms on referral were angina (43%), followed by palpitations (28%), atypical 
angina (14%) and syncope (14%). CCTA revealed concomitant CAD in two patients (28%, 
i.e. patient no. 4 and 5). Semi-quantitative PET-MPI revealed perfusion defects only in 
the patient with a single left coronary artery (i.e. patient no. 5) with a scar in the infer-
olateral wall.  

Fused hybrid CCTA/PET-MPI revealed that the scar in the inferolateral wall was sub-
tended by a previously stented coronary vessel with concomitant CAD (Figure 2). 

 

 
Figure 2: Fused CCTA/PET-MPI of a patient with a single left coronary artery. CCTA revealed a single left coro-
nary artery (i.e. patient no. 5) with an intramural and interarterial course of the anomalous right coronary 
artery (A). Fused CCTA/PET-MPI (using the stress dataset) showed an inferolateral scar matching the perfusion 
territory of the previous stented non-anomalous intermedius branch with concomitant CAD (B, C). CCTA = 
Coronary computed tomography angiography; PET-MPI = Positron emission tomography myocardial perfusion 
imagin 

 
Hyperemic MBF in anomalous vessel compared to the remote non-anomalous vessel 
were lower in all patients (see Table 2 and Figure 3), represented as a RFR below 1.0, 
except in a single patient (i.e. patient no. 7) with a fistula.  

Table 2 Quantitative PET-MPI analysis of anomalous and non-anomalous vessels 

Patient 
no. 

Anomalous vessel 
hyperemic MBF 
(ml/min/g) 

Anomalous vessel 
CFR 

Remote non-anomalous 
vessel hyperemic MBF 
(ml/min/g) 

Remote non- anomalous 
vessel CFR 

RFR 

1 1.46 1.40 2.62 1.47 0.56 

2 1.77 1.49 2.55 2.03 0.69 

3 2.13 2.62 2.42 2.89 0.88 

4 1.76 2.38 2.15 2.27 0.82 

5 - - 1.30 1.52 - 

6 2.25 2.36 2.44 2.42 0.92 

7 5.50 4.44 5.09 4.38 1.08 

MBF = Myocardial blood flow; CFR = Coronary flow reserve; RFR = Relative Flow Reserve 
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However, RFR was only pathologically reduced (i.e. ≤0.78) in the two patients with 
Bland-White-Garland syndrome (i.e. patient no. 1 and 2). Similarly, CFR of the anoma-
lous vessel was lower in all patients compared to the remote non-anomalous vessel, 
except in the patient with single right coronary artery (i.e. patient no. 4) and the patient 
with a fistula (i.e. patient no. 7). Of note, in the patient with single right coronary artery 
(i.e. patient no. 4), CFR with 1.94 was also slightly reduced in the segments correspond-
ing to the distal part of the non-anomalous RCA with concomitant CAD, compared to 
the other, non-anomalous vessel segments. Also in the patient with single left coronary 
artery (i.e. patient no. 5) the non-anomalous vessels with concomitant CAD showed an 
impaired CFR. Only in the patient with ALCAPA (i.e. patient no. 1) CFR was reduced in 
the anomalous vessel (1.40) and - also to a lesser extent - in the remote, non-
anomalous vessel (1.47) (see Figure 4). As the patient with single left coronary artery 
(i.e. patient no. 5) showed left coronary circulation dominance of the non-anomalous 
vessel, MBF of the anomalous vessel (i.e. RCA) could not be calculated. 
 

 
Figure 3: Fused CCTA/PET-MPI including quantitative hyperemic myocardial blood flow (MBF) of patient no. 1 
with Bland-White-Garland syndrome (i.e. ALCAPA: anomalous left anterior descending artery origin from the 
pulmonary artery). On panel A impaired hyperemic MBF in the territory of the anomalous vessel (i.e. LAD) 
perfusion can be seen compared to normal hyperemic MBF of the non-anomalous vessel perfusion territory 
of the right coronary artery (RCA) on panel B. MBF = Myocardial blood flow; PA = Pulmonary artery; LAD = Left 
anterior descending artery; RCA = Right coronary artery; CCTA = Coronary computed tomography angi-
ography; PET-MPI = Positron emission tomography myocardial perfusion imaging 
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Figure 4: Fused CCTA/PET-MPI including coronary flow reserve of patient no. 1 with Bland-White-Garland 
syndrome (anomalous left anterior descending artery origin from the pulmonary artery). On panel A CFR in 
the territory of the anomalous vessel (i.e. LAD) perfusion is impaired to a greater extent compared to the non-
anomalous vessel perfusion territory of the right coronary artery on panel B. CFR = Coronary flow reserve; 
MBF = Myocardial blood flow; PA = Pulmonary artery, LAD = Left anterior descending artery; RCA = Right 
coronary artery; CCTA = Coronary computed tomography angiography; PET-MPI = Positron emission tomog-
raphy myocardial perfusion imaging 

 
In Figure 5, 2-dimensional scatter plots of hyperemic MBF and CFR with superimposed 
thresholds for normal, reduced flow capacity or definite ischemia show that 83% (5 out 
of 6) of the patients showed a minimally to moderate reduced flow capacity in myocar-
dial territories subtended by the anomalous vessels compared to the remote non-
anomalous vessel for each patient. 
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Figure 5: In this figure, 2-dimensional scatter plots integrating hyperemic MBF and CFR of anomalous vessels 
versus non-anomalous vessel are depicted for each patient with superimposed thresholds for normal, re-
duced flow capacity or definite ischemia as proposed by Johnson and Gould (33). 83% (5 out of 6) of the 
patients (i.e. patient no. 1,2,3,4 and 6) showed a minimally to moderate reduced flow capacity in the perfused 
territories of the anomalous vessels compared to the remote non-anomalous vessel in the same patient. As 
the patient with single left coronary artery (i.e. patient no. 5) showed left coronary circulation dominance of 
the non-anomalous vessel, hyperemic MBF of the anomalous vessel could not be calculated and therefore 
patient no. 5 is not represented on the figure. MBF = myocardial blood flow; CFR = coronary flow reserve 

Outcome 

During a median follow up of 54 months (IQR 1 -108), 2 patients (29%) experienced 
MACE. The patient with ALCAPA (i.e. patient no. 1) suffered acute myocardial infarction 
after 41 months and hemi-arterial switch operation was performed after 72 months due 
to progressive dyspnea. The patient with single right coronary artery (i.e. patient no. 4) 
underwent revascularization of the RCA after 1 month due to progressive angina pec-
toris.  
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DISCUSSION 

To the best of our knowledge, this is the first case series assessing the impact of CCAA 
on myocardial perfusion through fused hybrid CCTA/PET-MPI, integrating coronary 
morphology and semi-quantitative and quantitative perfusion parameters. In our study, 
semi-quantitative perfusion defects (i.e. ischemia or scar) were found in a single patient 
who had concomitant obstructive CAD in the vessel subtending the perfusion defect. By 
contrast, quantitative perfusion analysis revealed reduced hyperemic MBF and a re-
duced CFR in almost all patients with CCAA s in the anomalous vessels compared to a 
remote, non-anomalous vessel.  

Bland-White-Garland syndrome 

A steal-phenomenon by reversed flow in the coronary artery into the pulmonary artery 
caused by decreased pulmonary artery pressure after birth is suggested to be underly-
ing mechanism for perfusion defects in Bland-White Garland patients undergoing 
SPECT-MPI (35-37). There is evidence that non-invasive quantitative perfusion imaging 
allows for estimation of fractional flow reserve (FFR) through calculation of RFR (32). As 
RFR of 0.78 has been suggested as the cut off value for the lower limit of normal (32), 
the two patients with Bland-White-Garland syndrome (i.e. patient no. 1 and 2) showed 
abnormal RFR in our case series. Interestingly, in both patients with Bland-White-
Garland syndromes, not only RFR but also CFR was reduced in the anomalous vessel, 
suggesting that quantitative MBF assessment by quantitative PET allows for detection of 
a presumed steal-phenomenon in Bland-White Garland syndrome.  

Coronary artery fistula 

Similarly, and even in small coronary artery fistulas, a steal-phenomenon may cause 
hypoperfusion and reduction of MBF distally of the affected coronary artery, as has 
been demonstrated using FFR in invasive coronary angiography (15, 38). In line with this 
study, one patient with coronary artery fistula showed mildly reduced RFR and CFR in 
the present study. Interestingly, one patient (i.e. patient no. 7) with coronary artery 
fistula did not show reduced CRF distally to the involved LAD compared to the remote 
non-anomalous vessel and it was the only patient without a RFR <1. It can be hypothe-
sized that - due to the rather small size of the fistula - the competitive shunting flow 
through the fistula to the pulmonary artery, compared to the antegrade flow to the 
distal LAD may not markedly increase during stress perfusion and therefore the fistula is 
hemodynamically insignificant. Although steal-phenomenon were described also in 
small coronary artery fistulas, others suggested that a true fistula is characterized by a 
distinct ectatic vascular segment that exhibits fistulous flow and is connected to two 
vascular territories with large pressure differences. Small coronary artery fistulas with 
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long vascular channels may present with high vascular resistance, allowing only limited 
blood flow to the pulmonary artery, and are therefore mostly not hemodynamically 
relevant (39, 40).  

Anomalous origin of the coronary artery from the opposite sinus  

Hyperemic MBF was mildly reduced in one case of ACAOS variant in the myocardium 
matching the territory subtended by the anomalous coronary artery. Moreover, hyper-
emic MBF was lower compared to the remote segments with an RFR of 0.82. This is in 
line with a report by Lim et al. who demonstrated that in a patient with ACAOS the 
invasively measured FFR of the interarterial variant of the vessel was reduced from 0.96 
to 0.87 with adenosine and to 0.86 during a dobutamine challenge (41). In some cases, 
even ischemia of territories corresponding to anomalous ACAOS vessels have been 
demonstrated using SPECT imaging (11, 16, 41). By contrast, we have recently demon-
strated that myocardial ischemia caused by ACAOS per se seems exceedingly rare in 
middle-aged patients with ACAOS and is more likely attributable to concomitant CAD 
(13). With this regard, fused hybrid CCTA/SPECT-MPI proofed a valuable non-invasive 
tool to discriminate the impact of ACAOS from concomitant CAD on myocardial ische-
mia (13). Similarly, in the present study, hybrid CCTA/PET-MPI imaging allowed for such 
discrimination in one patient with ACAOS and concomitant CAD (i.e. patient no. 5). In 
the same patient and also in the patient with single right coronary artery (patient no. 4), 
PET-MPI did not show ischemia but revealed that CFR was reduced in the territory sub-
tended by the distal part of a non-anomalous vessel with concomitant CAD. Of note, out 
of the ACAOS patients only the patient with “single right” coronary artery (i.e. patient 
no. 3) and a subpulmonic course of the anomalous vessel was showing a normal hyper-
emic MBF in the anomalous vessel and also a normal, and similar CFR compared to the 
remote non-anomalous vessel. This finding is of particular interest as it supports the 
presumption that the subpulmonic course of the anomalous vessel is rather a benign 
variant and that the anomalous vessel is normally perfused also under stress conditions 
(42-44).  

The present case series extends our limited knowledge by demonstrating that perfu-
sion defects as assessed by semi-quantitative PET-MPI due to CCAA per se are rather 
rare and are much more likely attributable to concomitant CAD. However hyperemic 
MBF, CFR and RFR are of additional value as they offer a more accurate and sensitive 
diagnostic tool in evaluating these patients. In fact, impairment of absolute MBF as 
demonstrated by quantitative PET-MPI was seen in more than half of CCAA patients in 
our small cohort. Of note, a number of studies have shown that impaired hyperemic 
MBF and CFR as assessed by quantitative PET-MPI are powerful independent risk factors 
for cardiac death (18, 19, 21, 45). Indubitably, larger studies are needed to evaluate 
whether quantitative assessment of myocardial perfusion through PET-MPI confers an 
added prognostic value in a population with CCAA. Nevertheless, due to the fact that 
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the standard distribution models of myocardial perfusion territories are not applicable 
in patients with CCAA, our results suggest that fused hybrid imaging may constitute a 
valuable tool in this setting as it allows discrimination of CCAA from CAD in impaired 
myocardial perfusion. It may, therefore, be hypothesized that hybrid fused CCTA/PET-
MPI offers a beneficial value for risk stratification in patients with CCAA.  

LIMITATIONS 

The sample of patients studied in the present case series is small. However, while CCAA 
are extremely rare and availability of CCTA/PET-MPI fused imaging is limited, our find-
ings are hypothesis-generating for larger multicenter studies. Nevertheless, due to the 
small sample size, extrapolation from our results should be made only with caution.  

CONCLUSION  

In this case series of middle-aged patients with CCAA, perfusion defects as assessed by 
semi-quantitative PET-MPI were rare and attributable to concomitant CAD rather than 
to the anomalous vessel itself. By contrast, impaired MBF as assessed by quantitative 
hybrid CCTA/PET-MPI was revealed in the majority of patients in the vessel territories 
subtended by the anomalous coronary artery itself. Fused hybrid CCTA/PET-MPI incor-
porating information on morphology and on semi-quantitative and quantitative myo-
cardial perfusion may provide added value for the management of patients with CCAA. 
  

Fused cardiac hybrid imaging in complex coronary artery anomalies 
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ABSTRACT 

Rationale and Objectives: The aim of the study was to evaluate the impact of the latest 
coronary computed tomography angiography (CCTA) techniques allowing a radiation- 
and contrast-sparing protocol on image quality in unselected patients referred for ex-
clusion of suspected coronary artery disease (CAD). 

Materials and Methods: This prospective study was approved by the local ethics com-
mittee, and all patients provided written informed consent. Between March and June 
2015, 89 consecutive patients (61% male; mean age 55 ± 11 years) referred for exclu-
sion of CAD by 256-slice CCTA using prospective electrocardiogram triggering were 
included. Tube voltage (80–120 kVp), tube current (180–310 mA) as well contrast agent 
volume (25–45 mL) and flow rate (3.5–5 mL/s) were adapted to body mass index. Signal 
intensity was measured by placing a region of interest in the aortic root, the left main 
artery, and the proximal right coronary artery. Image noise was measured in the aortic 
root. Two independent blinded readers semi-quantitatively assessed the image quality 
regarding motion, noise, and contrast on a 4-point scale.  

Results: Median contrast agent volume and median effective radiation dose were 35 mL 
(interquartile range, 30–40 mL) and 0.5 mSv (interquartile range, 0.4–0.6 mSv), espec-
tively. Mean attenuation in the aortic root was 412 ± 89 Hounsfield units. Diagnostic 
image quality was obtained in 1050 of 1067 (98.4%) coronary segments and, on an 
intention-to-diagnosis basis, in 85 of 89 (95.5%) patients. Below a cut-off heart rate of 
67 beats/min, only 1 of 974 (0.1%) coronary segments was nondiagnostic.  

Conclusion: A radiation- and contrast-sparing protocol for CCTA on a latest generation 
256-slice computed tomography scanner yields diagnostic image quality in patients 
referred for CAD exclusion in daily clinical routine. 
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INTRODUCTION 

Coronary computed tomography angiography (CCTA) has become an important and 
robust noninvasive imaging tool for the exclusion of significant coronary artery disease 
(CAD). However, its growing clinical use has raised concerns about the potential induc-
tion of malignancies due to the increased burden of radiation exposure for patients (1). 
Furthermore, the debate on the potential risks associated with cardiovascular imaging 
has recently been extended to additional components, and contrast agents have been 
identified as significant contributors of potential risk. In fact, the rate of death and seri-
ous acute adverse events due to contrast agent exposure is not negligible and out-
weighs the radiation-related risks (2). As a consequence, various technological advances 
have evolved not only to reduce radiation exposure (3), but also to save contrast agent 
volume (4), potentially enabling a CCTA imaging approach with a combined low radia-
tion and low contrast agent volume exposure. The introduction of prospective electro-
cardiogram (ECG) triggering (5), including its adaption to high-pitch helical scanning 
(6,7), has paved the way for a substantial reduction of radiation exposure from initially 
over 20 mSv with conventional helical acquisition (8) to approximately 2 mSv in current 
daily clinical routine (5). Nevertheless, prospective triggering is prone to image quality 
degradation if the patient’s heart rate is irregular or high (ie >62 beats/min at a gantry 
rotation time of 350 ms) (5). Wide-volume 256-slice scanners with 16-cm cranial-caudal 
coverage and fast gantry rotation time of 280 ms permit acquisition of the whole heart 
within a single heartbeat, which not only eliminates misalignment artifacts (9), but also 
results in decreased radiation dose by precluding redundant radiation from overlapping 
of sequential axial scans (10) and allows for a reduction of contrast agent volume be-
cause of shorter acquisition time (4). Furthermore, a more powerful X-ray generator 
enables acquisition at tube voltages of 100 kVp or below, thereby offering a further 
reduction of radiation dose, while yielding higher contrast than the standard 120 kVp 
technique because the X-ray output energy is closer to the iodine K-edge of 33 keV (11). 
Aside from technological advances in computed tomography (CT) hardware, iterative 
reconstruction algorithms have been reported to permit a further and substantial re-
duction in radiation dose (12,13). Most recently, a latest generation adaptive statistical 
iterative reconstruction algorithm (ASiRV, GE Healthcare, Waukesha, WI, USA) has been 
proposed to yield substantial noise reduction for CCTA acquired at low tube voltage and 
current. The aim of the present study was to evaluate the impact of latest CCTA tech-
niques allowing a radiation- and contrastsparing protocol on image quality in unselected 
patients referred for exclusion of suspected CAD.  
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METHODS 

Patient Population 

We prospectively included 89 consecutive patients who were referred for exclusion of 
CAD with CCTA due to stable symptoms from March to June 2015. Patients with addi-
tional clinical questions requiring extension of the scan coverage beyond the heart (eg 
patients with suspected aortic vessel disease) were excluded. Further exclusion criteria 
were known hypersensitivity to iodinated contrast agents and renal insufficiency (glo-
merular filtration rate <60 mL/min). The study was approved by the local ethics commit-
tee (KEK-ZH-Nr. 214–0632), and all patients provided written informed consent. The 
University Hospital Zurich holds a research agreement with GE Healthcare.  

Image Acquisition 

All patients underwent single-beat contrast-enhanced CCTA during breath-hold at inspi-
ration with prospective ECG triggering at 75% of the R-R interval on a latest generation 
256-slice CT scanner (Revolution CT, GE Healthcare, Waukesha, WI, USA). Up to 30 mg 
of metoprolol (Beloc Zok, Astra Zeneca, London, UK) was administered intravenously 
before the examination if the heart rate was higher than 65 beats/min to obtain optimal 
image quality for CCTA (7). Patients received 0.4 mg of sublingual isosorbiddinitrate 
(Isoket, Schwarz Pharma, Monheim, Germany) 2 min before the CCTA scan. Iodixanol 
(Visipaque 320, 320 mg/mL, GE Healthcare, Buckinghamshire, UK) was injected into an 
antecubital vein followed by 50 mL of saline solution via an 18-gauge catheter. Contrast 
agent volume (25–45 mL) and flow rate (3.5–5 mL/s) were adapted to body mass index 
(BMI) (Table 1) according to our clinical standards (14). Similarly, for CCTA acquisition, 
tube voltage (80–120 kVp) and tube current (180– 310 mA) were adapted to BMI (Table 
1). A collimation of 256 × 0.625 mm with a z-coverage of 12–16 cm was used with a 
display field of view of 25 cm. All scans were acquired in high-resolution mode with an 
in-plane spatial resolution of 0.23 × 0.23 mm. Gantry rotation time was 280 ms. CT raw 
data were reconstructed with a novel ASiR-V (GE Healthcare) using a high-definition 
kernel. Radiation dose for CCTA was determined by the dose-length product multiplied 
by a conversion factor of 0.014 mSv × mGy−1 × cm−1 (8). Heart rate variability was 
defined as the maximum beat-tobeat variability detected over a default 30-s window, 
excluding premature heartbeats (eg extrasystolic beats). An unenhanced CT for calcula-
tion of calcium scoring was acquired on the same CT scanner (Revolution CT) using the 
following scan parameters: prospective ECG triggering, 2.5-mm slice thickness, 120-kV 
tube voltage, 200-mA tube current, and a large field of view of 50 × 50 cm. From this 
scan, Agatston scores for each coronary vessel were computed with commercially avail-
able software (Smartscore 4.0, GE Healthcare) and summed to yield the total coronary 
artery calcium, as previously reported (15).  
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Quantitative Image Analysis 

On a dedicated workstation (Advantage Workstation 4.6, GE Healthcare), for every 
patient, the aortic root was examined at the level of the left main coronary artery on an 
axial image using a circular region of interest (ROI) with a 20-mm diameter to measure 
mean attenuation (representing signal) and its standard deviation (SD, representing 
noise) in Hounsfield units (HU). Similarly, measurements of mean attenuation in the 
proximal left main artery (LMA) and right coronary artery (RCA) were obtained using a 
circular ROI with 2-mm diameter on axial images, and due care was taken to avoid calci-
fications and streak artifacts. Finally, a circular ROI with 2-mm diameter was placed in 
the adjacent perivascular tissue to measure the vessel contrast expressed as the differ-
ence in mean attenuation in HU between the contrast-enhanced vessel and the adja-
cent perivascular tissue. The obtained measurements were used to calculate contrast-
to-noise ratio, for which noise was defined as the SD in the aortic root.  

Qualitative Image Analysis 

Qualitative image assessment was performed visually by two independent readers ex-
perienced in CCTA analysis (D.C.B. and C.G.). The reconstructed images were trans-
ferred to a dedicated workstation (AW 4.6, GE Healthcare) and presented to each read-
er in a randomized order and without any annotations to ensure blinding of the readers 
to patient information. Coronary arteries were subdivided into 15 segments (16). Axial 
image stacks were reviewed, and each coronary artery segment larger than 1.5 mm in 
diameter was evaluated. Small coronary segments were defined as segments 3, 4, 8, 9, 
10, 12, 13, 14, and 15 (7), and coronary segments with physiologically higher velocity 
were segments 1, 2, 3, 4, 9, 12, 13, and 14 (17). Image quality was assessed using a 4-
point scale over three individual categories (coronary motion artifact, noise artifact, and 
contrast agent enhancement), as previously described (18): 1 = nondiagnostic, with 
severe artifacts rendering diagnostic interpretation impossible; 2 = fair, moderate arti-
fact present, but images were still interpretable; 3 = good, with only mild artifacts; and 
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4 = excellent image quality. The evaluation of coronary motion artifact focused on ap-
parent blurring, doubling, or discontinuing of the coronary artery contours. Noise arti-
facts were assessed based on the vessel wall delineation and low contrast resolution. 
Contrast agent enhancement was assessed by the subjective attenuation differences 
between the coronary artery and the adjacent myocardium or epicardial fat. The mean 
value of the image quality scores between the two readers was used for statistical anal-
ysis. Disagreements regarding interpretability were solved by consensus agreements 
with the participation of a third senior reader (R.R.B.).  

Statistical Analysis 

Quantitative variables are expressed as mean ± SD or as median with interquartile range 
(IQR) if not normally distributed. Categorical variables are expressed as frequencies or 
percentages. The data were tested for normal distribution using the Kolmogorov-
Smirnov test. The independent-samples t test was used to compare continuous varia-
bles, and the Mann- Whitney U test was used to compare nonparametric variables. The 
χ2 test was used to evaluate proportions of categorical data. To assess the correlation 
between different variables, Spearman rank correlation was applied. Inter-rater agree-
ment was assessed using intraclass correlation (ICC) analysis. Receiveroperator charac-
teristic curve was plotted to illustrate the impact of heart rate on image quality. Subse-
quently, Youden’s index was calculated to define the optimal heart rate cut-off. SPSS 
20.0 (IBM Corporation, Armonk, NY, USA) was used for analysis. A P value of <0.05 was 
considered statistically significant. 

RESULTS 

Study Population 

CCTA was successfully performed in all 89 patients referred for exclusion of CAD. Pa-
tient baseline characteristics are summarized in Table 2. Intravenous metoprolol (medi-
an, 5 mg; IQR, 2–17 mg) was administered in 70 of 89 patients (79%), yielding a median 
heart rate of 58 beats/min (IQR, 54–61 beats/min; range, 44–167 beats/min) during 
image acquisition and a median heart rate variability of 3 beats/min (IQR, 1–4; range, 0–
13). Median calcium score was 6 Agatston Unit (IQR, 0–63). 

CCTA Parameters 

A tube voltage of 120 kVp was set in 14 of 89 (16%) patients, and the remaining patients 
were scanned with 100 kVp (n = 67, 75%) or 80 kVp (n = 8, 9%). Median tube current 
was 290 mA (IQR, 230–310 mA). The median contrast agent volume used was 35 mL 
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(IQR, 30–40 mL). The median effective radiation dose was 0.5 mSv (IQR, 0.4–0.6 mSv; 
range, 0.18–1.22 mSv), and 83 of 89 (93%) patients were exposed to less than 1 mSv 
(Figs 1 and 2). 
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Figure 1: A 43-year-old woman (body mass index = 18.3 kg/m2) with a positive family history for coronary 
artery disease (CAD) was referred for exclusion of CAD due to dyspnea of unknown origin. The patient was 
scanned at a heart rate of 47 beats/min and was exposed to 0.22 mSv of radiation dose and 25 mL of contrast 
agent volume. Threedimensional volume-rendered images revealed normal coronary anatomy (a), and multi-
planar reformations could exclude any obstructive CAD in the left anterior descending coronary artery (b), the 
left circumflex coronary artery (c), and the right coronary artery (d). 

Quantitative Image Analysis 

Mean attenuation in the aortic root was 412 } 89 HU (range, 248–750 HU) and the 
mean attenuation in LMA and RCA was 372 } 73 HU (range, 232–631 HU). Noise in the 
aortic root was 25 } 4 HU, and the average of the contrast-tonoise ratio in the LMA and 
RCA was 19 ±3.  

Qualitative Image Analysis and Study Interpretability 

An overview on the qualitative image analysis is given in Table 3. In 89 patients, a total 
of 1067 coronary artery segments with a diameter of ≥1.5 mm were evaluated (79.9% 
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of theoretically 1335 possible segments in 89 patients with 15 segments). Inter-rater 
reliability for image quality assessment was excellent regarding motion (ICC: 0.841), and 
good regarding noise and contrast agent enhancement (ICC: 0.711 and 0.701, respec-
tively). In total, 1050 of 1067 (98.4%) coronary segments and 81 of 89 (91%) patients 
were of diagnostic image quality. Nondiagnostic image quality due to motion was found 
in 9 of 1067 (0.8%) coronary segments in 6 of 89 (6.7%) patients. 
 

 
Figure 2: A 61-year-old female smoker (body mass index = 18.7 kg/m2) complained about recurrent atypical 
chest pain and was referred for exclusion of coronary artery disease. The patient was scanned at a heart rate 
of 62 beats/min and was exposed to 0.2 mSv of radiation dose and 25 mL of contrast agent volume. Coronary 
computed tomography angiography revealed a subtotal stenosis in the proximal LAD in the multiplanar 
reformations (a) and in threedimensional volume-rendered image (b). The diagnosis was confirmed by inva-
sive coronary angiography (c), and the patient was successfully 
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Insufficient contrast agent enhancement rendered 2 of 1067 (0.2%) coronary segments 
nondiagnostic in 2 of 89 (2.2%) patients, of which 1 patient had a concomitant motion 
artifact and both also showed contrast artifacts. Noise artifacts resulting in eight nondi-
agnostic coronary segments (0.7%) were found in four patients (4.5%), two of which 
also had motion artifacts. However, in four of eight (50%) patients with a nondiagnostic 
segment, there was at least one other segment of diagnostic image quality with an 
obstructive lesion, allowing the reader nevertheless to obtain a firm diagnosis with 
regard to the presence of obstructive CAD. Thus, on an intentionto- diagnose basis, the 
radiation- and contrast-sparing protocol yielded a firm diagnosis in 85 of 89 (95.5%) of 
patients.  

Determinates of Image Quality 

Although BMI significantly correlated with noise measured in the aortic root (r = 0.196, 
P < 0.001), it did not have a significant impact on the qualitatively assessed noise score 
(r = −0.051, P = 0.098). Moreover, BMI did not significantly differ between patients with 
diagnostic and nondiagnostic coronary segments (P = 0.271). Of note, BMI did neither 
have an impact on mean attenuation in the proximal coronaries (r = −0.016, P = 0.566) 
nor on image quality regarding contrast agent enhancement (r = −0.016, P = 0.601). 
Image quality was significantly lower in small coronary segments compared to larger 
coronary segments (3.44 vs. 3.86, P < 0.001). Nevertheless, mean coronary attenuation 
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did not significantly differ between diagnostic and nondiagnostic coronary segments (P 
= 0.225). Heart rate correlated inversely and significantly with the image quality score 
regarding motion (r = −0.244, P < 0.001). By contrast, heart rate variability did not have 
an impact on image quality (r = 0.014, P = 0.645). With receiver-operator curve analysis 
and Youden’s index, a cut-off heart rate of 67 beats/min was determined (Fig 3), below 
which nondiagnostic coronary segments were significantly less common (1 of 974 
[0.1%] coronary segments and 1 of 81 [1.2%] patients) compared to a heart rate above 
67 beats/min (8 of 93 [8.6%] coronary segments and 5 of 8 [62.5%] patients; P < 0.001).  

DISCUSSION  

The results of the present study support the implementation of a radiation- and con-
trast-sparing protocol as the latter yields excellent image quality. Our results demon-
strate that a diagnostic scan can be achieved in 98.4% of all coronary segments. On an 
intention-to-diagnose basis, CCTA allowed conclusive evaluation with regard to the 
presence or absence of CAD in 95.5% of all patients. The median effective radiation 
dose of 0.5 mSv is slightly lower than in most low-dose CCTA studies exploring protocols 
that resulted in values for radiation dose in the submillisievert range (6,18,19). Only 
limited data are available on even lower radiation doses such as 0.21 mSv (20) or even 
0.06 mSv (21), which may not be extrapolated to a large population because it either 
used complex iterative reconstruction algorithms that are currently too time consuming 
to process for clinical implementation or because scanning was confined to a selected 
population. A major contributor to the feasibility of ultra-low radiation dose CCTA imag-
ing in our study, besides prospective ECG triggering with single-beat coverage, is the 
iterative reconstruction algorithm used. Compared to its precursor ASiR, ASiR-V uses 
more advanced system noise statistics as well as objects modeling and has added phys-
ics modeling. In the present study, increased noise did not have an impact on image 
quality (as visually assessed), although image noise (as measured in the aortic root) 
increased with higher BMI. This finding is most likely attributable to ASiR-V 100%, which 
reduces image noise so effectively that, apparently, differences in measured noise, 
although statistically significant, cannot be perceived by the naked eye. As a conse-
quence of the shorter scanning times enabled by 16-cm coverage and because of the 
high proportion of patients scanned with 80 or 100 kVp, the median contrast agent 
volume could be substantially reduced. The low contrast agent volume injected in the 
present study is well in line with previously validated low-dose contrast agent protocols 
(4,22–24), but its feasibility in an unselected population has not yet been confirmed. 
Importantly, coronary attenuation compares well to values previously observed 
(4,25,26) and, as an essential characteristics of any contrast agent protocol, coronary 
attenuation remains constant across increasing BMI. Finally, the present study demon-
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strates that heart rates up to 67 beats/min are acceptable for successful CCTA acquisi-
tion on a latest generation CT scanner with a gantry rotation time of 280 ms.  
 

 
Figure 3: Receiver-operator characteristic curve illustrates the diagnostic performance of heart rate in the 
interpretability of coronary segments. Subsequently, Youden’s index revealed an optimal heart rate cut-off of 
67 beats/min for diagnostic image quality, with a sensitivity of 89% and a specificity of 92%. 

 
Although previous studies have mainly focused on reduction of radiation dose, the 
present study highlights the additional potential of simultaneous reduction of contrast 
agent volume. This is clinically relevant as contrast-induced nephropathy, linked to 
increased morbidity and mortality, has a dose-dependent association (27–29). The fact 
that not only radiation dose, but also contrast agent volume can be substantially de-
creased shifts the benefit-to-harm ratio of CCTA even further toward the favorable side 
of clinical benefit. We acknowledge the following limitations to our study. First, the 
present study should be perceived as a pilot study, proving feasibility of a radiation- and 
contrast-sparing protocol in a small sample size with low prevalence of coronary ather-
osclerosis. Although the latter reflects adherence to the current guidelines, recom-
mending CCTA for exclusion of CAD in patients with a low-pretest probability (ie 15–
50%), larger follow-up studies are needed to prove the clinical value of this protocol in a 
more heterogeneous “real-world” population including patients with a higher degree of 
coronary atherosclerosis. Furthermore, we did not assess the diagnostic accuracy of 
CCTA by comparing our findings with the reference standard invasive coronary angi-
ography. However, the aim of the present observational study was to evaluate the fea-
sibility of a radiation- and contrast-sparing protocol in CCTA imaging in a real-world 
clinical setting consisting of an unselected, consecutive population. The fact that none 
of the patients referred for exclusion of CAD by CCTA presented with arrhythmia may 
reflect the introduction of a referral bias favoring the feasibility of CCTA in our study. 
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This, however, reflects a positive aspect of daily clinical routine as it demonstrates the 
growing awareness of contraindications to CCTA and appropriate patient selection for 
the best suitable test among the referring physicians. Nevertheless, future studies 
should assess the feasibility of this latest generation 256-slice CT scanner in patients 
with arrhythmia and uncontrolled heart rate. Finally, assessment of image quality may 
have been influenced by subjectivity. The inter-rater reliability, however, indicated good 
to excellent inter-observer agreement and argues against this bias. In conclusion, a 
radiation- and contrast-sparing protocol for CCTA on a latest generation 256-slice CT 
scanner yields diagnostic image quality in patients referred for CAD exclusion in daily 
clinical routine. 
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OVERVIEW DISCUSSION 

I focused my research on current issues in patients with coronary artery anomalies, the 
associated risk of sudden cardiac death (SCD) and how non-invasive imaging can help to 
further risk stratify these patients. Particularly, young (aged below 35 years), physically 
active individuals with anomalous coronary arteries from the opposite sinus of Valsalva 
(ACAOS) are considered to be at higher risk for sports-related SCD (SrSCD) (1-5). Autop-
sy series showed that after hypertrophic cardiomyopathies, ACAOS are the second most 
common underlying cause of SrSCD in young athletes during or shortly after strenuous 
exercise and are believed to be the cause of up to one third of SCD in US army recruits 
(6, 7). In another large study assessing SrSCD in the USA, 11% of all SCD were due to 
underlying ACAOS, however, the absolute incidence was very low with of only 
0.07/100.000 person-athlete years (8). It has to be mentioned that these calculated 
numbers reflect the risk of SCD in those who have already died, not the risk of death in 
those living with ACAOS. We could show (chapter 2.2) that the prevalence of ACAOS is 
1.17% (9) and that ACAOS as an underlying cause of SrSCD in autopsied young athletes 
in Switzerland with only 2 (2.9%) of the cases is low (chapter 2.1) (10). This is in line with 
another report where SrSCD due to ACAOS were low (11). In another large study includ-
ing 361 SrSCD, only four individuals died due to an underlying ACAOS in a combined 34 
million patient-years (12). However, it is very important to identify those at risk com-
pared to those being at lower risk. High-risk anatomic features such as interarterial 
course (IAC), slit-like ostium, intramural course, acute take-off angle with tangential 
vessel course and proximal narrowing of the anomalous vessel are considered to be 
predisposed for adverse cardiac events and SCD (1-5). In other studies, as well as our 
own, it could be shown (chapter 2.3) that patients with IAC have other associated high-
risk anatomic features (13-15). Therefore, especially this group needs special attention 
and further evaluation.  

Besides the young individuals involved in sports, who are diagnosed with ACAOS, a 
larger rate of coincidentally detected ACAOS is especially expected in the middle-aged 
and elderly population as the use of non-invasive imaging for the exclusion of coronary 
artery disease (CAD) is increasing. This was confirmed by our single center experience 
(chapter 2.2)(9). Cardiologists, cardiac imaging specialists and cardiac surgeons are often 
indecisive how to advise their patients since there is a lack of guidelines regarding cardiac 
imaging, sport restriction and treatment in individuals with ACAOS at all ages. The evi-
dence of the current literature is rather weak and therefore, recommendations, and the 
variations between them, are broad and are still under debate. Indications for surgical 
correction remain controversial in certain cases and besides the clinical evaluation, non-
invasive imaging techniques (as listed below) might be in the future even more im-
portant. With the exact description of anatomic high-risk features and tests for detecting 
myocardial ischemia as shown in our own experience (chapter 2.2- 2.4) (9, 15, 16) is 
crucial in the assessment and guidance for the treatment of individuals with ACAOS.  
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CORONARY COMPUTED TOMOGRAPHY ANGIOGRAPHY/NUCLEAR 
IMAGING AND HYBRID IMAGING 

Coronary Computed Tomography Angiography (CCTA) represents the primary non-
invasive imaging modality to accurately visualize ACAOS three dimensionally, yielding a 
higher detection rate over invasive coronary angiography in the adults (9, 17). CCTA has 
seen substantial technical advancements over the last decade, particularly with respect 
to spatial resolution and a significant reduction in radiation dose exposure down to 0.21 - 
0.5mSv, as also shown in our own study (chapter 2.5) (18, 19). A virtual angiographic 
view of CCTA helps to evaluate high-risk anatomic features, namely the slit-like origin. 
We could show that double-oblique multiplane reformatted images can be used to iden-
tify other high-risk anatomic features such as acute take-off angle, intramural and ellipti-
cal course and proximal vessel narrowing of the anomalous vessel (chapter 2.3) (15).  

Nuclear imaging modalities are very useful in detecting underlying perfusion defects 
in ACAOS patients. Single-photon emission computed tomography myocardial perfusion 
imaging (SPECT – MPI) and positron emission tomography (PET) - MPI are useful to 
unmask ischemia in patients with ACAOS. De Luca and co-workers detected ischemia in 
ACAOS patients with SPECT-MPI in four out of five patients (20) and Uebleis et al. in one 
third of their patients (21). In contrast, we could show (chapter 2.3) that ischemia was 
mostly due to concomitant CAD and not due to ACAOS itself and hybrid CCTA/SPECT-
MPI helped in this middle-age group to discriminate the impact of ACAOS from concom-
itant CAD (15). An important issue that should be kept in mind is that the standard ves-
sel territory distribution is not applicable in patients with ACAOS, which therefore must 
be incorporated into the non-invasive imaging results. We were able to show that fu-
sion hybrid imaging may address this issue by correctly allocating the affected vessel to 
the correct territory. Furthermore, with the use of hybrid CCTA/PET-MPI we could show 
in a case series (chapter 2.4) that even in the absence of perfusion defects, the coronary 
flow reserve was impaired in ACAOS supplied territories (16). Therefore, beside the 
anatomical description of high-risk features, further nuclear perfusion imaging 
tests/hybrid imaging is warranted, especially in unclear cases and might be helpful for 
further treatment decision making (9, 16, 21). However, it is not known which study 
protocol is most adequate for the evaluation of myocardial perfusion in patients with 
ACAOS. This is to some extent reflected by the heterogeneous choice of stress testing 
protocols applied in past studies and in our current study (chapter 2.3) (15). Intuitively, 
physical stress seems to reflect reality the most. However, there is evidence that results 
from physical stress tests might be false negative, especially because it is thought that 
ischemia in patients with ACAOS is intermittent in nature. In a study by Brothers et al. 9 
of 16 patients, who had a pre-operative physical stress test presenting with cardiovas-
cular symptoms, only 1 had an abnormal stress test (22). Additionally, the question is 
raised whether physical stress protocols with a minimal heart rate of 85% of the pre-
dicted maximum heart rate might be too low and does not reflect real world situations. 
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Therefore, it may be discussed whether a more intense physical exertion test beyond 
the level of the established standard test protocols is needed in order to increase the 
detection rate of potential perfusion defects induced by ACAOS (15). Invasive angi-
ography studies showed that beside physical exercise stress protocols, dobutamine 
stress testing could be used as an alternative protocol and most likely imitate the he-
modynamic circumstances of physical activity (20, 23). Such hypothetical anticipations 
have to be integrated into the risk stratification of a negative stress test. It must be 
mentioned that there are no case series or trials in the literature showing sensitivity or 
specificity for any form of ischemia detection for ACAOS and that further studies of 
serial functional imaging tests in corrected and non-corrected ACAOS patients are 
needed to answer this question.  

SURGICAL CORRECTION AND SPORTS RESTRICTION 

Recommendations state that patients with ACAOS should be restricted from sports until 
three months after successful operation and ruling-out ischemia, ventricular arrhythmia 
or tachyarrhythmia, or left ventricular dysfunction during maximal exercise testing at 
follow-up (24-26). Although post-operative outcome is favorable (27, 28), exercise re-
striction might not necessarily prevent the possibility of adverse cardiac events occur-
ring with minimal activity or at rest. In addition, the psychological consequences of 
sports restriction and the known health sequelae of not exercising have to be taken into 
account. Moreover, there are even some reports of cases with SCD following successful 
surgical repair of ACAOS (29). This suggests that the value of an operation also has to 
come under scrutiny (22). Despite these considerations, it is now widely accepted that 
all patients with L-ACAOS or any other form of ACAOS with symptoms or signs of ische-
mia should undergo surgical repair and be restricted from sports until corrected and 
being without ischemia at follow-up. (27, 28). For R- ACAOS without either symptoms or 
a positive exercise stress test, permission to perform sports competitively may be con-
sidered after adequate counseling of the athlete and/or the athlete’s parents (30). On 
the contrary to young athletes, decisions regarding the management of symptomatic 
middle-aged/older athletes or non-athletes is even more challenging (22, 28). To differ-
entiate whether a middle-aged/older individual is symptomatic due to the ACAOS or 
other causes may be very difficult. For example, dyspnea, represented in a high propor-
tion of symptomatic patients, can be of multiple underlying causes ranging from decon-
ditioning to lung and cardiac diseases. Similarly, chest pain, palpitations and dizziness 
have a high prevalence in the general population and all come with a wide range of 
underlying causes, which are mostly benign and seldom harmful (31). Assigning these 
symptoms to the anomaly itself is difficult. We could recently show (chapter 2.3) that it 
seems that ACAOS in older patients might be less relevant compared to younger pa-
tients and that hybrid imaging is helpful in distinguishing CAD related and anomalous 
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related ischemia in this age group (15). Why older individuals might be less prone to 
ACAOS related adverse cardiac events is unknown (32, 33). Whether a stiffer aorta and 
stiffer coronary arteries could lead to less dynamic compression in older patients with 
ACAOS or a selection bias towards low risk patients is present, can only be speculated. 

To sum up, our study showed that the prevalence and incidence of CAAs is not neg-
ligible. Although in our autopsy study sport-related SCD due to underlying CAAs, specifi-
cally ACAOS are rare, it seems that a certain risk for adverse cardiac events remains. 
Non-invasive cardiac imaging with the use of CCTA plays a key role in detecting and 
diagnosing CAAs. Our new low-radiation- and contrast agent protocols help to reduce 
the exposure to radiation and contrast agent in these patients. It is important to exactly 
describe the anatomic high-risk features and based on our studies to also identify pa-
tients with ischemia/scar related to CAAs. The different cardiac imaging modalities such 
as hybrid CCTA/SPECT-MPI or CCTA/PET-MPI, especially in middle-aged patients with 
possible concomitant CAD, allow to differentiate whether ischemia/scar are related to 
anomalous vessels or CAD. This might have an important impact on further treatment 
decision making. The possible benefits from surgical correction and sport restriction 
should be prudently balanced against the risk of an operation and the negative effect of 
not exercising. Therefore, decision should only be made after integrating all clinical and 
imaging information as well as discussion of the potential risks and benefits with the 
patient.  
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Summary English 

 
In the introduction section, an overview of coronary artery anomalies (CAAs) and cur-
rent issues and the possible role of non-invasive imaging is presented. CAAs consist of a 
group of congenital disorder which can be divided into anomalies with an abnormal 
origin of the vessel, abnormal course of the vessel or abnormal termination of the ves-
sel. The prevalence of CAA in the general population is low and estimated to be around 
one percent. Although most individuals with CAA are undetected as the CAA is clinically 
insignificant, some individuals and especially those with certain variants of CAAs, (name-
ly anomalous coronary artery from the opposite sinus of Valsalva, ACAOS) may become 
symptomatic and experience adverse cardiac events. Particularly young athletes with 
ACAOS are considered to be at risk for sports-related sudden cardiac death (SCD). Be-
side the young individuals involved in sports and diagnosed with CAAs, a larger rate of 
coincidentally detected CAAs, especially in the middle-aged and elderly population with 
the increasing use of non-invasive imaging for the exclusion of coronary artery disease 
(CAD), is expected. The presented research focuses on the incidence of sports-related 
SCD with underlying CAAs and what role non-invasive imaging plays in the assessment 
and guidance for the treatment of individuals with CAAs. 

Chapter 2.1 discusses the issue of sports-related SCD in young athletes. We were in-
terested in the assessment of the incidence and characteristics of sports-related SCD 
and in the underlying causes of sports-related SCD including CAAs. We therefore ana-
lyzed retrospectively the forensic reports of sports-related SCD in young individuals in 
Switzerland. Data were compared to the sports participation behavior of the Swiss pop-
ulation. In a total of sixty-nine sports-related SCD, CAD was the most common underly-
ing pathology of sports-related SCD, followed by hypertrophic cardiomyopathy and 
“unremarkable findings” at autopsy. CAAs were only diagnosed in a very few number of 
autopsies. This is in contrary to other older reports where autopsy series showed that 
after hypertrophic cardiomyopathies, CAAs were the second most underlying cause of 
sports-related SCD. Our findings might underline more recent reports, that the numbers 
of sports-related SCD associated with CAAs might be overestimated. 

In Chapter 2.2 we present a single center study, looking at prevalence, incidence and 
characteristics of CAA detected by coronary computed tomography angiography (CCTA). 
CAAs were retrospectively sought in 5634 consecutive patients referred for CCTA. We 
identified 145 patients with CAA resulting in an overall prevalence of 2.6% and cumula-
tive incidence of 2.1% in all patients referred for CCTA in the observed period. The 
prevalence of CAAs detected by CCTA is therefore non-negligible. Due to its non-
invasive nature, relatively low cost and low radiation exposure, a further increase of the 
utilization of CCTA may be expected which may consequently be paralleled by an in-
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creasing absolute number of incidentally detected CAAs. Hence, awareness of the main 
issues and possible management strategies regarding CAAs are of importance for every 
treating physician. 

As discrimination between ACAOS and CAD related perfusion defects, especially in 
middle-aged patients may be difficult, Chapter 2.3 focused on investigating the value of 
hybrid CCTA/ single photon emission tomography myocardial perfusion imaging (SPECT-
MPI) in patients with ACAOS and possible concomitant CAD. We retrospectively identi-
fied 46 middle-aged patients with ACAOS revealed by CCTA who underwent additional 
SPECT-MPI. CCTA/SPECT-MPI hybrid imaging findings (ischemia or scar) were analyzed 
according to the territory subtended by an anomalous vessel or a stenotic coronary 
artery. Myocardial ischemia or scar was found only in patients who had concomitant 
obstructive CAD in the vessel matching the perfusion defect as evidenced by hybrid 
CCTA/SPECT imaging. Hybrid CCTA/SPECT-MPI represents a valuable non-invasive tool 
to discriminate the impact of ACAOS from concomitant CAD on myocardial ischemia. 
Our results suggest that in a middle-aged population myocardial ischemia due to ACAOS 
per se may be exceedingly rare and is more likely attributable to concomitant CAD. 

Chapter 2.4 describes the value of fused cardiac hybrid imaging with CCTA and posi-
tron emission tomography myocardial perfusion (PET-MPI) in patients with complex 
coronary artery anomalies (CCAAs). In this retrospective, single center study, seven 
consecutive patients with CCAAs who underwent clinically indicated hybrid CCTA/PET-
MPI in our clinic were included. The findings from both modalities and fused cardiac 
hybrid imaging were evaluated in these patients. Out of the seven patients with CCAAs, 
two had Bland-White-Garland anomaly, two showed a coronary artery fistula, two 
showed a “single right” and one patient showed a “single left” coronary artery. Semi-
quantitative fused hybrid CCTA/PET-MPI depicted inferolateral scar matching the terri-
tory of a non-anomalous vessel with significant concomitant CAD in one patient only. By 
contrast, analysis of quantitative myocardial blood flow (MBF) as assessed by fused 
hybrid CCTA/PET-MPI revealed abnormally reduced flow capacities in the territories 
subtended by the anomalous vessels in four patients. In this case series of middle-aged 
patients with CCAA, perfusion defects as assessed by semi-quantitative PET-MPI were 
rare and attributable to concomitant CAD rather than to the anomalous vessel itself. By 
contrast, impaired MBF as assessed by quantitative hybrid CCTA/PET-MPI was revealed 
in the majority of patients in the vessel territories subtended by the anomalous coro-
nary artery itself. Fused hybrid CCTA/PET-MPI incorporating information on morphology 
and on semi-quantitative and quantitative myocardial perfusion may provide added 
value for the management of patients with CCAA. 

As CCTA is a primary investigative tool in patients with CAAs to describe the anatom-
ic high-risk features, reduction in radiation dose and contrast agent would be prefera-
ble. We therefore aimed to evaluate in Chapter 2.5 the impact of the latest CCTA tech-
niques allowing a radiation- and contrast-sparing protocol on image quality by 256-slice 
CCTA using prospective electrocardiogram triggering. Consecutive patients for CAD 
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exclusion were included. Tube voltage, tube current as well contrast agent volume and 
flow rate were adapted to body mass index. Signal intensity was measured by placing a 
region of interest in the aortic root, the left main artery, and the proximal right coro-
nary artery. Two independent blinded readers semi-quantitatively assessed the image 
quality regarding motion, noise, and contrast on a four-point scale. Median contrast 
agent volume and median effective radiation dose were 35 mL and 0.5 mSv, respective-
ly. This study showed that a radiation- and contrast-sparing protocol for CCTA on a 
latest generation 256-slice computed tomography scanner yields diagnostic image qual-
ity of coronary arteries in daily clinical routine. 

The prevalence and incidence of CAAs is not negligible. Although in our autopsy 
study sport-related SCD due to underlying CAAs, specifically ACAOS are rare, it seems 
that a certain risk for adverse cardiac events remains. Non-invasive cardiac imaging with 
the use of CCTA play a key role in detecting and diagnosing CAAs. Our new CCTA proto-
cols help to reduce the exposure to radiation and contrast agent in these patients. It is 
important to exactly describe the anatomic high-risk features and based on our studies 
to also identify patients with ischemia/scar related to CAAs. The different cardiac imag-
ing modalities such as hybrid CCTA/SPECT-MPI or CCTA/PET-MPI, especially in middle-
aged patients with possible concomitant CAD, allow to differentiate whether ische-
mia/scar are related to anomalous vessels or CAD. This might have an important impact 
on further treatment decision making. The possible benefits from surgical correction 
and sport restriction should be prudently balanced against the risk of an operation and 
the negative effect of not exercising. Therefore, decision should only be made after 
integrating all clinical and imaging information as well as discussion of the potential risks 
and benefits with the patient.  
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Samenvatting (Summary in Dutch) 

In de introductie wordt een overzicht gegeven van bekende coronair anomalieën 
(CAA’s), de mogelijke gevolgen van CAA en methoden van non-invasieve beeldvorming. 
CAA’s vallen onder aangeboren cardiale afwijkingen, en kunnen worden verdeeld in 
anomalieën met een afwijkende oorsprong, verloop of terminatie van een coronairarte-
rie. De prevalentie van CAA’s in de algemene populatie is laag en wordt geschat op circa 
1 procent. Aangezien de meeste mensen met een CAA asymptomatisch zijn, blijven ze 
vaak onopgemerkt. Sommige CAA varianten (oorsprong coronairarterie uit de tegen-
overgestelde sinus van Valsalva, ACAOS) kunnen symptomatisch zijn, met ongewenste, 
cardiale manifestaties. Vooral jonge atleten met een ACAOS hebben een verhoogd 
risico op sport-gerelateerde, plotse hartdood (SCD). Naast jonge atleten met een CAA, 
worden CAA’s in toenemende mate ontdekt bij mensen van middelbare en oudere 
leeftijd. Dit is te verklaren door toenemende gebruik van non-invasieve beeldvorming 
van de coronairarteriën om coronarialijden (CAD) uit te sluiten. Dit wetenschappelijk 
proefschrift onderzoekt en beschrijft de incidentie van sport-gerelateerde, plotse hart-
dood bij CAA’s en de rol van non-invasieve beeldvorming bij screening en behandeling. 

In Hoofdstuk 2.1 wordt sport-gerelateerde, plotse hartdood bij jonge atleten 
onderzocht en de resultaten beschreven. De incidentie, karakteristieken, en onderlig-
gende oorzaken van sport-gerelateerde, plotse hartdood waaronder CAA’s worden 
beschreven. Hiervoor werd een retrospectieve analyse verricht aan de hand van foren-
sische rapporten van sport-gerelateerde, plotse hartdood bij jonge, Zwitserse atleten. 
Deze data werd vervolgens vergeleken met gegevens van de algehele Zwitserse popu-
latie. In totaal waren er negenenzestig gevallen van sport-gerelateerde, plotse 
hartdood, waarbij bij obductie coronarialijden de meest voorkomende onderliggende 
pathologie betrof, gevolgd door hypertrofische cardiomyopathie en ‘alledaagse niet-
specifieke bevindingen’. In tegenstelling tot andere studies werd CAA in onze studie 
minder frequent gevonden. In deze studies werd namelijk aangetoond dat na de hyper-
trofische cardiomyopathie, juist CAA de op een na meest voorkomende oorzaak was 
van sport-gerelateerde, plotse hartdood. Onze bevindingen komen overeen met re-
centere studies, die ook aantonen dat de prevalentie van CAA bij sport-gerelateerde 
plotse hartdood mogelijk wordt overschat. 

In Hoofdstuk 2.2 beschrijven we de resultaten van een retrospectieve, single-center 
studie waarin de prevalentie, incidentie en karakteristieken van CAA gedetecteerd bij 
coronair computer tomografie angiografie (CCTA) wordt onderzocht. Bij 145 van 5634 
opeenvolgende patiënten die waren verwezen voor CCTA, werd een CAA gediagnos-
ticeerd. Dit resulteerde in de geobserveerde periode, in een prevalentie van 2.6% en 
een cumulatieve incidentie van 2.1%. De prevalentie van bij CCTA gedetecteerde CAA’s 
is derhalve niet verwaarloosbaar. Doordat CCTA een non-invasieve vorm van 
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beeldvorming is, met relatief lage kosten en stralingsbelasting, is te verwachten dat het 
in toenemende mate gebruikt zal gaan worden. Hierdoor is de verwachting dat ook het 
aantal per toeval ontdekte CAA’s zal toenemen. Derhalve is het van belang dat iedere 
behandelaar op de hoogte is van de verschillende CAA’s, de prognose en behandeling. 

Het onderscheid tussen ACAOS en coronarialijden-gerelateerde perfusiedefecten 
kan, met name bij patiënten van middelbare leeftijd, moeilijk zijn. Hoofdstuk 2.3 
onderzoekt de rol en waarde van hybride CCTA/single photon emissie tomografie myo-
cardiaal perfusie imaging (SPECT-MPI) in patiënten met een ACAOS en verdenking op 
coronarialijden. We onderzochten 46 patiënten, met een door CCTA vastgesteld ACAOS, 
die aanvullend een SPECT-MPI ondergingen. De bevindingen van de hybride 
CCTA/SPECT-MPI-beelden (ischemie dan wel littekenvorming) werden geanalyseerd 
door de desbetreffende coronair anomalie of obstruerende coronairarterie te relateren 
het stroomgebied van desbetreffende coronairarterie. Myocardischemie of litteken-
vorming werd alleen gevonden in patiënten met bijkomstig obstructief coronarialijden 
van de desbetreffende coronairarterie. Hybride CCTA/SPECT-MPI is dus een waarde-
volle, non-invasieve methode om te discrimineren tussen myocardischemie o.b.v. een 
ACAOS of o.b.v. coronarialijden. Onze resultaten suggereren daarmee dat in een 
patiëntenpopulatie van middelbare leeftijd, myocardischemie veroorzaakt alleen ACAOS 
uiterst zeldzaam is en vooral wordt veroorzaakt door bijkomstige coronarialijden. 

Hoofdstuk 2.4 beschrijft de waarde van hybride, cardiale beeldvorming door middel 
van een fusie van CCTA en positron emissie tomografie myocardiaal perfusie imaging 
(PET-MPI) in patiënten met complexe coronair anomalieën (CCAA’s). In deze retro-
spectieve, single-center studie werden in totaal 7 patiënten met een CCAA 
geïncludeerd, met een klinische indicatie voor hybride CCTA/PET-MPI. De bevindingen 
van individuele en gefuseerde, hybride beelden werden geëvalueerd. Van de 7 patiën-
ten met een CCAA, hadden twee een Bland-White-Garland anomalie, twee een 
coronaire fistel, twee enkel een rechter coronairarterie en één enkel een linker coro-
nairarterie. Een semi-kwantitatieve analyse van de gefuseerde, hybride CCTA/PET-MPI 
beelden toonde slechts bij één patiënt littekenvorming inferolateraal, overeenkomend 
met het stroomgebied van een normale verlopende coronairarterie waarin bijkomstig 
stenostisch coronarialijden. Kwantitatieve analyse van de myocardiale perfusie (MBF) 
toonde een afgenomen perfusiecapaciteit in de stroomgebieden van de coronair anom-
alieën van vier patiënten. Perfusiedefecten werden alleen gezien bij semi-kwantitatieve 
analyse van de gefuseerde, hybride CCTA/PET-MPI-beelden en toe te schrijven aan 
bijkomstig coronarialijden. Een verminderde MBF in het stroomgebied van de desbe-
treffende coronair anomalie werd in de meerderheid van de patiënten aangetoond. 
Hybride CCTA/PET-MPI waarbij zowel morfologische informatie als informatie over 
(semi-)kwantitatieve myocardiale perfusie wordt verkregen, kan van toegevoegde 
waarde zijn bij de behandeling van CCAA. 

Vanwege het feit dat CCTA uitermate geschikt is als primaire onderzoeksmethode 
om hoog risico kenmerken in patiënten met CAA’s te beschrijven, is het van belang de 
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bestralingsbelasting en de hoeveelheid contrastvloeistof te reduceren. In Hoofdstuk 2.5 
wordt m.b.v. de meest recente CCTA technieken die bestralingsbelasting en contrast-
middel reduceren de beeldkwaliteit van een 256-slice CCTA met prospectieve, elektro-
cardiogram triggering onderzocht. Opeenvolgende patiënten verwezen voor het 
uitsluiten van coronarialijden werden geïncludeerd. Het voltage en de spanning van de 
röntgenbuis, alsmede de hoeveelheid contrastvloeistof en de snelheid van de injectie 
(flow rate) werden aangepast o.b.v. lichaamsgewicht van de patiënt. De signaalinten-
siteit werd gemeten in de aortawortel, de linker coronairarterie en de rechter coro-
nairarterie. De beeldkwaliteit werd door twee onafhankelijke, beoordelaars beoordeeld 
op beweging, ruis en contrast, gebruikmakend van een vierpuntenschaal. Het mediane 
volume van de gebruikte contrastvloeistof en de mediane bestralingsbelasting waren 
respectievelijk 35 milliliter en 0.5 mSv. Deze studie toont aan dat een CCTA protocol 
met een gereduceerde bestralingsbelasting en hoeveelheid contrastvloeistof op een 
een 256-slice CCTA, in staat is een diagnostische beeldkwaliteit te produceren voor het 
afbeelden van de coronairarteriën in de dagelijkse kliniek. 

De prevalentie en de incidentie van CAA’s in niet verwaarloosbaar. Hoewel in onze 
obductiestudie bij sport-gerelateerde plotse hartdood door ACAOS slechts zelden 
voorkomt, lijkt het risico op ongewenste, cardiale manifestaties bij CAA toch verhoogd. 
Non-invasieve beeldvorming door middel van CCTA speelt een belangrijke rol in het 
detecteren en diagnosticeren van CAA’s. Onze moderne CCTA protocollen en tech-
nieken kunnen de hoeveelheid contrastmiddel en stralingsbelasting reduceren, zonder 
dat dit ten koste gaat van de diagnostische kwaliteit. Verder is het belangrijk om de 
anatomische en hoog risico kenmerken te beschrijven en patiënten met ischemie en/of 
littekenvorming t.g.v. CAA’s te identificeren. Onze studies tonen aan dat m.b.v. hybride 
CCTA/SPECT-MPI of CCTA/PET-MPI het mogelijk is te differentiëren tussen ischemie 
en/of littekenvorming bij patiënten van middelbare leeftijd door obstructief coronariali-
jden of door een CAA. Deze differentiatie heeft belangrijke gevolgen voor de behande-
lingsstrategie. Desalniettemin zouden de mogelijke positieve effecten van chirurgisch 
ingrijpen/correctie van de anomalie en een sportverbod opgewogen moeten worden 
tegen het risico van een operatie en de negatieve effecten van inactiviteit. De uitein-
delijke beslissing kan daarom pas worden genomen na verzameling van alle klinische 
informatie, optimaal afbeelden van de anomalie en kritische bespreking van de voor-/ 
en nadelen van operatief ingrijpen met de patiënt.   
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Valorization 

Possible valorization based on the present research in sudden cardiac death in athletes  
In order to decrease the burden of sudden cardiac death in athletes, advances have 

been made in incorporating a pre-participation screening, including an electrocardio-
gram (ECG) and a questionnaire in individuals engaged in competitive physical activity 
prior to commencing sports. Although the ECG is useful in detecting certain underling 
cardiac conditions, interpretation of the ECG is examiner and experience dependent. 
Furthermore, physician involved in sports medicine can be from all different specialties, 
also some, not involved in every day ECG reading. It would be therefore useful, and in 
the future hopefully available to read these ECG automatically. This would allow con-
sistency throughout the different readers and all the ECGs information, clinical infor-
mation and questionnaires could be easily stored and be available for future prospec-
tive outcome studies. Furthermore, automated risk calculation for possible presence of 
coronary artery anomalies would propose downstream imaging testing only in selected 
athletes depending on clinical data, questionnaire, ECG data, age, gender and sports 
behavior. The combination of specific patient selection and the new scanning protocols 
in coronary computed tomography angiography or the use of other imaging modalities 
such as cardiac magnetic resonance imaging (MRI) would prevent athletes from unnec-
essary high radiation and contrast agent exposure. Finally, incorporation all the infor-
mation from the imaging studies, calculation of the risk of sudden cardiac death would 
be possible and would markedly help the physician in proper sports behavior and surgi-
cal correction counseling of patients/athletes. 

Future valorization based non- invasive cardiac imaging and anomalous 
coronary arteries 

Non-invasive cardiac imaging is a young sub-specialization of cardiology/radiology/ nu-
clear medicine and is developing very fast. The future will lead us in the direction of au-
tomated reconstruction and analysis tools. Further, radiation dose reduction, reduction 
of artifacts and evaluation of the different modalities, with the question of which patient 
with which coronary artery anomaly needs which imaging modality to best guide deci-
sion making and treatment will be future research fields. In patients with anomalous 
coronary arteries, automated reconstruction of coronary computed tomography angi-
ography data with exact, reproducible automated measurements of the anatomic high-
risk features would help to maintain a consistency between readers and to avoid inaccu-
racies. Further, outcome association of different automated measured anatomic high-
risk features of CAA’s and non-invasive stress imaging testing’s of existing registries 
would be facilitated and would help us in the understanding of this complex entity.  



 



 

123 

Part VI 

Acknowledgments and curriculum vitae 

  



 



 

125 

Acknowledgments 

Beside its very simple purpose of pumping blood in the circulatory system and providing 
oxygen to the different organs, the heart has been connected to emotions and feelings 
within the different time periods of mankind. In Egyptian mythology, the heart was 
considered to contain some vital essence of the soul. The heart was preserved with 
mummification because it was believed that the heart was the seat of thinking and the 
source of the soul, memories, emotions and personality. Moreover, it was thought the 
heart would be weighed during judgement after death. The Greeks firmly believed that 
the heart is controlling everything. In addition to that, Aristotle was sure that the heart 
is the source of intelligence and sensation. Furthermore, the Roman physician Galen 
developed a theory that the heart was said to be where emotions originated, while 
rational thought took place in the brain, and passions originated in the liver. The heart is 
indeed connected to our feelings and reacts instantaneously by changing heart rate, 
stroke volume and blood pressure depending on our emotions, thoughts and physical 
activity. Nowadays, we know that a heart can even be truly broken after an emotional 
event. As cardiologists, we not just simply want to treat the heart, but also raise a claim 
to treat the patient by a holistic approach. 

During my life and my medical education, I met many people who became friends, 
accompanied me, helped me, from whom I learned, with whom I shared. I would like to 
take the opportunity to thank a few of them. 

I want to thank my parents Maria and Alfred, my sister Christina, my brother Gabriel 
and my beloved older brother Jonas who tragically passed away after a sudden cardiac 
death. I want to thank: Gerhard Andrey, my nephews Jonathan, Basil and my niece 
Anna. My very best friends and co-workers (in a random order) Jens Berli, Christian 
Böni, Simon Rohrer, Markus Wagemann, Timo Brandenberger, Oliver Frei, Amadeus 
Petrig, Philippe Kipfer, Numa Varley, Michael Holzgang, Tobias Weingart, Christoph 
Riedo, Reto Kurmann, Moritz Wyler Von-Ballmoos, Marc Sutterlüti, Stefanie Wenger, 
Michael Billinger, Heinz und Hanne Berli, Andreas Gräni, Zerina Hadzic, Fabian 
Nietlispach, Christian Eichorn, Loic Bière and Dominik Benz. I would like to thank my 
mentors Philipp Kaufmann, Ronny Büchel, Christian Schmied, Raymond Kwong, Sebas-
tiaan Bekkers and Hanspeter Brunner-La Rocca. 

“The best and most beautiful things in the world cannot be seen or even touched 
- they must be felt with the heart» – Helen Kell  





 

127 

Curriculum vitae 

Christoph Gräni was born (25th , May 1981) in Bern and raised in Tafers, Switzerland. He 
attended the Rudolf Steiner School in Bern and Ittigen and after finishing the College 
Ste Croix in Fribourg, he started his first two years of undergraduate medicine at the 
University of Fribourg. He continued medicine school at the University of Zurich and 
during that time, Christoph spent half a year on elective as well as travelling in Australia, 
New Zealand and Asia. He also obtained his medical degree and doctoral thesis at the 
University of Zurich and he completed all the USMLE steps in order to receive the Edu-
cational Commission for Foreign Medical Graduates certificate for the USA. Before start-
ing his clinical residency, Christoph spent two months working and travelling in Tanza-
nia, Africa. After completing a year of surgery in Horgen, Zurich and completing his 
internal medicine residency in Zug and Zurich, he started his cardiology residency at the 
University Hospital in Bern under Prof. Bernhard Meier and Prof. Stephan Windecker. 
He finished his cardiology residency with a fellowship in cardiac imaging (coronary com-
puted tomography angiography, cardiac magnetic resonance imaging and nuclear car-
diology, which included single photon emission computed tomography and positron 
emission tomography) at the University Hospital in Zurich under Prof. Philipp Kaufmann. 
Christoph was thereafter board certified in internal medicine and cardiology. He also 
underwent the executive four year postgraduate studies in medical sciences at the 
Private University of Liechtenstein. Beside his research interest in cardiac imaging and 
sudden cardiac death, Christoph has also attained his certification in sports medicine 
and has an avid interest in clinical work and research in the field of sports cardiology. He 
received grants from Switzerland and got the unique opportunity to undergo a fellow-
ship in non-invasive cardiac imaging with a focus on cardiac magnetic resonance imag-
ing at the well renown Brigham and Women’s Hospital, Harvard Medical School, Boston, 
USA under Prof. Raymond Kwong. Christoph is currently working at the Brigham and 
Women’s Hospital on a project of myocarditis detection and finding new predictors in 
cardiac magnetic resonance imaging for the risk stratification in patients with suspected 
myocarditis in order to prevent sudden cardiac death in these patients. 

Beside his fascination for cardiology, cardiac imaging and sports cardiology, Chris-
toph loves to practice all kinds of sports including running, cycling, hiking, snowboarding 
and skiing. He is fascinated by different cultures, keeps an open mind and loves to travel 
the world - he is always in search of exploring the human being and all aspects of life.  





129 

Publications 

PEER-REVIEWED ORIGINAL PUBLICATIONS 

(15) Benz DC, Gräni C*, Mikulicic F, Vontobel J, Fuchs TA, Possner M, Clerc OF, Stehli J, 
Gaemperli O, Pazhenkottil AP, Buechel RR, Kaufmann PA. Adaptive Statistical 
Iterative Reconstruction-V: Impact on Image Quality in Ultralow-Dose Coronary 
Computed Tomography Angiography. J Comput Assist Tomogr. 2016 Aug 25. 
*Contributing first author 

(14) Gräni C, Benz DC, Possner M, Clerc OF, Mikulicic F, Vontobel J, Stehli J, Fuchs TA, 
Pazhenkottil AP, Gaemperli O, Kaufmann PA, Buechel RR. Fused cardiac hybrid 
imaging with coronary computed tomography angiography and positron emis-
sion tomography in patients with complex coronary artery anomalies. Congenit 
Heart Dis. 2016 Aug 19. doi: 10.1111/chd.12402. [Epub ahead of print] 

(13) Benz DC, Gräni C*, Mikulicic F, Vontobel J, Fuchs TA, Possner M, Clerc OF, Stehli 
J, Gaemperli O, Pazhenkottil AP, Buechel RR, Kaufmann PA. Adaptive Statistical 
Iterative Reconstruction-V: Impact on Image Quality in Ultra-low-dose Coronary 
Computed Tomography Angiography. Acad Radiol. 2016 Aug;23(8):1008-14. doi: 
10.1016/j.acra.2016.03.015. Epub 2016 May 9. 
*Contributing first author 

(12) Gräni C, Benz DC, Schmied C, Vontobel J, Possner M, Clerc OF, Mikulicic F, Stehli 
J, Fuchs TA, Pazhenkottil PA, Gaemperli O, Kaufmann PA, Buechel RR. Prevalence 
and Characteristics of Coronary Artery Anomalies Detected by Coronary Com-
puted Tomography Angiography in 5634 Consecutive Patients in a Single Center 
in Switzerland. Swiss Med Wkly. 2016 Apr 28;146:w14294. doi: 10.4414/smw. 
2016.14294. eCollection 2016. 

(11) Benz DC, Gräni C*, Hirt-Moch B, Mikulicic F, Vontobel J, Fuchs TA, Stehli J, Clerc 
OF, Possner M, Gaemperli O, Buechel RR, Kaufmann PA. Minimized Radiation 
and Contrast Agent Exposure for Coronary Computed Tomography Angiography: 
First Clinical Experience on a Latest-generation 256-slice Scanner. Acad Radiol. 
2016 May 9. pii: S1076-6332(16)30018-6. doi: 10.1016/j.acra.2016.03.015. 
*Contributing first author  



Part VI 

130 

(10) Clerc OF, Fuchs TA, Possner M, Vontobel J, Mikulicic F, Stehli J, Liga R, Benz DC, 
Gräni C, Herzog BA, Gämperli O, Buechel RR, Kaufmann PA. Real-time respiratory 
triggered SPECT myocardial perfusion imaging using CZT technology: Impact of 
respiratory phase matching between SPECT and low-dose CT for attenuation 
correction. Eur Heart J Cardiovasc Imaging. 2016 Mar 16. pii: jew031. [Epub 
ahead of print] 

(9) Gräni C, Chappex N, Fracasso T, Vital C, Kellerhals C, Schmied C, Saguner AM, 
Trachsel LD, Eser P, Michaud K, Wilhelm M. Sports-related sudden cardiac death 
in Switzerland classified by static and dynamic components of exercise. Eur J Prev 
Cardiol. 2016 Feb 25. pii: 2047487316632967. [Epub ahead of print] 

(8) Stehli J, Clerc OF, Fuchs TA, Possner M, Gräni C, Benz DC, Buechel RR, Kaufmann 
PA.Impact of monochromatic coronary computed tomography angiography from 
single-source dual-energy CT on coronary stenosis quantification. J Cardiovasc 
Comput Tomogr. 2015 Dec 17. pii: S1934-5925(15)30028-9. doi: 10.1016/j.jcct. 
2015.12.008. [Epub ahead of print] 

(7) Gräni C, Benz DC, Mikulicic F, Vontobel J, Liga R, Herzog BA, Gaemperli O, Kauf-
mann PA, Buechel RR. Hybrid CCTA/SPECT myocardial perfusion imaging findings 
in patients with anomalous origin of coronary arteries from the opposite sinus 
and suspected concomitant coronary artery disease. J Nucl Cardiol. 2015 Dec 28. 
[Epub ahead of print] 

(6) Possner M, Liga R, Gaisl T, Vontobel J, Clerc OF, Mikulicic F, Benz DC, Gräni C, 
Stehli J, Fuchs TA, Dey D, Pazhenkottil AP, Herzog BA, Gaemperli O, Buechel RR, 
Kaufmann PA. Quantification of epicardial and intrathoracic fat volume does not 
provide an added prognostic value as an adjunct to coronary artery calcium 
score and myocardial perfusion single-photon emission computed tomography. 
Eur Heart J Cardiovasc Imaging. 2015 Sep 4. pii: jev209.  

(5) Clerc OF, Possner M, Maire R, Liga R, Fuchs TA, Stehli J, Vontobel J, Mikulicic F, 
Gräni C, Benz DC, Lüscher TF, Herzog BA, Buechel RR, Kaufmann PA, Gaemperli 
O. Association of left bundle branch block with obstructive coronary artery dis-
ease on coronary CT angiography: a case-control study. Eur Heart J Cardiovasc 
Imaging. 2015 Aug 27. pii: jev202. 

(4) Wilhelm M, Bolliger SA, Bartsch C, Fokstuen S, Gräni C, Martos V, Medeiros Do-
mingo A, Osculati A, Rieubland C, Sabatasso S, Saguner AM, Schyma C, Tschui J, 
Wyler D, Bhuiyan ZA, Fellmann F, Michaud K. Sudden cardiac death in forensic 
medicine - Swiss recommendations for a multidisciplinary approach. Swiss Med 
Wkly. 2015 Jun 22;145:w14129. 



Publications 

131 

(3) Vontobel J, Liga R, Possner M, Clerc OF, Mikulicic F, Veit-Haibach P, Ter Voert EE, 
Fuchs TA, Stehli J, Pazhenkottil AP, Benz DC, Gräni C, Gaemperli O, Herzog B, 
Buechel RR, Kaufmann PA. MR-based attenuation correction for cardiac FDG PET 
on a hybrid PET/MRI scanner: comparison with standard CT attenuation correc-
tion. Eur J Nucl Med Mol Imaging. 2015 Sep;42(10):1574-1580. Epub 2015 Jun 20. 

(2) Gräni C, Senn O, Bischof M, Cippà PE, Hauffe T, Zimmerli L, Battegay E, Franzen 
D. Diagnostic performance of reproducible chest wall tenderness to rule out 
acute coronary syndrome in acute chest pain: a prospective diagnostic study. 
BMJ Open. 2015 Jan 28;5(1):e007442.  

(1) Graeni C, Stepper F, Sturzenegger M, Merlo A, Verlaan DJ, Andermann F, Bau-
mann CR, Bonassin F, Georgiadis D, Baumgartner RW, Rouleau GA, Siegel AM. 
Inherited cavernous malformations of the central nervous system: clinical and 
genetic features in 19 Swiss families. Neurosurg Rev. 2010; 33(1):47-51. 

OTHER PUBLICATIONS /CASE REPORTSCASE REPORTS /OTHER ARTICLES 

(8) Gräni C, Trachsel LD, Wilhelm M. Plötzlicher Herztod bei jungen Sportlern in der 
Schweiz – Swiss Registry of Athletic related Death (swissregard.ch). Forum Med 
Suisse. 2014; 14(35):642-644.  

(7) Gräni C, Langenegger T, Fäh A, Kurz D, Zbinden R, Ramsay D. Perimyocarditis and 
myocardial infarction: A rare manifestation of Churg-Strauss syndrome. Exp Clin 
Cardiol. 2012; 17(4):245-247. 

(6) Gräni C, Biaggi P, Tanner FC, Keller DI. [Takotsubo cardiomyopathy – an im-
portant differential diagnosis in acute chest pain]. Praxis (Bern1994). 2012; 
28:101(7)439-447.  

(5) Gräni C, Keller DI. [Myocarditis: from symptom to diagnosis]. Praxis (Bern 1994). 
2012; 25:101(15):943-949.  

(4) Gräni C, Höfliger N, Pfammatter R, Vogt M. Verheerende Konsequenz nach Kon-
sum illegaler Drogen. Intensiv- und Notfallbehandlung. 2011; 36(3):172-176.  

(3) Gräni C, Ramsay D, Vogt M, Langenegger T. Cytomegalovirus infection in a pa-
tient with rheumatoid arthritis on low-dose methotrexate. Joint Bone Spine. 
2011; 78(4):421-422.  

(2) Gräni C, Walder A, Vogt M, Ramsay D, Minder E. [Delirious psychiatric nurse with 
abdominal pain – a medical chameleon]. Praxis (Bern 1994). 2011; 100(5):311-315.  



Part VI 

132 

(1) Gräni C, Walder A. Ramsay D. Fett statt Muskeln – Pseudoathlet bei Launois 
Bensaude Syndrom. Forum Med Suisse. 2010; 10(18):334-335.  

PRESENTATIONS/POSTERS 

(10) Gräni C. et al. Sports behavior in middle-aged individuals with uncorrected 
anomalous coronary artery from the opposite sinus of Valsalva, poster presen-
tation AHA, New Orleans 11/2016 

(9) Gräni C. et al. Middle-aged individuals with anomalous coronary artery from the 
opposite sinus of Valsalva – a retrospective matched cohort outcome study. 
Poster presentation ESC, Rome 08/2016 

(8) Gräni C. et al. Cardiac computed tomography angiography and positron emis-
sion tomography myocardial perfusion hybrid imaging in complex coronary 
artery anomalies – case series. Poster presentation SCR, Davos 05/2016 

(7) Gräni C. et al. Outcome in middle-aged individuals with anomalous coronary 
arteries originating from the opposite sinus – A case control study. Poster 
presentation ACC, Chicago 04/2016 

(6) Gräni C. et al. Sports-related sudden cardiac death in Switzerland classified by 
static and dynamic components of exercise. Poster presentation SGSM, Tenero 
10/2015 

(5) Gräni C. et al. SPECT myocardial perfusion imaging findings in malignant coro-
nary artery anomalies. Poster presentation ESC, London 08/2015 

(4) Gräni C. et al. Sports behavior and occurrence of first event in young and nor-
mal weight myocardial infarction patients. Oral and Poster presentation SGSM, 
Interlaken 10/2014 

(3) Gräni C. et al. Sudden cardiac death in young athletes – data from the Swiss 
registry. Oral presentation ESC, Barcelona 08/2014 

(2) Gräni C. et al. Diagnostic accuracy of reproducible chest wall tenderness as a 
bedside test to rule out suspected myocardial infarction in patients presenting 
with acute chest pain. Best Poster tour ESCIM, Geneva 05/2014 

(1) Gräni C. et al. The impact of autonomic nervous system activity on markers of 
arterial stiffness in male amateur endurance athletes. Poster presentation 
EACPR, Amsterdam 05/2014 

 



Non- invasive cardiac 
imaging of coronary 

artery anomalies

N
on- invasive cardiac im

aging of coronary artery anom
alies

Christoph Gräni

C
hristoph G

räni

Cover Christoph Gräni 348x240 V1.indd   1 25-1-2018   6:15:43


	Table of Contents
	Part I - Introduction
	Part II
	Chapter 2.1
	Chapter 2.2 
	Chapter 2.3
	Chapter 2.4
	Chapter 2.5
	Part III - Discussion
	Part IV - Summary
	V - Valorisation
	Curriculum Vitae


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice




