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PREFACE 





CHAPTER I 

INTRODUCTION AND 
THESIS OUTLINE 



The diagnosis and management of cardiac disease require a precise assessment of morpholog

ical and functional cardiac parameters. This thesis is divided in three parts. Part I emphasizes 

the role of cardiac computed tomography (CT) in the diagnosis of patients with ischemic heart 

disease. Part 2 describes the role of cardiac magnetic resonance (CMR) and cardiac CT in the 

diagnosis, interventional planning, and follow-up of patients with aortic valve stenosis . Part 3 
provides an evaluation of the role of CMR in pregnant patients with structural heart disease. 

The aim ofthis thesis was to gain insights in clinical applications of quantitative CT and MR. 

ISCHEMIC HEART DISEASE 

Coronary artery disease (CAD) is one of the major causes of mortality and morbidity 

throughout the world 1
• Since its introduction in 2000, CT coronary angiography (CTCA) 

has developed into a well-established, non-invasive imaging modality for direct visualiza

tion of coronary arteries, coronary stenosis , and atherosclerotic plaques. One of the major 

drawbacks of CTCA is the radiation dose. Indeed , CT and CTCA in particular, is a major 

contributor to medical ionising radiation exposure, which is assumed to increase the lifetime 

attributable risk of cancer. Therefore efforts should be taken to keep the radiation dose of 

CTCA as low as reasonably achievable. Radiation dose is inversely re lated to image noise 

and, by implication, to image quality. Efforts to decrease radiation exposure and patient dose 

should aim to del iver an image quality that allows confident image interpretation. In Chapter 

2 the enormous increase of evidence supporting the role of CTCA in the diagnosis of patients 

with suspected CAD is summarised. In Chapter 3 the diagnostic performance and radiation 

exposure of two low dose CTCA protocols, available on dual source CT (DSCT) scanners, 

in the detection of obstructive coronary stenosis are evaluated. 

Numerous single centre studies have compared CTCA to invasive coronary angiography 

(ICA) as a reference standard for stenosis severity. Several pooled meta-analysis data have 

shown the high diagnostic performance of CTCA with sensitivities ranging from 91% to 99% 

and specificities ranging from 74% to 96%. All these single centre studies were susceptible 

to referral and selection biases. Subsequently, three prospective multicentre studies 2'4 have 

been published showing sensitivities and specificities ranging from 85% to 99% and 64% 

to 90%, respectively. While all these studies high lighted the high diagnostic performance of 

CTCA to detect and particularly exclude anatomically obstructive CAD, the less-than-perfect 

specificity demonstrates the general overestimation of coronary stenosis severity with a high 

rate of false positive findings. An additional drawback is that, similarly to ICA, CTCA is an 

anatomical modal ity and it is often insufficient to pred ict functional significance of coronary 

stenosis 5 According to the current guidelines the treatment of patients with CAD should 

be based on the combination of anatomical and functional significance of coronary stenosis 
6 Therefore, additional functional testing is often required to guide patient management. 

The value of cardiac CT to assess physiologic consequences of CAD has been explored by 

several methods. 
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In this thesis two new methods have been evaluated concerning this goal. 

Quantitative CTCA 

Studies using intravascular ultrasound (IYUS) have demonstrated that cross-sectional mea

surements of coronary artery stenosis are correlated wel l with fractional flow reserve (FFR) 
7· 8 which is commonly used during ICA to identify functionally significant coronary stenosis. 

Similarly to IYUS, quantitative CTCA, using automated border lumen detection algorithms, 

allows assessment of cross-sectional parameters like the minimum lumen area, the percent 

age area stenosis, and the overall plaque burden 9
. In Chapter 4 the diagnostic accuracy of 

quantitative CTCA was compared to the diagnostic performance of visual CTCA to detect 

functionally significant coronary artery stenosis using FFR as the reference standard . 

2 Physiological stress testing by CT perfusion imaging 

Recently, CT-technical developments have been introduced that allow myocardial perfusion 

imaging during pharmacological stress to analyse the impedance of a coronary stenosis on 

myocardial blood flow 10
· 

11
• Some insights into CT myocardial perfusion studies are discussed 

in Chapter 5. The feas ibility of dynamic stress CT perfusion imaging is investigated in an 

an imal model with various degrees of coronary blood flow reduction (Chapter 6). The diag

nostic performance of dynamic stress CT perfusion imaging in the detection of functional ly 

significant stenosis based on FFR is evaluated in pat ients with chest pain referred to ICA and 

compared with the diagnostic performance of visual CTCA and quantitative CTCA (Chapter 

7). In Chapter 8 a multimodal ity approach including dynamic stress CT perfusion imaging, 

ICA, index of microvascular resistance, and fractional flow reserve is presented in a patient 

with microvascular obstruction and myocardial bridging. 

AORTIC VALVE STENOSIS 

Aortic stenosis is the third most prevalent form of cardiovascular disease after hypertension 

and coronary atherosclerosis . It may be congenital in origin or secondary to another process. 

Bicuspid aortic valve (BAY) is the most common congenital card iovascular anomaly with a 

prevalence of 1-2% in the general population 12• The presence of a BAY is associated with 

an increased incidence of complications as aortic valve stenosis, aortic valve regurgitation, 

aneurysmal di latation of the ascending aorta and aortic dissection 13 • 

Dilatation of the ascending aorta is one of the most consistent findings in BAY 14 • However, 

there is sti ll controversy regarding the pathogenesis of aortic dilatation in the presence of 

BAV Hemodynamic derangements of the BAV, including abnormal flow turbulence, postste

notic dilatation, and increased stroke volumes of aortic insufficiency 15
-17 are believed to be 

the most common cause for aneurysmal dilatation of the aortic root and ascending aorta. 
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Histological abnormalities of the aortic media in patients with BAV are well documented 18 • 

Studies have demonstrated that the aortic media above a BAV is abnormal regardless of valve 

function 19 and is also present in the pulmonary trunk 20, suggesting the presence of an under

lying systemic disorder. Familial links have been identified in BAV also suggesting an autosomal 

dominant inheritance pattern with reduced penetrance 21 • Chapter 9 describes the natural 

progression of aortic dilatation and its association with aortic valve stenosis in asymptomatic 

patients with BAV using CMR. 

Stringent follow-up is necessary to determine the optimal t iming of surgical replacement of 

the aortic valve and/or ascending aorta 22 • So far, transthoracic echocardiography (TIE) has 

been considered the reference standard for the evaluation of the severity of aortic stenosis 

in BAV patients. However, the acoustic window in obese patients and patients with chronic 

obstructive pulmonary disease may be inadequate for a comprehensive examination of the 

aortic valve and the ascending aorta. CMR can be used to characterize aortic valve disease 

in patients with inconclusive findings at TIE providing ancillary data that may affect patient 

management: quantification of left ventricular volumes, quantification of the severity of aortic 

stenosis and regurgitation, quantification of fiow across the aortic valve, and measurements 

of the thoracic aorta diameters. In Chapter I 0 correlation and agreement between CMR and 

TIE aortic measurements are investigated in young patients with congenital aortic stenosis. 

Transcatheter aortic valve implantation (TAVI) is an emerging therapeutic option for symp

tomatic patients with severe aortic stenosis who are not eligible for surgical treatment 23 • 

Heavy calcification of the aortic root is an almost universal finding in patients with severe 

symptomatic aortic stenosis 24 . The reference standard for the measurement of calcification is 

non-contrast cardiac CT. yet the precise anatomical distribution of calcifications can be better 

appreciated on contrast-enhanced CT examinations usually showing dense calcification of the 

aortic leafiets. Dense calcification may contribute to deformation of the deployed frame of 

the prosthesis, which may result in malposition and pat"apmsthetic aortic valve regurgitation 

(PAR). Undersizing, w here the prosthesis is small relative to the native annulus, is another 

factor, which may cause PAR after TAVI 25
. Balloon dilatation of the prosthesis is able to 

reduce the amount of regurgitation w hen significant PAR is encountered after deployment 

of the prosthesis. In Chapter I I measurements of aortic valve calcifications on contrast-en

hanced cardiac CT are compared to those performed on non-contrast cardiac CT in patients 

w ith severe aortic valve stenosis who underwent TAVI. Moreover, the predictors of the need 

for balloon dilatation after TAVI are investigated . 
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PREGNANCY AND HEART DISEASE 

Increasing numbers of women with pre-existing heart disease are reaching childbearing age 

and are deciding to become pregnant 26· 27 . Pregnancy induces marked physiological changes 

in cardiac parameters with a 30-50% increase in cardiac output through an increase both in 

stroke volume and heart rate. CMR has become the reference standard in the assessment 

of cardiac hemodynamic parameters and ventricular function 28 as it can safely be performed 

after the first gestational trimeste r 29 • When a pregnant woman lays on her back the gravid 

uterus partially compresses the inferior vena cava with the consequent reduction of venous 

filling load and cardiac output. Therefore, the choice of positioning is an important factor dur

ing CMR acquisition. In Chapter 12 the effects of postural changes on cardiac dimensions and 

function during mid and late pregnancy are evaluated in healthy subjects. 

While usually well tolerated in healthy women, pregnancy can induce adverse effects in 

women with pre-existing heart disease on both right and left-sided lesions 30 . Therefore, 

heart function should be closely monitored during pregnancy in these patients. In Chapter 

13 the effects of pregnancy on left ventricular ejection fraction are evaluated in a longitudinal 

prospective CMR study investigating women with structural heart disease. 
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INTRODUCTION 

Since the introduction of coronary computer tomography angiography (CCTA) there has 

been an enormous growth in the quantity of evidence to support the role of CCTA in the di

agnosis of patients with suspected coronary artery disease (CAD). Yet, the question remains: 

at what level of diagnostic accuracy efficacy is CCTA today? Have we attained sufficient reli

able evidence to fully appreciate the role of CCTA in cardiologic practice? 

HIERARCHICAL MODEL OF DIAGNOSTIC EFFICACY 

The technical detai ls and potential clinical applications of CCTA have been reported in 2 

recent reviews in "Education in Heart" 1· 2• In this current state-of-the-art exposition of CCTA 

for patients w ith suspected CAD it appears useful to arrange the available evidence accord ing 

to a hierarchical model of efficacy of diagnostic imaging first described by Fryback and Thorn

burg in 199 1 3. Efficacy is defined as:" the probability of benefit to individuals in a defined 

population from medical technology (CCTA) applied for a given medical problem under ideal 

conditions" 3 

The model consists of 6 levels of efficacy: level 1- technical efficacy, level 2-diagnostic accuracy 

efficacy, level 3- diagnostic thinking accuracy, level 4- therapeutic efficacy, level 5- patient out

come efficacy, level 6- societal efficacy. The goal of the model not only involves the traditional 

view of the assessment of diagnostic imaging to generate optimal quality images and hence 

optimal diagnosis, but rather is a comprehensive assessment of patient and societal benefit 

ofCCTA 3 

This review is an update of the current position of CCTA in the diagnosis of patients with 

suspected CAD. 

TECHNICAL EFFICACY 

The spatial resolution of 64 - or more slices CCTA in the laboratory setting is 0 .3-0.4 mm3 

(isotropic spatial resolution allowing undistorted reconstruction of images in any plane), but 

in the clinical setting this is 0.5 mm3 to 0.6 mm3 The spatial resolution of CCTA is still lim

ited compared to the 0.1 to 0.2 mm of invasive coronary angiography (ICA). The temporal 
resolution (time required for the acquisition of data necessary for the generation of one slice) 

of CCTA depends mainly on the gantry rotation time which w ith current scanners ranges be

tween 280 ms to 420 ms per rotation , resulting in a temporal resolution of maximally 75 ms 

(i.e 1!4 the rotation t ime in case of a dual source CT scanner) to 210 ms (i.e. 1!2 the rotation 

time in single source scanner). Although this is acceptable for CCTA imaging, it falls short of 
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the 4 ms to 8 ms of I CA. Low heart rates less than 60 to 65 beats/minute (bpm) are required 
to generate nearly motion free coronary images. The scan time (time required for data ac

quisition of the entire coronary tree) ranges between 6 s to 8 s for 64-slice CT scanners, but 

is dramatically reduced with the use of 256 to 320-slice CT scanners that allow coverage of 
the entire heart in one single rotation with data acquisition during one heart beat. These fast 

scanners have reduced CT susceptibility to the occurrence of arrhythmias. 

The radiation dose of earlier type of CCTA scanners was worrisome (with effective dose of 

IS mSv to 20 mSv), but newly int roduced technically CT improvements together w ith radia

t ion dose reduction protocols, including prospective ECG triggered ("step-and-shoot") scan

ning, low tube potential ( I 00 kVp instead of 120 kVp) in patients less than 90 kg have now 

reduced the effective dose to 3.5 ± 2.1 mSv, with preservation of diagnostic image quality 

and no increase in downstream testing due to poor image quality 4-6 In a preliminary report 

a prospectively ECG triggered high pitch helical acquisition protocol enabling coverage of the 

heart in one heart beat combined with low tube voltage (80 kVp) and currents (50 mAs) and 

iterative reconstruction further reduced the radiation dose to less than I mSv? These results 

require confirmation by other large sized studies in various patient populations. 

DIAGNOSTIC ACCURACY EFFICIENCY 

Figure I. CCTA in the detection of coronary artery disease. 

Numerous single centre 

and multicentre studies 

attest to high diagnostic 

accuracy of CCTA (Figure 
I) and highl ight the ability 

of CCTA to exclude the 

presence of obstructive 

CAD (;:::SO% diameter 

stenosis) in patients w ith 

suspected CAD (Fig
ure 2). A recent pooled 

analysis of 3674 patients, 

examined between De
cember 2006 and March 

CCTA was performed in a 59-year-old man with atypical chest pain, 
positive family history for coronary artery disease, hypercholesterolemia 
and inconclusive stress test. Curved multi planar reconstruction of the left 
anterior descending coronary artery, LAD, (A) shows a severe coronary 
lesion due to a non-calcified atherosclerotic plaque in the proximal part 
of the vessel (arrow). Invasive coronary angiography (B) confirms the ob
structive coronary lesion in the LAD (star). 2009, showed the diag

nostic performance of 64-

or more slice CCTA w ith high patient sensitivity and specificity of 98% and 82% respectively 
8 (Table I) w ith ICA as standard of reference. The per-segment calculated sensitivity was 

lower, but the specificity was higher with 9 I % and 94% respectively. The three reported per 

vessel analysis outcomes w ere in between those of patient- and segment analysis (Table I). 
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Table I 

Diagnostic performance of 64-or more slice CCTA. 
Systematic review including 18 studies and 3674 patients 8 

ANALYSIS SENSITIVITY, o/o SPECIFICITY, o/o PPV. o/o NPV. o/o 
(9So/o Cl) (9So/o Cl) (9So/o Cl) (9So/o Cl) 

PATIENT 98 (97-99) 82 (79-84) 91 (76- 100) 99 (83-1 00) 

VESSEL 95 (94-96) 90 (89-90) 75 (53-95) 99 (93-100) 

SEGMENT 91 (90-92) 94 (94-95) 69 (44-86) 99 (98-1 00) 

PPV = positive predictive value; N PV = negative predictive value 

T he multicenter t rials had a sensitivity and specificity ranging from 85% to 99% and 64% to 

90% respectively (Table 2) 9- 11 . 

Figure 2. CCTA for ru ling out 
coronary artery disease. 
CCTA was performed in a 
45-year-old woman with atyp
ical chest pain, hypertension 
and inconclusive stress test. 
Curved multiplanar recon
structions of right coronary ar
tery (A), left anterior descend
ing coronary artery (B) and left 
circumflex coronary artery (C) 
show non-obstructive coro
nary artery disease. 

Von Balmoos et al. reported the diagnostic accuracy of CCTA which was achieved with low 

dose radiation by using a "step-and shoot" protocol. The sensitivities and specificities of per 

patient, per vessel or per segment analysis, remained high with an average estimated effec-

Table 2 

Patient diagnostic performance 64-slice CCTA: multicenter studies. 

STUDY N CAD, o/o SENSITIVITY,% SPECIFICITY, o/o PPV. o/o NPV. o/o 

ACCURACY ' 230 25 95 83 64 99 

CORE 10 291 56 85 90 91 83 

MEIJBOOM II 360 68 99 64 86 97 

PPV = positive predictive number; NPV = negative predictive number 
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tive radiation dose of 2.7 mSv ( 95%CI: 2.2 mSv- 3.2 mSv) (Table 3) 12 • However this was 

achieved w ith non-diagnostic image quality that occurred in 2. 4% of the coronary segments. 

Table 3 
Diagnostic performance of low dose CCTA (2.7 mSv; 95% Cl 2.2-3.2). 

Systematic review: 16 studies comprising 960 patients 12• 

ANALYSIS N POOLED POOLED TP TN FP FN 
SENSITIVITY, SPECIFICITY, 
% (95%CI) %(95%CI) 

PATIENT 789 I 00 (98-1 00) 89 (85-92) 455 296 36 2 

VESSEL 2622 97 (95-98) 93 (89-96) 839 1625 129 28 

SEGMENT 115 18 91 (86-95) 96 (94-97) 1429 9528 415 146 

TP = true positive; FP = false positive; FN = false negative; TN = true negative 

A serious limitation of all these studies was the retrospective nature of the study design and 

they all suffered from the inevitable referral bias because these patients were referred for 

I CA. 

An additional significant problem, seriously limiting the clinical value of a positive CT outcome 

is that CCTA identified coronary obstructions (~50% diameter stenosis) but it cannot reli

ably pred ict the presence of myocard ial ischemia (Table 4) 13- 16 The limited positive predictive 

value of CCTA to detect myocardial ischemia is usually caused by overestimation of calcified 

lesions due to blooming artefacts or motion artefacts (Figure 3). 

Table 4 
Relation 64 slice CCTA (< 50% or > 50%) and functiona l testing. 

AUTHOR TEST N AGREEMENT,% AGREEMENT, % 
<50%/TEST 2!50%/TEST 

SCHUIJF 13 SPECT 11 4 77 so 

GAEMPERLI 14 SPECT 78 97 59 

GROOTHUIS IS MRP 145 88 58 

MEIJBOOM 16 FFR 89'1' 93 51 

''' number if coronary stenoses 

The prognostic accuracy of CCTA in combination with the diagnostic accuracy efficacy is im

portant for diagnostic and therapeutic patient management. A recently published systematic 

review evaluating 9592 patients with a median follow-up of 1.7 years revealed that a normal 

CCTA was associated w ith an excellent prognosis and that an increasing burden of non-
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Figure 3. 70-year-old man with hypertension and progressive dyspnea. 

Calcium score was 1580 Agatston. CCTA demonstrates diffuse athero
sclerotic disease in the left anterior descending, LAD, (A) coronary ar
tery and in the left circumflex, LCX (B) coronary artery. A stack artefact 
is visible in the mid-distal LAD coronary artery. Short-axis color-coded 
dynamic CT perfusion images acquired during the infusion of adenosine 
show a diffused reduced myocardial perfusion in the anterior, septal and 
inferior myocardial wall (blue areas) in a left dominant coronary system. 
Both LAD and LCX lesions were determined to be hemodynamically 
significant at fractional flow reserve measurements. 

obstructive or obstructive 

CAD was associated with 

increasing rate of major 

adverse cardiovascular 

events (Table 5) 17
• The 

prognostic accuracy was 

reported from a prospec

tive multicenter study, 

CONFIRM, including 

23,854 symptomatic pa

tients who underwent 2': 

64-slice CCTA and were 

followed for 2.3 ± I . I 

years during which pe

riod 404 all-cause deaths 

occurred 18• The risk ad

justed per patient analy

sis revealed that patients 

with non-obstructive CAD 

(<50% stenosis) or ob-

structive CAD (2': 50% 

stenosis) had a risk adjusted hazard ratio of 1.6 (95%CI 1.2 to 2.2) and 2.6 (95%CI 1.9 to 3.5) 

respectively with normal CCTA as the reference. Similar outcomes were observed if patients 

were classified into normal, non-obstructive CAD, !-vessel disease (VD), 2-VD or 3-VD with 

higher mortality with increasing disease burden. Absence of CAD was associated with a favour

able prognosis with an annualized all-cause death rate of 0.28%. These prognostic studies 

Table 5 

CCTA prognosis in symptomatic patients. 

Annualized event rate per I 00 patients per year from 18 studies comprising 9,592 patients. Median follow-up 
: 20 months 17

• 

CCTA MACE, % ALL-CAUSE DEATH, % Ml, % REVASCULARIZATION,% 

NO CAD 0.2 0.2 0 0 

CAD <50% 1.42 0.7 0.3 1.3 

CAD >50% 8.8 2.2 -2.1 24.8 

have some limitations. The total all-cause mortality, although important, is not a CAD specific 

endpoint (like cardiac death or Ml) and the revascularization rate is biased by the index CCTA 

because treating physicians were not blinded and anatomic CT abnormalities may easily have 

led to referral for ICA and subsequent revascularization. In addition there was no adjustment for 

other confounding co-variables such as medication or left ventricular ejection fraction. 
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DIAGNOSTIC THINKING EFFICACY 

A relevant question for the clinician is: in which patient population does CCTA achieve the 

greatest diagnostic benefit or where is virtually no benefit to be expected? According to Bayes
ian theorem patients with intermediate pre-test probability of CAD will gain most benefit 

from CCTA 19• The accuracy of a negative CCTA scan to rule out CAD is high in patients with 

intermediate pre-test probability of CAD and this obviates the need for further downstream 
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Figure 4. Influence of pre-test probabi lity of CAD on post-test prob
abil ity after CCTA. 

Bayesian theory: the diagnostic performance of CCTA in patients at low, 
intermediate and high pre-test probability of CAD by Meijboom et al. '9· 

A low pre-test probabil ity favoured high negative predictive value (N PV) 
at cost of positive predictive value (PPV) (high false positive rate) . A high 
pre-test probabi lity favoured high PPV at cost of N PV (high false negative 
rate) . An intermediate pre-test probabil ity favoured high N PV but only 
moderate PPV. 

diagnostic testing (Figure 
4). Unfortunately, a posi

tive CCTA is associated 
with a relatively insuf

ficient increase in post

test probability of CAD in 

particular in the per-vessel 

and per-segment analysis 

(Table I). This results in a 

high number of false posi
tive outcomes and unnec

essary number of referrals 

to ICA. 

CCTA is not useful in pa
tients with high pre-test 

probability of CAD as a 

negative CCTA is associ

ated with a relatively high 

number of false negative 

outcomes requiring fur

ther downstream testing to avoid "missing" patients with significant CAD. A positive CT scan 

provides only limited increase of the post-test probability of CAD and direct referral to ICA is 

preferred. In addition the CCTA diagnostic accuracy in patients with high pre-test probability 

is lower due to the higher prevalence of coronary calcifications or diffuse CAD which render 

precise assessment of obstructions more difficult. 

Patients with low pre-test probability of CAD may not benefit from CCTA either. A nega

tive scan does not significantly decrease the post-test probability in these patients as this was 

already low and a positive scan is associated with a considerable number of false positive 

outcomes leading to over-diagnosis and unnecessary referral to ICA . 
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THERAPEUTIC EFFICACY 

Here a relevant question would be: does CCTA change patient management? This depends 

on the diagnostic and prognostic accuracy of CCTA to determine further need of testing. 

In patients with intermediate pre-test probability CCTA results in reclassification to either low 

post-test (in case of negative CCTA w hich is associated with an excellent prognosis) or high 

post-test (in case of positive CCTA and associated with high adverse event rate) probability 

groups that would be associated w ith a clinically relevant change of diagnostic and therapeutic 

management. Patients with low post-test probability do not require further testing and may 

be safely discharged. In cont rast patients with high post-test probabi lity may be directly re

ferred for ICA with or without fractional flow reserve (FFR). Obviously this is re lated to the 

achieved post-test probability level and the associated diagnostic certainty of a negative CT 

scan to exclude CAD or a positive CT scan to rule in CAD. The level of diagnostic certainty 

is arbitrary and depends on whether additional testing is deemed necessary that may improve 

patient management and prognosis . In general one 

may assume that a post-test probability of < 5% 

or > 90% indicates sufficient diagnostic certainty 

and no further testing is helpfu l. Further testing is 

indicated if the post-test probabi lity is between 5% 

and 90%. 

Figure 5. Therapeut ic efficacy CCTA. 

Data from a recent study of 249 patients w ith intermediate 
pre-test probabi lity of CAD (prevalence of CAD by ICA of 
53%) 20 . A negat ive CCTA vi rtual ly ruled out the presence 
of CAD while a posit ive CCTA achieved a high probabi lity of 

CAD and patients required refet-ral to lCA. 

Patients at intermediate risk (20%-80%) 
(based on age, gender, angina typicality): 

N=249 
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In a recent study of 249 patients with intermediate pre-test probability a negative CCTA 

virtually ruled out the presence of CAD 20 (Figure 5). These patients have an excellent prog

nosis and can be safely discharged 17• 18• In contrast patients with a positive CCTA achieved a 

high probability of CAD and these patients required referral to ICA and in case of multivessel 

CAD invasive FFR to consider revascularization to relief symptoms and improve prognosis 

(Figure 5). 

The post-test probability is related to the estimated pre-test probability and the sensitivity 

and specificity of the test 21. 

The diagnostic performance of SPECf, MRI and CCTA in patients w ith intermediate pre-test 

probability is shown in Figure 6. Sensitivities and specificities were obtained from a recent 

extensive review 22 The positive predictive value of CCTA was highest, but most important 

was the very high negative predictive value of CCTA that outperformed the negative predic

tive value of the two other non-invasive tests. This supports the use of CCTA as a first line 

Figure 6. Revised probability of CAD. 

Revised probability of CAD. This figure shows the revised (post-test) probabil ity of CAD (y-axis) as a function 
of prior (pre-test) probabi lity (x-axis) of CAD for positive and negative SPECT, MR-perfusion and CCTA results 
based on the data presented in 8, 22. SPECT +, MRl+ and CCTA+ represent the solid lines for a posit ive test 
result and SPECT-, MRI- and CCTA- represent the dashed lines for a negative test result. 
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diagnostic test to act as gatekeeper of ICA because a negative CCTA scan virtually rules out 

the presence of significant CAD. 

It seems reasonable to expect that the outcome of non-invasive diagnostic imaging tests 

would exert a significant impact on referral to ICA or change in medical treatment. Yet, 

this w as disappointing. The SPARC study that evaluated the impact of SPECf, PET and 

CCTA on management of patients with suspected CAD demonstrated that there was only 

a modest impact. CCTA w as associated with a relatively higher referral to ICA than SPECT 
and PET 23 

PATIENT OUTCOME EFFICACY 
AND SOCIETAL EFFICACY 

Today no (comparative) effectiveness studies are available that evaluate the benefits and 

harms of CCTA in terms of improved clinical outcomes or cost effectiveness at the societal 
level to asses the role of CCTA as an alternative to other non-invasive diagnostic imaging 

strategies in patients with suspected CAD. 

The importance of comparative effectiveness studies is w ell recognized and is now consid

ered a prerequisite to judge the definitive role of CCTA in the diagnosis and management of 

symptomatic coronary patients 24 . 

We have to await the finalisation of the ongoing PROMISE (Prospective Multicenter Imaging 

for Evaluation of Chest Pain) study which is randomizing symptomatic patients suspected of 

having CAD to either a usual stress testing (functional) strategy or a CCTA strategy (anatomy) 

w ith ciinicai outcomes and costs as endpoints. 

NEW CT DEVELOPMENTS: CT 
FUNCTIONAL IMAGING 

The physiological significance of a coronary obstruction is dependent on both the vessel wall 

morphology (anatomy) and coronary blood flow. The combined information of the presence 

of a coronary obstruction (local or diffuse) and coronary blood flow limitation is crucial for 

optimal decision-making for patients with chest pain. 

One of the main shortcomings of CCTA is the fact that CCTA cannot adequately predict the 

functional significance of a coronary obstruction (~50% diameter stenosis) (Table 4). This 
has prompted the search for a single CT examination combining CT functional imaging with 

CT coronary anatomical imaging. Several CT functional imaging approaches are now being 
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investigated including CT-FFR, CT myocardial perfusion and CT intracoronary attenuation 

gradient assessment. 

However, the primary endpoint of the study, the per-patient diagnostic accuracy of CT-FFR 

plus CTCA, was not achieved. CT- FFR is a promising technique that recently is introduced 

in clinical practice. The technique uses computational fluid dynamics (CFD) with simulated 

hyperemia that enables prediction of blood flow and pressure fields in coronary arteries. This 

then allows calculation of the fractional flow reserve of a coronary stenosis from data derived 
from a usual single CCTA. A multicenter prospective study demonstrated that CT-FFR cor

related reasonably well with the standard of reference invasive FFR 25. CT-FFR drawbacks 

currently are the extreme need for computational ability and analysis time and the need for 

high quality CT images. Other studies are needed to confirm the robustness and reliability 

of the technique. 

CT myocardial perfusion can be evaluated by assessing the myocardial contrast enhancement 

at rest or during pharmacological stress to analyze the impact of a coronary obstruction on 

myocardial blood flow 26 . The method is technically demanding but dynamic CT perfusion 

is able to provide absolute measurement of the myocardial blood flow thereby allowing 
functional assessment of individual coronary artery territories (Figure 3). The initial results are 

promising but serious problems that need to be resolved are the additional (unacceptable) 

high radiation dose and the limited collection of sufficient contrast enhanced samples during 

the passage of contrast through the myocardium that may cause inexact determination of the 

myocardial blood flow. 

CT measurement of the gradient of intraluminal attenuation along the proximal to distal 

course of a coronary artery provides information about the coronary blood flow. The dif

ference between the attenuation proximal and distal of an obstruction allows to predict the 

degree of a coronary stenosis and preliminary results suggested that this method can mod

erately predict stenosis severity 27
· 

28
• However the gradient is only measured at rest and it is 

unknown how the technique would perform under conditions of stress induced hyperemia. 

The addition of non-invasive CT functional imaging to CT coronary anatomical imaging is 

clinically significant as it augments the diagnostic performance and prognostic power which is 
expected to translate in improved patient management and improved prognosis. 

CCTAAREAS OF UNCERTAINTY 

CCTA does not only provide information about the coronary arteries but also about heart, 
great thoracic vessels, portions of the lungs, mediastinum, chest wall, spine and upper ab

domen. This wi ll inevitably result in the detection of incidental findings that may require 

adequate interpretation and subsequent management that may cause unforeseen complex 
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medico-legal consequences. A multidisciplinary cardiologic and radiologic approach is recom

mended to face these problems. 

The life time attributable risk of cancer associated with ionizing radiation from CCTA scanning 

may lead to adverse events that should be taken into account when comparing the effective

ness of CCTA with other non-radiation diagnostic modalities. 

The assessment of the severity of a coronary obstruction is expected to be more precise 

using CT imaging compared to 2-D ICA imaging, in particular with complex, asymmetrical, 

irregular lesions. However there is concern about the grading of the severity of CT coro

nary obstructions by visual assessment. Quantitative CCTA, using automated border lumen 

detection algorithms have shown that these measurements were more precise than visual 

assessment. But compared to IVUS there was still overestimation (minimum lumen area 

and diameter stenosis) and underestimation (minimal lumen area and area stenosis) 29· 30• It 

remains to be seen that quantitative CCTA better predicts hemodynamic consequences of 
coronary obstructions than visual assessment. 

Another area of debate is whether usual functional testing should be the first-line diagnostic 

test (now endorsed by European Guidelines) or may CCTA, with its established higher di

agnostic accuracy to exclude the presence of significant stenosis, be an effective alternative 
anatomic test. More scientific clinical evidence is needed to settle this important issue. 

CCTA PERSPECTIVE 

CCTA has matured, due to the ever increasing enhancement in temporal and spatial reso

lution in recent years, as a robust non-invasive imaging technique. Yet, it should not be 

regarded as a replacement of ICA that still is the anatomic "standard of reference " for the 

assessment of coronary revascularization. 

The high negative predictive value of CCTA effectively identifies patients without significant 
CAD. This supports the use of CCTA as a viable alternative to established functional tests to 

act as an effective gatekeeper for ICA (Figure 7). 

The high sensitivity of CCTA indicates that CCTA can identify the majority of patients with 

significant CAD, but at the cost of a rather high false positive rate due to overestimation of the 

severity of stenoses. This is further complicated by the fact that CCTA cannot reliably predict 

which identified obstruction is haemodynamically significant. Current paradigm dictates that 

therapeutic interventions should only be applied to stenoses that are coronary flow-limiting. 

Further non-invasive functional testing is recommended in CT- anatomic non-high risk pa

tients (single or double vessel disease), which in case of ischemia may be referred for re

vascularization. CT- anatomic high-risk patients (left main, left anterior descending coronary 
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Pno-teatriak8888S811lantCPD 
(age. oex, angina, RF, ECG) 

Functional testing 

Figure 7. Diagnostic algorithm for patients with stable angina. 

Severe 

CAD: coronary artery disease; RF: risk factors: CCTA: coronary CT angiography; VD: vessel disease; LM: left 
main; LAD: left anterior descending coronary artery; ICA: invasive coronary angiography; FFR: fractional flow 
reserve; OMT: optimal medical therapy 

artery, three-vessel disease) may be directly referred to ICA w ith FFR to guide functional 

lesion revascularization. 

Preliminary studies have shown that the combination of CT-anatomy and CT- function in 

one examination is feasible, but establishment of the reliable robustness of the combined 
technique needs further clinical testing. 

Further directions of CCTA should focus on the continued improvement of spatial and tem

poral resolution , the development of approaches that minimise calcification blooming effects 
and reduce radiation exposure w ith preservation of diagnostic image quality and advance

ment of CT techniques that increase the reliability of the application of a single protocol for 
CT-anatomic and CT-functional CAD assessment. 

Formal guidelines for the use of CCTA do not exist. Before acceptance of CCTA as an infe

rior, similar or superior imaging technique compared to established non-invasive functional 

tests we need evidence from comparative effectiveness research with patient outcome and 

costs as endpoints. 
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ABSTRACT 

Objectives: To compare the diagnostic performance and radiation exposure of 128-slice du
al-source CT coronary angiography (CTCA) protocols to detect coronary stenosis with more 

than 50 % lumen obstruction. 

Methods: We prospectively included 459 symptomatic patients referred for CTCA. Patients 
were randomized between high-pitch spiral vs. narrow-window sequential CTCA protocols 
(heart rate below 65 bpm, group A), or between wide-window sequential vs. retrospective 
spiral (heart rate above 65 bpm, group B). Diagnostic performance of CTCA was compared 
with quantitative coronary angiography in 267 patients. 

Results: In group A (23 1 patients, 146 men, mean heart rate 58± 7 bpm), high-pitch spiral 
CTCA yielded a lower per segment sensitivity compared to sequential CTCA (89 % vs. 
97 %, POO.O I). Specificity, PPV and NPV were comparable (95 %, 62 %, 99 % vs. 96 %, 
73 %, 100%, P>0.05) but radiation dose was lower (1.16±0.60 vs. 3.82±1.65 mSv, 
P<O.OO I). In group B (228 patients, 132 men, mean heart rate 75± I I bpm), per-segment 
sensitivity, specificity, PPV and NPV were comparable (94 % , 95 % , 67 % , 99 % vs. 92 % , 
95 %, 66 %, 99 %, P>0.05). Radiation dose of sequential CTCA was lower compared to 
retrospective CTCA (6. 12±2.58 vs. 8.13 ±4.52 mSv, P<O.OO I). Diagnostic performance 
was comparable in both groups. 

Conclusion : Sequential CTCA should be used in patients with regular heart rates using 
128-slice dual-source CT, providing optimal diagnostic accuracy with as low as reasonably 

achievable (ALARA) radiation dose. 
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INTRODUCTION 

CT coronary angiography (CTCA) is currently considered a reliable technique to detect and 

especially rule out significant stenoses in patients with stable angina with a low or intermedi

ate pre-test probability of having coronary artery disease (CAD) 1-6• However, its non-inva

sive nature has been challenged during past years in publications reporting increased lifetime 

attributable risk estimates of developing cancer associated with high radiation exposure 7
·
8 

These studies prompted CT vendors to develop hardware and software improvements to 

reduce radiation exposure, e.g. tube current modulation (ECG-pulsing), automated tube 
current modulation adapted to the body size, implementation of prospective sequential 

(step-and-shoot) protocols and lower tube voltages 9
-
13 

In addition to these radiation-lowering techniques , 128 slice dual-source CT (DSCT) systems 
offer a high temporal resolution of 75 ms, a pitch up to 3.4 and two wide detector arrays. 

Hence this DSCT system provides two low dose CTCA protocols: a) a newly introduced 

prospective high-pitch spiral protocol which allows CT data acquisition of the entire heart 
within I heart beat and b) a prospective sequential protocol for patients with low and high 

(above 65 bpm) heart rates . However, the diagnostic performance and effect on radiation 
exposure of these low dose CTCA protocols in patients with various heart rates is currently 

widely debated 14- 17 • 

The purpose of this study was to determine and compare the diagnostic performance and 

radiation exposure of different CTCA protocols using 128-slice DSCT to detect or rule out 

obstructive CAD. 
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MATERIALS AND METHODS 

STUDY POPULATION 

The institutional review board approved the study and all patients gave informed consent. 
Between May 2009 and November 20 I 0, 549 symptomatic patients with stable anginal 

complaints were referred to CTCA in our institution . Patients with known al lergy to iodin

ated contrast material (n=8), impaired renal function (serum creatinine above 120 f.Lmoi/L) 
(n= 18), history of bypass surgery (n= 18), persistent arrhythmias (n= 17) and patients who 

refused to give informed consent (n=25) were excluded. 

CTCA was carried out as part of the clinical diagnostic work-up of these 463 symptomatic 

patients suspected of having obstructive CAD. In general, patients with negative CTCA in 

combination with a negative stress test and/or good response to medical treatment were not 

referred to conventional coronary angiography (CCA). Exceptions to this rule were made at 
the discretion of the referring physician (e.g. discordance between symptoms and the results 

of diagnostic tests). Finally, 267 patients (58 %) underwent CCA within 5 weeks after CTCA 

and were used for primary data analysis. The remaining 196 patients with only CTCA were 
used to account for verification bias. 

All patients received nitroglycerin (0.4 mg/dose) sublingually just before CT Patients with a 
heart rate above 65 bpm received a single dose of I 00 mg metoprolol orally I h before CT 

A heart rate above 65 bpm was accepted in patients with contraindications to ~-blockade or 

patients not sufficiently responding to the administered ~-blocker. 

Patients were categorized into two groups based on pre-CT heart rate (after administration 

of ~-blocker). Group A comprised patients with a heart rate below 65 bpm and group B 

patients with a heart rate at ieast 65 bpm. Patients in group A were randomized to undergo 

either prospective high-pitch spiral CTCA or prospective sequential CTCA with a narrow 

CT acquisition window. Patients in group B were randomized to undergo either prospective 

sequential CTCA with a wide CT acquisition window or retrospective spiral CTCA. Patients 
were randomized using a block randomization (block size I 0). 

CT DATA ACQUISITION AN D POST PROCESSING 

All CTs was performed using a 128-slice DSCT system (Somatom Definition Flash, Siemens 

Healthcare , Forchheim , Germany). This CT system has two X-ray tubes and two detector 

arrays rotating in the same plane with an angular offset of 95°. Gantry rotation time is 280 

ms, which provides a temporal resolution of 75 ms using a heart rate independent single

segment reconstruction. Detector collimation is 2x64x0.6 mm. A z-axis flying focal spot is 
applied which results in an acquisition of 2x 128 slices per rotation. In the high-pitch spiral 
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mode prospective ECG-triggering was used to obtain a single data set in a single heart beat 
18 starting at 55% of the R- R interval . 

In t he sequential mode prospective ECG-triggering was used with a narrow (group A, 62- 75 

%of the R-R interval) or wide (group B, 31-75 %) CT acquisition window 19
• The entire 

heart was covered in three or four heart beats. 

In the retrospective spiral mode retrospective ECGgating was used in combination with 
prospective ECGpulsing with maximum tube current output during 3 1- 75 % of the R- R 

interval . Outside this window, 4% of the reference tube current was used. 

Tube voltage and reference tube current were adapted to the body mass index (BMI) of the 

patient: no greater than 30 kg/m2 BMI, I 00 kV and 370 mAs; greater than 30 kg/m2 BMI, 120 

kV and 320 mAs. 

We used a volume of75 mL iodinated contrast media (Uitravist 370 mg 1/mL, Bayer-Schering 

AG, Berl in, Germany) with a flow rate of 6.0 mL/s (high-pitch spiral) or 80- 100 mL (CT 

acquisition time dependent) with a flow rate of 5.5 mL/s (sequential and retrospective spiral) 

followed by a saline chaser of 45 mL with the same flow rate. 

Data sets were reconstructed with a slice thickness of 0.75 mm, an increment of 0.4 mm, 

a field of view of 180 mm, a medium-soft convolution kernel (B26) and additional ly a sharp 

convolution kernel (B46) in patients exhibiting coronary calcium. Data sets were reconstruct
ed in the optimal diastolic and, if applicable, systolic phase to obtain maximum image quality. 

CT ANALYSIS 

All data sets were sent to an off-line workstation (MMWP, Siemens Healthcare, Forchheim, 

Germany). Two independent observers, LAN. and A.R. (with both 5 years' experience 

in cardiovascular imaging), evaluated all CTCA data sets to assess the presence or absence 

of CAD and categorize the lesions (no more than 50 % or more than 50 % lumen diam

eter reduction) per coronary segment (modified American Heart Association (AHA) 16-seg

ment model 20
. More than 50 % lumen diameter reduction was considered obstructive 

disease. Additionally the image quality per segment was assessed (I =poor image quality 

due to major artefacts; no diagnostic evaluation possible . 2=minor or no artefacts present; 
adequate image quality for re liable evaluation). Discrepancies were resolved in consensus. 
Small-sized coronary segments (less than I .5 mm diameter, manually measured at its ori

gin) (n= I, I 17 /7,803), segments distal to an occlusion (n= 74/7,803) or stented segments 

(n=97 /7 ,803) were excluded. Segments with non-diagnostic image quality were considered 

significantly obstructed with a maximum of one assumed obstructive segment per vessel in 

order not to underestimate the disease severity in this symptomatic patient population. 
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EFFECTIVE DOSE ESTIMATION 

The dose length product (DLP) per CTCA was assessed and we calculated the mean es

timated radiation dose by multiplying the DLP by the conversion coefficient of 0.0 14 mSv 
mGy- 1 em -I for the chest 21. 

QUANTITATIVE CORONARY ANGIOGRAPHY (QCA) 

One cardiologist (K.N., 8 years of experience in CCA), unaware of the CTCA results , evalu

ated all coronary angiograms. Lumen diameter reduction of all available nonstented segments 

(at least 1.5 mm diameter) was assessed and categorized (no more than 50% or more than 

50 % lumen diameter reduction) using a validated QCA algorithm (CMS, version 5.7, Pie 

Medical Imaging, Maastricht, The Netherlands). Lumen reduction of more than 50 %was 

considered significant obstructive disease. 

STATISTICAL ANALYSIS 

Statistical analysis was performed using commercially available software (Stata, version I I 
for Windows; StataCorp, College Station, Texas, USA and SPSS, version 15 .0 for windows, 

SPSS, Chicago, USA). 

Continuous variables are shown as mean (SD) or median (IQR) and categorical variables as 

number(%). The t test or Mann-Whitney U test was used to compare continuous variables 

and the Chi-square test or the Fisher exact test for the comparison of categorical variables. 

The diagnostic performance including sensitivity, specificity, positive predictive value (PPV) 

and negative predictive value (NPV) of CTCA for the detection or exclusion of significant 
coronary stenosis compared to QCA was calculated w ith corresponding 95 %confidence 

intervals (Cis) in those patients that underwent CCA. These parameters were calculated per 

patient, per vessel and per segment. To take into account the correlation between different 

segments in a patient, we analysed measures of diagnostic accuracy on a vessel level and 

segment level by using generalized estimating equations, w ith the assumption of a binomial 

distribution of the dependent variable, a logit-link function, the patient as cluster, an equal
correlation model w ithin each cluster, and the robust sandwich estimator of the variance. 

The analyses were performed separately for randomization within group A and group B. 
An indicator variable was used to estimate the difference between the CTCA protocols in 

each randomization group. To account for verification bias the data were re-analysed using 

inverse probability weighting 22·23 . The probability of verification w ith CCA was calculated at 

the patient level using all patients who underwent CTCA, and based on a logistic regression 
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model with verification as the dependent variable with the fo llowing predictors: chest pain 

type, presence of previously diagnosed CAD and CTCA result per segment. Subsequently, 

the accuracy analyses were performed using only the patients w ho underwent angiography, 
each patient weighted by the inverse of their probability of undergoing CCA (verification) . 

lnterobserver variability and agreement between CTCA and CCA to detect obstructive CAD 
were described with kappa statistics. 

RESULTS 

Our initial study population comprised 463 consecutive patients scheduled for CTCA of 

which 233 were classified into group A (below 65 bpm pre-CT heart rate) and 230 patients 

into group B (above 65 bpm) to be examined according to the assigned protocol after ran

domization (Figure I). Two patients randomized to undergo high-pitch spiral CTCA experi

enced a sudden increase in heart rate of above 75 bpm immediately before the CT examina
t ion. Owing to the increased probability of non-diagnostic results, both were excluded from 
the study and underwent retrospective spiral CTCA 14 • Two patients in group B, assigned to 

undergo retrospective spiral CTCA, were excluded because of lack of contrast material in 
the coronary arteries because of technical failure of the contrast material injector (n= I) or 

contrast extravasation subcutaneously (n = I). 

2 excluded scans 
• 2 heart rate > 75 bpm 

Eligible patients 

Group A 

Pre-CT heart rate <65 bpm 

n=233 

High pitch 
spiral CTCA 

n=113 

Sequential 
CTCA 

narrow-window 

n=118 

Group B 

86 excluded patients 
• 17 persistent a"hythmias 
• 181mpalred renal function 
• 8 known allergy to contrast 
• 18 coronary artery bypass 
grafts 
• 25 no Informed consent 

Pre-CT heart rate 2:65 bpm 

n=230 

Sequential 
CTCA 

wide-window 

n=116 

2 excluded scans 
• 1 contrast extravasation 

_ • 1 contrast injection failure 

Retrospective 
spiral CTCA 

n=112 

Figure I. Patient inclusion. Study design flow chart. CCA conventional coronary angiography. CTCA CT 
coronary angiography. 
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In total 459 patients underwent CTCA of which finally 267 patients (58%) also underwent 
CCA (group A: high-pitch spiral, n= 70; narrow-window sequential, n=74; group B: wide

window sequential, n= 67 and retrospective spiral, n= 56). 

Table I Patients characteristics 

ALL PATI ENTS PATIENTS PATIENTS 
WITHCCA WITHOUTCCA 

n=459 n=267 n= 192 

Age (years) 59 ( II ) 62 ( II) 55 (I I) 

Sex (male) 278 (61%) 181 (68%) 97 (SO%) 

Heart rate (bpm) 67 (12) 65 (12) 69 (12) 

Risk factors 

Hypertensiont 258 (56%) 166 (62%) 92(48%) 

Diabetes Mell itus:j: 77(17%) 46 (17%) 31 ( 16%) 

Smoking II 152 (33%) 94 (35%) 58 (30%) 

Hypercholesterolemia§ 269 (59%) 177 (66%) 95 (48%) 

Fami ly history of CAD 243 (53%) 140 (52%) 103 (54%) 

Body Mass Index (kg/m2) 27 (5) 27 (5) 27 (5) 

Typical angina pectoris'll 205 (45%) 161 (60%) 44 (23%) 

Atypical angina pectoris'll 85 (19%) 34(13%) 51 (27%) 

Non aglnal chest pain~ 169 (37%) 72 (27%) 97(51%) 

Know n CAD in history 71 (16%) 64 (24%) 7 (3%) 

Calcium score 45 (0-381) 242 (38-196) I (0-44) 

CCA 

No CAD 31 (12%) 

Non-obstructive CAD 30(11%) 

Obstructive CAD 206 (77%) 

Continuous data is expressed as mean (SD) and dichotomous data as n (%). *The Calcium Score is expressed 
as median (Inter Quartile Range). CAD, Coronary Artery Disease; CCA, conventional coronary angiography; 
CTCA Computed Tomography Coronary Angiography; tBiood pressure > 140/90 mm Hg or treatment for 
hypertension. :j:Treatment with oral anti-diabetic medicine or insulin. II Currently and/or in the past. §Total 
cholesterol > 180ml/dl or treatment for hypercholesterolemia. 'II According to chest discomfort classification of 
Diamond et ai.(J Am Coil of Cardiol 1983; I :574-5). 
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Patient characteristics are shown in Table I . In group A, the mean heart rate of patients exam

ined with the high-pitch spiral CTCA protocol (57± 6 bpm) was slightly lower than the heart 

rate in patients examined with the sequential CTCA protocol (60± 7 bpm, pOO.O I). In group 

B, the mean heart rate was similar between patients examined with the sequential CTCA 

protocol or the retrospective spiral CTCA protocol (75 ± I 0 vs. 75 ±I 2 bpm, respectively, 
P=0.93). 

The patients that underwent both CTCA and CCA exhibited a prevalence of significant CAD 
based on CCA results of 79% (high-pitch spiral) , 78% (narrow-window sequential) , 76% 

(wide-window sequential) and 75 % (retrospective spiral). 

DIAGNOSTIC ACCURACY 

The diagnostic performance, including the sensitivity, specificity, PPVand NPV, of the I 28-sl ice 

DSCT to detect or rule out significant coronary stenoses compared to CCA is shown in Table 

2. 

SEGMENT-BY-SEGMENT ANALYSIS 

Group A 
In group A the number of non-assessable segments (quality score I) was significantly higher 

in the high-pitch spiral group (70 of 832 segments (8 %)) compared to the narrow-window 

sequential group (23 of 906 segments (3 %), P<O.OO I). 

The sensitivity on a per-segment level was significantly lower for the high-pitch spiral CTCA 

protocol than for the narrow-window sequential protocol (89 % vs. 97 %, PO 0.0 I ). High
pitch spiral CTCA incorrectly classified I 5 segments of I 33 diseased segments as having no 

significant stenoses vs. 4 incorrectly classified segments of I 33 diseased segments using a 

narrow-window sequential protocol. No significant difference was found in specificity, PPV 

or NPV in group A (95 % vs . 96 %, P=O.SO; 62% vs. 73 %, P=0.07; and 99 % vs. I 00 

%, P=0.07, respectively). 

Group B 
No significant difference in the number of non-assessable segments was found between 

the narrow-window sequential and the retrospective spiral CTCA protocol (22/80 I (3 %) 

vs. I 8/657 (3 %), P=0.99). Sensitivity (94% vs . 92 % , P=0.62), specificity (95 % vs. 95 
%, P= 0.79), PPV (67% vs. 66 %, P=0.8 I) and NPV (99 % vs. 99 % , P=0 .94) on a per

segment level were comparable between both protocols. 
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lnterobserver variability for the detection of obstructive CAD on a per-segment level was 

good in all patients (K value 0.77). 

VESSEL-BY-VESSEL ANALYSIS 

Group A 
Using the high-pitch spiral protocolS obstructed vessels were missed: I right coronary artery 

(RCA), 21eft anterior descending arteries (LAD) and 21eft circumflex arteries (LCX), whereas 
none were missed using the narrowwindow sequential protocol. The lack of confidence 

intervals for the I 00% sensitivity and NPV of the narrow-window sequential protocol ham

pers statistical comparison between the high-pitch spiral and the sequantial protocol but no 

significant difference is assumed. Specificity and PPV on a per-vessel level are comparable 

(90% vs. 92%, P=0.65 and 71% vs 76%, P=0.36). 

Group B 
Wide-window sequential CTCA missed I obstructed vessel (LCX) and retrospective spiral 

CTCA missed 2 (LAD, LCX). 

Sensitivity (99% vs. 97 %, P=0.41 ), specificity (88% vs. 91 %, P=0.45), PPV (71 % vs. 73 

%, P=0.77) and NPV (I 00 % vs. 99 %, P=0.54) on a per-vessel level were comparable 

between the wide-window sequential protocol and the retrospective spiral protocol. 

PATIENT-BY-PATIENT ANALYSIS 

Group A 
None of the patients with significant CAD were missed by either the high-pitch spiral or 

the narrow-window sequential CTCA protocol. Consequently the sensitivity and NPV on a 

per-patient level of both CTCA protocols are I 00% and no statistical difference is assumed. 

Specificity and PPV are comparable between both protocols (91 % vs. 91 %, P=NS and 89 

% vs. 91 %, P=NS). 

Group B 
All patients with obstructive disease on CCA were detected by CTCA using the wide-win

dow sequential (Fig. 2) or the retrospective spiral CTCA protocol. Consequently the sensitiv
ity and NPV on a per-patient level are I 00 %for both protocols and no statistical difference 

is assumed . Specificity and PPV were similar (78 % vs. 78 %, P=NS and 86% vs. 85%, 

P=NS). 
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Figure 2. Prospective sequential CT coronary angiography protocol with a w ide CT data acquisit ion w indow 
in a patient with a high heart rate. Male, 57 years old , presenting with atypical angina pectoris and a positive 
exercise test. Mean heart rate during CT was 74 bpm. Est imated radiation dose of the wide window sequential 
CTCA protocol was 3.9 mSv. Volume rendered CTCA images (VRT) reveal the anatomy of the left anterior 
descending coronary artery (LAD) (a) and the right coronary artery (RCA) (e). The curved multiplanar recon 
struction image (cMPR) (b) and the VRT inlay (d) disclose a subtotal occlusion (arrow) of the proximal LAD, 
which was confi rmed by CCA (c) . T he cMPR image (f) shows a non-diseased RCA w hich was confirmed by 
CCA(g). 

RADIATION DOSE 

In group A the estimated radiation dose was significantly lower w ith the high-pitch spiral pro

tocol than w ith the narrow-window sequential protocol (tube voltage I 00 kV, 0.74±0.15 vs. 

2 .65 ± 1.0 I mSv, P<O.OO I : 120 kV, 1.60± 0.57 vs. 4.65± 1.51 mSv, P<O.OO I ) (Table 3). In 

group B the estimated radiation dose was significantly low er with the w ide-w indow sequen

tial protocol than with the retrospective spiral protocol (tube voltage I 00 kV, 4.05± 1.46 vs. 

5.66±2.30 mSv, P< O.OO I: 120 kV, 7.53 ±2.18 vs . I 0.21 ± 4.89 mSv, P<O.OO I) (Table 3). 

DISCUSSION 

Our results show that sequential CT data acquisition provides good diagnostic performance 

at a low radiation dose in both groups undergoing CTCA. Consequently, sequential CTCA 

should be used as the first-l ine protocol in concordance with the as low as reasonably achiev-
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able (ALARA) principle. Further dose reduction can be achieved w ith high-pitch spiral CTCA 

in patients w ith low heart rates, albeit at the expense of a lower diagnostic performance. 

The strength of CTCA is its high NPV and prel iminary data suggest that CTCA is even the 

preferred first-line diagnostic investigation in patients with low-to-intermediate risk of having 

significant CAD compared to exercise ECG-testing 24 . As a fi rst- line test, CTCA should be as 

Table 3 Estimated radiation exposure 

DLP (MGY•CM) ESTIMATED DOSE* (MSV) 

All pat ients (n=459) 

Group A High Pitch Spiral 82.69 (42.80) 1. 16 (0.60) 

Sequential narrow scan window 273.13 (117.82) 3.82 ( I .65) 

Group B Sequential w ide scan w indow 437.39 ( 183.87) 6. 12 (2.58) 

Retrospective Spiral 581.24 (323.15) 8.13 (4.52) 

Tube Voltage 

100 kV (n=204) 

Group A High Pitch Spiral 52.83 (I I .02) 0.74 (0. 15) 

Sequential narrow scan window 189.02 (72.37) 2.65 (I .0 I) 

Group B Sequent ial wide scan window 288.87 (I 03 .89) 4.05 ( 1.46) 

Ret rospective Spi ral 403.92( 163.8 1) 5.66 (2.30) 

120 kV (n=255) 

Group A High Pitch Spiral 114.18(4 1.30) 1.60 (0.57) 

Sequential narrow scan window 331.64 (I 07.66) 4.65 (1.51) 

Group B Sequential wide scan window 537.94 ( 156. 1 0) 7.53 (2. 18) 

Ret rospective Spiral 729.00 (348.99) 10.2 1 (4.89) 

Data is expressed as mean (SD). * Estimated dose was calculated by mult iplying the DLP by the conversion 
coefficient of 0.0 14 mSv• mGy-1 • cm-1 for the chest. D LP, dose length product. 
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safe and non-invasive as possible because the vast majority of patients do not have significant 

CAD. The introduction of radiation-lowering techniques has boosted the implementation of 

CTCA in a clinical routine setting. How ever, data on the impact of diagnostic accuracy using 

128-slice dual-source CTCA protocols are scarce. Some preliminary studies reported high 

diagnostic accuracy of high-pitch spiral CTCA in patients with low heart rates 15
·25 . Our results 

are in line with these previously published studies but we found two important limitations 

with respect to high-pitch spiral CTCA. Firstly, we detected significantly more non-assessable 

segments with high pitch spiral CTCA vs. sequential CTCA. Secondly, we found a significantly 
lower sensitivity on a per-segment level. These observations indicate that sequential CTCA 

outperforms high-pitch spiral CTCA on a per-segment level. Although this difference is not 
found on a per-vessel or per patient level, we believe that a negative high-pitch spiral CTCA 

does not reliably exclude the presence of a significant stenosis because of a relatively high 

frequency of non assessable segments (8 %) mainly based on motion artefacts. 

The results of our study indicate that the use of ~blockers in patients w ith high heart rates 

(above 65 bpm) is an effective tool to reduce radiation exposure if the heart rate can be 
reduced to below 65 bpm, which allows the selection of a low dose CTCA protocol. If the 

use of ~blockers is not sufficient to reduce the heart rate below 65 bpm or in the presence 

of contraindications, a widewindow sequential CTCA protocol can be used as it provides 

similar diagnostic performance compared to retrospective spiral CTCA in patients with heart 

rates above 65 bpm. 

Our results also demonstrate that radiation exposure can be significantly reduced using lower 
kV voltages (I 00 kV instead 120 kV) in patients with a BMI of less than 30 kg/m 2,which is 

in line with previous studies 11
·
26

. The potential of this tool is currently not fully used as the 
selection of kV voltage based on BMI is rather arbitrary. Thus, the selection of the appro

priate protocol tailored to individual patient characteristics such as heart rate and geometry 

provides significant reduction of radiation dose while maintaining diagnostic accuracy. In the 

near future further dose lowering by optimized use of lower tube voltages is to be expected 

owing to (I) the recent introduction of automated tube voltage selection based on patient 

geometry which provides an optimal balance between tube current and tube voltage 27 and 
(2) the widespread application of iterative reconstruction, which limits the disadvantages of 

the use of lower tube voltages as it provides a significantly higher contrast-to-noise ratio 

compared to conventional reconstruction algorithms 28 . 

Our study had a major limitation. Only a part of the included patients underwent CCA after 

the CTCA at the discretion of underwent CTCA. A limitation of our study is the exclusive 
inclusion of patients w ith stable heart rates and thus the results are not applicable to pa
tients suffering any kind of arrhythmia including atrial fibrillation . Furthermore it is debatable 

whether a heart rate of 65 bpm is the correct cut-off heart rate for the selection of CTCA 
protocol and acquisition w indow. We did extract these values from data of a retrospective 

acquisition protocol 19 and future studies are mandatory to determine the correct settings for 

sequential acquisition protocols. 
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In conclusion, we demonstrated that a sequential CTCA protocol should be the first choice in 

patients undergoing CT coronary angiography, combining high diagnostic performance with 

few non-assessable segments and relatively low radiation exposure . 
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ABSTRACT 

Background: Coronary lesions with a diameter narrowing ;::: 50% on visual CT coronary 

angiography (CTCA) are generally considered for referral to invasive coronary angiography 

(ICA). However, similarly to ICA, visual CTCA is often inaccurate in detecting functionally 

significant coronary lesions. We sought to compare the diagnostic performance of quantita

tive CTCA with visual CTCA for the detection of functionally significant coronary lesions using 

fractional flow reserve (FFR) as reference standard . 

Methods and results: CTCA and FFR measurements were obtained in 99 symptomatic pa

tients. In total, 144 coronary lesions detected on CTCA were visually graded for steno

sis severity. Quantitative CTCA measurements included lesion length, minimal lumen area 

(MLA), percentage area stenosis (%AS) and plaque burden [((vessel area - lumen area)/ 

vessel area)* I 00]. Optimal cut-off values of CTCA-derived parameters were determined 

and their diagnostic accuracy for the detection of flow-limiting coronary lesions (FFR :50.80) 
was compared to visual CTCA. 

FFR was :50.80 in 54/ 144 (38%) coronary lesions. Optimal cut-off values to predict flow

limiting coronary lesion were I 0 mm for lesion length , I .8 mm2 for MLA, 73% for %AS, 

and 76% for plaque burden . No significant difference in sensitivity was found between vi 
sual CTCA and quantitative CTCA parameters (p>O.OS). Specificity of visual CTCA (42%; 

95%CI: 32-52) was lower than that of MLA (68%; 95%CI: 57-77; p=O.OOI), %AS (76%, 
95%CI: 65-84; p<O.OO I) and plaque burden (63%; 95%CI: 52-73 ; p=0.004). The speci

ficity of lesion length was comparable to that of visual CTCA. 

Conclusions: Quantitative CTCA improves the prediction of functionally significant coronary 

lesions compared to visual CTCA assessment but remains insufficient. Functional assessment 

is stili needed in lesions of moderate stenosis to guide patient's management. 
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INTRODUCTION 

Computed tomography coronary angiography (CTCA) is a reliable , non-invasive imaging 

modality to visualize coronary artery disease, with a high diagnostic accuracy compared to 

invasive coronary angiography (ICA). 1·3 In addition, CTCA can provide cross-sectional infor

mation beyond lumenography, similar to intravascular ultrasound (IVUS), including plaque 

burden and morphology. 

In daily practice, lesions with a diameter stenosis 2:50% on visual CTCA are generally con

sidered for referral to I CA. However, similarly to ICA, CTCA is an anatomical imaging tech

nique, thus it may result in both underestimation and overestimation of a lesion's severity and 

is often inaccurate in identifying functionally significant coronary lesions which cause ischemia 
4

·
5

. Current guidelines suggest that treatment decisions based on the hemodynamic impact 

of a coronary lesion may improve clinical outcome 6·8. Therefore it would be relevant if the 

cross-sectional quantitative parameters derived from CTCA could be optimized to predict 

the functional significance of a coronary stenosis. 

The aim of this study was to compare the diagnostic performance of CTCA-derived cross

sectional quantitat ive parameters with visual CTCA in the detection of functionally significant 

coronary lesions using fractional fiow reserve (FFR) as the reference standard. 
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METHODS 

STUDY POPULATION 

We retrospectively included patients with stable angina who underwent both CTCA and ICA 

and a subsequent measurement of FFR in 2 teaching hospitals. The decision to measure FFR 

was based on the visual assessment of ICA and was made at the discretion of the interven

tional cardiologist. Due to the potential hemodynamic interaction between 2 or more steno

ses in series 9
·
10

, we only included patients with a single coronary lesion per coronary vessel. 

Exclusion criteria were impaired renal function (creatinine clearance <60 ml/min), known al

lergy to iodine contrast material, calcium-score per vessel >400, left main coronary lesions, 
and poor image quality. Poor image quality was defined as severe motion artifacts or poor 

contrast opacification . 

All patients gave written informed consent to undergo CTCA as part of research protocols 

approved by the institutional review boards of the participating institutions. FFR was carried 
out as part of routine clinical management. 

CTCA ACQUISITION 

All patients received nitroglycerin (0.4 mg/ dose) sublingually just prior to the CT scan , pro

vided there were no contraindications and patients with a heart rate above 65 beats per min

ute (bpm) received preparation with beta-blockers (50-I 00 mg metoprolol per os I hour 
prior to scanning or 1-30 mg metoprolol intravenously directly before scanning). The CT 

scan w as performed using either a 64-slice dual source scanner (Somatom Definition, Sie

mens Medical Solutions, Forchheim, Germany) or a 128-slice second-generation dual source 

CT scanner (Somatom Definition Flash , Siemens Medical Solutions, Forchheim, Germany). 

First, all patients underwent an unenhanced scan for the calculation of the calcium score with 
the Agatston method (32 x 1.2 mm collimation, 120-kV tube voltage, 75 mAs tube current 

and 3-mm slice thickness with increment 1.5-mm). The CT angiographic scan parameters 

were: I) for the 64-dual source CT scanner a gantry rotation time of 330 ms; 32x2x0.6 mm 

collimation with z-flying focal spot for both detectors, gantry rotation time 330 ms, tube volt

age 120 kV and tube current of 320 to 412 mAs per rotation 2) for the 128-dual source CT 

scanner a gantry rotation time of 280 ms; 64x2x0.6 mm collimation with z-flying focal spot 
for both detectors, tube voltage I 00 kV or 120 kV and tube current of 320 to 412 mAs per 

rotation. A bolus of iodinated contrast agent (370 mgl/ml, Ultravist; Schering, Berlin, Ger

many, or 300 mgl/ml, Omnipaque, GE Healthcare, Milwaukee, Ml), which varied between 
60 and I 00 ml depending on the expected scan time, was injected intravenously at an injec

t ion rate of either 5.5 ml/s or 7 ml/s (depending on the type of contrast agent used) fol
lowed by a 45 ml saline chaser at the same injection rate . The iodine delivery rates achieved 
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with both injection protocols were similar (2.0-2.1 gl/s). A bolus tracking technique was used 

to synchronize the start of image acquisition with the arrival of the iodinated contrast agent 

in the coronary arteries. With the 64-slice DSCT scanner, an ECG-gated spiral scan mode 

with ECG-pulsing was used for image acquisition. When scanning with the 128-slice DSCT 

either the prospectively ECG triggered sequential scan mode ('step-and-shoot') or the ret

rospective ECG-gated spiral scan mode with ECG-pulsing or a high pitch spiral scan mode 

was used , depending on the heart rate . 

All CT images were reconstructed w ith a slice thickness of 0 .75 mm and an increment of0.4 

mm. Images w ere analyzed using medium-to-smooth convolution kernels for non-calcified 

lesions and sharp convolution kernels for calcified lesions. More details about the CT proto

col were previously described in detail 11
• 

FFR MEASUREMENTS 

Fractional flow reserve was measured w ith a sensor-tipped 0.0 14-inch guidewire (Pressure 

Wi re , Radi Medical Systems, Uppsala, Sweden). The pressure sensor was positioned just dis

tal to the stenosis and maximal myocardial hyperemia was induced by a continuous intrave

nous infusion of adenosine in a femoral vein ( 140 JJg/kg/minute for a minimum of 2 min). FFR 

was calculated as the ratio of mean distal pressure measured by the pressure wire divided by 

the mean proximal pressure measured by the guiding catheter. A coronary stenosis with an 

FFR value :::;0.80 was considered functionally significant 12• 

CTCA IMAGE ANALYSIS 

First, the CTCA datasets were evaluated visually and the coronary lesion was graded as non

obstructive (<50% lumen narrowing), moderate (:::;S0%-70 lumen narrow ing) and severe 

(:?: 70% lumen narrowing). Afterwards, all datasets were transferred to an offline worksta

tion for analysis using semi-automated plaque analysis software (QAngioCT Research Edition 

vI .3 .61, Medis Medical Imaging Systems, Leiden, The Netherlands). The location and the 

extent of the region of interest (ROI) were manually defined using proximal and distal mark

ers as the coronary vessel region where the lumen diameter was reduced at least of 30% 

compared to the normal vessel. Planimetry of the inner lumen and outer vessel areas was 

performed following a stepwise approach as previously described 13- 15• In summary, a cen

terline originating from the ostium was automatically extracted; then straightened multi planar 

reformatted images were generated and the lumen and vessel borders were detected longi

tudinally on four different vessel views by the software; based on these longitudinal contours, 

cross-sectional images at 0.5 mm intervals w ere calculated in order to create transversal 

lumen and vessel wall contours, which were examined and, if necessary, adjusted by a single 
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experienced observer. Based on the detected contours proximal and distal from the lesion 

region a reference area function is derived for both lumen and vessel areas, modeling theta

pering of a healthy vessel. 

From these data the fol

lowing cross-sectional CT

CA-derived parameters 
were provided auto

matically by the software: 
lesion length, minimum 

lumen area (MLA) and per

cent area stenosis (%AS) 

at the level of the MLA 

defined by [( 1-(ML.A/refer
ence lumen area))* I 00]. 
In addition plaque burden 
was calcu lated for the 

whole coronary lesion by 

the following equation: 

[((vessel area - lumen 

area)/vessel area)'~ I 00], 

Figure I . 

STATISTICAL ANALYSIS 

Statistical analysis was per

formed using commercial

ly available software (IBM 

SPSS Statistic, version 20). 

Results are reported in 

accordance with the 

STARD criteria 16
. Continu-

ousvariableswere present

ed as means ± standard 
deviation (SO) or medians 

with interquarti le range 

(IQR) when not normally 
distributed and compared 

with the unpaired t-test or 

Figure I. Quantitative CT coronary angiography (CTCA) and fractional 
flow reserve (FFR) measurement in a moderate coronary lesion. 

Example of a patient w ith a moderate (50-70% lumen narrowing by visual 
CTCA) coronary lesion due a partly calcified plaque in the left descend ing 
coronary artery (LAD). Panel A shows the screenshot of the quantita
tive CTCA analysis using dedicated software. The lesion was assessed as 
moderate by visual CTCA. Lumen (yellow) and wall (orange) contours 
were semi-automatically detected. At the level of the minimal lumen area 
(ye llow line), lu men area, percentage area stenosis and plaque burden 
were measured as 1.6 mm2

, 83% and 91%, respectively. The FFR was 
0.68 (pane l B). 

the Mann-Whitney test, respectively. Categorical variables were presented as frequencies 

and percentages and compared using the chi-square test. The association between the cross

sectional CTCA-derived parameters and FFR was assessed for each interrogated vessel using 
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the Spearman rank correlation coefficient. For the per-lesion data analysis, a linear general 

ized estimated equation model was used to account for the clustering between lesions in 

the same subject. Multivariate analyses were performed to identify independent predictors 

of FFR as continuous variable. In case multicollinearity was present (r>0.7), the multivariate 

analysis was performed using separate models for the two correlated variables. Receiver op

erating characteristics (ROC) curves were used to assess the optimal cut-off values of CTCA

derived parameters to predict FFR :s:O.BO, defined as the values w ith the best combination of 

sensitivity and specificity, provided that sensitivity was at least 80%. Diagnostic performance 

of visual CTCA and quantitative CTCA parameters for the detection of functionally significant 

lesions were evaluated on a per-lesion level and expressed as sensitivity, specificity, posi

tive and negative predictive values and their corresponding 95% confidence intervals. T he 

McNemar test was used to compare the sensitivities and specificities of quantitative CTCA 

versus visual CTCA. 

Table I. Baseline clinical characteristics. 

ALL FFR >0.80 FFR ~0.80 P* 
(N= 99) (N =SS) (N=44) 

MEN 77 (78%) 40 (73%) 37 (84%) 0 . 177 

AGE (YRS) 6 1± 11 60± 12 62± 10 0.222 

RISK FACTORS 

SMOKER 17( 17%) 7(13%) 10(23%) 0. 190 

HYPERTENSIONt 63 (64%) 36 (66%) 27(61%) 0.674 

DYSLIPIDEMIA:F 75 (76%) 40 (73%) 35 (79%) 0.432 

DIABETES§ 22(22%) 16(29%) 6(14%) 0.066 

FAMILY HISTORY OF CADJ 51 (52%) 29 (53%) 22 (SO%) 0.787 

CALCIUM SCORE (AGATSTON) 284 (43-629) 197 (36-63 I) 355 ( I 00-640) 0.428 

Values are median (IQR) or n (percentage).* Comparison between fractional flow reserve (FFR) >0.80 versus 
FFR ~0.80. 

t Blood pressure ~ 140/90 mm Hg or treatment for hypertension;* Total cholesterol > ISO mg/dl or treat
ment for hypercholesterolemia; 1 Treatment with oral anti -diabetic medication or insul in; J Family history of 
coronary artery disease having first- or second- degree relatives with premature CAD (age <55 years). 

Coronary lesions were divided into three groups based on visual assessment non-obstructive 

(<50% lumen narrowing), moderate (:s:S0%-<70% lumen narrow ing) and severe(~ 70% 

lumen narrow ing). The cut-off values of the cross-sectional CTCA-derived parameters de

rived from the ROC curves were used individually (MLA; %AS and plaque burden) and in 

combination (MLA and plaque burden; %AS and plaque burden) to investigate whether they 

could decrease the number of misclassified lesions in the three categories of lesions' severity. 
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When the combined approach was used a positive outcome was adjudicated if both quantita

tive CTCA parameters were positive as defined by the optimal cut-off values. A misclassified 

lesion was defined as a mismatch between CTCA results and FFR measurements. 

Statistical significance was defined as p<O.OS. 

RESULTS 

STUDY POPULATION 

In total 12.4 patients were considered for inclusion in the study. Twenty-five patients were ex

cluded due to extreme calcifications (vessel calcium score >400) in the target vessel (n= 17), 

left main coronary lesions (n = 2.) , and poor image quality (n = 6 ). Therefore, 144 coronary 

lesions in 99 patients were finally included in the analysis. Baseline clinical characteristics and 

Table 2. Cross-sectional CT-derived parameters, vessel distribution and FFR. 

ALL FFR >0.80 FFR ~0.80 P* 
(N=I44) (N=90) (N=54) 

FFR 0.83 (0.75-0.90) 0.88 (0.84-0.93) 0.72 (0.68-0.77) <0.00 1 

LESION LENGTH (MM) 13 (9-19) I I (8-17) 16 ( 11 -25) 0.00 1 

MLA(MM2) 1.8 ( 1.0-2.7) 2.3 ( 1.5-2.8) 1.0 (0.3-1 .6) <0.00 1 

%AS 71 (62-82) 67 (56-73) 84 (74-91) <0.001 

PLAQUE BURDEN (%) 76 (71-79) 73 (69-77) 79 (76-82) < 0.001 

VESSEL 0.050 

RCA 36 (25%) 24 (27%) 12 (22%) 

LAD 76 (53%) 41 (46%) 35 (65%) 

LCX 32 (22%) 25 (28%) 7 (13%) 

LESION LOCATION 0.121 

PROXIMAL 76 (53%) 43 (48%) 33 (61%) 

MID 68 (47%) 47 (52%) 21 (39%) 

Values are median (IQR) or n (percentage). * Comparison between fractional flow reserve (FFR) >0.80 versus 
FFR ~0.80. 

MLA = Minimal Lumen Area; %AS = Percentage Area Stenosis; RCA = Right Coronary Artery; LAD = Left 
Anterior Descending Coronary Artery; LCX = Left Circumflex Coronary Artery 
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cross-sectional CTCA-derived parameters are shown in Table I and Table 2, respectively. 

The range of FFR values was between 0.24 and I .00; 35% (35/99) of the patients had multi

vessel FFR measurements. The FFR was :::::0.80 in 54 lesions (38%). There was no difference 

in baseline clinical characteristics between patients with FFR :::::0.80 or FFR >0.80 . Coronary 

lesions with FFR :::::0.80 were longer lesions with smaller lumen area, more severe stenoses 

and higher plaque burden than those with FFR >0.80 (Table 2). 

FFR VERSUS CROSS-SECTIONAL CTCA-DERIVED PARAMETERS 

There was a significant positive correlation between FFR and MLA and a significant negative 

correlation between FFR and lesion length, %AS and plaque burden (Table 3). Multicol

linearity was present between MLA and %AS, thus they were tested in two separate mul

tivariate models. Multivariate linear analysis for the MLA model included lesion length, MLA 

and plaque burden; both MLA and plaque burden were independent predictors of FFR as a 

continuous variable (Table 4). 

Table 3. Correlation and univariate analysis between quantitative CTCA and FFR. 

R B 95%CI p 

LESION LENGTH (MM) -0.41 -0.003 -0.006 to -0.00 I 0.008 

MLA(MM2) 0.58 0.051 0.034 to 0.068 <0.001 

%AS -0.57 -0.004 -0.006 to -0.003 <0.001 

PLAQUE BURDEN (%) -0.57 -0.987 - 1.242 to -0.732 <0.00 1 

CTCA = CT Coronary Angiography; FFR = Fractional Flow Reserve; MLA = Minimal Lumen Area; %AS = 
Percentage Area Stenosis 

Multivariate linear analysis for the %AS model included lesion length, %AS and plaque bur

den; the independent predictors of FFR as a continuous variable were %AS and plaque 

burden (Table 4). 

ROC analysis yielded an area under the curve (AUC) of 0 .66 (0.57-0.75) for lesion length, 

0.82 (0.75-0.89) for MLA, 0.83 (0.75-0.90) for %AS and 0.80 (0.73-0.87) for plaque bur

den. Optimal cut -off values to predict the functional significance of coronary lesions were I .8 

mm2 for MLA, 73% for %AS, and 76% for plaque burden; Figure 2. 
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Table 4. Results of multivariate linear analysis to predict FFR as continuous variable. 

B 95% Cl p 

MLAMODEL 

INTERCEPT 1.2 14 0.969 to 1.459 <0.001 

LESION LENGTH (MM) -0.002 -0.004 to 0.00 I 0.124 

MLA(MM2) 0.028 0.0 I I to 0.045 0.00 1 

PLAQUE BURDEN (o/o) -0.566 -0.854 to -0.277 <0.00 1 

o/oAS MODEL 

INTERCEPT 1.523 I .362 to I .683 <0.001 

LESION LENGTH (MM) -0.00 I -0.004 to 0.00 I 0.303 

o/o AS -0.003 -0.004 to -0.002 <0.001 

PLAQUE BURDEN (o/o) -0.657 -0.880 to -0.433 <0.00 1 

CTCA = CT Coronary Angiography: FFR = Fractional Flow Reserve; MLA = Minimal Lumen Area; %AS = 
Percentage Area Stenosis 

DIAG NOSTIC PERFORMANCE OF VISUAL CTCA AND CROSS
SECTIONAL QUANTITATIVE CTCA-DERIVED PARAMETERS IN 
PREDICTING FUNCTIONALLY SIGNIFICANT CORONARY LESIONS 

The diagnostic performance of visual CTCA and quantitative CTCA using the optimal cut

off values for the assessment of functionally significant coronary lesions (FFR :50 .80) is de
tailed in Table 5. No significant difference was found for sensitivity between visual CTCA 

\r··~·. 

' & 

.q . \ 

I '\ 
; \ 

a § ···~ o 
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%AS 

' a• 
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Figure 2. Plots of sensitivity and specificity for increasing values of MLA (a), %AS (b) and plaque burden (c) as 
calculated with receiver operating characteristics curves. 

Continuous values of MLA (a), %AS (b) and plaque burden (c) are reported on the X-axis; sensitivity and speci
ficity values are reported on the left and right Y-axis, respectively. The optimal cutoff value, defined as the best 
combination of sens itivity and specificity providing a sensitivity of at least 80%, is indicated. 
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and quantitative CTCA in terms of MLA, 

%AS and plaque burden (p>0.05). Spec

ificity of MLA, %AS and plaque burden 

was significant higher than the specificity 

of visual CTCA (p=O.OO I, p<O.OO I and 
p=0.004, respectively) for the detection 

of functionally significant coronary lesions. 

MODERATE CORONARY LESIONS 

Visual CTCA showed 42 (29%) non

obstructive lesions, 85 (59%) moderate 

lesions and 17 ( 12%) severe lesions. In 

the moderate lesion category 46 lesions 

were misclassified by visual CTCA; the 

use of %AS and plaque burden in com
bination decreased the number of lesions 

incorrectly classified from 46/85 (54%) to 
20/85 (24%) of which 15 lesions were 

incorrectly classified as non-functionally 

significant (Table 6). 

DISCUSSION 

In this exploratory study we sought to in

vestigate the ability of quantitative cross

sectional parameters derived by CTCA 

to predict the functional significance of 

coronary lesions using FFR as the refer
ence standard. 

The major findings of our study were the 
fol lowing: I) MLA, %AS, and plaque bur

den were independent predictors of FFR 

as continuous variable over a wide range 

of coronary stenosis severity; 2) the opti
mal cut-off values to predict the functional 

significance of coronary lesions were I .8 

mm2, 73% and 76% for MLA, %AS and 
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Table 6. Diagnostic performance of CTCA cross-sectional parameters to predict functionally significant le-
sions (FFR~0 . 80) . 

VISUAL ASSESSMENT 

NON-OBSTRUCTIVE MODERATE STENOSES SEVERE STENOSES 
STENOSES (N =42) (N=85) (N=I7) 

FFR>0.80 38 46 6 

FFR~0.80 4 39 II 

MLA (MM2
) 

> 1.8 ~1 .8 > 1.8 ~1 .8 > 1.8 ~ 1.8 

FFR>0.80 28 10 29 17 4 2 

FFR~0.80 3 10 29 0 I I 

AS(%) 

<73 2:73 <73 2:73 <73 2:73 

FFR> 0.80 33 5 31 15 4 2 

FFR~0.80 3 10 29 0 I I 

PLAQUE BURDEN(%) 

< 76 2:76 < 76 2:76 < 76 2:76 

FFR> 0.80 27 II 29 17 5 

FFR~0.80 3 10 29 0 II 

MLA (MM2) AND PLAQUE BURDEN (%) 

MLA> 1.8 MLA:51 .8 MLA> 1.8 MLA:s; 1.8 MLA> 1.8 MLA:s; 1.8 
PB<76 PB2:76 PB<76 PB2:76 PB<76 PB2:76 

FFR> 0.80 34 4 36 10 4 2 

FFR~0.80 3 IS 24 0 II 

AS (%)AND PLAQUE BURDEN (%) 

AS<73 AS2: 73 AS<73 AS2: 73 AS<73 AS2: 73 
PB<76 PB2: 76 PB < 76 PB2:76 PB < 76 PB2:76 

FFR>0.80 36 2 41 s 4 2 

FFR~0.80 3 IS 24 0 II 

Values are numbers. 

For each CT parameter and for each stenosis category: upper left cell = true negative; upper right cell = false 
positive; lower left cell = false negative; lower right cell = true positive. 

CTCA = CT Coronary Angiography; FFR = Fractional Flow Reserve; MLA = Minimal Lumen Area; %AS = 
Percentage Area Stenosis; PB = Plaque Burden. 
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plaque burden, respectively; 3) in the moderate lesion category the combined use of %AS 
and plaque burden decreased the number of lesions incorrectly classified from 46/85 (54%) 

to 20/85 (24%) of which 15 lesions were incorrectly classified as non-functionally significant 
lesions. 

PREDICTORS OF FUNCTIONAL SIGNIFICANCE OF A CORONARY 

LESION AND THEIR OPTIMAL CUT-OFF VALUES 

As shown in previous IVUS studies 17·18 , MLA is important in determining coronary blood flow 

based on the Bernoulli equation. However, other important factors can affect coronary flow: 

the degree of diameter stenosis, lesion length, plaque burden, vessel size, lesion morphol

ogy, plaque characteristics, blood viscosity, collateral circulation, and supplied myocardium 
19

. Several of these parameters can be measured using CTCA 14
• In our study we found 

that MLA, %AS and plaque burden were independent predictors of FFR. In another study 
by Kristensen et al. 20 , the lesion length was also shown to be an independent predictor of 
FFR, although the correlation coefficient was weak (r=-0.32) and comparable to the one we 

found. This discrepancy might be explained by the inclusion of severe lesions in our popula

tion additionally to moderate lesions; consequently, a very severe lesion wou ld result in an 

abnormal FFR even if it is short ("pin-point" coronary lesions), potentially decreasing the 

average length of the flow-limiting lesions. 

SeveraiiVUS studies have validated an MLA of3.0 mm2 or 4.0 mm2 as an anatomic predictor 

for physiological lesion significance 21•22 • However, it has been shown that these cut-off values 

are not accurate; especially when applied in small vessels (diameter<2.5 mm) 17 a smaller 

cut-off value should be used. In our study, similarly to the finding reported by Kristensen et 

al. 20, we found a MLA CT-derived cut-off value of 1.8 mm2 which is smaller compared to 

the IVUS-derived one reported by Kang et al. 17 This may be related to inherent differences 
between invasive and non-invasive imaging modalities. For instance, to avoid the induction of 

coronary spasm by the IVUS catheter, intracoronary nitrates are usually given before imag

ing at the dose of I 00-200 jlg causing a status of coronary vasodi lation greater than the one 
induced by nitrates administered orally before the CTCA acquisition . In addition, IVUS does 

not assess severe coronary lesions due the large profile of the IVUS catheter which is unable 

to pass through small coronary lumen. 

CTCA-DERIVED PARAMETERS IN PREDICTING FLOW

LIMITING CORONARY LESIONS 

Previous investigations have demonstrated that, similarly to ICA, the anatomical assessment 

of a coronary stenosis by CTCA correlates poorly with the functional significance of the 
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stenosis defined by FFR 4·s As previously shown in a study by Tonino et al., there was a 

high rate of non-functionally significant lesions in the range of angiographic severity 50% 

to 70% diameter stenosis 23
. Similarly, in our study 54% of the coronary stenoses w ith an 

angiographic severity between 50% and 70% were not functionally significant. The use of 

quantitative CTCA decreased the number of misclassified lesions by half, mainly by reducing 

the number of lesions incorrectly classified as functionally significant from 46 to 20. How
ever, 15 of these misclassified lesions were incorrectly classified as non-functionally significant, 

highlighting the fact that the increase in the specificity comes at the expense of a decrease 

in the sensitivity. Similarly, Godoy et al. 24 and Gaemperli et al. 25 found only a moderate 

diagnostic accuracy of quantitative CTCA for the detection of myocardial ischemia by SPECT 

The modest association of anatomic assessment by quantitative CTCA with functional assess

ment may be explained by the complexity of factors leading to myocardial ischemia 26 As 
proposed by Marzilli et al. 27 obstructive epicardial coronary stenosis is only one of the con
tributors to myocardial ischemia and inflammation, endothelial dysfunction , microvascular 

dysfunction, platelet dysfunction, thrombosis and vasomotor dysfunction should be also con
sidered. 

LIMITATIONS 

Firstly, our study was a retrospective study performed in a relatively small number of patients; 

the possibility of a type II error should be considered. Secondly, we included only patients 

referred for ICA with moderate-to severely diseased coronary arteries. Future studies with 

a prospective design are needed to evaluate the diagnostic accuracy of quantitative CTCA 

for the selection of patients w ho wi ll benefit most from revascularization. In addition , the 

discriminatory power of CTCA cross-sectional quantitative parameters in the detection of 

functionally significant coronary lesions needs further investigation in the typical population, 
at low to intermediate pre-test probability of CAD, referred for CTCA. Thirdly, we excluded 

vessels with poor image quality on CTCA; good image quality is a prerequisite for the reliable 

calculation of CT-derived cross-sectional parameters. 

CLINICAL IMPLICATIONS AND FUTURE DIRECTIONS 

The interest in overcoming the mismatch between anatomy and function in cardiac im

aging has initiated intense research to assess the feasibility of new non-invasive diagnostic 

techniques. In this study we determined whether the analysis of quantitative cross-sectional 

CTCA parameters could improve the prediction of functionally significant lesions without fur

ther irradiat ion , contrast or drug administration. In our study stenosis quantification prolonged 

the post-processing analysis time by 5 to I 0 minutes, mainly depending on the amount of 

calcium per lesion, with a significant reduction of the number of moderate lesions incorrectly 
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classified as functionally significant. Several automated software programs are now commer

cially available for stenosis quant ification and their use may be useful in clinical routine. 

T he possibi lity of a non -invasive FFR measurement has been show n with promis ing results 
28 . In a multicenter study involving 252 patients with stable angina, non-invasive FFR in ad

dition to CTCA improved the diagnostic accuracy and discrimination of CTCA alone for the 

diagnosis of functional significant lesions 29 . Similarly to our results, the diagnostic specificity 

and positive predictive value remained low and further studies are warranted to determine 

the potential cl ini cal impli cation of t his more comprehensive coronary lesion assessment. 

T he safety and feasibi lity of stress myocard ial CT perfusion imaging has been also demon

st rated in few experimental and human studies 30-34 . T he addition of stress myocardial CT 

perfusion imaging to the standard CTCA can provide complementary anatomical and func

t ional information in a single examination. However, CT perfusion imaging involves increased 

patient radiation exposure, increased contrast volume and potential patient's discomfort re

lated to the administration of a pharmacological stress agent. 

CONCLUSION 

CTCA cross-sectional quantitative parameters improve the prediction of flow-l imiting lesions, 

compared to visual assessment, but remain insufficient. Functional assessment is stil l needed 

for lesions of moderate severity to guide patient's management. 
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ESSENTIALS 

(I) Optimal management of symptomatic patients with coronary artery disease requires both 

anatomical and functional information. CT coronary angiography is a wel l-established non 

invasive imaging technique for the detection of coronary artery stenoses but it has limited 

accuracy in determining whether a coronary stenosis causes myocardial ischemia. 

(2) New technical developments, such as improved temporal and spatial resolution and in

creased coverage, allow CT to evaluate myocardial perfusion during pharmacological stress. 

(3) Preliminary reports of myocard ial CT perfusion imaging are promising but several key 

issues must be addressed before CT perfusion can be implemented in clinical practice. Fore

most, the radiation dose of CT perfusion imaging is of concern. Perfusion imaging protocols 

should be optimized to minimize radiation dose w ith preservation of image quality. 

(4) Standard CT coronary angiography with complementary CT perfusion imaging provides 

comprehensive anatomical and functional information of coronary lesions. 

SUMMARY STATEMENT 

The addition of CT myocardial perfusion imaging to the standard CT coronary angiography 

provides complementary anatomical and functional information in a single examination w hich 

may be helpful to improve patient management. 
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ABSTRACT 

CT coronary angiography (CTCA) is a well-established non invasive imaging modality for 

detection of coronary stenosis but it has limited accuracy in determining whether a coronary 

stenosis is hemodynamically significant. An additional functional test is often required because 

both anatomical and functional information is needed for guiding patient's management. 

Recent developments in CT technology allow CT evaluation of myocardial perfusion during 

vasodilator stress , thereby providing information about myocardial ischemia. Several single

center studies have established the feasibility of stress myocardial CT perfusion (CTP) imaging 

in small groups of patients and have shown that stress myocardial CTP in combination with 
CTCA improved the diagnostic accuracy in comparison with CTCA alone. However CTP 

acquisition protocols must be optimized in terms of acquisition and reconstruction param

eters , contrast material protocol injections and radiation dose. Further research is needed to 
establish the clinical usefulness of this novel technique. 

In this review we provide an overview of (I) the physiology of coronary circulation and 

myocardial perfusion, (2) describe the technical pre-requisites, challenges and mathematical 

modeling related to CTP imaging, (3) note recent advances in CT scanners and CTP pro

tocols, and (4) discuss the interpretation of CTP images. Finally we review, summarize the 

current literature and discuss future directions for research . 
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BACKGROUND 

WHY IS THERE A NEED FOR CT MYOCARDIAL PERFUSION IMAGING? 

CT coronary angiography (CTCA) has high reliability to exclude coronary artery disease (high 
negative predictive value) but it is limited in detecting obstructive coronary artery stenoses as 

reflected by a moderate positive predictive value 1
-3 CTCA has low predictive value in assess

ing the physiological importance of coronary stenoses in particular in the presence of interme

Figure I. 54-year-old man with hypercholesterolemia and stable angina. 
Curved multi planar reformat of the circumflex coronary artery from CT 
coronary angiography (dual source CT scanner) shows an intermediate 
coronary stenosis (arrow) due to a non calcified plaque (A) confirmed by 
conventional coronary angiography (B). The coronary artery lesion was de
termined not to be hemodynamically significant at FFR measurement (FFR 
of 0.92). 

diate lesions ( 40-70% 

diameter stenosis) when 
compared to myocardial 

perfusion as depicted by 
nuclear medicine 4·6 or 

intracoronary pressure 

measurements (Figure 
I ) ? The assessment of 

the hemodynamic sig

nificance of a lesion is 

important as this guides 
patient management. 
Non-flow-limiting coro

nary stenoses require 

optimal medical man

agement 8· 9 whi le flow

limiting lesions may 

need revascularization 

with either percutane

ous coronary intervention or coronary artery by-pass graft 10 Therefore optimal manage

ment of symptomatic patients with coronary artery disease (CAD) requires information 

about anatomy and physiology. So far, this complementary information can be acqui red using 

a number of different imaging modalities or hybrid scanners but recently, an awareness of 

the potential of CT to offer both anatomy and function in a single, stand-alone examination 
has initiated intense research to assess feasibility and future clinical implementation 11

-21 of this 

technique. 

REGULATION OF CORONARY BLOOD FLOW DISTAL 
TO A CORONARY ARTERY STENOSIS 

The function of the heart is critically dependent on aerobic metabolism. Since, even under 

resting conditions, the heart utilizes approximately 80% of the oxygen that is extracted from 

the coronary blood flow (CBF), any increase in oxygen demand must be met by an increase 
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in oxygen supply by increase of CBF 22 . CBF is determined by the pressure-gradient across 

the coronary vasculature and coronary vascular resistance. In normal, healthy individuals, the 

pressure-gradient across the coronary vasculature (i.e. arterial pressure-coronary venous 
pressure) is relatively constant. However, the presence of a stenosis in a large coronary 

artery creates an additional resistance , which causes a pressure-drop across the stenosis, 
thereby decreasing the effective perfusion pressure of the respective coronary vessel. The 

magnitude of the pressure-drop across the stenosis is determined by the severity as well as 

the flow through the stenosis. 

The coronary vasculature is ca-

pable of maintaining basal resting 
flow constant over a wide range 

of perfusion pressures (from ap
proximately 40-150 mmHg), 

by autoregulation, i.e. adjusting 

coronary (micro)vascu lar resis

tance (Figure 2). Thus, when 

coronary perfusion pressure is 
decreased, either by a decrease 

in aortic pressure or by the pres

ence of a coronary artery steno-
sis, the distal coronary arterioles 

dilate, thereby decreasing their 
resistance and increasing intra

vascular blood volume to main

tain basal myocardial flow 23. 24 . 

However, the capacity of the 

coronary vasculature to dilate 
is limited, and at rest condition 

becomes exhausted in the pres

ence of severe coronary artery 

stenoses with > 85% lumen re-

~ 
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Figure 2. Relation between coronary blood flow and coronary 
pressure in the left ventricle. At rest the autoregulation mecha
nism maintains coronary blood flow constant over a wide range 
of coronary perfusion pressure. During stress conditions, induced 
by exercise or pharmacological stress, the basal coronary flow 
(orange circle) increased by a factor 5 (blue circle) when coro
nary arteries are normal. The ratio of coronary blood flow during 
stress to the resting flow is called coronary flow reserve (CFR). 

duction. During hyperemia, induced by exercise or pharmacological stress, the impairment 

of hyperemic flow starts already with 50% lumen reduction 25· 26 . 

In a maximally vasodilated bed , CBF is linearly related to coronary perfusion pressure. Coro

nary flow reserve (CFR) is the ratio of coronary blood flow during exercise or pharmacologi

cal induced maximal coronary vasodi lation to the resting flow distal to the stenosis 26 The 

CFR is an integrated measure of flow through both the large epicardial coronary arteries and 
the microcirculation. In the absence of a coronary stenosis and normal microcirculation the 

CFR may be a factor 5 or more. A reduced CFR may result from either an epicardial stenosis 

or dysfunctional coronary microcirculation or both 22· 25· 27· 28 . 
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The inability of CFR to indicate which component is affected led to the introduction of the 

concept of fractional fiow reserve (FFR). Indeed FFR can assess the functional importance of 

an epicard ial coronary stenosis alone. FFR is defined as the maximal achievable blood fiow to 

a myocardial territory in the presence of a stenosis as a ratio to the normal achievable blood 

fiow to the same myocardial territory if the same artery was normal 29
. In clinical practice the 

FFR is measured as the ratio of the distal coronary pressure to the proximal aortic pressure. 
A coronary stenosis associated to a FFR<0.80 is usually considered clinically significant and 

should be t reated 9
· 30 . 

Vasod ilator capacity is not homogeneously distributed in the myocardium. The subendo
cardium is burdened with higher extravascular compressive forces and consequent lower 

vasodilator capacity compared to the subepicardium. In addition, under rest conditions, the 

oxygen demand and consequently the CBF is higher in the subendocardium than in the 
subepicardium. This translates into a lower CFR of the subendocardium compared to the 

subepicardium. The post-stenotic pressure break point, where autoregulation fai ls, is 40 

mmHg for the subendocardium and 25 mmHg for the subepicardium. These factors make 

subendocardium more sensitive to ischemia which starts from the inner layers of the left 

ventricle wall with a trans-mural spread from endocardium to epicard ium 31 -33 

TECHN ICAL CONSIDERATIONS FOR CT PERFUSION IMAGING 

Cardiac CT is a well-established modality for the evaluation of coronary anatomy and cardiac 
ventricular function. Imaging of myocardial perfusion w ith CT was performed as early as 

1980's 34-36 but its routine clinical use has remained elusive due to overwhelming technical 

issues that could not be met with earlier CT technology. Recently, the technical improve

ments of the CT scanners, such as increased temporal and spatial resolution and increased 

coverage, have renewed the interest in performing myocardial CT perfusion (CTP) imaging. 

PRE-REQUISITES FOR CT MYOCARDIAL PERFUSION IMAGING 

CONTRAST MATERIAL 
CT perfusion techniques image the transit of the contrast material from the coronary arter

ies to the myocardium. Because iodine contrast material attenuates X-ray proportional to 
its concentration, hypoattenuated areas in the myocardium represent myocardial regions of 

hypoperfusion and/or reduced intravascular blood volume. 

TIME OF CT ACQUISITION 
CT perfusion imaging should be performed during the early portion of first pass circulation 

when iodine contrast is mainly intravascular 37
. Indeed in the myocardium the highest contrast 
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level is reached at I minute after the injection followed by an initially rapid and then slower 

decline 37
. 

TEMPORAL RESOLUTION 
The use of adenosine during stress myocardial perfusion test induces an increase of the heart 

rate of I 0-20 beats above the heart rate at rest. Higher heart rates carry a higher likelihood 

of motion artifacts which compromises the evaluation of myocardial CTP imaging. Temporal 

resolution is, simply, how fast a single image of the heart can be obtained. Thereby the high

est possible temporal resolution is needed to reduce cardiac motion artifacts. Indeed, even if 

no directly visible artifacts are present, insufficient temporal resolution limits the correct par

tial volume free delineation of the myocardial wall. The introduction of 64 detector CT scan

ners led to a substantial improvement, over previous 16 detector CT scanners, of temporal 

resolution of up to 165 ms. However this temporal resolution is sti ll too limited in subjects 

with high heart rates . Dual source CT (DSCT) was designed to further improve the temporal 

resolution. DSCT is equipped with two x-rays and two detectors with an angular offset of 

90° (first generation) or 95° (second generation). Due to this configuration the data needed 

for the full image reconstruction are sampled during a quarter rotation scanning instead of 

half rotation requested by single source CT 38· 39 DSCT systems feature a temporal resolu

t ion of 83 ms (fi rst generation) or 75 ms (second generation) which allows scanning at higher 

heart rates resulting from the heart rate increase of adenosine stress perfusion. In addition 

to a high temporal resolution, for dynamic, i.e., repetitive, scanning of the heart a sufficiently 

high temporal sampling rate (i.e., frequency at which the CT scanner acquires consecutive 

CT datasets over t ime) is also required to accurately assess the temporal changes of contrast 

enhancement over time. 

SPATIAL AND CONTRAST RESOLUTION 
High spatial resolution is an important pre-requisite in the assessment of myocardial perfu

sion. The higher spatial resolution of the multi-slice CT technology and capability to virtually 

freeze motion compared to nuclear modalities allows reliable assessment of subendocardial 

versus subepicardial myocardial perfusion. Myocardial CTP has relatively poor contrast reso

lution. After administration of contrast material the difference in HU between the normal and 

the hypoperfused myocardium remains small in the order of 50 HU as reported by George 

et al 40 Because iodine is a chemical element w ith high atomic number lowering tube volt

age increases its attenuation 41
. The lowest kV setting is recommended to obtain maximum 

attenuation difference. Because lowering kV settings increases image noise I 00 kV should be 

used in most patients reserving 80 kV for very slim patients (BMI < 25) and 120 kV for heavier 

patients (BMI > 30). 

Z AXIS COVERAGE 
64-slice CT and first generation DSCT enable the acquisition of a limited area of the myo

cardium per gantry rotation (coverage) if the table remains in the same posit ion as was the 

case in the initial CTP reports 42 . The ideal detector array for myocardial perfusion imaging 

would be wide enough to cover the entire left ventricle myocardium within one gantry ro-
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tation. T his can be achieved, for example, with a 320-slice CT which has a detector w idth 

of 16 em and provides 12 to 14 em of cranio-caudal coverage per gantry rotation. This in 

principle allows acquisition of the heart in within a fraction of a single heart beat w ith a lower 

probability of irregularities of the cardiac rhythm and more homogeneous attenuation of the 

myocard ium. Unfortunately the limited temporal resolution of this system ( 175 ms) makes it 

less suited for higher heart rates. 

Recently myocardial perfusion imaging technology has been incorporated in the second gen

eration DSCT with ECG-triggered sequential scan CT data acqu ired at 2 different table 

positions with the table moving back and forth between the 2 scan positions (shuttle mode). 

Given a detector size of 38 mm and an overlap of I 0% between the two consecutive scan 

positions the final coverage is limited to only 7.3 em. This coverage should be large enough 
to collect information about myocardial perfusion in end-systolic phase when the size of 

the heart is smaller and the thickness of the myocardial wall is higher (compared to diastolic 

phase) 21 • Performing the acquisition during the systolic phase provides some advantages for 

CTP imaging. The systolic phase is shorter than the diastolic phase but it has a quite stable 

length of about 200 ms and it is not affected by extrasystolic events. In addition the intraven

tricular amount of contrast medium is lower compared to the diastolic phase reducing the 
beam hardening artifact and thereby the fluctuation of the CT numbers 21 . 

ACQU ISITION O F IMAGES 

Myocardial CTP imaging can be performed in two ways: static CTP imaging and dynamic 

CTP imaging. 

STATiC CTP iMAGiNG 
Static CTP imaging refers to the assessment of myocardial perfusion obtained from a single 

data sample of contrast-enhancement acquired during first-pass myocardial enhancement of 
CTCA. This snapshot sample is obtained from the entire heart, i.e from base to apex, as 

the table moves through the gantry during CTCA data acquisition during several heart beats. 

The assessment of myocardial perfusion is qualitat ive by comparing the attenuation of the 
ischemic area to the density of a remote normal myocardium or normalizing it to the left 

ventricular cavity. Myocardial ischemia may not be detected in cases of balanced ischemia as 

may occur in patients with CAD involving al l three coronary vessels. 

Static CTP imaging is highly dependent on the contrast bolus t iming. A drawback of static 

CTP is that the peak attenuation may be missed because only one sample of data is acquired. 
In addition, if data are obtained from sequential heart beats there can be heterogeneous at

tenuation from base to apex. 
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Recently static CT perfusion imaging has been performed using the dual energy mode. Cur

rently there are three different ways to perform dual energy myocardial CTP The first is the 

use of a DSCT scanner in which the two tubes operate at two different kV settings that allows 

acquiring simultaneously two different datasets at low (I 00 kV) and high kV ( 140 kV) 20· 
43

·4B 

A merged dataset which combines the lower noise of the higher energy level and the higher 

contrast resolution of the lower energy level is used to create a better definition between 

normal perfused and hypo perfused myocardium and allows one to construct iodine concen

tration maps (Figure 3). The amount of iodine per voxel can be quantified with normalization 

Figure 3. 58-year-old man with history of antero-septal infarction and prior LAD stent placement. Curved 
multi planar reformat of the left anterior descending coronary artery (A) shows a patent stent (arrow) in the 
proximal part of the vessel. Iodine concentration map of the myocardium from dual energy CT (dual source 
CT scanner) acquisit ion (B) reveals a subendocardial hypoperfused area in the anterior and antero-septal 
myocardial segments suggestive for myocardial infarction ('*). CT delayed enhancement image (C) shows a 
hyperdense area in the anterior and antero-septal myocardial segments representing myocardial infarction 
(arrow) .. T l weighted-inversion recovery gradient echo sequence 20 minutes after infusion of gadolinium 
(T R: 6.3: TE: 1.5: flip angle 20°; inversion pulse of 180°; matrix 192 x 160) (D) shows a hyperintense area in 
the same myocardial territories described above confirming the presence of myocardial infarction (arrow). 
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of the iodine of the ischemic area to normal myocardium or the left ventricu lar cavity. This is 

achieved at the price of a reduction of the temporal resolution by 50% because images are 

acquired from one half of the gantry rotation. However a second generation DSCT algo

rithm permits maintaining the high temporal resolution of DSCT (75 ms) when used in dual 

energy mode 49
. The second approach uses a CT scanner w ith a single x-ray source which 

rapidly switches between 80 kV and 140 kV 50· 5 1, which operates at a rotation time of 0.5 s 

and therefore has a temporal resolution of only 250 ms. The third approach uses a sandwich 

detector technology. The two detectors are superimposed and are composed of different 

materials. The top layer detector absorbs low energy X-ray photons, whereas the bottom

layer detector absorbs higher energy X-ray photons 52 . 

DYNAMIC CTP IMAGING 
Dynamic CTP imaging refers to the assessment of myocardial perfusion obtained from mul

tiple samples of myocardial attenuation at sequential time points of contrast enhancement af

ter injection of a short contrast bolus 
to create time-attenuation curves 

(TAC). This can be performed w hile 

the table is stationary or in shuttle 

mode 53 . With the shuttle mode 

technique CT data are acquired at 

two alternative table positions by 

moving the table back and forth 

thereby covering the entire myo
cardium in end-systolic phase. The 

big advantage of dynamic imaging is 

Figure 4. 60-year-old man with typical angina. Curved multiplanar reformat images show extensive highly 
calcified plaques in the left anterior descending coronary artery, LAD, (A) and in the circumflex coronary 
artery, CX (B). Stress dynamic CT perfusion imaging, acquired using a dual source CT scanner, shows a perfu
sion defect in the anterior, antero-septal, infero-septal, and inferior myocardial w all (C) in a patient w ith left 
dominant coronary system. The color-code map (D) demonstrates substantially reduced myocardial perfusion 
in the anterior and antero-septal walls (86 mi/IOOml/min) related to the LAD as well as the inferior and infero
septal wall (48 mi/IOOml/min) related to the CX. 
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the ability to quantify myocardial blood fiow (MBF) (Figure 4), myocardial blood volume and 

potentially other hemodynamic parameters by applying different mathematical models to the 

TACs. The parameters utilized and how accurately they can be determined strongly depend 

on the temporal sampling rate . While it wou ld be desirable to scan the whole heart during 

the heartbeat necessary to sample TAC this is either technically impossible (see shuttle mode 

technique) or requires unacceptable rad iation burden. In addition dynamic acquisition may 

suffer from respiratory motion artifacts but correction algorithm is available 21 . 

CT PERFUSION IMAGING PROTOCOLS 

PRE-MEDICATION AN D PATIENT PREPARATION 

Patients are advised to avoid caffeine before stress imaging because this may affect the va

sodi lator capacity of adenosine during st ress. Although recent studies reported no effects 

of 13-blockers on coronary fiow reserve 54-56 , the use of 13-blockers before stress perfusion 

imaging is sti ll contraindicated because they may mask ischemia. 

N itrates are cont raindicated because they may interfere w ith adenosine, compromising the 

accuracy of ischemia detection 57 • 

In addition to the normal set-up for CTCA an add itional int ravenous catheter and an infu

sion pump for the stress agent are necessary for the acquisition of a stress phase. A 12-lead 

electrocardiography and a blood pressure monitor should also be present in the CT suite for 

continuous monitoring of the patient throughout the entire exam. 

SCAN ACQUISITION 

A myocardial CTP protocol should comprise a rest and a stress scan acquisition similar to 

nuclear medicine myocard ial perfusion imaging (Figure 5). W hen the stress imaging is per

formed first, the detection of myocardial ischemia is optimized because the myocardium is 

not contaminated by previous injection of contrast material. In add ition, the administration 

of 13-blockers and nitrates before the rest scan is allowed w ithout interfering with perfusion 

assessment. On the other hand, a rest CTCA scan followed by a stress scan is more suit

able in clinical practice, as only patients w ith obstructive coronary stenoses or with highly 

calcified coronary arteries (or with stents) should undergo the stress phase and patients with 

absence of coronary artery disease do not require stress testing. The major disadvantage of 

this approach is the contamination by contrast material of the myocardium during the second 

acquisition which may mask an area of ischemia. 
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PRE-SCAN SCOUT IMAGE 

2 iv accesses 
12-lead ECG 
blood pressure 
B-blockers? 

First contrast injection Adenosine ON 
(3-5 minutes) 

t t 
REST PHASE V> STRESS PHASE 

.<!l 
:::J 
c: .E 

0 

"' 0 

~ 

Adenosine OFF 

DELAYED 
V> 
.<!l PHASE 
:::J 
c: 
E 
"' .r, 

Hearth rate, blood pressure and symptoms monitoring 

Figure 5. CT P imaging protocol. More details are explained in the text. 

A delay of I 0-20 minutes should be utilized between the two CT acquisitions to avoid con

trast contamination of the myocardium and to resolve the effects of pharmacological stress. 

The resolution of pharmacologic stress can be determined by noting the resolution of isch

emic related symptoms and the return of heart rate to baseline. 

The rest phase is usually acquired using a prospective ECG triggering scan protocol 58
· 

59 or 

prospective ECG triggering high pitch spiral protocol 58· 60 , implemented in a second genera

tion DSCT, to minimize radiation dose. This phase is used for the evaluation of both myocar

dial perfusion at rest and coronary anatomy. 

Stress phase imaging is performed under pharmacologically induced stress. The most com

mon stress agents used in perfusion imaging are non-selective vasodilator agents: adenosine 

and dipyridamole. Adenosine acts directly on adenosine receptors causing coronary vasodi la

tion while dipyrimadole increases the endogenous level of adenosine decreasing adenosine's 

reuptake by endothelial ce lls. The principle differences between adenosine and dipyrimadole 

are in their duration of action and method of infusion. The half-life of adenosine is few sec

onds and it is rapidly removed from the body. Dipyrimadole has longer half-life than adenos

ine, and aminophylline, an antagonist of adenosine receptors, may be required to reverse its 

effects. Adenosine is continuously infused at the dose of 0 . 14 mg/kg/min over 3 to 5 minutes 

whi le dipyridamole is infused at the dose of 0 .56 mg!kg over 4 to 6 minutes. Both agents 

induce refiex tachycardia as the result of sympathetic stimulation and a decrease in systemic 

blood pressure w hich may alter the pressure gradient from aorta to the coronary venous bed 

and hence could reduce myocardial perfusion. They are both contraindicated in patients with 

asthma, chronic obstructive pulmonary disease and advanced atrio-ventricular block without 

functioning pacemaker 61 . 

Ragadenoson has also been used for stress myocardial perfusion imaging. It is a selective ~ 

adenosine receptor leading to a selective coronary vasodilation and reducing the side effects 

in patients w ith airway disease. It is administered as a fixed unit int ravenously followed by a 
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saline chaser and the peak of vasodi lation is reached at 2 to 4 minutes after injection. It is 

contraindicated in patients with second or third atrio-ventricular block w ithout pacemaker. 

Scan protocols for stress CTP imaging using different CT scanners are reported in table I . 

A third optional CT delayed scan can be performed to complete the CTP protocol for the 
discrimination between viable and non-viable myocard ium. No additional administration of 

contrast material is needed because it employs the effect of contrast material injected dur

ing the previous CT acquisitions. In our department the acquisition is prospectively ECG

triggered at systolic phase and it is performed 5-I 0 minutes after the second CT scan 62
· 
63 

Low tube voltage settings (80 or I 00 kV) seem to be advantageous by improving the contrast 

resolution between normal and infarcted myocardium M Tube current is optimized based on 

patient size ranging between 320 mAs (patients with BMI <30) and 370 mAS (patients with 

BMI > 30). Further research is needed to establish the role of delayed enhancement phase in 

a CTP protocol for the detection of myocardial infarction. 

ANALYSIS OF MYOCARDIAL CT PERFUSION IMAGING 

VISUAL ANALYSIS OF CTP IMAGING 

Visual assessment of CTP images is the most common approach for qualitative assessment 

of myocardial perfusion. The normal myocardium enhances homogeneously after the in

jection of intravenous contrast material. During the first pass , contrast material diffuses to 

the interstitial space with homogeneous incremental increase of myocarial signal intensity 

over time that is directly proportional to iodine content in the tissue. Normal left ventricu

lar myocardial enhancement demonstrates substantial ly lower attenuation in the lateral wall 

when compared with the anterior, septal and inferior walls in patients with normal coronary 

arteries. The lateral myocardial wall is located adjacent to the air w ithin the lungs and it is 

not subjected to the same beam-hardening effect (see paragraph '1'\rtifacts") as the inferior 

and the septal myocardium which are located near more dense thoracic structures. This may 

result in a lower attenuation. 65 . The increased attenuation during the fi rst pass is followed by 

the wash out of the contrast material. Ischemic myocardium demonstrates decreased wash 
in and delayed time to peak attenuation with normal wash-out of contrast material (Figure 
6) 42 . Infarcted myocardium shows both a slow wash-in and a slow wash-out of the contrast 

material 62 resulting in lower delayed peak attenuation. 

First pass CTP imaging, w ith and without pharmacological stress, has been used to identify 

areas of decreased myocardial perfusion in a similar manner to radionuclide perfusion imag

ing and magnetic resonance perfusion imaging 15
· 

17
· 

62
· 

66
•
72

. Areas of reduced perfusion ap

pear hypo-enhanced compared to the normal myocardium which implies either myocardial 

ischemia or myocardial infarction. In addition, delayed enhancement CT imaging, performed 
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Figure 6. Comparison of 
wash-in and wash-out kinet
ics of iodinated contrast ma
terial in a normal myocardi
um (blue line), in a moderate 
ischemic myocardium (green 
line) and in severe ischemic 
myocardium (purple line). 

5-15 minutes after the 

first injection of con

trast material, can depict 

findings specific for ir

reversible cell damage 

and it has been used to 

discriminate between viable and infarcted (non viable) myocardium. Hyper-enhanced bright 

myocardial areas, confined to a specific vessel territory and with an endo-epicardial spread 

pattern, during delayed CT imaging are scar tissue caused by myocardial infarction 63 · 73-75 . 

QUANTITATIVE CTP IMAGING 

Semi-quantitative or ful ly quantitative evaluation of myocardial perfusion by CT scanners is 

feasible by assessment of the inflow and outflow characteristics of iodine contrast agent in the 

myocardium over time. 

SEMI-QUANTITATIVE ANALYSIS OF CTP IMAGING 
The semi-quantitative approach assesses the mean signal attenuation of the myocardium 

within a region of interest over time resulting in TACs (Figure 7). Several parameters which 

are indexes of regional myocardial flow can be extracted from that curve: upslope, time to 

peak, maximal signal density, and time to 50% of maximal signal density. The upslope method 
14

· 
42 initially applied to magnetic resonance studies 76 , is considered the most reliable semi

quantitative parameter for evaluating perfusion imaging 77 • The upslope of a TAC is calculated 

applying a linear fit line to the time-attenuation data. Only the upslope of the TAC curve is 

required to assess semi-quantitatively myocardial perfusion with this method, thereby reduc

ing the sampling points and the radiation dose. 

FULLY-QUANTITATIVE ANALYSIS OF CTP IMAGING 
Mathematical modeling of myocardial tissue TACs follows similar indicator dilution principles 

as have been used for the analysis of cerebral ischemia as well as organ and tumor perfu-
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Figure 7. Time-attenuat ion 
curve of normal myocardium 
w ithin a region of interest ob
tained by fitting several sam
pling (ci rcles) of the myocar
dium over t ime. 

(A: upslope of the curve; B: 
t ime to peak; dashed line: 

HU 

80 

60 

maximal signal intensity). •o 

20 

B: Time to peak 

sion . The myocardium, 

however, particularly if 
measured under stress, 

is substantially more chal

lenging than these ap
plications in the brain. In 

-20 L__ _ __J. __ __J_ __ __.__ __ _._ __ __J,_ __ _,__ _ _l 

0 10 15 20 25 30 35 

time(s) 

order to acquire optimal data, each system parameter challenges current technical limita

tions. Ideally data should be obtained from a detector wide enough to cover the whole heart 

in end-systolic phase (I 0 to 12 em), with a 360 degree temporal resolution of less than I 00 

ms (avoiding partial reconstruction artifacts). In addition the system should be capable of 

acquiring data for every heartbeat for a total duration of about 30 s. As the optimal injection 

protocol would be as short as possible (not exceeding about 5 s of injection time) in order 

to get a "sharp" arterial input function (AI F) the iodine sensitivity of the system would have 

to be good enough to still provide acceptable contrast to noise ratio despite lower enhance

ment levels. While partial solutions for each of these requirements can be found , a complete 

system that fulfills all is not yet available. 

Currently the rather high radiation exposure during CTP is of concern. The minimum radia

tion exposure required to sample one point of the TAC is on the order of I mSv 11
• 

2 1
· 
78

· 
79

. 

Acquiring dynamic data at 80 bpm for 30 s would require 40 scans and result in about 40 

time sample points (scans) for one study (rest or stress). Although further dose reduction 
techniques might still reduce these values it is unlikely that they will decrease by one order 

of magnitude. A balance should be sought between radiation dose and adequate clinical in

formation derived from dynamic CTP. In this respect quantitative dynamic myocardial perfu

sion imaging is now an active research area and a full discussion of all the approaches under 

investigation is beyond the scope of this review. We will only discuss some basic principles 

and limitations. 

The extraction fraction of the myocardium for small tracer molecules such as iodine contrast 

media is high and any modeling that assumes that the tracer stays intravascular for any rel

evant amount of time is probably not correct. 
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Vasodilatory "stress" studies pose specific challenges: as the heart rate and actual cardiac work 

increase only by a small amount the flow extraction product, i.e. the actual extravascular flow 

that reaches interstitial space, remains relatively constant in the normal myocardium. The 

additional "stress" blood flow is mainly intracapillary with a very short transit time (about 2s or 

potentially even less). As a consequence, temporal undersampling affects stress studies more 

than rest studies and the normal myocardium more than ischemic myocardium. 

Maximum enhancement (Mullani-Gould) method 
This method was only used for region of interest (ROI) analysis in the initial electron beam 

CT studies 34
-
36

· 
80 and has not been used since. M BF is calculated by dividing the peak of the 

tissue TAC by the area under the AIF until this peak is reached. The restrictions are more 

severe than for the maximum slope method and agreement to comparison techniques was 

achieved only by using a large relatively arbitrary empirical correction factor. 

Maximum slope method 
The maximum slope method can be derived from the Fick principle and calculates MBF by 

dividing the maximum gradient of the tissue TAC by the peak of the AI F. This derivation is 

the methodological basis of all upslope techniques even if an explicit AIF is not available. It 

has been used for ROI based rest perfusion assessment with CT 81 • 82• The method provides 

accurate MBF values only if the maximum gradient is reached earlier than the transit time of 

the tissue. If the maximum gradient is reached later MBF values wil l increasingly be underes

timated. As the maximum tissue gradient is reached simultaneously with the peak of the AIF 

the accuracy directly depends on the ratio of the injection time (or more strictly the bolus 

width or the time the AIF rises from zero to its peak) and the t issue transit time. Because the 

average transit time after stress (and particularly for the normal myocardium) is smaller than 

for rest and for ischemic areas, ratios of slopes or absolute values will tend to be smaller than 

expected. Further underestimation w ill occur if not the true maximum of the slope but rather 

the average of the upslope of the TAC is calculated. 

Gamma variate curve fitting 
This technique was used for the ROI analysis of electron beam CT animal data. Linear com

binations of gamma variate functions are fit to the AI F and the tissue TACs. Mean transit time 

(MTT) and blood volume values were then calculated from the moments of the fit curves 

and MBF calculated using the central volume principle 24
. This study showed that the capillary 

MTI can be as small as 2 seconds. Despite otherwise best case conditions (intra-atrial CM 

injection, one scan every heart beat) the CFR determined after adenosine was not higher 

than 2 compared to the expected higher physiological value 

Deconvolution method 
In this approach the tissue TACs are fit by convolving the AIF with a parametric impulse resi

due function that models the temporal course of intra I extravascular tracer exchange as it 

would occur for an infinitesimally short bolus. 

98 



The simplest "complete" model which is frequently used is the "adiabatic approximation to 

the tissue homogeneity model" 83
. In order to reliably calculate intracapillary transit time this 

model explicitly requires that the temporal sampling rate must be better than the shortest 

transit time. So et al . 84 have recently used this approach in a clinical study acquiring data for 

every heart beat over 4 em detector width. Nevertheless the CFR of the normal myocar

dium was not larger than about 2. The dose for 4 em coverage was about I 0 mSv. 

Hybrid deconvolution I maximum slope 
This approach combines deconvolution w ith the maximum slope method and w as designed 

for the relatively low sampling rate (2 to 3s) of the shuttle mode. TACs are fit by convolving 
the AIF w ith a simplified impulse residue function that does not explicitly contain intravascular 

MTT but models the flow extraction product (ktrans). MBF is then determined from the 
maximum slope of the fit model curve making the slope determination more robust and 
more accurate 21 . This makes it particularly suited for parameter image calculation . Otherwise 

the approach shares the limitations of the maximum slope method: it underestimates CFR. 

Nevertheless it appears to have sufficient discriminatory power to quantitatively differentiate 

areas of relevant flow compromise and has been successfully used in several clinical studies 
11• 14• 78 . The dose for 7.3 em coverage is about I 0 mSv. 

IMAGE INTERPRETATION 

The traditional approach uses both rest and stress myocardial perfusion imaging 85 A perfu

sion defect is classified as non-reversible (or fixed) or reversible . In patients with scar tissue 

due to prior myocard ial infarction a non-reversible pattern is seen: the perfusion defect 
appears during stress and remains visible at rest. A reversible perfusion defect is seen only 

on stress images and it is a sign of hemodynamically significant stenosis inducing reversible 

ischemia. 

A second approach evaluates myocardial perfusion only during stress. The discrimination of a 

stress perfusion defect between viable and non-viable myocardium can be assessed perform

ing CT delayed enhancement imaging (Figure 8 and Figure 9). 

Stunned myocardium is viable myocardium salvaged by coronary reperfusion that shows 

post-ischemic dysfunction after reperfusion and it is associated with normal CTP at rest. 

Hibernat ing myocardium is ischemic myocardium in which ischemic cells remain viable but 

contraction is chronically depressed with reduced resting myocardial blood flow 86· 87 . 
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Figure 8. Images of a 75-year-old woman with typical 
chest pain. Curved multiplanar reformat of the left anterior 
descending (LAD) coronary artery shows a subtotal occlu
sion of the mid-LAD (arrow) (A). Stress myocardial CTP 
color-coded map in a 4-chamber view, from dynamic CT 
acquisition using a dual source CT scanner, shows a hypo
perfused area at the level of the septum and the apex ("'). 
Both myocardial areas look thinner compared to the other 
myocardial segments (B). MR delayed enhancement imag
ing in a 4-chamber view (TI weighted-inversion recovery 
gradient echo sequence 20 minutes after infusion of gado
linium; TR: 6.3; TE: 1.5; flip angle 20°; inversion pulse of 
I BOo; matrix 192 x 160) (C) shows a sub-endocardial hyperintensity (arrow) in the same myocardial territories 
revealing the presence of myocardial infarction. 

ARTIFACTS 

Several artifacts may mimic or mask a perfusion defect in myocardial CTP imaging. The high 

heart rate induced by the administration of adenosine increases the likelihood of cardiac 

motion artifacts that can appear as a myocardial perfusion defect. A good rule is to examine 

different cardiac phases. T he persistence of a hypoperfused area in aii phases suggests a true 

perfusion defect while an artifact usually disappears by examining additional cardiac phases. 

The presence of very dense structures such as bone (sternum and spine) and contrast mate

rial in the left ventricular and atrial cavities or descending aorta can cause beam hardening. 

These high density objects preferentially absorb the low energy photons thereby increasing 

the mean energy of the remaining X-ray beam. This may result in a false hypo-enhanced area 

in the myocardium that can be misinterpreted as a perfusion defect. Beam hardening occurs 

more often in the postero-basal myocardial wal l and its presence has also been related to the 

heart rate 88
. Beam hardening correction algorithms should be used to ensure an accurate 

assessment of myocardial perfusion 89
· 
90

. 

Misalignment artifacts occur by imaging the heart over several heart beats. They are more 

common with CT scanners which do not provide full cardiac coverage requiring spiral or 

shuttle mode scan protocols. 
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Figure 9. 68-year-old man with dyslipidemia, hypertension and 
stable angina. Curved multi planar reformat of the left anterior de
scending (LAD) coronary artery from CT coronary angiography 
shows an obstructive coronary stenosis (arrow) due to a partially 
calcified plaque (A). Short-axis stress myocardial CTP color-coded 
map, from dynamic CT acquisition using a dual source CT scan
ner, shows hypoperfusion of the anterior, antero-septal and infero
septal myocardial segments (*) (B). CT delayed enhancement im
age (C) does not show any hyperdense myocardial areas excluding 
myocardial infarction and suggesting myocardial ischemia in the 
myocardial territories described in figure 9B. 

CURRENT STATUS OF CTP IMAGING 

First attempts of CTP imaging at rest were done in the late 1970's using first generation 

single-slice CT scanners 91 -93 . However, it is only with the recent developments of the multi

slice CT scanners that reliable detection of myocardial ischemia with CT during pharmaco

logical stress has become feasible. 

Table 2,3, and 4 summarize the CTP studies performed to date. 

STATIC CT PERFUSION IMAGING 

Kurata et al. 66 were the first to explore the feasibility of CTP imaging during infusion of adenos

ine, showing a good agreement (83%) between stress CT and stress SPECT The number of 

non-assessable myocardial territories during stress was higher (68/141) than at rest ( 126/141) 
revealing that the temporal resolution of I 6-slice CT was not sufficient to provide diagnostic 

image quality at the higher heart rates which occur during adenosine stress acquisition. 

The introduction of 64-slice CT led to an improvement in the performance of adenosine 

CTP imaging. George et al 94 demonstrated the feasibility of adenosine CTP imaging in a ca-
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nine model of LAD stenosis showing that first-pass myocardial 

perfusion information can be extracted from these CT images. 

Later studies confirmed the potential of CTP imaging in hu

mans. Blankstein et al. 15 evaluated 34 patients who underwent 

DSCT, nuclear stress testing and coronary angiography. Stress 

CTP imaging alone had a sensitivity of 93% and a specific

ity of 74% in detecting flow-limiting stenosis using SPECT as 

reference standard. The same investigators 72 then showed 

that stress CTP imaging adds incremental value to CTCA in 

the detection of obstructive coronary stenoses. The combined 

protocol was superior and had a sensitivity of 9 I%, a specificity 

of 93%, a PPV of 86% and a NPV of 93% compared to 83%, 

71 %, 66% and 87%, respectively of CTCA alone . George et 

al. 32 quantified the transmural extent of perfusion abnormali

ties on CTP images acquired during the infusion of adenosine. 

They found that the transmural perfusion ratio, defined as the 

ratio of the attenuation density of the specific subendocardium 

attenuation and the mean attenuation density of the entire sub

epicardial layer, was inversely related to the percent diameter 

stenosis measured by quantitative angiography. A similar finding 

was also demonstrated by Cury and colleagues using dypiri

damole as stress agent 16 . 

Ko et al. 19 investigated 42 patients who underwent CTP imag

ing but, in contrast to earlier studies, they used invasive FFR as 

reference standard . Although the specificity in predicting isch

emia was very high (98%) w hen CTCA and CTP imaging were 

concordant (obstructive coronary stenosis and perfusion defect 

or non-obstructive coronary stenosis and normal myocard ial 

perfusion) the overall diagnostic accuracy was only 80%. In

deed, CTCA and CTP imaging were concordant in only 58% 

of the sampled territories. 

Another possible clinical application of stress CTP imaging is the 

assessment of coronary stents. Magalhaes et al 95 demonstrated 

that the combination of CTCA and stress CTP imaging improved 

the diagnostic accuracy to detect in-stent restenosis to over

come "blooming" artifacts. 

The add ition of a stress CT scan to the conventional cardiac 

CT protocol raises the total radiation dose to the patient. A 

"low dose" CTP protocol has been reported by Feuchtner et 

al 18 who performed stress high pitch spiral CTP imaging in 25 
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patients in combination w ith rest high pitch spiral CTCNprospective CTCA. For the detec

tion of any myocardial perfusion defect during the stress phase high pitch spiral CT showed 

a sensitivity of 78% and a specificity of 87% compared to cardiac M R (combination of stress 

perfusion and delayed enhancement imaging). Radiation exposure of the entire stress/rest 

CT protocol was only 2.5 mSv. 

Dual Energy CT (DECT) scan mode has been investigated for the detection of myocardial 

perfusion defects. Preliminary results reported by Ruzsics et al. 48 showed that DECT has a 

sensitivity of 96% and a specificity of 9 5% in the detection of fixed perfusion defects using 

SPECT as reference standard . Recently Arnoldi and colleagues 96 demonstrated that the 

diagnostic performance of DECT, in particular using the iodine map, is higher than that of 

single energy CT in the detection of reversible and fixed myocard ial perfusion defects seen 

on SPECT The role of DECT in the setting of adenosine stress has also been tested by Ko et 

al. 20 They found that DECT had a sensitivity of 89% and a specificity of 78% in the detection 

of ischemic myocardial segments in a group of patients with known CAD, using MRI as the 

reference standard. Weininger et al. 97 determined the diagnostic accuracy of stress DECT in 

a smal l group of patients w ith acute chest pain. T hey reported a sensitivity and a specificity of 

93% and 99% and 94% and 98% using MRI or SPECT, respectively, as reference standard. 

DYNAM IC CT PERFUSION IMAGING 

Quantification of MBF using dynamic CT scanning and iodine contrast material was first re

ported using the ultrafast electron beam CT scanners in the late 1980's. Several animal 34
· 36 

and human studies 35 reported a good correlation between electron beam CT-derived MBF 

and microspheres, the experimental reference standard, or indicator dilution methods. The 

latest technical developments of CT scanners, specifically improved temporal resolution and 

coverage, have prompted the study of stress dynamic perfusion imaging in animal models and 

its diagnostic performance in clinical practice. So et al.98 performed dynamic perfusion imaging 

using a 16-slice CT in a porcine model with acute myocardial infarction. CT-derived MBF cor

related well w ith microspheres-derived MBF and there was a good agreement w ith histology 

find ings. George et al. 42 demonstrated a strong correlation between CT-derived MBF (using 

64-slice CT in a canine model) and microspheres with only a modest overestimation of flow. 

Recently Manhken et al 21 il lustrated the feas ibility of a dynamic quantitative whole heart per

fusion using the shuttle-mode technique implemented in the 128-slice dual source CT in a 

porcine model w ith a balloon-induced high grade coronary stenosis . Bamberg et al. studied 7 

pigs w ith various degrees of LAD coronary stenosis (50% and 75% diameter stenosis). They 

demonstrated a moderate positive correlation between CT-MBF and microsphere-MBF 12 

Only few human studies investigated the diagnostic performance of CT in performing stress 

dynamic perfusion imaging. So et al. 84 studied 26 patients at rest and under dypiridamole 

stress with 64-slice CT. with a total myocardial coverage of 4 em. They found that CFR and 

myocardial blood volume reserve of myocardial territories downstream of moderate or se-
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vere coronary stenosis were significantly lower than those in regions supplied by normal coro

nary arteries. The average CFR in normal myocardial territories was only 2.3 . Ho et a1. 78 per

formed rest and stress dynamic perfusion in 35 patients referred to SPECT imaging. Sensitivity, 

specificity, PPV and NPV of CTP to detect ischemic myocardial segments was 83%, 78%, 

79% and 82%, respectively. Similar to the finding reported by So and colleagues, CFR of 

normal myocardial territories was low (I .5) suggesting that current modeling techniques used 

in CT underestimated MBF. Bastarrika et al. 14 compared dynamic CTP imaging with MR in I 0 

patients. Sensitivity, specificity, PPV and NPV of detecting perfusion defects at CT was 86%, 

98%, 94% and 96%, respectively. Bamberg et al. 11 found that a cut-point of75ml/l OOml/min 

discriminated between non-hemodynamic and hemodynamic significant coronary stenoses. 

It should be kept in mind that all the reported human studies investigating the diagnostic ac

curacy of dynamic CTP imaging used SPECf, FFR, and MRI which do not provide absolute 

quantification of MBF which can be achieved w ith PET or PET-CT 

FUTURE STUDIES 

Preliminary reports of myocardial CTP imaging are promising, but several problems need to 

be resolved before CTP can be implemented in routine clinical practice. So far there has not 

been consensus on the optimal scan mode to use for the acquisition of CTP. Foremost there 

is concern about the radiation dose of CTCA in combination with CTP. Only patients with 

intermediate lesions should be referred for CTP. Optimization of radiation dose reduction 

protocols should be developed with preservation of image quality. Iterative reconstruction 

should be helpful in this respect. Future studies should establish the usefulness of CTCA 

and CTP in symptomatic patients with prior stent implantation or coronary artery bypass 

graft, and in patients with acute chest pain and low likelihood of coronary artery disease in 

the emergency department. In particular, CTCA and CTP may be helpful in patients with 

severe coronary calcifications which seriously affect the assessment of the anatomic severity 

of coronary narrowings. Finally the role of CTCA and CTP with regard to other stand-alone 

hybrid imaging modalities (SPECT-CT, PET-CT) needs to be established preferably in large 

multicenter studies, including patient outcomes and cost-effectiveness. 

CONCLUSIONS 

The safety and feasibility of stress myocardial CT perfusion imaging has been recently dem

onstrated. The addition of myocardial CT perfusion imaging to the standard CT coronary 

angiography provides complementary anatomical and functional information in a single ex

amination which may be helpful to improve patient management and outcome. 
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ABSTRACT 

Aims: Only few preliminary experimental studies demonstrated the feasibility of adenosine 

stress CT myocardial perfusion to calculate absolute myocardial blood fiow (MBF), thereby 

providing information whether a coronary stenosis is fiow-limiting. Therefore the aim of our 

study was to determine whether adenosine stress myocardial perfusion imaging by Dual 

Source CT (DSCT) enables non-invasive quantification of regional myocardial blood fiow 

(MBF) in an animal model with various degrees of coronary fiow reduction. 

Methods and Results: In seven pigs a coronary fiow probe and an adjustable hydraulic oc

cluder were placed around the left anterior descending coronary artery to monitor the distal 

coronary artery blood fiow (CBF) while several degrees of coronary fiow reduction were 
induced. CT perfusion (CT-M BF) w as acquired during adenosine stress with no CBF reduc

tion, an intermediate ( 15-39%) and a severe (40-95%) CBF reductions. Standards of refer

ence were CBF and fractional fiow reserve measurements (FFR). FFR was simultaneously 

derived from distal coronary artery pressure and aortic pressure measurements. CT-MBF 

decreased progressively with increasing CBF reduction severity from 2.68 [2.3 1-2.81 J ml/g/ 

min (normal CBF) to I . 96 [ 1.83-2.33] ml/g/min (intermediate CBF-reduction) and to 1.55 

[I . 14-2.06] ml/g/min (severe CBF-reduction) (both p< O.OO I). We observed very good cor

relations between CT-MBF and CBF (r=0.85, p< O.OO I) and CT-MBF and FFR (r=0.85, 

p< O.OOI). 

Conclusion: Adenosine stress DSCT myocardial perfusion imaging allows quantification of 
regional MBF under various degrees of CBF reduction. 
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INTRODUCTION 

Current guidelines indicate that in patients with stable angina pectoris both anatomy and func

tional severity of coronary obstructions should be assessed for guiding patient management 
1• Optimal medical treatment is preferred in symptomatic patients with no or moderate isch

emia, while revascularization is required in symptomatic patients with substantial myocardial 

ischemia,2·4 and Percutaneous Coronary Intervention (PCI) is recommended for lesions with 

impaired Fractional Flow Reserve (FFR) in patients with multi-vessel disease s-s . 

Coronary CT Angiography (CTA) is a wel l-established , non-invasive imaging modality for 

detection and ruling-out coronary atherosclerosis 9• 11 • Coronary CTA cannot, however, ac

curately predict whether an intermediate lesion is flow-limiting therefore requiring the use of 

additional functional testing 12• 13 • Yet, little information is available about the ability to use CT 

for the quantitative assessment of myocardial blood flow (MBF) at different levels of coronary 

artery stenosis . Only few preliminary experimental studies demonstrated the feasibility of 

adenosine stress CT myocardial perfusion to determine absolute MBF, thereby providing 

information about the functional severity of coronary lesions 2
· 

14
· 

15
. 

The purpose of our study was two-fold: I) to quantify regional CT-derived MBF (CT-MBF) 

at different degrees of coronary flow reduction in a well established large animal model; 2) 

to correlate CT-MBF w ith coronary artery blood flow (CBF), the experimental reference 

standard, and with FFR, the clinical reference standard . 
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MATERIALS AND METHODS 

ANIMAL PREPARATION 

All procedures were conducted in compliance with the "Guide for the Care and Use of 
Laboratory Animals" (NIH Publication No. 85-23 revised 1996), and with prior approval of 

the Animal Care Committee of our institution. Nine, 5-6 months old, crossbred Yorkshire X 

Landrace swine (34.2±3.6kg) were sedated w ith an int ramuscular injection of ketamine (20 

mg/kg, Anisane, Raamsdonksveer, The Netherlands), midazolam (I mg/kg, Actavis, Baarn, 

The Netherlands) and atropine sulphate (I mg, Pharmachemie, Haarlem, The Netherlands). 

Anesthesia was induced with an intravenous injection of pentobarbital sodium ( 15 mg/kg, 
Faculty of Veterinary Medicine, Utrecht, The Netherlands). Animals were intubated and me

chanically ventilated with a mixture of 0 2 and N 2 ( I :2 v/v) 16• Anesthesia was maintained by 

intravenous pentobarbital sodium infusion ( ISmg/kg/h). A left thoracotomy was performed 

in the fourth intercostal space and the pericardium was opened. Flu id-filled polyvinylchloride 

catheters were placed in the aortic arch, for measurement of pressure and for blood gas 
analysis to maintain blood gases within the physiological range. Catheters were also placed 

in the pulmonary artery for infusion of drugs and contrast material. Subsequently, the left 

anterior descending coronary artery (LAD) was dissected free for placement of a flow probe 

(Transonic Systems Europe B.V., Maastricht, The Netherlands) and a remote controlled sili

cone hydraulic vascular occluder (Fine Science Tools GmbH, Heidelberg, Germany). In ad

dition, a fluid-filled polyvinylchloride angiocatheter for the measurement of distal coronary 

pressure and determination of FFR was into the LAD distal to the occluder. Flow probe, 

occluder and catheters were exteriorized, the chest was closed and anesthetized animals 

were transported to the CT suite using a mobile ventilator (Carina TM, Drager Medical, Best, 

The Netherlands). 

EXPERIMENTAL AND CT IMAGING PROTOCOLS 

A dual source CT (DSCT) scanner (SOMATOM Definition Flash, Siemens Healthcare, Forch

heim, Germany) was used for perfusion imaging. All animals were placed in supine position. 
First, animals underwent DSCT myocardial perfusion imaging at rest. Subsequently, DSCT 

myocardial perfusion imaging was performed during maximal vasodilation. Maximal vasodila

tion was obtained during the infusion of 500 J.lg/kg/min adenosine (Adenoscan, Sanofi-Aven

tis Frankfurt, Germany). At this dose, adenosine resulted in marked systemic vasodilation and 

hypotension. In order to maintain blood pressure, the a
1
-adrenoceptor agonist phenyleph

rine was co-infused (-Sj.lg/kg/min iv, Pharmacy Erasmus MC, Rotterdam, The Netherlands) 

with adenosine. Since swine lack significant a
1
-adrenergic coronary microvascular constrictor 

responses 17
, phenylephrine can be used to oppose the systemic effects of adenosine, while 

leaving adenosine-induced coronary vasodilation unperturbed 16 .Under maximal vasodilation 

the hydraulic occluder was manually inflated to sequentially obtain at least one intermediate 
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degree of fiow-limiting coronary stenosis and at least one severe degree of fiow-limiting ste

nosis. Total occlusion w as performed to delineate the LAD perfusion territory. CT perfusion 

imaging was repeated at each severity level of fiow reduction using a novel electrocardiogram 

(ECG) triggered dynamic scan mode. All scans were performed in cranio-caudal direction 

during end-expiratory breath-hold obtained by interrupting the mechanical ventilator. The 

data were acquired at two alternative table positions while the table was moving back and 
forth 18

• Image acquisit ion was triggered at 200ms after the R-wave. The scan coverage 

w as 73mm resulting from a detector w idth of 38.4mm and I 0% overlap between both 

scan ranges. The minimum cycle time for the alternating scan is 950ms. For the range of 
heart rates in this study we acquired data every second or third heart beat. Hence volume 

scan of the total heart was obtained every 2 to 3 seconds. The tube voltage was I 00 kV 

for each X-ray tube and the total tube current-time product was 300mAs/rot. Prior to each 

scan 36ml of contrast material (Uitravist 370, Bayer Schering Pharma, Berlin , Germany) was 

injected through a pulmonary artery line at a fiow rate of 6ml/s, followed by a saline chaser 

of 30ml at 6ml/s. Data acquisition started 2 seconds before the contrast medium injection 

and lasted for 30s. The delay between two consecutive scans w as 20 minutes. Depending 
on the heart rate, the volume CT dose index (CTDivol) ranged from I 15. I to 168.5 (mean 

149.5±80.0) mGy. The correspond ing dose length product (DLP) w as 844.0 to 1129.0 
(mean I 0 12.2± 14. I) mGycm. 

During each experiment heart rate, aortic pressure, mean coronary artery pressure and 
coronary blood fiow (CBF) were continuously recorded (Codas, DATAQ) and stored for off

line analysis using a custom w ritten software in Matlab (the Math Works). FFR was calculated 
as the ratio of distal coronary artery pressure and aortic pressure. 

At the end of the experiment, animals w ere sacrificed with an intravenous overdose of pen
tobarbital sodium. 

DATA ANALYSIS 

All CT images were evaluated by one cardiac radiologist with four-years experience in car

diac imaging (A.R.) . To assess intra- and inter-observer agreement, MBF of the ischemic 

myocardial territories was measured on I 0 randomly chosen CT datasets by two indepen
dent observers (AR and AD). One observer (AR), who w as bl inded to the previous results, 

measured the datasets twice, separated by at least 12 weeks. Both observers were blinded 
to all CBF and FFR measurements. 

CT images were reconstructed with a slice thickness of 3mm and an increment of 1.5mm 

using a medium-smooth kernel (B30f). The dynamic data w ere analyzed using commercial 

software, Volume Perfusion CT Body on a standard workstation (MMWP, Siemens Health

care, Germany). Reconstruction and post-processing analysis of the CT perfusion images was 
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previously described. 14 Briefly, the left ventricular myocardium was segmented manually plac

ing a volume of interest (VOl) and using a combination of a system of blood p9ol removal and 

HU thresholding (Figure I - A I and A2). Afterwards, the arterial input function was sampled 

drawing a region of interest (ROI) in the descending aorta at the cranial and the caudal ends 

of the two image stacks (Figure I B) . The data from both ROis were then combined into one 

arterial input function (Figure I C) and time attenuation curves (TAC) were built for each voxel 

within the VOl . A dedicated parametric deconvolution technique based on a two-compart

ment model of intra- and extravascular space was applied to fit the TACs (Figure 2 B I and 

B2). CT-derived MBF (CT-MBF) in mill OOml/min of each voxel was then calculated using the 

maximum slope of the fit curves and quantitative three-dimensional color maps representing 

the MBF distribution in the myocardium were generated (Figure 2A). CT myocardial perfusion 

in ml/g/min was calculated assuming a myocardium specific density of I .05 g/ml. 

Figure 1: CT-perfusion imaging post-processing. Screenshot of the post-processing software. Panels AI and 
A2 show the segmentation of the left ventricle . The left ventricle myocardium is isolated using in combination 
a Hounsfield unit based threshold ing and a peak enhancement analysis within a volume of interest, VOl (green 
line). The arterial input function is sampled from two regions of interest placed in the descending aorta of the 
cranial (panel B) and caudal part of the image stack. One arterial input function is then obtained (red t ime
attenuation curve, TAC) in panel C combining the information of both ROis. 

124 



Figure 2: Ischemic and remote myocardial territory. Quantitative three-dimensional color-map representing 
the distribution of myocardial blood flow (A). During maximal vasodilation the ischemic anterior wall shows 
reduced perfusion (blue area) whereas the normal myocardium appears greenish (remote myocardium). A 
dedicated parametric deconvolution technique based on a two compartment model of intra- and extravascular 
space was used to fit the TACs in a representative normal (B I) and ischemic (B2) myocardium. The white dots 
are the measured enhancement values. The upslope of the time attenuation curve of the ischemic myocar
dium is less steep compared to the remote myocardium. 

The LAD perfusion territory of each animal was first defined using the color code MBF 

maps during total occlusion of the LAD. Afterwards a VOl was manually placed in the most 

representative ischemic area of the LAD territory for each degree of CBF reduction within 

the same animal. A VOl was manually drawn also in the remote myocardium (inferior wall). 

CT-MBF was then obtained for both regions. 

STATISTICAL ANALYSIS 

Statistical analysis was performed using a dedicated statistical software program (SPSS PASW, 

version 17.0.2, 1MB, Chicago, Illinois, USA). Measurements are presented as median [in

terquartile range]. All measurements were pooled and afterwards classified in three groups 

according to CBF: no-CBF reduction, intermediate CBF reduction (range: 15-39%), severe 

CBF reduction (range: 40-95%). When CBF measurements were not available the classifica

tion in different groups was based on FFR measurements. All measurements at rest and dur

ing maximal vasod ilation were compared using Wilcoxon Signed Rank test. For each degree 

of coronary flow reduction CT-MBF were compared between the ischemic and remote 

myocardial territories using Wilcoxon Signed Rank test. CT-MBF, CBF and FFR were com

pared between different degrees of CBF reduction applying Kruskai-Wallis test for multiple 

independent samples. Mann-Whitney test was applied for post hoc comparison. Correlation 

analysis was performed to evaluate the association between CT-MBF and CBF and FFR. 

Linear regression models were then fitted to asses the value of CT-MBF to predict CBF and 

FFR. A p-value <0.05 was considered statistically significant. 
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RESULTS 

Two pigs died before CT imaging due to ventricular fibri llation . In 7 animals instrumentation 

and CT myocardial perfusion imaging were successfully performed, and a total of32 datasets 

were obtained . One CT dataset was excluded because of poor image quality. In one pig (4 
datapoints), measurements of FFR could not be obtained due to a clot in the coronary artery 

catheter. Due to probe malfunction (lack of contact between probe and vessel), I I measure

ments of CBF could not be obtained. Consequently, a total of 21 CBF measurements, 28 

FFR measurements, and 3 I CT datasets obtained in 7 swine were analyzed (Table I). 

Table I. Number of datasets included in the analysis. 

PIGS\DATASETS CT FFR CBF 

CT 7p\31 ds 28ds 20ds 

FFR 6p 6p\28ds 17ds 

CBF Sp 4p Sp\21 ds 

Legend: 
p: number of pigs 
ds: number of datasets 

At maximal vasod ilation, a homogeneous increase in MBF was observed throughout the 

entire myocardium (Figure 3). At each level of CBF reduction the ischemic region in the 

LAD territory was clearly visible as defect in the color MBF maps in all 7 animals. Moreover, 

a progressive increase of the size of the ischemic territory was observed in each animal with 

increasing the severity of CBF reduction. 

Figure 3: Response of CT-derived myocardial blood flow (CT-MBF) to different levels of coronary blood 
flow (CBF) reduction. Example ofCT- MBF color maps ofthe myocardium during maximal vasodilation, in
termediate CBF reduction and severe CBF reduction. The ischemic area("') is we ll visib le in the color-map. A 
progressive decrease of CT-MBF occurs with increasing severity of CBF reduction. 
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HEMODYNAMIC PARAM ETERS 

Despite the infusion of phenylephrine, blood pressure decreased from 95±3 mmHg at 
baseline to 85±3 mmHg during infusion of adenosine, whi le heart rate increased from 
96± 15 to 136± 19 beats per minute. Animals showed a slight hemodynamic deterioration 
with increasing severity of coronary flow reduction as shown by the progressive decrease of 

aortic pressure (Table 2). 

Table 2. Hemodynamic parameters and CBF, FFR, and CT-MBF of ischemic and remote myocardium during 
different levels of coronary blood flow CBF at the time of CT acquisition. Data are presented as median and 
interquartile range. 

CBF REDUCTION NO INTERMEDIATE SEVERE P-VALUE* 
[RANGE%] [0%] [15-39%] [40-95%] 

HR(bpm) 136[117- 154] 129 [11 8-147] 128 [I I 6-14 3] 0.788 

AoP(mmHg) 88 [78-99] 89 [86-94] 82 [74-91] 0.269 

DISTAL CAP (MMHG) 80 [65-91] 73 [66-80] 44 [37-62jt* 0.002 

DISTAL CBF (MLJMIN) 148 [1 35-170] I 16 [ I 13-1 25] t 6 1 [30-83] tt <0.00 1 

FFR 0. 90 [0.84- 1.00] 0.76 [0.65-0.91] 0.60 [0.51-0.69] tt <0.001 

CT-MBF- ISCHEMIC (MLJG/MIN) 2.68 [2.31-2.81] 1.96 [1 .83-2.33jt 1.55 [1 .14-2.06] tb <0.001 

CT-MBF-REMOTE (MLJG/MIN) 2.76 [2.47-3.65] 2.51 [2.03-3.05] 3.02 [2.79-3.68] 0.162 

H R: heart rate; AoP: aortic pressure; CAP: coronary artery pressure; CBF: coronary artery blood flow; FFR: 
fractional flow reserve; CT-MBF: CT-derived myocardial blood flow. 

* p-value between CBF reduction groups (Kruskai-Wal lis test) 

t p-value<0.05 vs no CBF reduction (Mann-Whitney test) 

:1= p-value< 0.05 severe vs intermediate CBF reduction (Mann-Whitney test) 

6 p-value<0.05 between CT-MBF of the LAD ischemic territory and CT-MBF of the remote myocardium 
(Wilcoxon Signed-Rank test) 

CT-MBF OF ISCHEMIC AND REMOTE MYOCARDIUM 

During normal coronary arterial inflow, maximal vasodilation with adenosine resulted in a 
2.8 fold increase of CT-MBF from 0.99 [0.95-1.30] ml/g/min to 2.76 [2.47-3.65] ml/g/min 
(p=O.OO I) and a 3.7 fold increase of CBF. from 40 [25-83] ml/min to 149 [ 135-1 70] ml/ 
min (p=0.006). 

In all swine, CT-MBF of the ischemic territory decreased progressively w ith increasing se
verity of stenosis (p<O.OO I; Table 2). A typical response of CT-MBF to progressive flow 
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Figure 4: CT-derived myocardial blood flow (CT-MBF) ver
sus coronary blood flow (CBF) and fractional flow reserve 
(FFR). Correlation between CT- MBF and (A) CBF measured 
by the flow probe and (B) FFR . 

reductions is presented in Figure 3. CT-MBF of 

ischemic myocardial territories was markedly 

lower than CT-MBF of the remote myocardium 

(p<O.OO I) at severe CBF reduction . 

CT-M BF correlated strongly with absolute flow 

measurement represented by CBF during no 
and various levels of CBF reduction (r= 0.85, 

p<O.OO I Figure 4A). CT-MBF showed a similarly 
strong correlation with FFR (r=0.85, p<O.OO I) 

(Figure 48). 

INTRA- AN D INTER-OBSERVER AGREEMENT 

The mean difference of CT-MBF was 0.07 ml/g/min with a standard deviation of 0. 18 ml/g/ 
min for intra-observer measurements (r = 0.96; p<O.OO I ). Mean difference (±standard de

viation) for inter-observer measurements was 0. 10 (± 0.40) ml/g/min (r = 0.764; p=0.006). 

DISCUSSION 

The present study assessed the diagnostic accuracy of stress dynamic DSCT quantification of 

MBF in ischemic and remote myocardium in a large animal model with control led reduction 

in CBF under maximal vasodi lation (from normal to moderate to severe CBF reduction) 
compared to the experimental reference standard of reference, CBF, and the clinical refer

ence standard, FFR measurements. The major finding was that adenosine stress dynamic 

DSCT perfusion imaging provided regional quantification of MBF of ischemic and remote 
myocardium under experimental conditions which correlated very well with CBF and FFR. 
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CT QUANTIFICATION OF MBF 

Static myocardial perfusion imaging during adenosine stress has been recently investigated 

in humans and showed a diagnostic accuracy comparable to SPECT to detect significant 

coronary stenoses 19· 20 . However, static perfusion imaging provides only qualitative informa

tion of the myocardial perfusion by comparing the attenuation of the ischemic area to the 

attenuation of the remote myocardium. Quantification of myocardial perfusion is possible 
using dynamic CT scanning and it was already investigated by electron beam CT (EBCT) in 

the late 1980's. EBCT was a remarkable technical development with an excellent temporal 
resolution allowing dynamic perfusion imaging but was limited by a rather small coverage 

and thick slices. Nevertheless, studies in animal models2 1 and healthy humans22 reported 

good correlations between EBCT -derived MBF versus microspheres21 and versus indicator 
dilution methods,22 respectively. EBCT technology has been replaced by multidetector CT 

technology and , due to improved temporal resolution and coverage, the latest generation 

scanners now allow quantitative myocardial perfusion imaging 23 .Thus, George et al proved 

the ability of CT to quantify MBF in an experimental model using 64-multidetector CT 15 

Mahnken et al '4 and Bamberg et al 24 showed the feasibility of a novel ECG-triggered dynamic 

shuttle-mode scan with data being acquired at two alternating table positions in the quantifi
cation of MBF in animal and human studies, respectively. The use of two alternating table po

sitions increased the scan coverage and the presence of two x-rays tubes provided a better 
temporal resolution as compared to 64-multidetector CT The main criticism of studies so far 

has been that CT-MBF underestimates MBF. We observed a higher CT-MBF in the ischemic 

as well as in the remote myocardium than Mahnken et al, 14 and Bamberg et al. 24 which can 
be explained by the higher dose of adenosine in our study (500 )..lg/kg/min) as compared to 

Mahnken et al .14 (240 )..lg/kg/min) and to Bamberg et al .24 
( 140 )..lg/kg/min) . In conjunction 

the use of phenylephrine resulted in a relatively well-maintained aortic blood pressure dur

ing adenosine infusion. Additionally, the 6 second contrast bolus was injected directly into 

the pulmonary artery in our study instead of a I 0 seconds bolus into a peripheral ear vein. 

This yielded a much better defined arterial input function with better tissue discrimination 

and more accurate modeling. The values of MBF may differ in humans because a peripheral 

venous access is commonly used for contrast injection. 

COMPARISON OF CT-MBF WITH CBF AND FFR 

In our study we found an excellent correlation between CT-MBF and the experimental 

reference standard, CBF, over a wide range of blood ~ows. In our experimental set-up CBF 
provided a direct measurement of the blood flow distal to a coronary stenosis caused but 

direct measurements of CBF are not available in the clinical environment, although coronary 
blood velocity can be measured using a flow wire. Clinically, FFR was therefore introduced 

as indirect parameter of myocardial perfusion. FFR has been well-established as an accurate, 

yet invasive, parameter to assess the functionality of a coronary stenosis independent from 
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heart rate , blood pressure and left ventricu lar function. In the present study we found a 

good correlation between CT-MBF and FFR over a wide range of coronary flow reduc

tions , suggesting that absolute MBF measurements with CT can provide clinically relevant 

information about stenosis severity. Indeed, Bamberg et al. 24 recently showed the feasibility 

of dynamic CT perfusion imaging for the detection of hemodynamically significant coronary 

artery stenoses, as defined with FFR, in a human study. These authors found a cut-off point of 
75 ml/ 1 OOmL/min to provide the highest discriminatory power between hemodynamically 

significant and non-significant coronary artery lesions. This cut-off value needs further valida
t ion in different patient populations after a standardized CT protocol developed. 

LIMITATIONS 

Our study has some limitations that are either related to our animal model or are more 

general limitations of CT technology 

Animal model: First, our study was designed as a feasibility study using a relatively small 

number of animals. Yet, the use of multiple measurements per animal and the well-defined 

experimental conditions make the results reliable and reproducible as further evidenced by 
high correlation coefficients between CT-MBF, CBF and FFR . Second, we did not use mi
crospheres as experimental gold standard for in vivo measurement of myocardial blood flow. 

Bamberg et. al provided good correlation between CT-MBF and microsphere-derived myo

cardial flow in pig model of LAD obstruction using the same CT technology 25 . Third , our 

experimental setup was designed as a single vessel LAD obstruction, therefore our results 

cannot be extrapolated to multi-vessel coronary artery disease. Nevertheless, we expect that 

this CT technology wi ll give good results also in the situation of three vessel disease because 

it provides absolute quantification of regional myocardial blood flovvs rather than relative 

flows as obtained in SPECT imaging. Fourth , the pigs (mean weight±standard deviation: 

34.2±3.6kg) were relatively small compared to adult humans, which may imply the need to 

use higher kV and mAs settings during the CT acquisition in humans. However, in a recent 

study performed in patients Bamberg et al 24 used successfully I 00 kV and 300 mAs as w e 

used in pigs. 

CT-technology: There are several technical aspects that need further considerations. I) An 

important technical limitation is the volume coverage. 64-slice CT scanners used to be lim

ited to a single detector up to 40 mm that was not sufficient to cover the whole heart. Nowa
days two alternatives are available: first, aCT system with 320 rows that can cover the whole 

heart in one gantry rotation26
•
28

, the second alternative is the shuttle mode acquisition used 

in our study. Although the acquisition coverage of the shuttle mode technique of 73 mm was 

sufficient for encompassing the entire heart of the pigs, this coverage may be not sufficient 

in humans, even when triggering in the systolic phase, due to the larger size of the human 

heart. Indeed Bamberg et al. found that one third of the scans provided incomplete coverage 
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of the myocard ium24 . Thus, further improvements in CT technology should aim in increasing 
the coverage along the z-axis. 2) We used central venous access for contrast injection , which 

provided a tighter input function and likely -resu lted in higher values of myocardial blood flow. 

These values may not be reproducible in patients because a peripheral venous access is com

monly used in the clinical routine. 3) The addition of dynamic perfusion CT imaging to the 
conventional clinical cardiac CTA protocol will increase the total amount of radiation dose. 

Optimization of radiation dose reduction protocols should be developed with preservation 

of image quality. 4) Finally iodinated contrast medium in the left ventricular cavity can nega
tively affect the assessment of myocardial perfusion. However, this may be circumvented by 

using beam-hardening artifact correction algorithms to increase the accuracy of CT perfusion 

imaging in the quantification of myocardial blood flow 29 . 

CLINICAL IMPLICATIONS AND CHALLENGES 

Our study shows that CT myocardial perfusion imaging can quantitatively measure MBF in 
experimental animals, and thereby can be used to assess stenosis severity. This observation 

is supported by a few small sized studies showing that CT myocardial perfusion imaging is 

also feasible in patients. 24· 26· 30·32Thus, the addition of CT myocardial perfusion imaging to 

the standard coronary CTA provides complementary anatomical and functional information 

in a single, non-invasive examination which may improve patient management. Future im

provements in CT technology, aimed at increasing the coverage and reducing the radiation 
exposure, would facilitate implementation of this non-invasive imaging technique in clinical 

practice. 

CONCLUSIONS 

The present study demonstrates that dynamic dual source CT can identify regional reduc

tions of MBF, during pharmacological coronary vasodilation, over a wide range of flow-limit
ing coronary artery obstruction severities with a good correlation with coronary artery blood 

flow and fractional flow reserve. 
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ABSTRACT 

Objective: To evaluate the performance of quantitative hyperaemic myocardial blood flow 
(MBF) derived from adenosine dynamic computed tomography perfusion (CTP) imaging 

in the detection of functional ly significant coronary lesions in patients with stable chest pain. 

Background: The severity of coronary artery narrow ing is a poor predictor of functional sig

nificance , in particular in intermediate lesions (30% to 70% diameter narrow ing). 

Methods: Computed tomography coronary angiography (CTCA) and CTP w ere performed 

in 80 patients (2 1 0 analyzable coronary vessels) referred to invasive coronary angiography 

(ICA). MBF (ml/ 1 OOml/min) w as computed using a model-based parametric deconvolution 

method . The diagnostic performance of MBF in detecting functionally significant coronary le

sions was compared to visual CTCA and semi-automatic quantitative computed tomography 

(QCT). Coronary lesions with invasive fractional flow reserve (FFR) ::::0.75 were defined as 

functionally significant. 

Results: The optimal cut-off value of MBF to detect functionally significant coronary lesions 

w as 78 ml/ 1 OOml/min. On a vessel-territory level, MBF had a larger area under the curve 

(0.95; 95% Cl: 0.92-0.98) compared to visual CTCA (0.85; 95% Cl, 0.79-0.9 1) and QCT 

(0.89; 95% Cl, 0.84-0.93) (both p-values < 0.00 I). In the analysis restricted to intermedi
ate lesions, t he specificity of visual CTCA (69%) and QCT (77%) cou ld be improved by the 

subsequent use of MBF (89%). 

Conclusions: MBF performed better than visual CTCA and QCT in the identification of func

tional ly significant coronary lesions. MBF had additional value beyond CT anatomy in inter

mediate coronary lesions. T his may have a potential to support patient management. 
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INTRODUCTION 

Computed tomography coronary angiography (CTCA) is an established non-invasive imaging 

modality for the diagnosis of coronary artery disease. Similar to invasive coronary angiogra

phy (ICA), CTCA evaluates the anatomical severity of coronary lesions. Anatomical CTCA 

findings are poor predictors of functionally significant coronary lesions, in particular in lesions 

of intermediate severity (30-70% diameter reduction). Additional functional testing is often 

required to guide patient management. Fractional flow reserve (FFR) is commonly used dur

ing ICA for the identification of functionally significant coronary lesions to guide angioplasty 1
• 

Dynamic computed tomography (CT) stress perfusion imaging is a newly introduced non

invasive technique that allows the absolute quantification of myocardial blood flow (MBF). 

Combined with CTCA, MBF may allow a more comprehensive non-invasive evaluation of 

patients with suspected coronary artery disease. To date , only few animal studies 2•6 and small 

single-centre patient series 7· 10 have shown the feasibility of this method . The purpose ofthis 

prospective study was to evaluate the diagnostic performance of MBF obtained by dynamic 

CT perfusion imaging during hyperaemic stress for the identification of functionally significant 

coronary lesions in patients with stable angina. We hypothesized that MBF would have bet

ter diagnostic performance than anatomical CTCA, in particular in lesions of intermediate 

severity. 
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METHODS 

STUDY POPULATION 

From March 20 I I to September 20 12, 157 patients with stable chest pain scheduled for 

invasive coronary angiography (ICA) at two large institutions were screened for inclusion into 

this prospective study (Figure I). Patients underwent a computed tomography (CT) study 

Figure I. Inclusion procedure. 

eGFR <60mVmin: n=18 
(Suspected) contrast allergy: n=4 
Contralndications to adenosine: n=S 

consisting of CT coronary 

angiography (CTCA) and 

adenosine stress dynamic 
CT perfusion (CTP) one 

day to two weeks before 

ICA. Exclusion criteria 

were acute coronary syn

drome, severely impaired 
left ventricular ejection 

fraction (::;35%), estimat

ed glomerular filtration 
rate <60ml/min, docu

mented or suspected al

lergy to iodinated contrast 

and contraindications to 

adenosine infusion such as 

history of severe asthma 

or obstructive lung dis

ease, second or third degree atrioventricular block and a systolic blood pressure <90mmHg. 

The study protocol received approval by the Research Ethics Committee/Institutional Re

view Board at each institution and all patients gave w ritten informed consent. 

COMPUTED TOMOGRAPHY (CT) PROTOCOL 

PATIENT PREPARATION 
Patients abstained from caffeine (coffee, tea, chocolate, energy drinks etc.) for 18 hours and 

from methylxanthine-containing products, theophylline, oral dipyridamole, beta-blockers 

and nitrates for 24 hours before the scan. The preparation procedure is detailed in Table I. 

CT CORONARY ANGIOGRAPHY (CTCA) 
A second-generation dual-source CT scanner (Somatom Definition Flash , Siemens Health

care, Forchheim, Germany) was used at both institutions. First, all patients underwent a 

non-enhanced scan for calcium scoring w ith the Agatston method. This was followed by 
prospectively ECG-triggered CTCA (Adaptive Sequential, Siemens Healthcare) (Table I). A 
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Table I. Patient preparation and scan parameters. 

PATIENT PREPARATION PROCEDURES AND SCAN PARAMETERS 

PATIENT PREPARATION 

IS-gauge cannula in right antecubital vein for contrast injection; 20-gauge 
cannula in left antecubital vein for adenosine infusion; 
30-sec breath hold practiced; if unable to hold the breath for longer 
than 20 s, patients were asked to exhale gently over I 0 s. 

NON-ENHANCED CORONARY CALCIUM SCORING 

Collimation 2 x 32 x 1.2 mm; 
Gant ry rotation t ime 285 ms; 
Voltage I 20 kV; 
Tube current-time product 75 mAs; 
Slice thickness 3 mm, reconst ruction increment I .5 mm; 
Image acquisition t riggered 250 ms after the R wave. 

CTCA 

Collimation 2 x 64 x 0.6 mm w ith z-flying focal spot (2 x 128 sections); 
Gantry rotation t ime 285 ms; 
Voltage/tube current-time product I 00 kV/370 mAs if BMI <30; 120 kV/320 mAs if BMI > 30; 
Image acquisition triggered at 60-75% of R-R interval in heart rates <65 
beats/min; 35-75% of R-R interval in heart rates between 65 and 80 beats/ 
min; 35-50% of R-R interval in heart rates >80 beats/min . 

CT PERFUSION 

Collimation 2 x 32 x 1.2 mm; 
Gant ry rotation time 285 ms; 
Voltage I 00 kV; 
Tube current-time product 300 mAs; 
Image acquisition triggered 250 ms after the R wave. 

test bolus scan was obtained with 6s delay at the level of the ascending aorta after injection 

of ISml of contrast (Omnipaque 300, GE Healthcare or Ultravist 370, Schering, Berlin) fol

lowed by 40ml of saline. The main bolus consisted of 50 or 60ml of contrast (depending on 

the type used). The injection rates w ere adjusted to achieve an iodine delivery rate of 2.2 g 

of iodine/s (gl/s) . CTCA images w ere reconstructed w ith 0 . 75mm slice thickness and 0.4mm 

increment using a medium-smooth convolution kernel (B26f) . 
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Stress CT Perfusion (CTP) 
The delay between CTCA and CTP acquisition was I 0 to 15 minutes. Adenosine was in

fused intravenously at a dose of 140flg/kg/min. Stress CTP acquisition began 3 minutes after 
the start of the adenosine infusion . Stress CTP images were acquired over 30s using an ECG

triggered axial shuttle mode. The scanner alternates rapidly between 2 table positions and 

acquires prospectively ECG-triggered axial images in these 2 positions (Table I). A volume of 

50 or 60ml of contrast was injected with an iodine delivery rate of 2.2gl/s followed by 40ml 

of saline. The scan delay was calculated from the test bolus time-attenuation curve and com
menced 6s before arrival of contrast in aorta. Stress CTP images were reconstructed with 

3mm slice thickness and 2mm increment using a smooth-medium kernel that includes correc

tion for iodine beam hard

ening (B23). The median 

(IQR) dose length prod

uct (DLP) associated with 

CTCA was 302 (215-

402) Gy*cm; the median 

(IQR) DLP for CTP was 

674 (621-748) Gy*cm. 

CTCAAND CTP 
ANALYSIS 

A flow chart of CT image 

analysis is given in Figure 

2. Anonymized CTCA 

data were analyzed blind

ly in a core-lab based at 
Erasmus MC, Rotterdam. 

An off-line workstation 

with a commercially avail

able platform (syngo 3D, 
MMW, Siemens Medical 

CTCA datasets 
analyzed by 1 

experienced observer 

Vessels with poor Image quality: 
severe motion artifacts. diagnostic 

evaluation not possible 

Vessels for visual and semi-automated scoring (OCT): thresholds of 
diameter reduction used in the anal sis 

<:30% <:50% <:70% 

In CT PERFUSION datasets. left ventricular myocardium segmented 
manually placing a volume of interest (VOl). Segmentation method based 
on a combination of blood pool removal and Hounsfield Unit thresholding: 
Arterial input function (AIF) sampled drawing regions of interest (ROI's) in 
descending aorta at tile cranial and caudal ends of the 2 image stacks. 
Data from both ROI's combined into one AIF; 
Time attenuation curves (TAG's) built for each voxel within the VOl. 

1 Territories with poor contrast-to· 

(,.._C_T_P_E_RJ.F_U_S_IO-t.-' ~,/ ~~~~s~di:~~~~~~~s~~tp:~~i.~t:e 
1 

datasets analyzed by 2 I 
experienced observers 

Dedicated parametric deconvolution based on 2-compartment 
model of intra- and extra-vascular space applied to fit the TAG's and 

compute myocardial blood flow (MBF) 

Solution, Erlangen, Ger- Figure 2. Flow chart of CT image analysis. 

many) was used. If more 
than one lesion was present within the same vessel, the most severe lesion was selected 
and used in the analysis. Lesion severity was assessed visually, and then quantified using semi

automatic software (QAngioCT Research Edition v 1.3.61, Medis medical imaging systems, 

Leiden , the Netherlands). For the latter, percentage diameter narrowing was calculated from 

detected lumen contours at the minimal lumen area and corresponding reference diameter 

values obtained from an automatic trend analysis of the vessel area 11
• The percent diameter 

narrowing assessed visually and measured by quantitative CT (QCT) was dichotomized us-
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ing three thresholds, a) 2::30% vs. <30%, b) 2:: 50% vs . <50% and c) 2::70% vs . <70% 

diameter narrowing. 

Anonymized stress CTP images were analyzed blindly at a core-lab based at the Centre 

for Advanced Cardiovascular Imaging, London. Commercial software (Volume Perfusion CT 

Body, Siemens) 4 was used (Figure 2) . Myocardial blood flow (M BF) in each voxel was calcu

lated as maximum slope of the fit curve/maximum arterial input function (AI F) , and quantita

tive three-dimensional color maps representing MBF distribution in the myocardium were 

created . Three I Omm-thick standard short axis views of the left ventricle at basal, mid-cavity 

and apical levels were generated. MBF was obtained from volumes of interest (VOl's) defined 

by one observer (blinded to the CTCA findings) following a standard 16-segment model 
12• Individual myocardial segments supplied by the same coronary vessel based on a three 

vessel-territory model (LAD , LCx, and RCA) were considered as parts of the same territory. 

Within each territory, the myocardial segment with the lowest MBF value was selected and 

used in the analysis. To ensure accurate matching of coronary vessels and associated myocar

dial territories, coronary dominance (right, left or balanced) was used to decide which vessel 

(RCA, LCA or both) supplied the inferior and infero-septal segments of the myocardium. 

I 
INVASIVE CORONARY ANG IOIGRAPHY (ICA) AND 

FRACTIONAL FLOW RESERVE (FFR) 

All patients underwent I CA. During the procedure two experienced interventional cardiolo

gists visually identified coronary lesions associated with diameter narrowing between 30% 

and 90%. Fractional flow reserve (FFR) was measured using a sensor-tipped 0.0 14-inch 

guidewire (Pressure Wire, Radi Medical Systems, Uppsala, Sweden). The pressure sensor 

was positioned just distal to the lesion and maximal myocardial hyperemia was induced by 

a continuous intravenous infusion of adenosine in a femoral vein ( 1401Jg/kg/minute for a 

minimum of 2min). FFR was calculated as the ratio of mean distal pressure measured by 

the pressure wi re divided by the mean proximal pressure measured by the guiding catheter. 

ICA images were analyzed blindly on multiple projections by a single experienced observer 

unaware of the CT results . The most severely diseased segment in each coronary vessel 

was identified to derive percentage diameter narrowing using validated quantitative coronary 

angiography (QCA) software (QAngio® ><A, 7.2, Medis, Leiden, the Netherlands). 

STANDARD O F REFERENCE 

If FFR was ::;0.75 lesions were classified as functionally significant; if FFR was >0.75 lesions 

were classified as non-significant. Critical lesions (2:: 90% diameter narrowing) were classified as 

significant while mild lesions ( <30% diameter narrowing) were classified as non-significant 13
• 
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The methods used for the adjudication of functionally significant coronary lesions (standard of 

reference) are detailed in Table 3. 

STATISTICAL ANALYSIS 

Statistical analysis was performed using commercial software (IBM SPSS Statistic, version 20; 

Somers, NY). Results were reported in accordance with the STARD criteria 14
. Continuous 

variables were presented as means ± standard deviations (SD) or medians with interquartile 

ranges (IQR). Categorical variables were presented as frequencies and percentages. Receiver 

operating characteristics (ROC) curves were built for MBF, CTCA and QCT. The optimal 

cut-off value of MBF was identified as the value that allowed the optimization of specificity 

provided that sensitivity was at least 85%. Myocardial territories with an MBF higher than the 

cut-off value were defined as remote myocardium. MBF in territories with functionally sig

nificant lesions were compared to remote myocardium using the W ilcoxon signed-rank test. 

Sensitivity analyses used the specified cut-off value of MBF. At the patient level, sensitivity and 

specificity were calculated as proportions with 95% confidence intervals. The vessels with 

the most severe findings were selected to represent the patient (lowest FFR, lowest MBF). 

At the vessel-territory level we adjusted for the clustered nature of the data using logistic gen

eralized estimating equations (GEE's) 15
• Secondly, we performed a pre-specified sub-analysis 

in vessels directly interrogated with FFR. Third ly, we estimated the diagnostic performance 

in intermediate coronary lesions defined as diameter narrowing between 30% and 70% on 

CTCA. The Delong test was used to compare the areas under the curve (AUC's) of MBF 

to those of visual CTCA and QCT. The McNemar test was used to compare sensitivity and 

specificity. Intra- and inter-observer variability of MBF were assessed in 75 randomly selected 

myocardial territories and presented as mean difference with SD and the corresponding cor

relation coefficient (r). Statistical significance for all analyses was defined as p<0.05. 

RESULTS 

BASELINE CHARACTERISTICS AND ICA FINDINGS 

The study population consisted of 80 patients (Figure I). Stents were present in 13 vessels 

and these were excluded from analysis. Further 3 vessels were excluded due to suboptimal 

ICA views. One vessel could not be engaged on ICA due to an anomalous origin. Further 

I I vessels and 2 myocardial territories were excluded due poor image quality on CTCA and 

CTP, respectively. Thus data from 21 0 coronary vessels and 21 0 corresponding myocardial 

territories were available for comparison and were included in the analysis. 
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Table 2. Baseline characteristics and main ICA findings (n=80). 

CHARACT ERISTICS TOTAL (N =BO) 

Men/women 63/17 (79%/21%) 

Age (yrs) 60 ± 10 

Body mass index (kg/m2) 27 ± 4 

Risk factors 

Diabetes mellitus§ 16 (20%) 

Hypertensiont 48 (60%) 

Dyslipidemia:j: 53 (66%) 

Current smoker 26 (33%) 

History of coronary artery diseasef 35 (44%) 

Agatston calcium score: median (IQR) 198 (26-618) 

Right dominant coronary system 72 (90%) 

Heart rate (beats/min) 

Baseline 66 ± I I 

During hyperaemia 87 ± 14 

Systolic blood pressure (mmHg) 

Baseline 135 ± 23 

During hyperaemia 128 ± 21 

Diastolic blood pressure (mmHg) 

Baseline 76 ± I I 

During hyperaemia 70 ± 13 

Patients with functionally significant coronary lesion* 40/80 (SO%) 

One-vessel disease 27/80 (34%) 

Two-vessel disease 10/80 (12%) 

Three-vessel disease 3/80 (4%) 

Vessels with functionally significant coronary lesion* 56/210 (25%) 

Right coronary artery 14/56 (23%) 

Left main/left anterior descending coronary artery** 28/56 (55%) 

Left circumflex artery 14/56 (23%) 

Values are means, frequencies and percentages, unless otherwise specified. 

! Treatment with oral anti-diabetic medication or insulin; t Blood pressure <:: 140!90 mmHg or treatment for 
hypertension; * Total cholesterol > 180 mg/dl or treatment for hypercholesterolemia; f Family history of coronary 
artery disease having first· or second- degree relatives with premature coronary artery disease (age<SS years). 

"'' Functionally significant coronary lesion defined as FFR :5 0. 75 or quantitative coronary angiography diameter 
narrowing <::90%. 

*·* Only one patient had significant left main disease associated with significant disease of the left anterior descend
ing and left circumflex arteries. 
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Functionally significant coronary lesions were found in 56/210 (27%) vessels in 40/80 (50%) 

patients. There were 3/80 patients w ith 3-vessel disease, I 0/80 patients w ith 2-vessel dis

ease and 27/80 patients w ith !-vessel disease. Baseline characteristics of the population are 

given in Table 2. FFR was measured in 68 vessels and ranged between 0.24 and I .00 (me

dian 0.79; IQR: 0.71 -0.87) . An FFR ::::;0.75 was found in 25/68 (37%) vessels. T he detailed 

breakdown of the coronary lesions encountered is given in Table 3. 

Table 3. The adjudication of coronary lesions (total vessels = 21 0) as functionally significant (standard of refer-
ence) was based on FFR:50.75 or ;:::90% diameter narrowing on QCA. MBF tracked the expected changes 
according to FFR and QCA. 

ADJUDICATED AS 
NO. MEDIAN MBF (IQR) 

QCA FFR FUNCTIONALLY 
SIGNIFICANT 

LESIONS [MLJIOOMLJMIN] 

< 30% Not measured No Ill I IS (94- 138) 

<30% >0.75 No 13 I 03 (85-139) 

< 30% :50.75 (Yes) 0 

30%:51CA < 90% >0.75 No 30 98 (82- 1 IS) 

30%:51CA<90% :50.75 Yes 24 70 (62-75) 

;:::90% >0.75 (No) 0 

;:::90% :50.75 Yes 78 

;:::90% Not measured Yes 3 1 57 (50-65) 

TOTAL VESSELS 210 

QCA = quantitative coronary angiography: FFR = fractional f low reserve; MBF = myocardial blood flow: 
IQR = interquartile range. 

CTP AND MYOCARDIAL BLOOD FLOW (MBF) 

CTP was performed 7 ± 5 days before ICA (range 1- 14 days). No severe adverse reactions 

to adenosine or contrast were observed. The median (IQR) myocardial blood ~ow (MBF) in 

the whole sample was 97 (74-127) mill OOml/min . Median MBF was 62 (51-74) ml/1 OOml/ 

min in myocard ial territories supplied by vessels w ith functionally significant coronary lesions 

and 109 (92- 136) mi/IOOml/min in the remote myocardium (p<O.OOI). MBF in vessels 

interrogated with FFR is shown in Figure 3. 
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Figure 3. Hyperaemic myocardial blood flow (M BF) in vessels interrogated with FFR (n= 68). 

... 75 

(a) Scatter plot shows MBF in a given myocardial territory and FFR in the corresponding vessel. (b) Hyperaemic 
MBF was lower in vessels with FFR ~0.75 compared to FFR>0.75 (MBF values are medians and interquartile 
ranges). 

DIAGNOST IC PERFORMANCE IN T H E W HO LE SAMPLE (TO TAL VESSELS = 2 1 0) 

On a vessel-territory level , MBF had an AUC of 0.95 (95% Cl, 0.92-0.98, p<O.OO I). The 

MBF value that al lowed the identification of all territories supplied by functionally significant 

lesions was 51 ml/1 OOml/min, whi le the MBF value that allowed the identification of all re

mote myocardial territories was I 03ml/ l OOml/min. An MBF cut-off value of 78ml/ l OOml/ 

min yielded 88% sensitivity and 90% specificity (Figure 4A). Visual CTCA had an AUC of 

1.00 
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MBF (ml/100ml/min) 

0.40 

1 - Specificity 

Figure 4. Diagnosis of functionally significant coronary lesion (vessel-territory level). 

30 

(a) A cut-off value for MBF of 78ml/100ml/min yielded 88% sensitivity and 90% specificity. (b) Receiver op
erating characteristics curves showed a better performance for MBF compared to visual CTCA and QCT 
(p<O.OOI and p=0.0145, respectively). QCT performed better than visual CTCA(p=0.019). 
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0.85 (95% Cl, 0.79-0.91, p<O.OO I) and QCT had an AUC of 0.89 (95% Cl, 0.84-0.93, 

p<O.OO I). The diagnostic performance of MBF was better than that of visual CTCA and 

QCT (both p-values <0.00 I). QCT performed slightly better than visual CTCA (p=O.O 19) 

(Figure 4B). Sensitivity and specificity of MBF, CTCA and QCT are given in Table 4. 

DIAGNOSTIC PERFORMANCE IN VESSELS DIRECTLY 

INTERROGATED WITH FFR (VESSELS= 68) 

MBF had an AUC of 0.85 (95% Cl , 0.76-0 .94, p<O.OO I), 84% sensitivity and 81% specific

ity. Visual CTCA had an AUC of0.69 (95% Cl, 0.56-0.83, p<O.OO I) and QCT had an AUC 

of 0.78 (95% Cl , 0.66-0.89, p<O.OO I). The diagnostic performance of MBF was better than 
visual CTCA and QCT (both p-values <0.00 I). QCT performed slightly better than visual 

CTCA (p<O.OO I ) (Table 4). 

DIAGNOSTIC PERFORMANCE IN INTERMEDIATE CORONARY 
LESIONS ON CTCA (30-70% DIAMETER REDUCTION) 

In the analysis restricted to coronary lesions scored between 30% and 70% diameter reduc

tion on CTCA, on a vessel-territory level, MBF had an AUC of 0.87 (95% Cl, 0.79-0.95, 
p<O.OO I), 85% sensitivity and 89% specificity. Visual CTCA had an AUC of 0.68 (95% 

Cl, 0.57-0.79, p=0.002) and QCT had an AUC of 0.69 (95% Cl, 0.58-0.80, p=O.OO I ). 

The diagnostic performance of MBF was better than visual CTCA (p=0.003) and QCT 
(p=0.002) due to a significantly lower false positive ratio (better specificity) (Table 5). 

INTRA- AND INTER-OBSERVER AGREEMENT 

The time interval between repeat readings by the same observer was > 3 months. The 

mean absolute difference in MBF±SD between two readings by the same observer was 
7 ± 17ml!l OOml/min. Intra-observer correlation was strong (r=O. 9). The mean absolute dif

ference in MBF between 2 observers was 7 ± 18ml/l OOml/min. Inter-observer correlation 

was strong (r=0.8). 
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Table 5. Diagnostic performance of visual CTCA, QCT and M BF (vessel -territory level) for lesions of inter
mediate severity (30-70% diameter narrowing on visual CTCA). 

TP TN FP FN SENSITIVITY, SPECIFICITY, 
% (95% Cl) % (95% Cl) 

PPV,% 
(95% Cl) 

NPV,% 
(95% Cl) 

FUNCTIONALLY SIGNIFICANT CORONARY LESION AS STANDARD OF REFERENCE (N = 140) 

VISUAL CTCA-50% 22 74 33 I I 67 (47-82) 69 (58-78) I 40 (27-57) 87 (78-93) 

QCT-50% 20 82 25 13 61 (42-77) 77 (67-84) I 44 (31-59) 86 (78-92) 

MBF 28 95 12 5 85 (69-94) 89 (78-95) 70 (50-85) 95 (89-98) 

SUB-ANALYSIS INCLUDING VESSELS DIRECTLY INTERROGATED WITH FFR (N=54) 

VISUAL CTCA-50% I 0 21 16 7 59 (33-8 1) 57 (38-74) I 39 (21-60) 75 (54-87) 

QCT-50% 8 27 10 9 47 (24-72) 73 (56-85) 44 (22-69) 75 (58-87) 

MBF 13 31 6 4 77 (53-9 1) 84 (64-94) 68 (40-88) 89 (75-95) 

CTCA-50% = visual analysis with :2:50% diameter narrowing to define positive cases; QCT-50% = semi
automatic quantitative CTCA analysis with :2:50% diameter narrowing to define positive cases. 

MBF cut-off value: 78 mi/ IOOml/min. 

I p <0.05; specificity significantly lower than M BF's specificity using the McNemar test. 

All other abbreviations as in Table 4. 

DISCUSSION 

SUMMARY OF MAIN FINDINGS 

In this study we evaluated the diagnostic performance of hyperaemic MBF derived from 

dynamic CT perfusion imaging to identify functionally significant coronary lesions. To avoid 

referral bias, all patients underwent ICA w ith FFR independently of the CT results . We used 

stringent positivity criteria based on FFR and ICA to define functional ly significant lesions as 

the study endpoint. Myocardial territories supplied by functionally significant lesions could be 
differentiated reliably from the remote myocardium. The performance of MBF (AUC: 0.95) 

was better than that of CTCA and QCT (AUC's: 0.85 and 0.89, respectively). These findings 

were consistent on a vessel-territory level as well as on a patient-level. In the sub-analysis 

restricted to lesions scored as intermediate on CTCA (30% to 70% diameter narrowing), 

the performance of MBF (AUC: 0.87) remained better than CTCA or QCT (AUC's: 0.68 

and 0.69, respectively). 
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MYOCARDIAL BLOOD FLOW (MBF) 

Our study used a dynamic CTP technique that is fundamentally different from static tech

niques. Unlike static perfusion, where a single set of images is acquired at a single time point 
within the early arterial phase and the relative distribution of contrast during this phase is used 

as a surrogate marker of blood flow 16-21 , dynamic CTP imaging involves repeated imaging 
over time to capture the inflow and washout of contrast in the myocardial tissue and vascular 

compartment to construct time-attenuation curves (TAC's) from w hich quantitative MBF can 

be computed 4
. In contrast to static CTP, quantitative MBF does not rely on the assumption 

that the best-enhanced territory is normal and can be used as reference. MBF provides in

dependent information about each myocardial territory. Quantification of images in general 

results in more precise and reproducible findings. Quantitative MBF might be particularly 

useful in cases where relative assessment of lesions' functional significance is difficult such as 

patients with balanced multi-vessel disease 22· 23 In our study, the absolute value of MBF to 

discriminate functionally significant lesions from non-flow limiting lesions was 78ml/l OOml/ 

min. This is in keeping with the value of 75ml/l OOml/min found by Bamberg et al. 7
. Using 

this cut-off we could identify all functionally significant lesions in patients with three-vessel 

disease (Figure 5) . It is notew orthy that we could not distinguish w hether a hyperaemia-

Figure 5. Dynamic CT perfusion imaging in a patient with 3-vessel disease. 

64-year-old man with stable chest pain, hypertension and family history of coronary artery disease. (a-c) 
CTCA showed severe coronary lesion (>70% narrowing) in the mid RCA (arrow: a) and moderate lesions 
(50-69% narrowing) in the mid LAD (arrow; b) and in the obtuse marginal branch (circle; c). ICA confirmed 
the critical lesion in the mid RCA (d). Both the LAD and obtuse marginal lesions were functionally significant 
at FFR (e and f). Color-coded dynamic CT perfusion maps in basal (g), mid (h) and apical (i) short-axis views 
demonstrated reduced MBF (<78 mi/IOOml/min) in the whole myocardium. 

152 



induced CTP abnormality was reversible or irreversible (myocardial scar) since this would 

have required further CTP scan at rest. However, FFR was our reference standard and a 

decrease in FFR in a lesion supplying an area of myocardial scar cannot be expected 24 . Thus 

in this proof-of-principle study we decided to restrict the associated radiation exposure and 

volume of contrast agent. The values of MBF in normal myocardium of healthy subjects dur

ing hyperaemia are in the range 200 to 500 mill OOg/min 25 MBF values found in this study 

were lower. MBF measured by different imaging modalities (positron emission tomography, 

magnetic resonance imaging, single photon emission tomography and CT) may differ due to 

different uptake kinetics of the tracers or contrast agents used, different acquisition protocols 

and post-processing methods 10· 23 · 26• In our analysis we did not average MBF but selected 

the lowest MBF measurement in each vascu lar territory. D ifficulty in temporal sampling of the 

hyperaemic intra-capillary first pass of contrast, which is characterized by fast flow, may be a 

further explanation for this difference in MBF values. 

DIAGNOSTIC PERFORMANCE 

Anatomical diameter narrowing is a poor indicator of flow-limiting lesion even by ICA and 

mismatch between anatomy and function is not unusual 13
• In this study, MBF performed well 

in the identification of functionally significant lesions compared to FFR, showing that non-inva

sive imaging has potential value to provide functional information combined with anatomy as 

guidance to revascularization procedures 1
• MBF had better discriminatory power than visual 

CTCA and QCT to identify and exclude flow-limiting lesions both on a patient-level and on 

a vessel-territory level. The performance of a semi-automatic quantitative method (QCT) to 

measure coronary artery narrowing was better than that of visual CTCA but inferior to MBF. 

MBF had 90% sensitivity and 88% specificity in the identification of patients with functionally 

significant lesions, w hich compared favorably to other imaging modal ities such as single pho

ton emission tomography (80% sensitivity, 76% specificity) 27 , positron emission tomography 

(82% sensitivity, 87% specificity) and magnetic resonance imaging (82% sensitivity, 81% 

specificity) 26 . 

INTERMEDIATE CORONARY LESIONS 

No lesions with <30% coronary diameter narrowing on CTCA were functionally significant 

and nearly all lesions with ~ 70% coronary diameter narrowing w ere functionally significant, 

suggesting that in the presence of ~ 70% coronary diameter narrowing on CTCA additional 

testing is unlikely to be helpful and patients may be referred directly to ICA to determine 

suitability for revascularization 28· 29• By contrast, intermediate coronary lesions (30-70% di

ameter narrowing) represent a challenge as the severity of coronary artery narrowing on 

CTCA is a poor predictor of functional significance. Anatomical CTCA yielded both false posi-
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tive and false negative findings in these lesions, in keeping w ith previous reports 30
· 

31
• Since 

revascularization of a coronary lesion is only justified if the lesion is functionally significant 32
, 

we sought to evaluate w hether there was an additional value of MBF over visual CTCA or 

QCT in intermediate coronary lesions. We followed an approach consisting of anatomical 

testing first (CTCA) to identify intermediate coronary lesions follow ed by functional testing 

(MBF) (Table 5) . Such an approach is different from that followed by Bamberg et al . 7 where 

only lesions w ith 2':50% diameter narrowing on CTCA w ere reclassified based on MBF to 

identify functional significance. By identification of intermediate coronary lesions first, as it can 

be obtained from modern CTCA w ith low radiation exposure to the patient, CT perfusion 

imaging can be avoided in patients who have < 30% lesions, or at least one ;;:: 70% lesion . 

With this approach w e observed a significant gain in discriminatory pow er of MBF compared 

to CTCA and QCT with a significant reduction of false positive findings. In this context, the 

possibility of non-invasive FFR measurement, albeit still computationally difficult, has been 

reported with promising results 33 and may further enhance the clinical value of CT in patients 

w ith coronary artery disease. 

LIMITATIONS 

Our study was performed in selected stable patients referred to ICA who consented to par

ticipate in this study. Vessels and myocardial territories with poor CT image quality were ex

cluded , as w ere patients with acute coronary syndromes. This study should be considered a 

proof-of-principle study and it remains to be demonstrated whether a similar high diagnostic 

performance of MBF can be achieved in less selected populations. Invasive FFR, considered a 

re liable standard of reference, reflects the functional consequence of narrow ing in epicardial 

coronary vessels , w hereas myocardial blood flow (M BF) depends on epicardial coronary 

disease as w ell as myocardial microvascular dysfunction . How ever, in our study the presence 

of significant microvascular dysfunction was largely avoided by exclusion of patients w ith se

verely impaired left ventricular ejection fraction. Not all vessels were interrogated w ith FFR. 

FFR w as not performed in angiographically normal vessels , in vessels with < 30% diameter 

narrowing or w ith 2':90% diameter narrowing, which is in agreement w ith generally ac

cepted clinical standards. Combining CTCA with CT perfusion imaging will increase patient 

radiation exposure . Technical developments such as more sophisticated detector arrays and 

iterative reconstruction algorithms may decrease radiation exposure in the near future. In ad

dition, the combined approach requires a double dose of contrast agent, which necessitates 

careful selection of patients without impaired renal function . 
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CONCLUSIONS 

The CT evaluation of coronary artery anatomy and hyperaemic MBF performs wel l as an in

tegrated diagnostic tool to detect functionally significant lesions in patients with stable angina, 

in particular in patients w ith intermediate coronary lesions. Future comparative effectiveness 

studies are warranted to assess the performance of such combined anatomic-physiologic ap

proach in a single non-invasive imaging test in less selected patient populat ions. 
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A male aged 53y with hypercholesterolaemia presented with exertional dyspnoea. Exercise 

ECG was negative for ischaemia. Coronary calcium score was high (618 Agatston units). CT

angiography indicated intermediate lesions in the right, RCA, (A) the left anterior descend
ing, LAD, (B) and the left circumflex, LCx, (C) coronary arteries (arrows). Adenosine CT

perfusion showed reduced myocardial blood flow (MBF) in the left ventricle antero-septal 

and inferior walls, but not in the lateral wal l, respectively 78, 65 and I 00 ml/ 1 OOml/min (D). 
Invasive coronary angiography demonstrated intermediate lesions in the RCA (E), LAD (F) 

and LCx (H) and myocardial bridging in the mid LAD (F: diastolic phase; G: systolic phase). 

Fractional flow reserve was reduced in the LAD (0.85 proximal to bridging, 0.76 distal to 

bridging) but not in the RCA (0.84) or LCx (0.87). The index of microvascular resistance 

(IMR) was substantial ly elevated in the RCA (IMR=35, normal: <20). 

Adenosine CT-perfusion provides new possibilities for investigating cardiac microvascular dis

ease non-invasively by combining epicardial coronary anatomy and MBF. 
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ABSTRACT 

Background: T he aim of this study was to evaluate the natural progression of aortic dilatation 

and its association with aortic valve stenosis (AoS) in patients with bicuspid aortic valve (BAV). 

Methods: Prospective study of aorta dilatation in patients with BAV and AoS using cardiac 

magnetic resonance (CMR). Aortic root, ascending aorta, aortic peak velocity, left ventricular 

systolic and diastolic function and mass were assessed at baseline and at 3-years follow-up. 

Results: Of the 33 enrolled patients , 5 needed surgery, while 28 patients ( 17 male; mean 

age: 3 1 ±8 years) completed the study. Aortic diameters significantly increased at aortic an

nulus, sinus of Valsalva and tubular ascending aorta levels (P< 0.05). The number of patients 

w ith dilated tubu lar ascending aorta increased from 32% to 43%. No significant increase 

in sino-tubular-junction diameter was observed. Aortic peak velocity, ejection fraction and 

myocardial mass significantly increased while the early ;late filling ratio significantly decreased 

at fo llow-up (P<0.05). The progression rate of the ascending aorta diameter correlated 

weakly with the aortic peak velocity at baseline (R2=0. 16, P=0.04). 

Conclusion: BAV patients with AoS showed a progressive increase of aortic diameters with 

maximal expression at the level of the ascending aorta. The progression of aortic dilatation 

correlated weakly with the severity of AoS. 
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INTRODUCTION 

Bicuspid aortic valve (BAV) is the most common congenital heart defect w ith an estimated 

prevalence of 0.5% - 2% 1
• Patients with BAV show an increased risk of developing aortic 

valve dysfunction and dilatation of the thoracic aorta 2· 3 There is still controversy whether 

the pathogenesis of the dilatation of the ascending aorta in BAV patients is caused by a ge

netic predisposition or that the aortic valvular stenosis causes post-stenotic dilatation due to 

blood flow turbulences (haemodynamic theory). In addition, despite the high prevalence of 

BAV disease in the general population, longitudinal data investigating the natural history of the 

disease process is scarce. 

Therefore the aims of this study were to prospectively evaluate the natural progression 

of ascending aorta dilatation in asymptomatic BAV patients w ith aortic stenosis (AoS) and 

its association with the haemodynamic progression of valvular stenosis using cardiovascular 

magnetic resonance (CMR) as reference standard. 

METHODS 

STUDY DESIGN AND POPULATION 

This prospective study included asymptomatic patients with BAV and AoS. Consecutive pa

tients visiting the out-patient clinic of our hospital were invited to participate. Inclusion criteria 

were age between I 8 and 50 years, a bicuspid aortic valve and a peak flow velocity over 

the valve above 2.5 m/s based on echocardiographic measurements. Exclusion criteria were 

sub-valvular or supra-valvular aortic stenosis, severe aortic regurgitation, symptoms, previous 

aortic valve replacement or a concomitant significant mitral valve lesion. Patients underwent 

CMR at baseline and after 3-years of follow-up. Patients who did not complete the follow-up 

were excluded from further analysis. The study protocol was approved by the institutional 

review board of our university hospital. All patients gave written informed consent. 

CARDIAC MAGNETIC RESONANCE 

CMR imaging was performed at 1.5T (Signa CV/1, GE Medical Systems at baseline upgraded 

to Signa Discovery 450, GE Healthcare, Milwaukee, Wisconsin at follow-up). Patients were 

placed in supine position and entered feet first into the magnet. A dedicated cardiac coil (4 

channels coi l at baseline and 8 channels coil at follow-up) w as placed on the thorax of each 

patient and used for the acquisition of the images. All the studies were analysed on a remote 

workstation. CAAS- MRV (version 3.1; Pie Medical Imaging, Maastricht, The Netherlands) 

was used for the left ventricular (LV) function evaluation. Quantitative flow measurements 
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were performed using CINE software (version 3.4, GE Medical System, Milwaukee, Wis

consin, USA). 

LV FUNCTION 

Cine MR images were obtained using a breath-holding ECG triggered balanced steady state 

free precession (SSFP) pulse sequence. Imaging parameters included the following: FOV 36-

40 x 28-32 em; matrix 224 x 196; TR: 3.4 milliseconds; TE: I .5 ms; flip angle 45 degrees; 12 

views per segment. Slice thickness was 8 mm with a gap of2 mm. These parameters resulted 

in a temporal resolution per image of 41 ms with a heart rate of 60 bpm. Fi rst, three rapid 

surveys w ere obtained for the determination of the cardiac position and orientation; 2- and 

4-chamber cine MR images were then obtained. The series of short axis images were ob

tained from the reference images provided by the 2- and 4- chamber end-diastolic images at 

the end of expiration. Approximately I 0 to 12 sl ices were acqui red to cover the entire length 

of the heart. For all patients LV function was analysed using both a combination of the short 

axis view and the long axis views 4
. Endocardial and epicardial contours were automatically 

detected by dedicated software and manually corrected on each cardiac phase 4· 5. The papil

lary muscles were considered as being part of the blood pool. End-diastolic volume (EDV), 

end-systolic volume (ESV), ejection fraction (EF), stroke volume (SV) and cardiac output 

(CO) were calculated for each patient at both baseline and follow-up times and presented 

either as absolute numbers or indexed to body surface area (BSA). 

Time-volumes curves of the left ventricle were plotted as volume versus time during the dia

stolic phase for the determination of LV diastolic function . The volumetric filling curves were 

also transformed to the first derivative to obtain early and late profile 6
. Peak early filling rate 

(PEFR), time to PEFR, peak late filling rate (PLFR) and eariy/iate ratio were calculated . Heart 

rate (HR) was recorded during CMR acquisition. 

AORTIC DIAMETERS 

Cine SSFP images for the measurements of the aortic diameters were acquired in the oblique 

and double oblique sagittal plane of the left ventricular outflow tract (LVOT). The diameter 

of the ascending aorta was measured at four different levels: aortic annulus, defined as the 

hinge points of the atrio-ventricular valve (level I), sinus of Valsava, defined as the mid point 

of the aortic sinus of Valsalva (level 2) , sino-tubu lar junction (level 3) and tubular portion of 

the ascending aorta, at the level of the pulmonary t runk (level 4) (Figure I). At each level the 

external diameter was measured perpendicular to the axis of blood flow during peak systole 
7. Aortic measurements were presented either as absolute numbers or indexed to BSA. 
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AORTIC VALVE FUNCTION 

Figure I. Measurements of the aortic diam
eters. The oblique sagittal SPSS view of the 
aorta shows the measurements of the aortic 
root: at the level of the aortic annulus (I), the 
sinus of Valsalva (2), the sinotubular junction 
(3) and the tubular portion of ascending aorta 
(4) at the level of the pulmonary trunk (5). 

Images were assessed by two inde

pendent observers (AR and TL). One 

observer who was blinded to the pre

vious results measured the datasets 
twice, at least 12 w eeks after the first 

measurement. 

A retrospective gated velocity-encoded sequence during expiratory breath-holds was used 

( FOV: 36-40 x 16-20 em; TR: 6.5ms; TE: 3. 1 ms; flip angle: 30°; matrix: 256x 128). The 

3-chamber view was used to plan three velocity-mapping planes parallel to aortic valve as 

described previously 8 . Regions of interest (ROI) were drawn on each of the 30 frames of 

the velocity-encoded sequence to include the aortic valve and the aorta depending on sl ice 

position . Peak velocities were extracted for the greatest velocity recorded in any pixel within 

the ROI. Aortic valve area (AVA) w as calcu lated using the continuity equation as previously 
described a. 

STATISTICAL ANALYSIS 

Stat istical analysis was performed using SPSS software (version 17.0, SPSS Inc., Chicago, Il

linois, USA). Continuous variables were tested for normality using the Kolmogorov-Smirnov 

test. Continuous data are expressed as mean ± standard deviation (SD) and qualitative vari

ables as count and percentage. Differences of baseline characteristics between the group of 

patients who completed the study and the group of patients who interrupted the study were 

tested using the Mann-Whitney U test. Continuous variables between the two different time

points were compared by the paired samples t-test if the data were normally distributed , or 

the Wilcoxon signed ranks test for non-normal data. Annual rates of progression of aortic 

diameters were calcu lated and expressed as means±SD. Linear regression models were 

performed between the progression rate of ascending aorta diameter and aortic peak veloc

ity at baseline and diameter of ascending aorta at baseline. Intra- and inter-observer variability 
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of each aortic diameter were assessed in 25 randomly selected patients and presented as 

mean difference (measure of precision) with SD (measure of accuracy) and the correspond

ing correlation coefficient (r). 

A P-value <0.050 was considered significant. 

RESULTS 

DEMOGRAPHIC CHARACTERISTICS 

Thirty-three asymptomatic patients were enrolled in the study and underwent baseline 

CM R. During follow-up five patients needed surgical correction of their aortic stenosis. Two 
of them underwent a Bentall procedure and three a isolated aortic valve replacement. The 

mean time±SD between study inclusion and aortic valve replacement was 21 ± I I months. 

These 5 patients were excluded from further analysis. 

Table 2. Comparison of LV haemodynamic parameters and mass at baseline and follow-up (n=28). 
BASELINE FOLLOW-UP P-VALUE 

EDV 
Absolute (ml) 197±65 198±6 1 0.929 
Indexed (ml/m2) 103±31 103±29 0.716 

ESV 
Absolute (ml) 86±32 81 ±32 0.0 10 
Indexed (ml/m2) 45± 17 43± 16 0.009 

EF(%) 57±7 59±7 < 0.001 

SV 
Absolute (ml) 112±38 116±35 0.104 
Indexed (ml/m2) 59 ± 17 6 1± 17 O.Q78 

CO (L/min) 7.5±2.6 7.9±2.1 0.246 

Mass 
Absolute (g) 124±38 128±39 0.006 
Indexed (g/m2) 65 ± 18 67± 18 0.0 11 

Heart rate (bpm) 68± 10 69± 10 0.649 

PEFR (ml/s) 509± 187 571 ± 148 0.601 

PLFR (mils) 281 ± 210 362± 164 0.067 

TPEFR (s) 140±39 153±33 0.226 

Early/late ratio 2.4± 1. 1 1.8±0.7 0.032 

Data are reported as mean±SD. 

EDV = end-diastolic volume; ESV = end-systolic volume; EF = ejection fraction; SV = stroke volume; CO = 
cardiac output; PEFR = peak early fi lling rate; PLFR = peak late fi lling rate; TPEFR = time to peak filling rate. 
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Twenty-eight patients completed the study and underwent follow-up CMR. Mean fol low-up 

was 34±6 months. Seventeen patients (6 1 %) were male. T he age ranged from 2 1 to 49 

years (31 ±8 years). Mean BSA was 1.9±0.2. Twenty-three/28 (82%) patients showed no 

or mild aortic regurgitation at echocardiography whi le 5/28 ( 18%) showed moderate aortic 

regurgitation. Baseline characteristics of all patients are reported in Table I. Myocardial mass, 

diameter of tubular ascending aorta and aortic peak velocity were significantly higher in the 

group of patients who underwent surgery. 

LV PARAMETERS AND MASS 

Changes in LV haemodynamic parameters and mass are described in Table 2. Ejection frac

t ion and LV mass significantly increased from baseline to follow-up (P<O.OO I and P=0.006, 

respectively). End- systolic volume significantly decreased (p=O.O I). No significant changes 

over time were observed for EDV, SV and CO. The early/late ratio was significantly lower at 

fo llow-up compared to baseline (P=0.032). 

AORTIC DIAM ETERS AND VALVULAR STENOSIS 

The largest diameter was found at the level of the tubular ascending aorta. Of the 28 pat ients, 

9 (32%) showed dilatation of the tubular portion of the ascending aorta(> 4 em) at baseline. 

The number of patients with di lated aorta increased to 12/28 at fo llow up (43%). Absolute 

aortic diameters significantly increased during follow-up at the levels of aortic annulus, sinus 

of Valsava and tubular portion of ascending aorta. No significant changes were observed at 

the level of sino-tubular junction (Table 3, Figure 2). Aortic diameters at all levels ·.vere signifi 

cantly larger in the subgroup of patients with moderate aortic regurgitation compared with 

the group of patients with no or mi ld aortic regu rgitation (P<O.OS). 

Figure 2. Comparison of aor
tic diameters and valvular ste
nosis at baseline and follow-up. 

·>< P-value< O.OS 
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Table 3. Comparison of aortic diameters and valvular stenosis at base line and fol low-up (n=28). 

BASELINE FOLLOW-UP P-VALUE PROGRESSION RATES 

Aortic Annulus 
Absolute (mm) 26±7 28±4 0.0 11 0.6± I . I mm/year 
Indexed (mm/m2) 14±2 15±2 0.010 

Sinus of Valsalva 
Absolute (mm) 33±6 35±6 0.001 0.8± I . I mm/year 
Indexed (mm/m2

) 17±3 18±3 <0.001 

Sino-tubular junction 
Absolute (mm) 28±5 29±5 0 . 168 0.2± 1.2 mm/year 
Indexed (mm/m2

) 15±3 16±3 0 .229 

Tubular ascend ing aorta 
Absolute (mm) 37±6 39±6 <0.00 1 0.7±0.6 mm/year 
Indexed (mm/m2) 20±3 21±4 <0.001 

Aortic peak 319±74 348±94 0.0 10 I I ± 21 cm/s/year 
velocity ( cm/s) 

Data are reported as mean±SD 

The mean progression rate of the tubu lar portion of the ascending aorta diameter was 

0.7±0.6 mm/year (Table 3). In the overall population, the mean aortic peak velocity in
creased significant ly at fo llow up (P=O.O I 0) with a mean increase of I I ±2 1 cm/s/year (Table 

3) . Aortic valve area signifi cantly decreased from I .4 cm2 at baseline to I .2 cm2 at follow-up 

(P = 0.004). 

The patients were classified in three different groups based on the mean progression rate of 

the tubular portion of ascending aorta diameter. Fourteen patients (50%) showed a progres

sion rate between 0 and 0. 5 mm/year ("slow progression group", mean progression rate: 

0.2±0.2 mm/year), 8 patients (28.6%) had a progression rate between 0.5 and I .0 mm/ 

year ("moderate progression group", mean progression rate: 0.7±0. 1 mm/year), whi le 6 
patients (21 .4%) had a progression rate> I .0 mm/year ("fast progression group", mean pro

gression rate: I .7 ±0.4 mm/year). Baseline characteristics and aortic diameters did not differ 

Figure 3. Regression line between 
the progression rate of tubular as
cending aorta diameter and aortic 
peak ve locity at base line. 
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Table 4 . Intra- and inter-observer variabil ity of aortic diameters by CMR 

INTRA-OBSERVER VARIABILITY INTER-OBSERVER VARIABILITY 

Variable Absolute mean Absolute mean 
difference difference 

Aortic annulus (mm) 0.8±5.5 0.6 0. 1 ± 6. 1 0.5 

Sinus ofValsalva (mm) 0.4±4.2 0.7 1.4±3.1 0.8 

Sino-tubular junct ion (mm) 1.0± 2.9 0.8 0.3±3. 1 0.8 

Tubular ascending 
0.2 ± 0.8 

0.9 
0.2 ± 2.2 

0.9 
aorta (mm) 

Data are reported as mean± SD. 

w ithin the different subgroups (P > 0.05). The peak velocity over the aortic valve at baseline 

was 300± 71 cm/s in the "slow progression group", 325±63 cm/s in the "moderate progres

sion group" and 354 ± 93 cm/s in the "fast progression group"; P=0.443 . 

The progression rate of the tubu lar portion of the ascending aorta diameter calculated in 

the overall population correlated w eakly w ith the aortic peak velocity at baseline: R2= 0. 16, 

P= 0.04, Figure 3. No significant correlation w as found between the progression rate of the 

tubular portion of the ascending aorta diameter and the diameter of the tubular portion of 

the ascending aorta at baseline: R2=0.0 I ; P=0.63 1. 

The results of inter-observer and intra-observer variability of aortic diameters are reported 
in Table 4. 

DISCUSSION 

To our knowledge the present study is the first investigating the natural progression of aortic 

dimensions and aortic valve function in adult BAV patients with AoS using a prospective de

sign and CMR as reference standard . This study showed that patients w ith BAV experienced 

a progressive increase in thoracic aortic dilatat ion and severity of aortic stenosis over time 

and that the rate of aortic dilatation w as w eekly correlated w ith the aortic peak velocity at 

baseline. 

NAT URAL H IST ORY OF BAV PATIEN T S 

The natural history of pat ients w ith BAV and AoS differs from that of patients w ith stenotic 

tricuspid aortic valve in two aspects. Firstly, BAV patients show an earlier onset of significant 

aortic valve stenosis and regurgitation, already during the third or fourth decade of life. In 
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our study population the annual change of aortic jet velocity w as I I cm/s/year, w hich is in 
concordance with previous echocardiographic studies 9

'
11

. We found a concomitant increase 

in LV mass. As previously shown , hypertrophy is an initial adaptive response to pressure 
overload, which may lead to adverse consequences in the long run 12 In our population, we 
observed a reduced ESV over time with a consequent increased ejection fraction. This has 

not been described before. An early decrease in diastolic function was also observed. This 
may be related to the stiffer ventricle due to the significant increase in LV mass. As show n 

in previous clinical stud ies LV diastolic dysfunction may precede LV systolic dysfunction 13 In 

the 5 patients w ho underwent surgery during the study the mean ejection fraction at base

line w as sl ightly low er. The exact point at w hich to intervene in asymptomatic patients w ith 

severe AoS is still disputed, but perhaps more detailed longitudinal studies wi ll reveal that the 

development of LV diastolic and systolic dysfunction in association with LV mass thickness can 
be used as indicators of the need for intervention. 

The second difference is the dilatation of the ascending aorta which is a common finding in 

BAV patients 14. Indeed, up to 50% of BAV patients with normally functioning aortic valve 
show aortic dilatation 15

· 
16

• The prevalence of aortic dilatation in our cohort, as composed by 

BAV patients w ith aortic stenosis , w as 32% at baseline and increased to 43% at follow -up. 

Only a few echocardiographic studies have estimated the rate of progression of aortic dilata
tion over time 17

-
19

• Similarly to the findings of Ferencik and Pape 18
, w e observed a significant 

progressive increase of aortic dimensions at all levels w ith the exception of the sino-tubular 

junction w here the mean diameter remained unchanged over time. A possible explanation 

may be a different expression at this level of matrix protein and tissue inhibitor of metallo

proteinases compared with the other sites of the aortic root and the tubular portion of the 

ascending aorta 20
. In agreement with previous echocardiographic studies, in our study the 

largest diameter was measured at the level of the tubular portion of the ascending aorta. It 

has been reported previously that dilatation at this level occurs more rapidly than in other 
segments 21

• In our study, the mean progression rate w as 0.7 mm per year, w hich is slightly 

slow er than the progression rate of 0.9 mm per year reported by Ferencik and Pape 18• 

The younger age of our patients may explain the slow er progression rate of aortic dilatation 

observed in our study. 

ASSOCIATION BETWEEN AoS AND AORTIC DILATATION 

Currently, there are two theories explaining the aortopathy observed in BAV patients 22 . 

The first theory suggests that the association of aortic dilatation w ith BAV may be secondary 

to an intrinsic aortic w all pathology, resulting in w eakness of the aortic wall and consequent 

dilatation. Indeed, marked degenerative changes of the aortic w all , including cystic medial 
necrosis 23 and loss of elastic elements 24, have been described in the aorta of BAV patients. 

The second theory suggests that there may also be some haemodynamic factors that con
tribute to the aortic dilatation , although dilatation has been described in the absence of AoS 
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and regurgitation. The haemodynamic theory is based on the idea that the orientation and 

the morphology of a BAV cause turbulent blood flow in the ascending aorta and an increase 

in aortic wall shear stress. Hope et al 25· 26 demonstrated recently an abnormal systolic helical 

flow in BAV patients which was not found in any of the healthy volunteers or patients with a 

tricuspid aortic valve . We found a significant correlation , although weak, between aortic peak 

velocity at baseline and progression of aortic dilatation. The high aortic peak velocity with 

concomitant turbulence in the aortic root and in the tubular portion of the ascending aorta 

may be one of the mechanisms in the development of aortic dilatation27. Although we expect 

indeed this to be a cause effect relation, we cannot exclude a genetic origin based on these 

findings, as both severity of aortic stenosis and aortic dilatation may be just an effect of time. 

Our study is the first to identify a relationship between the severity of the aortic stenosis 

and the rate of progression of the dilatation of the tubular portion of the thoracic aorta. This 

is still not overwhelming evidence and more studies on long-term outcome in native BAV 

patients and patients after isolated aortic valve replacement are needed to understand better 

the underlying mechanism of aortic dilatation. This is clinically relevant, as it will influence the 

surgical techniques employed and the frequency of aortic screening 28· 
29

. 

DIAGNOSTIC MANAGEMENT OF BAV PATIENTS 

In BAV patients diameters of aortic root and ascending aorta should be monitored periodi

cally due to the increase risk of developing concurrent tubular ascending aortic aneurysm 

that may require surgical repair 30 • Transthoracic echocardiography (TTE) is a widely used, 

non-invasive imaging investigation but the mid ascending aorta can be difficult to examine 

w ith ultrasound. In recent guidelines of the European Society of Cardiology the use of CMR 

is suggested as the first line investigation for the assessment of aortic diameters as a guide for 

the therapy of the patient 31. It has been proven that measurements of the diameters of the 

entire thoracic aorta can be performed accurately with SSFP technique and with high contrast 

between vessels and surrounding tissues w ith good intra- and inter-observer variability 32 In 

addition CMR can provide other information such as reliable judgment of systolic and diastolic 

LV function , valve assessment, aortic distensibility and pulse wave velocity. 

LIMITATIONS 

This study has some limitations that are either related to our study design or are more gen

eral limitations of MR technology. 

STUDY DESIGN 
Firstly, the number of patients enrolled in the study was small and three-year follow-up was 

relatively short. Secondly, we decided to include only BAV patients with AoS, so our findings 
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cannot be translated to BAV patients w ithout stenosis . In addition, the exclusion of patients 

who underwent surgery may have led to an underestimation of the incidence and rate of 

progression of aortic dilatation. Finally, we did not look at the different BAV morphologies 

or at the specific dilatation pattern, which may play a role in the haemodynamic theory of 

BAV-aortopathy 33
· 
34

. 

MR TECHNOLOGY 
Although several validation studies have shown that anterograde velocity as measured by 

CMR correlates well with TTE, CMR has a trend to underestimate the aortic peak velocity 

and the mean pressure gradient 35
· 
36

, Moreover, differently from cardiac CT. CMR does not 

provide information of valvular and aortic calcifications 33
. 

CONCLUSIONS 

Our study demonstrates that in adult asymptomatic patients w ith BAV and AoS there is a 

progressive increase of aortic diameters over time, which is maximal at the level of the tubu

lar portion of the ascending aorta. The weak correlation between the progression of aortic 

dilatation and AoS severity partially supports the hemodynamic theory of causation of the 

aortopathy associated with BAV 
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ABSTRACT 

Objectives/background: Congenital aortic stenosis (AS) is the most common obstructive left 

heart lesion in the young adult popu lation and often complicated by aortic dilatation. Our ob

jective was to evaluate accuracy of aortic imaging with transthoracic echocardiography (TIE) 
compared to cardiac magnetic resonance (CMR). 

Methods: Aortic diameters were measured at 4 levels by CMR and TIE. Agreement and 

concordance were assessed by Pearson's correlation and Bland-Aitman analysis. 

Results: Fifty-nine patients (age 33±8 years; 66% male) with congenital AS and a bicuspid 

aortic valve (BAV) were included. Aortic diameters were generally smal ler with TIE than 

with CMR. The best correlation was found at the level of the sinotubu lar junction (R2 = 0.78) 

with a bias of I .46 mm (limits of agreement: -5.47 to + 8.39 mm). In patients with an aortic 

aneurysm >40 mm (n=29) the correlation and agreement between TIE and CMR were 

found to be less good when compared to patients w ith normal aortic diameters, especially 
at the level of the proximal ascending aorta. The correlation and agreement between both 

imaging modalities was better in patients w ith type I BAV compared to type 2 BAV Intra- and 

interobserver variability was smaller with CMR ( 1.8-5.9%) compared to TIE (6 .9-15.0%). 

Conclusions: CMR was found to be superior to TIE for imaging of the aorta in patients with 

congenital AS, especially at the level of the proximal ascending aorta when an aortic aneu

rysm is present. Therefore, ideally CMR should be performed at least once to ensure an 

ascending aortic aneurysm is not missed. 
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BACKGROUND 

Congenital valvular aortic stenosis -(AS) is responsible for approximately 4% of all congenital 

heart defects 1
• The underlying cause for congenital AS is usually a bicuspid aortic valve (BAV), 

which is strongly associated w ith aortic dilatation 2·3 Since both the valve and the aorta can 

be affected, active surveillance of both structures is indicated. Stringent follow-up is necessary 

to determine the optimal timing of surgical replacement of the aortic valve and/or ascend

ing aorta 4
. Two-dimensional transthoracic echocardiography (TIE) has become the cl inical 

standard for evaluation of AS severity 5. Recent ESC guidelines consider cardiac magnetic 

resonance (CMR) superior to TIE for imaging of the ascending aorta 6. However, no study 

has ever focused on agreement between both imaging techniques at the various aortic levels 

in this patient group. 

The purpose of the present study was to evaluate correlation and agreement between CMR 

and TIE measurements of aortic diameters in young adult patients with congenital AS. 

METHODS 

We prospectively included asymptomatic adult patients w ith congenital valvu lar AS who vis

ited the outpatient clinic for Adult Congenital Heart Disease of the Erasmus Medical Center 

Rotterdam and Radboud University Nijmegen Medical Center. Inclusion criteria were: age 

18-50 years, BAV and peak aortic velocity > 2.5 m/s based on echocardiographic measure

ments. Pat ients with general contraindications for CMR (pacemaker, metallic implants or 

claustrophobia), previous aortic valve replacement. or concomitant severe mitral or aortic 

regurgitation were excluded. Patients underwent TIE and CMR on the same day. The study 

protocol was approved by the Medical Ethics Committee, and all patients gave w ritten in

formed consent. 

CARDIAC MAGNETIC RESONANCE 

CMR imaging was performed using a I .5T scanner (Signa Discovery 450, GE Healthcare, 

Milwaukee, W isconsin). The patient was placed in supine position and a dedicated cardiac 

coil was placed on the thorax of the patient. CMR image acquisitions and analyses were per

formed by an experienced investigator blinded to TIE results. 

Cine magnetic resonance long axis 3-chamber view images were obtained using a breath

holding electrocardiogram triggered balanced steady state free precession (SSFP) pu lse se

quence for a standard ventricular function examination. The parameters of the SSFP se

quence were: field of view 360-400 x 280-320 mm2
; matrix 224 x 196; repetition time: 3.4 

187 



ms; echo time: I .5 ms; flip angle: 45 degrees; 12 views per segment; slice thickness 8 mm; 

gap of 2 mm; temporal resolution 41 ms. CAAS-MRV (version 3 .I; Pie Medical Imaging, 

Maastricht, The Netherlands) was used for the left ventricular function evaluation. 

End-diastolic tubular ascending aortic diameters were measured in the oblique sagittal view 

(Figure I A). End-diastolic internal aortic diameters were measured at three levels in the 

3-chamber view images: aortic annulus, sinus ofValsalva and sinotubular junction (Figure I B). 

At each level the measurement was taken perpendicular to the long axis of the aorta. 

Figure I. Aortic measurements. 

Multimodality imaging of the aorta showing measurements of the aortic diameters at the level of the aortic 
annu lus (I), sinus of Valsalva (2), sinotubular junction (3) and ascending aorta (4) by (A, B) cardiac magnetic 
resonance (the oblique sagittal and 3-chamber view) and (C) two-dimensional transthoracic echocardiography 
(parasternal long-axis view). 

TRANSTHORACIC ECHOCARDIOGRAPHY 

TTE examinations were performed and analyzed by experienced sonographers (blinded to 

CMR data) using commercially ultrasound systems (Sonos 7500, iE33 and iE33 xMATRIX 

X5-l , Phil ips Medical Systems, Best, The Netherlands). According to EAE/ASE guidelines, 
AS severity was evaluated by peak aortic velocity, mean transaortic gradient and continuity 
equation aortic valve area 5. The end-diastolic diameter of the aortic valve annulus, sinus 

of Valsalva, sinotubular junction and proximal ascending aorta were measured from lead

ing edge to leading edge in the parasternal long-axis view (Figure I C). An aortic aneurysm 
was defined as a diameter of >40 mm in one or more aortic diameter measurements. BAV 

morphology was determined in the parasternal short-axis view according to the orientation 

of the commissures 7·8 . Type I BAV is a fusion of the right and left coronary cusps. In type 2 

BAV the non-coronary and right coronary cusps are fused. Type 3 BAV involves a fusion of 
the non-coronary and left coronary cusps. 
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STATISTICAL ANALYSIS 

Statistical analyses were performed using Statistical Package for Social Sciences, version 19.0 

(SPSS, Chicago, Illinois) and GraphPad, version 5.0 (Graph Pad Software, Inc, La Jolla, Cali

fornia). Significance was defined as p<O.OS. Continuous data are expressed as mean ± 

standard deviation (SO). Categorical variables are summarized by the use of frequency and 

percentage. The normality of the data was verified with a Shapiro-Wilk test and histograms. 

Correlations between CMR and TIE measurements were assessed by linear regression 

analysis and Pearson's correlations. Bland-Aitman analysis was used to determine bias (mean 

of the difference) with 95% limits of agreement(± 1.96 SO) 9 To compare aortic diam

eters measured with both imaging modalities, a paired Student's t-test was performed. The 

reproducibility of the TIE and CMR measurements was evaluated in 25 randomly selected 

patients. We expressed the intra-observer and inter-observer variability by the coefficient of 

Table I. Patient characteristics 

PATIENTS (N=59) 

Age (years) 

Male gender, n(o/o) 

Systolic blood pressure (mmHg) 

Diastolic blood pressure (mmHg) 

Body surface area (m2) 

Peak aortic valve velocity (m/s) 

Ejection fraction (%) * 

Left ventricular mass (g) * 

Aortic aneurysm (>40 mm), n (%) 

Bicuspid aortic valve morphology, n (%) t 
Type I (fusion right and left coronary cusp) 
Type 2 (fusion non-coronary and right coronary cusp) 

Aortic valve calcification, n(o/o) :j: 

Aortic regurgitation, n(o/o) :j: 

None 
Mild 
Moderate 
Severe 

Data are presented as mean ± SD, or as n(%) when frequencies. 

* Derived from cardiac magnetic resonance measurements. 

tIn 5 patients the bicuspid aortic valve morphology could not be determined. 

t Derived from transthoracic echocardiography measurements. 

33 ± 8 

39 (66) 

132 ± IS 

76 ± 9 

1.94 ± 0.25 

3.6 ± 0.8 

58± 7 

133 ± 40 

29 (49.2) 

28 (47.5) 
26 (44.1) 

20(34) 

38 (64) 
II (19) 
10 (17) 
0(0) 
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variation (CV), which is defined as the SD of the difference between the two readings (or 

readers) divided by their mean value, times I 00. 

RESULTS 

Fifty-n ine patients with 
congenital AS were in
cluded in this study and 

completed the imaging 
protocols without diffi
culty. All patients were 
1n sinus rhythm and 
N ew York Heart Asso
ciation Class I. Patient 
characteristics are re

ported in Table I . 

Figure 2 shows corre
lation and agreement 
for aortic diameter 
measurements by TTE 
and CMR. Aortic di
ameters measured by 
TTE were generally 

smaller than aortic di
ameters measured by 

CMR (Table 2). The 

best agreement was 
found at the aortic an
nulus level (bias 0.23 
mm, limits of agree
ment: -6.47 to +6.94 
mm; correlation R2 

= 0.63; Figure 2A,E). 
The best correlation 
was found at the level 
ofthe sinotubular junc
tion (R2 = 0.78) with a 
bias of I .46 mm (limits 
of agreement: -5 .47 
to +8.39 mm) (Figure 
2C.G). At the level of 
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Figure 2. Aortic diameters: comparison between CMR and TTE 

Comparison between cardiac magnetic resonance and two-dimensional 
transthoracic echocardiography measurements of aortic diameters at the 
level of the (A, E) aortic annulus. (B, F) sinus of Valsalva, (C. G) sinotubular 
junction and (D, H) ascending aorta, as shown by regression lines (left) and 
Bland-Aitman plots (right). 



Table 2. Aortic diameters. 

TIE CMR P-VALUE 

Aortic annulus (mm) 24.3 ± 4. I 24.5 ± 3.9 0.606 

Sinus of Valsalva (mm) 30.6 ± 4.7 31.6 ± 5.2 0.041 

Sinotubular junction (mm) 27. I ± 5.2 28.5 ± 5.5 0.003 

Ascending aorta (mm) 35.2 ± 6.2 36.6 ± 7.8 0.048 

Data are presented as mean ± SD. 

CMR = cardiac magnetic resonance; TTE = transthoracic echocardiography. 

the sinus ofValsalva, the correlation and agreement were good (R2 = 0.73; bias I .02 mm, 

limits of agreement: -6 .22 to +8.25 mm; Figure 2B,F). The agreement was least at the level 

of the proximal ascending aorta (R2 = 0.75 ; bias 1.36 mm, limits of agreement: -8.70 to 

+I 1.42 mm; Figure 2D,H). 

Table 3. Correlation and agreement in patients with and without an aortic aneurysm. 

Annulus 
Diameter TIE versus CMR (mm) 
P-value Diameter TIE versus CMR 
Correlation 
Bias (95% limits of agreement) 

Sinus of Valsalva 
Diameter TIE versus CMR (mm) 
P-value Diameter TIE versus CMR 
Correlation 
Bias (95% limits of agreement) 

Sinotubular junction 
Diameter TIE versus CMR (mm) 
P-value Diameter TIE versus CMR 
Correlation 
Bias (95% limits of agreement) 

Ascending aorta 
Diameter TIE versus CMR (mm) 
P-value Diameter TIE versus CMR 
Correlation 
Bias (95% limits of agreement) 

Reported data are expressed as mean ± SD. 

NO ANEURYSM 
N=30 

22.7 ± 3.5 vs. 22.8 ± 2.7 
p = 0.854 
R2 = 0.58 

0. I 0 (-5 .59 to 5.79) 

28.7 ± 4.2 vs. 28.8 ± 4.5 
p = 0.920 
R2 = 0.68 

0.07 (-6.73 to 6.86) 

24.4 ± 4.4 vs. 26.0 ± 4.2 
p = 0.006 
R2 = 0.75 

I .69 (-4.24 to 7.6 1) 

3 I .0 ± 5.5 vs. 3 I .2 ± 6.4 
p = 0.808 
R2 = 0.59 

0.24 (- 1 0.27 to I 0.76) 

CMR = cardiac magnetic resonance , TTE= transthoracic echocardiography. 

ANEURYSM (>40 MM) 
N=29 

25.9 ± 4. I vs. 26.3 ± 4. I 
p = 0.619 
R2 = 0.55 

0.37 (-7.31 to 8.04) 

32.5 ± 4.6 vs. 34.5 ± 4.3 
p = 0.008 
R2 = 0.65 

I. 97 (-5.34 to 9.27) 

29.8 ± 4.4 vs. 3 1.0 ± 5.5 
p= 0. 11 0 
R2 = 0.69 

I .23 (-6.67 to 9. 13) 

39.5 ± 3.5 vs. 42.0 ± 4.8 
p = 0.009 
R2 = 0.40 

2.48 (-6 .77 to I I .73) 
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PATIENTS WITH 
AND WITHOUT 
AORTIC ANEURYSM 

Twenty-nine patients 
(49%) were found to have 
an aortic aneurysm (>40 
mm 1n at least I of the 
measurement levels). Table 
3 shows the results of the 
correlation and agreement 
between CMR and TTE in 
patients w ith and without 
an aortic aneurysm. Es
pecially at the level of the 
proximal ascending aorta 
the correlation between 
both imaging techniques 
was lower in pat ients w ith 
an aortic aneurysms com
pared to patients with nor
mal aortic diameters (re
spectively R2=0.40 versus 
R2=0.59 ;Table 3). Bland
Aitman analysis shows that 
the bias and limits of agree
ment w ere also worse 
in patients vvith an aortic 
aneurysm as compared to 
patients without an aortic 
aneurysm (Table 3, Figure 
3). 

BICUSPID AORTIC 
VALVE MORPHOLOGY 

Twenty-eight patients w ere 
found to have a fusion of 
the right and left coronary 
cusp (Type I BAV) and 26 
patients were found have a 
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Figure 3. Agreement between CMR and TTE in patients with normal 
aortic diameters and aneurysms. 

Bland-Aitman plots demonstrating the comparison between cardiac 
magnetic resonance and two-dimensional transthoracic echocardiogra
phy measurements of aortic diameters at the level of the (A, E) aortic 
annulus, (B, F) sinus of Valsalva. (C. G) sinotubular junction and (D, H) 
ascending aorta, in patients w ith (right) and without (left) an aortic an
eurysm. 



fusion of the non-coronary and right coronary cusp (Type 2 BAV). No patients exhibited a 

type 3 BAV In 5 patients the BAV morphology could not be determined with certainty. In six 

patients with a type 2 BAV the aortic root showed marked asymmetry on the TTE short-axis 

view. 

Table 4 and Figure 4 show the results of the correlation and agreement analyses between 

CMR and TTE comparing patients with type I and 2 BAV The correlation and agreement 

between both imaging techniques was better in patients with type I BAV at all aortic levels. 

Table 4. Correlation and agreement according to bicuspid aortic valve morphology. 

Annulus 
Diameter TIE versus CMR (mm) 
P-value Diameter TIE versus CMR 
Correlation 
Bias (95% limits of agreement) 

Sinus of Yalsalva 
Diameter TIE versus CMR (mm) 
P-value Diameter TIE versus CMR 
Correlation 
Bias (95% limits of agreement) 

Sinotubular junction 
Diameter TIE versus CMR (mm) 
P-value Diameter TIE versus CMR 
Correlation 
Bias (95% limits of agreement) 

Ascending aorta 
Diameter TIE versus CMR (mm) 
P-value Diameter TIE versus CMR 
Correlation 
Bias (95% limits of agreement) 

Reported data are expressed as mean ± SD. 

TYPE I BAY 
(FUSION RIGHT 

AND LEFT 
CORONARY CUSP) 

N=28 

22.4 ± 3.4vs. 22.7 ± 3 .1 
p = 0.606 
R2 = 0.57 

0.30 (-5.63 to 6.23) 

29.6 ± 5.0 vs. 29.1 ± 4.3 
p = 0.348 
R2=0.81 

-0.54 ( -6.26 to 5. 18) 

26.5 ± 4.9 vs. 25.7 ± 5.1 
p = 0.108 
R2 = 0.87 

-0.82 (-5.86 to 4.21) 

34.0 ± 8.7 vs. 32.8 ± 7.4 
p = 0.181 
R2 = 0.85 

-1.22 (- 10.25to 7.81) 

TYPE 2 BAY 
(FUSION NON

CORONARY AND RIGHT 
CORONARY CUSP) 

N=26 

26.2 ± 3.9 vs. 26.5 ± 3.7 
p=0.718 
R2 = 0.44 

0.28 (-7.61 to 8.19) 

33.5 ± 4.7 vs. 32.3 ± 4.8 
p = 0.169 
R2 = 0.58 

-1.20 (-9.68 to 7.28) 

30.7 ± 5.4 vs. 28.8 ± 4.6 
p= 0.034 
R2 = 0.67 

-1.82 (-9.94 to 6.30) 

37.9 ± 6.1 vs. 36.8 ± 3.6 
p = 0.363 
R2 = 0.33 

-1.08 (- 12.79 to I 0.62) 

BAY= bicuspid aortic valve, CMR = cardiac magnetic resonance, TTE= transthoracic echocardiography. 

INTRA- AND INTEROBSERVER VARIABILITY 

The intra- and interobserver variability data are displayed in Table 5. Intra-observer variability 

was between 2.4 and I 1.2%. lnterobserver agreement demonstrated more variation and 
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was between 1.8 and 
15.0%. The highest vari 

ation was found at the 
level ofthe annu lus (5.4-
15%) and the smallest 
variation at the level of 

the proximal ascend
Ing aorta ( 1.8-8.2%). 
Variability was generally 
smaller with CMR ( 1.8-

5. 9%) compared to TTE 
(6.9-15.0%). 

DISCUSSION 

The present study sys
tematically investigated 

correlation and concor
dance of aortic diameters 
at different levels using 
CM R and TTE as imag

ing modalities in patients 
with congenital AS due 
to BAV disease. The re
sults demonstrated that 
although there seems to 

be good concordance 
between both imaging 
modalities, aortic diam-
eter measurements are 

slightly smaller (approxi
mately I mm) with TTE 
compared to CMR. In 
general, the agreement 
between both imaging 
techniques was quite 
good, but least at the 
level of the proximal as
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Figure 4. Agreement between CMR and TTE according to bicuspid aortic 
valve morphology. 

Bland-Aitman plots demonstrating the comparison between cardiac mag
netic resonance and two-dimensional transthoracic echocardiography 
measurements of aortic diameters at the level of the (A, E) aortic annulus, 
(B, F) sinus of Valsalva, (C, G) sinotubular junction and (0, H) ascending 
aorta, in patients with type I (left) and type 2 (right) bicuspid aortic valve 
morphology. 

cending aorta, especially in patients with an aortic aneurysm. Measurement reproducibility 
was better with CMR than with TTE. 
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AORTIC DIAMETER ASSESSMENT IN BAV: WHICH METHOD TO USE? 

Aortic dilatation in BAV disease is especially present at the level of the ascending aorta 10- 13 . 

Therefore, it is of uttermost importance to correctly visualize and measure this part of the 

aorta. This study clearly showed that the correlation and agreement between CMR and TTE 

were quite good in patients w ith normal aortic diameters. Intra- and inter observer variabi lity 

were better w ith CMR. These findings confirm several studies in other patient populations 
14

-
19 However, in patients with an aortic aneurysm >40 mm, the correlation and agreement 

between both imaging modalities were worse, especially at the level of the proximal ascend

ing aorta. This phenomenon might be explained by the fact that in patients w ith an ascending 
aortic aneurysm, TTE acoustic w indows might be suboptimal and transection planes incor
rect. 

In addition, BAV morphology seemed to influence the accuracy of aortic diameters. The cor

relation and agreement between CMR and TTE were better at all levels in patients with a 

type I BAV as compared to patients with a type 2 BAV An explanation for this finding might 

be that the aortic diameters tended to be larger in patients with type 2 BAV as compared 

to type I BAV Furthermore, we hypothesize that the difference in accuracy according to 

BAV morphology could be due to the fact that 6 patients in the type 2 BAV group exhib

ited marked aortic root asymmetry, while none of the patients with a type I BAV exhibited 

marked aortic root asymmetry. The noncircular geometry could be a problem for the aortic 

measurements in the parasternal long-axis view, because 20 TTE cannot guarantee crossing 

in the center or prevent oblique transections. Unfortunately our group of 6 patients w ith aor

tic root asymmetry was too small to accurately test our hypothesis or draw firm conclusions. 

Further studies focusing on comparing CMR and TTE in patients with and without aortic root 

asymmetry are warranted. 

STUDY LIMITATIONS 

The limited sample size is an evident limitation of this study. Furthermore, we did not assess 
a true gold standard for aortic measurement, which is considered to be direct periopera

tive measurement. Acoustic shadowing artifact created by aortic valve calcification was not 

controlled for and could have limited the accuracy and available acoustic windows of TTE. 

Furthermore, we have to acknowledge that the proximal ascending aorta was measured in 

the left-right dimension by CMR and in the anterior-posterior dimension by TTE. Since the 

ascending aorta is typically symmetric, this probably did not affect our results to a large extent. 

Finally, the results of this study specifically address adult patients with congenital AS and BAV 
disease, and may not be generalizable to degenerative, calcific AS. 
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CLINICAL RECOMMENDATIONS 

Correct imaging of the aorta is crucial in clinical decision making process regarding surgical 
interventions in BAV and associated aortic aneurysms 4

. Elective aortic surgery is advised 

when the aortic diameter reaches 50 mm to avoid acute dissection or rupture 4
. Our study 

confirms recent ESC guidelines for grown-up congenital heart disease stating that CMR is 

mainly required to assess aortic dilatation w hen occurring distal to the sinotubular junction 6
. 

Thus, when available, CMR should be used at least once in all BAV patients to exclude pres
ence of an ascending aortic aneurysm and might also be the preferred method for follow-up 

when an aortic aneurysm is suspected and/or confirmed. 

For this young asymptomatic patient population computed tomography or transesophageal 

echocardiography are generally not considered first choice because of the disadvantage of 

respectively radiation exposure and invasiveness, but there might be a role for three-dimen
sional TTE 20· 21 • 

Because of certain disadvantages of CMR (contraindicated use in patients w ith claustropho

bia and metallic implants, prolonged duration of imaging acquisition, higher costs and often 

limited availability), echocardiography is often the most pragmatic choice in routine clinical 

practice. When availability of CMR is limited, we advise to perform both TTE and CMR 

at baseline and assess agreement between both techniques in respect to aortic diameter 

measurements at all 4 levels in the individual patient. When both imaging techniques agree 

well and aortic diameter is < 40 mm, TTE can be used for regular follow-up. In case of good 

agreement and an aortic diameter >40 mm, we suggest to repeat CMR at least every 4 

years. In caseTTE and CMR show poor agreement in that individual patient (>5 mm differ

ence), TTE cannot be used as a reliable tool to assess aortic diameter. In these patients, CMR 

should be the preferred method for follow -up of aortic diameters; once every 3 to 4 years 

when aortic diameter is <40 mm, every I to 2 years when aortic diameter is >40 mm, and 
even more frequently when the diameter approaches 50 mm. 

CONCLUSIONS 

In patients with congenital AS, aortic diameter measurements are slightly smaller with TTE 

compared to CMR and the reproducibility of CMR is better. Agreement between both imag

ing modalities is good in patients w ith normal aortic diameters , however poor in patients with 

an aortic aneurysm. In addition, the agreement between CMR and TTE seems to be lower 
in patients with a type 2 BAV morphology. 

Since BAV associated aortic dilatation mainly occurs at the ascending aortic level, CMR should 

be performed at least once to ensure that an aortic aneurysm at this level is not missed and 

might be the preferred method for aortic aneurysm follow-up. 
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ABSTRACT 

Aims: We compared the measurement of aortic leaflet calcificat ion on contrast and non

contrast MSCT and investigated predictors of bal loon post-di latation after TAVI. 

Methods and Results: In I I 0 patients , who had TAVI w ith a Medtronic Corevalve prosthesis 

(MCS) for symptomatic aortic stenosis, calcification of the aortic root w as measured on non

contrast MSCT (conventionally) and on contrast MSCT (signal attenuation > 450 Houndsfield 

units). Calcium volume was underestimated on contrast- vs. non-contrast MSCT: median [IQ 

range] = 759 [466-1 295] vs . 2016 [ 1376-3262]. The difference between the two methods 

increased w ith higher calcium volumes. Calcium mass w as only slightly underestimated on 

contrast vs non-contrast MSCT: median [I Q-range] = 44 1 [268-809] vs . 555 [341 -950] and 

there w as no association between the differences and increasing calcium mass. Balloon post

di latation was performed after TAVI in I I patients. Bal loon post-d ilatation was associated with 

higher aortic leaflet calcium (p < O.O I ), aortic annulus diameters (p< O.O I) and low er annulus 

to prosthesis area (p = O.O I). The ability to discriminate the need for balloon post-dilatation 

w as excel lent for aortic leaflet calcium (area under ROC curve > 0.80), moderate for aortic 

annulus dimensions (area under ROC= 0.69) and poor for prosthesis to annulus ratio (area 

under ROC=0.36) . 

Conclusions: Dense aortic leaflet calcification measured on cont rast MSCT discerned w ell the 

need for balloon post-di latation after TAVI. Non-contrast MSCT may no longer be needed to 

quantify aortic root calcium before TAVI. 
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INTRODUCTION 

Transcutaneous aortic valve implantation (TAVI) improves prognosis of patients with severe 

aortic stenosis who are deemed at too high a risk for surgical valve replacement (SAVR) 1
. 

Heavy calcification of the aortic root is an almost universal finding in patients w ith severe 

symptomatic aortic stenosis 2• The gold standard for the measurement of calcification is stan

dardized non-contrast MSCT, yet the precise anatomical distribution of calcification can be 

better appreciated on contrast MSCT, which usually shows dense calcification of the aortic 

leaflets. Balloon valvuloplasty is essential to crack open the calcified valve before it can be 

crossed with the TAVI prosthesis 3.4 . The calcified aortic leaflets are then pushed aside and 

trapped by the prosthesis during implantation. Apposition of a sealing skirt to the disrupt

ed aortic leaflets and or to the surrounding tissues within a few millimeters below them is 

necessary to prevent paravalvular aortic regurgitation (PAR) for both types of commercially 

available TAVI prostheses. It is likely that the calcified leaflets also play an important role in 

preventing device embolisation after deployment. Yet,dense calcification may contribute to 

deformation of the deployed frame of the prosthesis, which may result in malapposition and 

paraprosthetic aortic valve regurgitation. 

Another factor which may cause PAR after TAVI is undersizing, where the prosthesis is small 

relative the native annulus 5. Prosthesis size selection is based on the measurement of the 

aortic annulus 6•7. Yet, during SAVR the aortic annulus is partially decalcified before sizing pro

ceeds under direct vision, whereas during TAVI sizing relies on non-invasive imaging without 

prior decalcification. 

When significant PAR is encountered after deployment of the prosthesis balloon post-dila

tation of the frame (BAVF) may reduce the amount of regurgitation, but carries the risks of 

potential damage to the new valve leaflets as well as of vascular sequelae that may result from 

the additional instrumentation 8•
11

• Yet if it were possible to identify a priori which patients 

would be at risk of requiring BAVF. it may be possible to modify the procedure so as to obvi

ate the need for it, for example by selecting a larger pre-dilatation balloon or larger size pros

thesis. This study investigates first the measurement of aortic valve calcification on contrast vs 

non-contrast MSCT and second the clinical and anatomical determinants of BAVF after TAVI . 

METHODS 

POPULATION 

The study population consisted of I I 0 patients who received TAVI and who had a MSCT 

for pre-procedure planning. No patients were specifically excluded, but MSCT was not per

formed on patients with an estimated glomerular filtration rate below 20ml/min. 
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MSCT WITHOUT CONTRAST ENHANCEMENT 

A scan without contrast enhancement was available in 98 of I I 0 patients because it was 
initially not performed in patients with previous CABG or coronary stents. The non-contrast 

MSCT acquisition was performed in a prospectively ECG-triggered , sequential (step and 
shoot) mode with a reference tube current of 80 mAs, a tube voltage of 120kV and slice 

thickness of 3mm in the early or mid diastolic heart phase depending on the heart rate. 

For analysis on a dedicated cardiovascular CT workstation (MMWP,Siemens AG, Forchheim, 

Germany) the aortic root was defined as the stretching from the caudal aspect of the aortic 

annulus to the origin of the left main stem as seen on axial images 12• The threshold for the 

detection of calcium was set at \30HU. Agatston score, calcium volume and mass were 
measured 13- 17• In cases where aortic root calcification was confluent with calcium in adjacent 

structures (mitral annulus, ascending aorta, coronary arteries) only the stack of images that 

contained the aortic root were selected. 

CONTRAST ENHANCED MSCT 

The MSCT acquisition method using 64-slice dual-source CT has been described before 18• 

In brief, the acquisition was performed using the spiral scan mode, a variable table speed 

(depending on the heart rate), no ECG-triggered tube output modulation, and ECG-gated 

image reconstruction . Further acquisition parameters: detector collimation 2 x 32 x 0.6 mm 
with rapid alternation of focal spot position in the Z-axis (Z-sharp®), roentgen tube rotation 

time 330 ms, tube voltage 120 kV The scan ranged from the top of the aortic arch to the 

diaphragm. The volume of iodinated contrast material was adapted to the expected scan 

time. A 50-60 ml bolus of iodixanol (Visipaque® 320 mg 1/ml, GE Health Care, Eindhoven, 

The Netherlands) was injected in an antecubital vein at a flow rate of 4.5 ml/s followed by 

a second contrast bolus of 30-40 at 3.0 ml/s. Bolus tracking was used to trigger the start of 

the scan with the arrival of contrast in aortic root. Reconstructions were made in end systole 

using a single-segmental reconstruction algorithm with slice thickness I .5 mm; increment 0.4 

mm; medium-to-smooth convolution kernel (B26f) resulting in a spatial resolution of 0.6-0.7 

mm in-plane and 0.4-0.5 mm through-plane and a temporal resolution of 83ms. The radia

tion doses ranged from 8 to 20 mSv depending on body habitus and table speed. 

The aortic annulus was defined as a virtual ring with 3 anchor points at the bases of the 3 

aortic leaflets 19 This definition w as visually reproduced by setting up a viewing plane axial 
to the aortic root as described before 20 . The minimum and maximum diameters and area 

of the annulus were measured . Propriety software was developed to allow measurement 

of aortic leaflet calcification on a contrast MSCT (3mensio Medical Imaging, Bilthoven, the 

Netherlands). On images axial to the aortic annulus a region of interest was defined from 

the aortic annulus to the most cranial aspect of the aortic leaflets. The threshold for detect
ing calcification in the region of interest was set at 450 Houndsfield units (HU) which was 
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approximately ISO HU above contrast density of the blood pool when sampled just above 
the aortic leaflets in the majority of patients. This was found to be the lowest level at which 

contrast was not detected as calcium. Non-detection of contrast was visually verified. If nec

essary the region of interest was then edited to ensure that calcification detection was limited 

to the three aortic leaflets (Figure I). Calcium volume and mass was measured. The density 
of calcium can be determined from the amount of signal attenuation 16•17 • Due to the high 

signal attenuation threshold selected for the detection of calcium it was anticipated that only 

dense calcium would be measured on contrast MSCT 

Figure I: Calcium quantification on aortic leaflets on contrast MSCT. 

On two longitudinal views the region of interest was defined from the base of the 3 aortic leaflets to just above 
the aortic leaflets (Panel A). The threshold for detecting calcification was set at 450 Houndsfield units (HU) 
which was approximately ISO Houndsfield units (HU) above contrast density of the blood pool when sampled 
just above the aortic leaflets in the majority of patients. This was found to be the lowest level at which contrast 
was not detected as calcium. Non-detection of contrast was visually verified at different levels and if necessary 

the region of interest was then edited (Panels B-D) to ensure that calcification detection was limited to and 
measured individually for the three aortic leaflets. The correct segmented calcium was also verified on 3D 
views (Panels E, F). Panel G shows a collapsed (20) calcium density plot after segmentation. 

RELEVANT ASPECTS OF THE TAVI PROCEDURE 

The patient selection and TAVI implantation procedure has been described before 21. As is 
the case in the majority of TAVI procedures performed worldwide a cine-aortogram was 

performed after device deployment to assess device position and to detect and grade aortic 

regurgitation 11
• A 6 french pigtail catheter was placed in the outfow part of the frame just 

above the commissures of the prosthesis leaflets. 20m I of radiographic contrast was injected 

with a power injector at a rate of 20ml/s. Aortic regurgitation (AR) was graded by the op

erator during the implantation procedure according to the method of Sellers: grade 0= no 
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AR, grade I =trace, grade 2= mild, grade 3 = moderate, grade 4=severe 22 . In the event 

of aortic regurgitation grade 3 or 4 one of 2 approaches were taken. BAVF was performed if 

the operators judged that the AR may be reduced by improved apposition of the sealing skirt 

to the tissues surrounding the inflow of the prosthesis. Alternatively, if a too deep position 

of the prosthesis inflow below the annulus was judged to be the cause of AR then a second 

valve was implanted (valve in valve)23. 

COMPARISON O F CALC IUM MEASUREMEN T ON 
CONT RAST AND NON-CONT RAST MSCT 

Given the much higher threshold for the detection of calcification (on average 450HU vs 

130HU) we anticipated that calcium score wou ld be underestimated on the contrast MSCT 

relative to the conventional non-contrast method. In order to compare the measurement of 

aortic leaflet calcification by the two methods (contrast- compared to non-contrast MSCT) 

47 patients were selected with calcification largely limited to the aortic leaflets and with no 

or limited calcification in the adjacent structures so as to ensure that the regions of interest 

corresponded as closely as possible. This was necessary because I) aortic leaflet calcification 

may have an effect on the need for BAVF whereas additional aortic root calcification in the 

wall of the aorta, mitral valve or coronary ostia wou ld not, 2) the region of interest on the 

non-contrast images is defined on images axial to the patient and fine anatomical detail can

not be readily appreciated whereas on the contrast MSCT the region of interest is defined 
on images axial to the aortic annulus and calcification of individual leaflets can be measured. 

Correlation coefficients and Bland- Altman plots were used for the comparison of measure
ment of aortic leaflet calcification on contrast and non-contrast MSCT Calcification score 

data were not normally distributed and are given as median [interquartile range]. Normally 

distributed data are given as mean (SD). For comparison between groups Student's t-test or 

the Mann-Whitney U-test were used. The odds ratio and 95% confidence interval was used 

to investigate the association between the exposure variables (calcium volume, mass) and 

outcome (BAVF). To determine which variable best discriminated the need for BAVF receiver 

operator characteristic (ROC) curves were plotted (sensitivity vs ! -specificity) and the areas 

under the curve were calculated. Statistical significance was defined as p<0.05. SPSS 15.0 
was used. 
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RESULTS 

DEMOGRAPHICS 

Clinical and anatomical details of the study population are given in Table I . The calcium 

burden of the aortic root and leaflets was high in all patients, Table I . The degree of calci-

fication was highest for the non-coronary leaflet (calcium mass median [IQR] = 187 [ 121 -

Table I: Clinical and anatomical characteristics of the patients who did and did not have balloon post-dilatation 
of the frame (BAVF) during TAVI. 

N[%]; MEAN (SD); MEDIAN ALL NO BAVF BAVF P-VALUE 
[IQ-RANGE] N=IIO N=99 N=ll 

Age (y) 80 (7) 8 1 (7) 79 (8) 

Female: male 62:48 57:42 5:6 

Height (em) 167 (9) 167 (9) 168 (II) 

Weight (kg) 73 (14) 72 (14) 75 (13) 

BMI (kg/m2
) 26 (4) 26 (4) 27 (4) 

Serum creatinine (~mol/1) 9 1 [7 1-1 17] 87 [70- 11 7] I 03 [91-144) 0.06 

LV function 
normal 66 (60) 59 (60) 7 (64) 

- mild to moderate 34 (31) 31 (3 1) 3 (27) 
- poor 10 (9) 9 (9) I (9) 

Echo annulus 23 (2) 23 (2) 23 (2) 

Euroscore IS (9) IS (9) 12 (9) 

MSCT annulus diameter 
Minimum 2 1.7 (2.6) 2 1.5 (2.5) 23.0 (3.1) 0.03 
Maximum 26.9 (2.6) 26.6 (2.4) 28.8 (3.4) 0.01 
Mean 24. 1 (23) 23.9 (2.2) 25.9 (3 . 1) <0 .0 1 

Aortic root calcium 
- Agatston 2904 [2008-4484] 2841 [ 1909 to 4 23 9) 4729 [40 10 to 7871] <0.0 1 
- Volume 2333 [ 1577-3695] 223 1 [ 1506 to 3595) 37 1 0 [3277 to 6 156] < 0.0 1 
- Mass 647 [402- 1 138] 606 [380 to I 0 14] I 166 [872 to 1925) <0.01 

Total aortic leaflet calcium 
- Volume 783 [531 -1 421 ] 759 [502 to 1278] 1545 [ 1295to 2 186] < 0.0 1 
- Mass 442 [295-911] 4 20 [2 90 to 802] 1003[809 to 1395) <0.01 

Depth of implantation 
- Non-coronary sinus 8.2 (3 .5) 8. 1 (3.5) 8.9 (3.6) NS 
- Left coronary sinus 8.9 (3 .6) 8.7 (3.6) 10.0 (3.8) NS 

Prosthesis size implanted 26:29 35:75 33:66 2:9 

Prosthesis inflow to annulus area 1.38 (0.2 1) 1.40 (0.20) 1. 25 (0.24) 0.02 
Prosthesis inflow to annulus 1. 17 (0.09) 1.18 (0.09) 1.11 (0.11) 0.0 1 
diameter 
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360]) , followed by the right (calcium mass= 138 [67 -249]) and left coronary leaflets (calcium 
mass = 129 [62-217). 

AR grade 3-4 was seen immediately after device implantation in 15 of I I 0 patients. In 4 of 
these 15 patients a second MCS was immediately implanted (valve in valve), w hich resulted 

in AR grade 1-2 in all 4 patients. In I I of these 15 patients BAVF was performed , which 

resulted in AR grade ::52 in 8 of I I patients. One further patient received a second prosthe

sis (valve in valve) that improved the AR grading to trivial. The grade of AR spontaneously 

reduced to grade 2 in the first week after TAVI in another patient. One other patient w ith 

persistent AR grade 3 despite BAVF died 12 days after the procedure. W ith the exception of 

this patient there were no patients with PAR grade > 2 on echocardiography I week after 

TAVI. BAVF w as associated w ith the development of a VSD in one patient w ho had an unusu
ally long ventricular membranous septum24

. 

COMPARISON OF CALCIUM VOLUME AND MASS ON 

CONTRAST AND NON-CONTRAST MSCT 

In the 47 patients w ith calcification limited to aortic leaflets the measurements of both calcium 

volume and mass where lower on contrast- w hen compared to non-contrast MSCT: calcium 

volume median [IQ-range] = 759 [466 to 1295] vs. 2016 [ 1376 to 3262] ; calcium mass 

= 441 [268 to 809] vs. 555 [341 to 950]. There was a high degree of correlation between 

the contrast and non-contrast MSCT measurement of both calcium volume and mass (re

spectively r=0.93 and r=0.95) , Figure 2. The Bland- Altman plot showed that there was a 

negative bias for the measurement of calcium volume on contrast scans and the difference 
between the two methods increased as calcium volume increased (correlation coefficient 

r = 0.90), Figure 2. ln contrast the calcium mass vvas also underestimated on contrast MSCT 

but there w as no associat ion between the difference between the two methods and increas
ing calcium values (correlation coefficient r=0. 17), Figure 3. 

CHARACTERISTICS OF PATIENTS W HO REQUIRED BAVF 

There w ere no differences in the clinical characteristics of patients who did and did not have 

BAVF (Table I). On pre-procedural MSCT the patients who required PABV had a larger 

annulus dimensions (minimum, maximum, mean diameters), a higher degree of aortic root 

calcification on non-contrast MSCT and higher levels of aortic leaflet calcification on contrast 

MSCT. Table I . The ratio of nominal prosthesis inflow to annulus dimensions was lower in 
patients w ho received BAVF w hen compared to those w ho did not, Table I . There w as no 

difference depth of implantation between the two groups. 
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Figure 3: Scatterplot (left panel) and Bland-Aitman plot (right panel) of calcium mass measured on contrast 
and non-contrast MSCT. 

The linear regress ion lines with 95% confidence inte rvals are shown for the scatterplot (left panel: intercept 
-26, slope 0.91, R-squared = 0.93). Reference lines represent the mean difference±2SD for the Bland-Aitman 
plot (right panel). 

The implanted prosthesis was correctly or over-sized based on the sagittal annulus measure

ment from echocardiography in all patients who subsequently required BAVF. Yet if sizing 

was based on the maximum annulus diameter obtained from MSCT, which is not accurately 

measured on 20 echocardiography, the selected prosthesis would have been undersized in 

209 



8 of I I patients who required BAVF. If the sizing was based on the mean annulus diameter 

obtained from MSCT the selected prosthesis would have been undersized in 5 of I I patients 

who required BAVF and oversized in one patient. Undersizing, defined as a mean annulus di

ameter <:23.5 for a size 26 and <:27.5 for a size 29 MCS implant, was associated with BAVF: 

odds ratio (95% Cl) = I 1.0 (2.7-45). 

An aortic lea~et dense calcium mass <:800 (contrast MSCT) was more frequent in cases who 

had BAVF than those who did not (91% vs 25%) and was significantly associated w ith BAVF: 

odds ratio (95% Cl) = 29.6 (3.6 to 242.9). 29% of patients with an aortic lea~et dense cal

cium mass <:800 required BAVF compared to I% of those with a dense calcium mass <800. 

Similar data were seen for an aortic lea~et dense calcium volume ;:: 1200 (contrast MSCT), 

which was seen respectively in 91 % and 26% of patients who did and did not have BAVF. 

On non-contrast MSCT an Agaston score <:3000 was seen in all patients who had BAVF and 

in 43% of those w ho did not. When evaluated by ROC curve all measures of aortic root 

or aortic lea~et calcium showed excellent discrimination for the requirement of BAVF (all 

>0.80, Table 2), w hereas the discriminatory value of aortic annulus dimensions was moder

ate (0.68) and that of prosthesis to annulus ratio was poor (0.39), Table 2. 

Table 2: Receiver operating characteristic (ROC) curves plotted as sensitivity vs. I minus specificity and areas 
under the curves were calculated to determine which variable was best able to discriminate the need for BAVF. 

TEST VARIABLE 

Aortic Root Calcium (non-contrast MSCT) 
Volume 

Mass 

Agatston 

Aortic Leaflet Calcium (contrast MSCT) 
Volume 

Mass 

Annulus diameter 
Mean 

Minimum 

Maximum 

Prosthesis to annulus area 

Prosthesis to annulus diameter 

AREA UNDER THE ROC CURVE 

0.82'~ 

0.80" 

0.83* 

0.81 

0.81 

0.68 

0.68 

0.69 

0.36 

0.36 

'"As determined in the subset of 98 patients with a non-contrast MSCT of which 9 underwent BAVF 
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DISCUSSION 

This study shows firstly that quantification of mass and volume of dense calcium of the aortic 

leaflets on contrast MSCT is feasible and secondly that it allows the detection of dense calcifi

cations that increase the risk of needing post-dilatation after TAVI. Dense calcium was a pre

dictor of BAVF in the present study and others 25 Less dense calcification is unlikely to affect 

procedural outcome. This concept is supported by the observation in the present study that 

calcifications measured on both contrast- and non-contrast MSCT discriminated the need for 

BAVF equally, despite the fact that spots of calcium with mild to moderate density ( <450HU) 

are not detectable on contrast MSCT 

Although semi-quantitative estimation of calcification burden on the aortic leaflets on echo

cardiography has been described 2 the measurement of calcium non-contrast MSCT (Ag

atston score, volume, mass) has to be considered the gold standard 26· 27 . We report that 

calcium volume is underestimated on contrast- when compared to non-contrast MSCT and 

the degree of underestimation increases with increasing levels of root Ca volume. In contrast 

the mass measurement did not show a similar increasing bias. This may be explained by the 

fact that less dense calcium that will not be detected on contrast scans ( <450HU) may have 

a substantial volume but relatively little mass. These data indicate measurement of calcium 

on contrast MSCT may lead to significant misclassification when small amounts of calcification 

have prognostic implications for example in the coronary arteries 13 . Yet only dense aortic leaf

let calcification (Agatston score >3000 on non-contrast MSCT. mass ::?:800, volume ::?: 1200 

on contrast MSCT) was a risk marker for BAVF during TAVI in this and another study25 . The 

ability to easily measure dense aortic root calcification contrast MSCT may eliminate the need 

for an additional non-contrast MSCT before TAVI. This would reduce the radiation dose of 

a pre-TAVI MSCT scan by approximately l-2mSv on average, depending on the scanning 

protocol used. 

PAR is common post TAVI but is mostly mild whereas haemodynamically significant AR (grade 

3 to 4) is reported in approximately I to 5% of patients8·25 . This is in part because hae

modynamically significant PAR is not wel l tolerated in elderly patients with stiff ventricles. 

Consequently it is almost always ameliorated by additional measures during the implantation 

procedure, even when it does not lead to acute haemodynamic compromise. Treatment 

options include BAVF in order to improve apposition of the sealing skirt at the inflow of the 

frame to surrounding tissues, or, if a too deep implantation is the principle cause a second 

prosthesis may be deployed (valve in valve). We observed haemodynamically significant AR 

(grade ::?:3) in 14 patients ( 15%) after TAVI of w hich I 0% w as first treated w ith BAVF and 

4% were treated with implantation of a second valve. Another study of similar size reported 

PAR grade ::?:3 in 9% of patients of which 3% were treated with implantation of a second 

valve after BAVF failed to improve the AR25 . In that study BAVF was performed in a larger 

proportion i.e. 34% of patients because the threshold was lower i.e. patients with PAR grade 

2 also underwent BAVF. In our study PAR grade ::?:3 was seen in only I patient on fo llow up 

echocard iography I w eek after TAVI. It is thought that the nitinol frame of the MCS continues 

211 



to expansion of within 48 hours after device release. Consequently PAR may be expected 

to reduce further within this period without BAVF. The additional instrumentation during 

BAVF may carry an incremental risk of complications , although the risk is small and clearly 

considerably lower than for BAV of the native valve. A case report suggested that caution may 

be warranted when post-dilatation is performed in patients with a ventricular membranous 
septum that extends a relatively long way below the aortic annulus 24 . However, as there is 

currently no technique to eliminate the calcium during TAVI and the current frame technol

ogy does not fully accommodate the surrounding anatomy, additional BAVF is integral part of 

TAVI, fortunately at low risk. In patients who receive a surgical aortic valve prosthesis aortic 

calcification is a marker of adverse procedural outcome. There is currently no evidence that 
this calcification predicts an adverse outcome after TAVI, although the case series have been 

relatively small. 

We report that aortic annulus dimensions and the ratio of nominal prosthesis to annulus size 

were higher in patients who required BAVF when compared to those who did not. Two 

studies of respectively 74 and 53 patients reported similar findings based on 2D echocar

diographic measurements5·29 . In the present study there was substantial overlap between 

the two groups. However, annulus dimensions discriminated less well the need for BAVF 

than did quantification of calcifications. These data suggest that relative undersizing, if not 

too extreme, may exacerbate the effects of dense calcification rather than being the primary 
cause of haemodynamically significant AR requiring BAVF. Furthermore the availability of larg

er prosthesis sizes in combination w ith sizing based on mean annulus dimensions from a 3D 
imaging modality such as MSCT. 3DTEE or CMRI may reduce the need for BAVF. although 

this would require further study. 

LIMITATIONS 

This is a relatively small study and should be viewed as hypothesis generating. Since the 

analysis method for the quantification of calcium on the contrast and non-contrast scans are 

different and non-contrast scans do not allow appreciation of fine anatomical detail it is not 

possible to exactly match the regions of interest on the two types of scan. Other factors that 

may affect the detection of calcium between contrast and non-contrast scans include differ
ences in scanner type , body habitus, the radiation dose, slice thickness, reconstruction incre

ment in addition to the presence or absence of contrast 17·30·33 . Despite that these differences 
can not be adjusted for the ability to discriminate the need for BAVF was similar for calcium 

measured on both contrast and non-contrast MSCT . 
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CONCLUSIONS 

Dense aortic leaflet calcification can be quantified sufficiently on contrast MSCT to allow pre

diction of haemodynamically significant PAR during TAVI requiring BAVF after device release. 

On contrast MSCT an aortic leaflet calcium mass > 800, a calcium volume > I 200, larger an

nulus dimensions and nominal prosthesis inflow to annulus ratio were associated with BAVF 

during TAVI. Aortic root or aortic leaflet calcium on respectively non-contrast and contrast 

MSCT showed excellent discrimination for the requirement of BAVF, whereas the discrimina

tory value of aortic annulus dimensions was moderate. 
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ABSTRACT 

Background: There are physiological reasons for the effects of positioning on hemodynamic 
variables and cardiac dimensions related to altered intra-abdominal and intra-thoracic pres

sures. This problem is especially evident in pregnant women due to the additional aorta

caval compression by the enlarged uterus. The purpose of this study was to investigate the 

effect of postural changes on cardiac dimensions and function during mid and late pregnancy 
using cardiovascular magnetic resonance (CMR). 

Methods: Healthy non-pregnant women, pregnant women at 2Qth week of gestation and at 

32nct week of gest~tion without history of cardiac disease were recruited to the study and 

underwent CMR in supine and left lateral positions. Cardiac hemodynamic parameters and 

dimensions were measured and compared between both positions. 

Results: Five non-pregnant women, 6 healthy pregnant women at mid pregnancy and 8 

healthy pregnant women at late pregnancy were enrolled in the study. In the group of 

non-pregnant women left ventricular (LV) cardiac output (CO ) significantly decreased by 

9% (p =0.043) and right ventricular (RV) end-diastolic volume (EDV) significantly increased 

by 5% (p=0.043) from the supine to the left lateral position. During mid pregnancy LV 

ejection fraction (EF), stroke volume (SV), left atrium lateral diameter and left atrial supero

inferior diameter increased significantly from the supine position to the left lateral position: 

8%, 27%, 5% and I I%, respectively (p<0.05). RV EDV, SV and right atrium supero-inferior 

diameter significantly increased from the supine to the left lateral position: 25%, 3 I% and 

13% (p<0.05), respectively. During late pregnancy a significant increment of LV EF, EDV, 

SV and CO was observed in the left lateral position: I I%, 21%, 35% and 24% (p<0.05), 

respectively. Left atrial diameters were significantly larger in the left lateral position compared 
to the supine position (p<0.05). RV CO was significantly increased in the left lateral position 

compared to the supine position (p <0.05). 

Conclusions: During pregnancy positional changes affect significantly cardiac hemodynamic 

parameters and dimensions. Pregnant women who need serial studies by CMR should be 

imaged in a consistent position. From as early as 20 weeks the left lateral position should 
be preferred on the supine position because it positively affects venous return, SV and CO. 
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BACKGROUND 

Increasing numbers of women with pre-existing heart disease are reaching childbearing age 

and are deciding to become pregnant 1
• Pregnancy induces marked physiological changes 

in cardiac parameters, with a 30-50% increase in cardiac output, through an increase both 

in stroke volume and heart rate 2. While usually well tolerated in healthy pregnant women, 

these changes can induce adverse effect in women with pre-existing heart disease on both 

right and left-sided lesions 3· 4 • Therefore , heart function should be closely monitored during 

pregnancy in these patients. Echocardiography has been used for many years but cardiovas

cular magnetic resonance (CMR) is more reliable in the context of congenital heart disease 
5. To date, most data have been derived using echocardiography w ith the patients in lateral 

position 6, while CMR is usually performed in supine position. As aortocaval compression is 

important in advanced pregnancy 7· 8 data of both techniques can not be compared. Many 

women with complex cardiac conditions will require CMR during pregnancy, however there 

is relatively little data regarding both the use of CMR during pregnancy and of the impact of 

supine and lateral positions on cardiac parameters. The purpose of this study was to investi

gate the impact of maternal position on cardiac parameters derived from CM R during 2nd and 

3'd trimesters of pregnancy in normal women. 

METHODS 

PATIENT SELECTION 

Healthy non-pregnant women, pregnant women at 20'h week of gestation and at 32nd week 

of gestation with no history of cardiac disease were recruited to the study between June 

2009 and January 20 I 0. Study participants underwent CMR in supine and left lateral posi

tions . Exclusion criteria were the common contraindications for CMR studies (pacemaker, 

cochlea implants and claustrophobia). The study w as approved by the institutional review 

board and each subject gave informed consent. 

CMR PROTOCOL 

CMR was performed using a 1.5T scanner (Signa CV//, GE Medical System, Milwaukee, WI). 

Firstly the patient was placed in the supine position and entered feet first into the magnet. A 

dedicated cardiac 8 channels coil was placed on the thorax of the subject and used for the 

acquisition of the images. CMR cines w ere obtained using a breath-hold ing ECG triggered 

balanced steady state free precession sequence. Imaging parameters were as follows: FOV 

36-40 x 28-32 em; matrix 224 x 196; TR: 3.4 milliseconds; TE: 1.5 mill iseconds; fiip angle 

45 degrees; 12 views per segment. Slice thickness was 8 mm with a gap of 2 mm. These 
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parameters resulted in a temporal resolution per image of 41 milliseconds. At first, three 

rapid surveys were obtained for the determination of the cardiac position and orientation; 

two- and four-chamber cine MR images were then obtained. The series of short axis (SA) 

images were obtained from the reference images provided by the two- and four- chamber 

end-diastolic images at the end of expiration. Approximately I 0 to 12 slices were acquired 

to cover the entire length of the heart. Directly after the first CMR study, the subject was 

repositioned on the left lateral side position for the second examination. The acquisition of 
images was performed by the same operator. 

IMAGE ANALYSIS 

All the studies were analysed on a remote workstation using the CAAS-MRV (version 3 .2; Pie 

Medical Imaging, Maastricht, The Netherlands). 

Left end-diastolic volume (EDV) and end-systolic volume (ESV) were calculated using a com

bination of classic SA and long-axis images. The long-axis view was used to limit the extend 

of volumes at the base and at the apex of the heart. The Simpson rule was used to calculate 

volumes based on the SA images where the first basal and the last apical were only partially 
included relating to the area outlined on two- and four- chamber images. More detai ls about 

this approach have been previously reported 9
. The papillary muscles were considered as 

being part of the blood pool shortening the analysis time without compromising the accuracy 
of LV volumes compared to standard short-axis technique 10 . Ejection fraction (EF) was cal
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culated as (EDV - ESV)/EDV 

Cardiac output (CO) was cal
culated from stroke volume 

(SV) and heart rate (HR). Left 

atrium volume (LAval) was 

measured using a combination 

of the two- and four chamber 

views in the diastolic phase of 

the atria. Lateral (LAiat) and 

supero-inferior (LAsi) left atrial 

diameters were measured on 

a four-chamber view during 

Figure I. Cardiac dimensions: 
four-chamber end-systolic view. 

LAiat: left atrium lateral diameter; 
LAsi: left atrium supero-inferior 
diameter; RAiat: right atrium lateral 
diameter: RAsi: right atrium supe
ro-inferior diameter. 



the phase of cardiac cycle with the largest left atrium (Figure I). The lateral diameter was 

taken from the perpendicular constructed from the midpoint of the LAsi diameter extending 

to the atrial borders. The LAsi dimension corresponds to a line bisecting the left atrium and 

extending from the midpoint of the mitral annulus to the midpoint of the superior left atrium. 

Right EF, EDV, ESV, SV and CO were calculated using cine images acquired in SA view, 

parallel to the tricuspid valve annulus and applying the same methods of the left ventricular 

hemodynamic measurements without long-axis corrections. In addition, lateral (RAiat) and 

supero-inferior (RAsi) right atrium diameters were taken during the phase of the cardiac cycle 

with the largest right atrium, on a four-chamber view (Figure I). The RAiat diameter corre

sponds to the line extending from the atrial borders and perpendicular to the RAsi diameter. 

The RAsi diameter is the line from the midpoint of the tricuspid valve to the midpoint of the 

superior right atrium. 

Due to the low inter-observer variability reported in a previous study 11 image analysis was 

performed by one operator with 3 years-experience in CMR. The operator was blinded to 

the same patient at the other position . CMR analyses were performed in a random order at 

different days. 

ANALYSIS BY GESTATIONAL WEEK 

The patients were categorized into 3 groups according to gestational age. The first group 

consists of non-pregnant controls , the second group of women in the 20'h gestational week 

and the third group of women in the 32nd gestational week. 

STATISTICAL ANALYSIS 

All analyses were done using SPSS 15 (SPSS Inc.) software. Parametric data were reported 

as mean ± standard deviation. For each gestational group mean values of HR, EDV, ESV, EF, 

SV, CO, left and right atrium diameters of supine and left lateral positions were tested for sig

nificance, using Wilcoxon's two sample test. A p-value < 0.05 was considered significant. The 

percentage of change in the measure of left ventricle (LV) and right ventricle (RV) parameters 

(X) and left atrium (LA) and right atrium (RA) parameters (X) between supine and left lateral 

position was calculated using the following formula: 

Percentage change in X = [(X
1

, 
1

- X . )IX . l xI 00. a era sup1ne sup1neJ 
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RESULTS 

A total of 14 healthy women with singleton pregnancies (30.3 ±5.2 years) were included in 

the study. Five non-pregnant women (29 .4±5.7 years) were recruited as controls. T he time 

interval between the examinations in supine and left lateral position ranged between 8 and 

12 minutes. Table I gives the data regarding hemodynamic parameters and cardiac dimen

sions as related to gestational week and maternal posture. Percentage differences of cardiac 

volumes between supine and left lateral position are graphically reported in Figure 2 and 3 

and w ill be reported in more detai l below. 

. 
~ 
c 
.c 
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- Non pregnancy 

= 20 gestllional
= 32 gestllionalweeks 

EF EDV ESV 

Figure J. Percentage differences 
of hemodynamic parameters of 
right side of the heart. 

EF (ejection fraction: %), EDV 
(end-diastolic volume: ml), ESV 
(end-systolic volume: ml), SV 
(stroke volume: ml), CO (cardiac 
output: L/min), LAvol (left atrium 
volume: ml) 

Percentage difference from su
pine to left lateral position is 
calculated with the following for
mula: 

X (%) = [(XIatml- x"P'"')/(X"P'")] 
xI 00 where X is a cardiac param
eter. 
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~ 20 gestational "M!ek$ 

c:::::J 32 gestltional weeks 

LAvol 

EDV 

Figure 2. Percentage differenc
es of hemodynamic parameters 
of left side of the heart. 

EF (ejection fraction: %), EDV 
(end-diastolic volume: ml), ESV 
(end-systolic volume: ml), SV 
(stroke volume: ml), CO (cardiac 
output: L/min), LAvol (left atrium 
volume: ml) 

Percentage difference from su
pine to left lateral position is 
calculated with the following for
mula: 

x (%) = [(X'""''- x"P'"')/(X'"P'")J 
xI 00 where X is a cardiac param-
eter. 
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PRE PREGNANCY 

HR did show a slight although not significantly decrease between supine and left lateral posi
tion: 78± 12 versus 73 ± 12. Left CO significantly decreased by 9% (p =0.043) and right 

EDV significantly increased by 5% (p=0.043). There were no other significant changes of 

hemodynamic parameters and cardiac dimensions between the two recumbent positions. 

20 GESTATIONAL W EEKS 

Six pregnant women were in the 20'h gestational week. HR was 80± I I bpm in the supine 

position and 72±5 in the left lateral position (p=0.15). A significant increment of EF and 

SV of the left ventricle was observed between the supine and the left lateral position: 8% 

(p=0.046) and 27% (p=0.028), respectively. Left atrial dimensions increased significantly 
between the supine and the left lateral position by 5% for LAiat (p=0.028) and by I I% for 

LAsi (p=0.027). Regarding the right side of the heart, EDV increased by 25% (0.028) and SV 
increased by 3 I% (0.028) between the supine and the left lateral position. RAsi significantly 

increased by 13% (p=0.042) between the supine and the left lateral position. 

32 GESTATIONAL WEEKS 

Eight pregnant women were in the 32nd gestational week. HR did not significantly change 

between the supine and the left lateral position: 81 ± 16 versus 75±8 bpm (p=0.237). A 

significant increment of EF, EDV, SV and CO was observed between the supine and the left 

lateral position: i I% (p=O.O i 2), 2 i% (p=O.O 12), 35% (p=O.O 12) and 24% (p=O.O! 2), 

respectively. Left atrial dimensions increased significantly between the supine and the left 

lateral position by 15% for LAiat (p=O.O 12) and by 13% for LAsi (p=0.025). No significant 

changes of right hemodynamic parameters and dimensions were observed between the two 
recumbent positions w ith the only exception of CO (p=0 .025). 

IMPACT OF GESTATIONAL AGE 

A progressive increase of percentage changes of hemodynamic parameters and cardiac di
mensions of the left side ofthe heart w as found throughout gestation. The only exception 

was the percentage change of ESV which substantially did not change between 20 and 32 

weeks of gestation. During late pregnancy left ventricle CO significantly increased between 

supine and left lateral position; the percentage of increment at 32 weeks was 24%. This was 

associated to an increase of 21% of left ventricle EDV A significant increase in LA dimensions 
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was also found. The difference between the two recumbent positions was less clear at 20'h 
gestational week with an increase of left ventricle EDV and LA dimensions but with no clear 

impact on CO. For the right side of the heart we observed a similar trend of increment of 

ventricular and atrial dimensions at 20 weeks but no further increase during late pregnancy. 

DISCUSSION 

This study investigated how the supine and the left lateral positions during CM R affects heart 

rate, cardiac volumes and dimensions at different gestational ages. To our knowledge this is 

the first study investigating the effect of two recumbent positions on cardiovascular hemo

dynamic measurements and changes in cardiac dimensions during pregnancy using CMR. 

The data show a clear difference between the two positions, which become more marked 

as pregnancy advances but are significant from as early as 20 weeks. There were minimal 

changes in the non-pregnant subjects. The existing data from non-pregnant humans with re

gards to the effect of different positions on hemodynamic parameters are limited and some

times conflicting. Some report that cardiac output is higher in the supine position compared 

to the right or left lateral position 12· 13 , while others have shown that cardiac output is higher 

in the left lateral position than in the supine position 14 and still others that there is no differ

ence in either position 15
· 

16
• In our series, we found that there was no significant effect on he

modynamic parameters and cardiac dimensions of moving from the supine to the left lateral 

position in non-pregnant women. However, we did observe a non significant decline in both 

heart rate and stroke volume leading to a borderline significant reduction in cardiac output. 

Pregnancy itself is a circulatory burden with a significant impact on the cardiovascular system. 

Cardiac output increases 30-50% above pre-pregnancy levels. In addition, when a pregnant 

woman lies flat on her back, the gravid uterus partially compresses the inferior vena cava with 

the consequent reduction of venous filling load and cardiac output 2· 17 From our data it ap

pears that the increase of left atrial volume accounts for the majority in increase in stroke vol

ume. As such it seems that the relief of caval obstruction (preload) is far more important that 

the relief of aortic compression (afterload) for the increase in cardiac output. In our series the 

significant increase in LA dimensions and the t rend to increase EDV in the left lateral position 

suggest an increased venous return in this position which is already present at 20 gestational 

weeks. The effect of the gravid uterus compressing the abdominal vessels might be enforced 

by the increase in plasma volume even as early as 20 weeks of pregnancy 2• An increase of 

right atrial pressure 18 and left and right ventricular peak systolic and end-diastolic pressures 19 

in the left lateral position can also help to explain the increased venous return . It is of interest 

to observe that the heart rate was higher in the supine position compensating for the fall in 

stroke volume in this position 16 in an attempt to recover cardiac output. This could be partly 

explained by the fact that during mid-late pregnancy the suppression of cardiac vagal activity 

and the enhancement of cardiac sympathetic activity are greater in the supine position 20 than 

in the lateral position. In this series left ventricle EDV, EF, CO and SV increase significantly 
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from the supine to left lateral position. These findings are easily explained: the change from 

the supine to the lateral position relieves the compression on the vena cava from the gravid 

uterus. The increasing venous return leads to an increased SV and so CO. Ueland et al 16 

demonstrated that a change in position from the supine to the left lateral side produced a rise 

in CO by 8% at 20 to 24 weeks gestation, 13.6% at 28 to 32 weeks gestation and 28.5% at 

term in a group of eleven healthy pregnant women. We observed that the SV increased by 

approximately 27% at 20 weeks gestation. At 32 weeks gestation SV increased significantly 

by 35%. In our series turning to the left lateral position we observed an increment of the 

SV of the right ventricle which is more evident in the mid than in the late pregnancy. More 

stud ies are needed to better explain the consistency of this finding. 

Some concerns may develop regarding the use of CMR in pregnant patients. Most studies 

evaluating MR safety during pregnancy do not show ill effects on the fetus 21 -23 . It is anyway 

good practice to avoid MR studies during the first trimester of pregnancy although it can be 

used if clinical indicated . All our patients were studied during the second or third trimester 

of pregnancy. 

Several limitations of this study should be highlighted. First, our results should be tested in 

a larger sample of women including women with cardiac disease. Indeed the normal physi

ological respond to pregnancy could be different in patients w ith congenital or acquired car

diovascular diseases. In addition, the small sample size may justify the large standard devia

tion in our series. Second, because the interval between each MR acquisition was between 8 

and 12 minutes it is possible that cardiac parameters had not returned to baseline. Additional 

studies using more time points and also investigating the reverse change from lateral to 

supine could clarify this interesting subject. Th ird, this study is a cross-sectional study. The 

effects of the position on cardiac hemodynamic should preferably be studied in a prospective

longitudinal study investigating the same population at different gestational times. 

CONCLUSION 

In the non-pregnant state, turning from supine to left lateral position have minimal effect on 

cardiac parameters. During pregnancy, from as early as 20 weeks, turning to the left lateral 

position has positive effects on cardiac hemodynamics inducing a significant increase of ve

nous return, SV and CO. Pregnant women requ iring CMR should be studied in a consistent 

position for serial studies and the left lateral position is preferred from early pregnancy on

wards, also to limit uteroplacental hypoperfusion. 
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ABSTRACT 

Purpose: During pregnancy the cardiovascular system of healthy women is capable to accom
modate the increased hemodynamic demands. This adaptation process may be compro

mised in women w ith heart disease. The aim of this pilot study was to use cardiac magnetic 

resonance (CMR) to study the effects of pregnancy on cardiac hemodynamic parameters in 
women with structural heart disease. 

Material and methods: Women with structural heart disease (acquired or congenital) were 

included in our study if they came for preconception counseling or when they presented at 

the outpatient clinic before 20 weeks gestation and agreed to participate. CMR acquisitions 

were performed at four time points: before pregnancy if possible, at 20 weeks and 32 weeks 

of gestation and six months postpartum. Left (L) and right (R) end-diastolic volume (EDV), 

end-systolic volume (ESV), and ejection fraction (EF) were calculated. 

Results: Before pregnancy 17 women with heart disease agreed to participate in the study 

and underwent baseline MRI. Of these patients 6 did not become pregnant and were ex
cluded from further analysis. In the first trimester another 13 patients were enrolled so 

the final study population consisted of 24 women. Heart rate significantly increased during 

pregnancy (p<O.OO I). After an initial rise LV ejection fraction progressively decreased from 
20 to 32 weeks: 61 %±2% and 58%±2%, respectively (p=O.O I). Both right EDV and ESV 

significantly decreased in the third trimester of pregnancy compared to the second trimester 

(p<O.OS). The RV EF did not change. When comparing the measurements before and after 

pregnancy no significant changes were observed in any of the hemodynamic parameters 

(p>O .OS). 

Conclusions: In this prospective CMR study of women with pre-existing structural heart dis

ease, ejection fraction showed a decrease between 20 and 32 weeks. Pregnancy did not 

have a negative impact on right and left ventricular function. 
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INTRODUCTION 

During pregnancy the cardiovascular system of healthy women is capable to accommodate 

the increased hemodynamic demands. This adaptation process may be compromised in 
women with heart disease 1.2. 

Now adays, the number of women w ith heart disease w ho decide to become pregnant is 

increasing. Despite the advances in medical and surgical care of patients w ith heart disease, 
w hich have led to improved survival and outcome, cardiac disease remains the most com

mon cause of mortality during pregnancy 3• Patients w ith know n cardiac disease should be 

evaluated before pregnancy and informed about the risks of pregnancy 2• Only scarce lon

gitudinal data are available on the cardiac adaptation to pregnancy in women with heart dis

ease. Possible irreversible effects on maternal cardiac function have been described in some 

specific patient groups, but robust data are lacking. This information is essential for adequate 

counseling. 

Cardiac magnetic resonance (CMR) has become the reference standard in the assessment 

of cardiac hemodynamic parameters and ventricular function and it can safely be performed 

after the first gestational trimester 4
• Until now, the few existing studies have all been per

formed w ith echocardiography 5. The accuracy of various echocardiographic methods to 

reflect systolic function, especially in subjects with structural heart disease, can be questioned. 

The aim of this pilot study was to use CM R to evaluate the effects of pregnancy on cardiac 
hemodynamic parameters in women with structural heart disease. 

MATERIALS AND METHODS 

STUDY POPULATION 

This prospective observational study was conducted between 2007 and 20 I 0 in a joint col
laboration between the departments of Cardiology, Radiology and Obstetrics at Erasmus 

MC. During this period women with structural heart disease (acquired or congenital) were 

invited to participate . They were included if they came for preconception counseling or 

when they presented at the outpatient clinic before 20 weeks gestation and agreed to par

ticipate . CMR acquisitions were performed at four time points: before pregnancy if possible , 

at 20 w eeks and 32 weeks of gestation and six months postpartum. 

The study w as approved by the Medical Ethical Committee and all w omen gave w ritten 

informed consent. The population presented in this study is a part of a larger population 

previously described 6. 
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CMR PROTOCOL AN D IMAG E ANALYSIS 

CMR imaging was performed using a 1.5T scanner (Signa CV //, GE Medical System, Milwau

kee, WI). The woman was placed in the supine position and entered head first into the mag

net. A dedicated cardiac 8 channels coil was placed on the thorax of the subject and used for 

the acquisition of the images. Cine CMR images were obtained using a breath-holding ECG 

triggered balanced steady state free precession. Imaging parameters were as follows: FOV 

36-40 x 28-32 em; matrix 224 x 196; TR: 3.4 milliseconds; TE: 1.5 milliseconds; flip angle 

45 degrees; 12 views per segment. Slice thickness was 8 mm with a gap of 2 mm. These 

parameters resulted in a temporal resolution per image of 41 milliseconds. At first, three 

rapid surveys were obtained for the determination of the cardiac position and orientation; 

two- and four-chamber cine CMR images were then obtained. The series of short axis (SA) 

images were obtained from the reference images provided by the two- and four- chamber 

end-diastolic images at the end of expiration. Approximately I 0 to 12 slices were acquired to 

cover the entire length of the heart. 

All studies were analysed on a remote workstation using the CAAS- MRV (version 3.3; Pie 

Medical Imaging, Maastricht. The Netherlands). 

Left end-diastolic volume (EDV) and end-systolic volume (ESV) were calculated using a com

bination of classic SA and long-axis images. The long-axis view was used to limit the extend 

of volumes at the base and at the apex of the heart. The Simpson rule was used to calculate 

volumes based on the SA images where the first basal and the last apical were only partially 

included re lating to the area outlined on two- and four- chamber images. More details about 

this approach have been previously reported 7 The papillary muscles were considered as be

ing part of the blood pool shortening the analysis time w ithout compromising the accuracy of 

LV volumes compared to standard short-axis technique . Ejection fraction (EF) was calculated 

as (EDV - ESV)/EDV 

In patients with transposition of great arteries the systemic right ventricle, defined as the ven

tricle supporting the systemic circulation, was used for the calculation of LV parameters. In 

addition right EF, EDV. and ESV. were calculated using cine images acquired in short axis view, 

parallel to the tricuspid valve annulus and applying the same methods of the left ventricular 

hemodynamic measurements without long-axis corrections. 

STATISTICAL ANALYSIS 

Continuous variables are presented as mean and standard deviation (SD); categorical data 

were presented as frequencies and percentages. To account for the correlation in the mea

surements taken from the same patient we performed a repeated measurements analysis for 

each parameter using linear mixed effects models 6. Time was treated as a factor variable with 
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fou r levels, namely pre-pregnancy, trimester I, trimester 2, and post-pregnancy. The mod

els' assumptions were validated using residuals plots. This type of analysis was chosen over 

ANOVA for repeated measurements to account for missing data in the datasets. Statistical 

analysis was performed in R version 2. 15.0 (20 12-03-30) using package nlme (version 3. I 

I 03) and IBM SPSS Statistic (version 20). The sign ificance level was set to 0.05 . No multiple 

testing corrections have been applied, and therefore the fo llowing results should be used as 

indicative resu lts and not to form strong conclusions. 

RESULTS 

STUDY POPULATION 

Before pregnancy 17 women with heart disease agreed to participate in the study and under

went baseline MRI. Of these patients 6 did not become pregnant and were excluded from 

further analysis. In the first trimester another 13 patients were enrolled so the final study 

population consisted of 24 women. Basel ine characteristics are described in Table I. T he 

mean age at the moment of delivery was 31 ±5 years. All women were in New York Heart 

Association (NYHA) functional class I before pregnancy. 

Table I. Baseline characteristics. 

PATIENT AGE* G/P DIAGNOSIS SURGERY 

25 2/0 Tetralogy of Fallot. + 

2 33 1/0 Marfan Syndrome. no 

3 30 2/0 Tetralogy of Fallot with pulmonary artery atresia. + 

4 23 2/0 Multiple VSD. Mitral valve defect. + 

5 37 1/0 Aortic stenosis + 

6 25 1/0 Smal l VSD; ASD type 2. no 

7 36 3/1 Mitral valve stenosis. + 

8 30 2/1 Tetralogy of Fallot. Pulmonary valve stenosis. + 

9 34 2/1 Cardiomyopathy adriamicyn induced . no 

10 30 1/0 Aortic coartation; patent ductus arteriosus; + 
VSD; supra-valve pulmonary stenosis. 

II 3 1 l/0 BAV. Aortic coartation. + 

12 41 3/2 Mitral valve defect. no 
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13 39 7(3 Aortic coartation. + 

14 31 2/1 Aortic coartation. + 

IS 26 1/0 Transposition of the great arteries (Mustard). + 

16 32 3/2 Aortic coartation. BAV. Dilated ascending aorta. + 

17 30 2/0 Tetralogy of Fallot. + 

18 27 2/1 Stenotic pulmonary valve. + 

19 33 2/1 Aortic arch hypoplasia. Patent ductus arteriosus + 

20 27 1/0 VSD. Tricuspid valve regurgitation. no 

21 37 2/0 ASD type 2. + 

22 28 2/1 Ebstein's anomaly. + 

23 27 1/0 Aortic coartation. + 

24 30 1/0 BAV. + 

* Maternal Age P = Parity 
ASD = atrial septal defect; VSD = ventricular septal defect; BAV = bicuspid aortic valve. 

CLINICAL OUTCOMES 

Pregnancy duration was a mean of 40±2 weeks. All pregnancies were singletons. There 
were 20!24 (83%) vaginal deliveries and 4/24 ( 17%) deliveries by cesarean section. Of the 
20 vaginal deliveries, 3 ( 15%) were complicated by postpartum hemorrhage and none in 
the cesarean section group. There were no intrauterine or neonatal deaths. The mean birth 
weight was 3300±559 grams. 

EVOLUTION OF CARDIAC H EMODYNAMIC 
PARAMETERS DURING PREGNANCY 

Evolution of hemodynamic parameters of the study population before, during and after 
pregnancy are reported in Table 2 and Figure I . Systolic and diastolic blood pressures 
showed a trend, although not statistically significant, to decrease in the second trimester 
followed by a slight increase in the third trimester. Heart rate significantly increased dur
ing pregnancy. After an initial rise LV ejection fraction progressively decreased from 20 
to 32 w eeks. When comparing the measurements before and after pregnancy no sig
nificant changes were observed in any of the hemodynamic parameters (p>0.05) (Table 
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Figure I. Left ventricular end-diastolic volume 
(EDV), end-systolic volume (ESV) and ejection fraction 
(EF) evolution during pregnancy. 

2). Outcomes of the right ventricle are 
reported in Table 2. Both right EDV and 

ESV significantly decreased in the third 

trimester of pregnancy compared to 
the second trimester. The RV EF did 

not change. In the Mustard patient with 

a systemic right ventricle no differences 
were found between pre- and post

pregnancy. 

DISCUSSION 

In this prospective pi lot-study we in

vestigated the hemodynamic adaptation 

to pregnancy in women with structural 

heart disease. CMR was performed 

before pregnancy, at 20 and 32 gesta
tional weeks and 6 months postpartum. 

After an initial rise LV ejection fraction 

progressively decreased from 20 to 32 
weeks. Our data suggest that pregnancy 

in women with pre-existing structural 

heart disease is not associated with an 

irreversible impairment of ventricular 

systolic function. 

EVOLUTION O F CARDIAC H EMODYNAMIC PARAMETERS 

In the past echocardiography was used to assess changes in cardiac hemodynamics in healthy 

pregnant women. These studies showed that pregnancy induces marked physiological 

changes in cardiac parameters, with a 30-50% increase in cardiac output, through an in

crease both in stroke volume and heart rate . This is caused by a decrease in total vascular 

resistance, mainly due to peripheral arterial vasodilatation, mediated by progesterone and 
vasodilators such as nitric oxide in combination with low-resistance flow in the uteroplacental 

bed. In normal pregnancy heart rate and card iac output gradually increase in the fi rst two 

trimesters of pregnancy. In the third trimester heart rate further increases, while cardiac out

put only slightly increases towards the end of pregnancy. In addition, ventricular volumes and 

ventricular wal l thickness increase during normal pregnancy. Cardiovascular hemodynamic 

state returns back to the pre-pregnancy state within 6 months postpartum 9 10 . 
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In women with heart disease hemodynamic changes in pregnancy can exceed the compen

satory possibilities of their compromised circulation and induce adverse maternal and fetal 

outcomes. In our study LV ejection fraction increased in the second trimester but decreased 

from 20 to 32 weeks of pregnancy. This is an unexpected finding and it may be caused by lim

ited adaptation of the ventricular function in patients with structural heart disease. Negative 

consequences of the fall in LV ejection fraction and consequently increased heart rate might 

be a negative effect on uteroplacental perfusion which might became inadequate . Abnormal 

uteroplacental perfusion is show n to be associated w ith offspring outcome and may be influ

ence by cardiovascular status. Babies from mothers w ith heart disease typical ly have a low er 

birth weight and are more often born prematurely 11
• 

EFFECTS O F PREGNANCY IN PATIENTS WITH HEART DISEASE 

Similarly to a previous echocardiography study 12
, in our population ejection fraction and car

diac dimensions of the left and right ventricle showed no changes 6 months after pregnancy 

compared w ith pre-pregnancy values. These findings suggest that pregnancy did not have 

an irreversible effect on ventricular dimensions or function in w omen w ith structural heart 

disease. Our data are in contrast w ith previous echocardiography reports 6
• 

13
• 

14
• Cornette 

et al. 6 demonstrated a permanent reduction in LV systolic function. In that study the ejec

tion fraction was measured using the Teicholz method. That is not the optimal method and 

probably CM R provides more reliable .data. However, larger numbers are clearly warranted 

to answer the question if pregnancy causes an irreversible impact on the heart. Guedes et 

al 13 reported an irreversible negative effect on systemic ventricular function in 3 of 28 preg

nancies amongst 16 women (with a previous atrial switch procedure for transposition of the 

great arteries) . In this study the follow-up time was longer after pregnancy compared to our 

folow-up; therefore it might have been a coincidental finding and part of the natural history 

of the disease. Kamiya et al. 14 demonstrated that left ventricu lar size and function did not 

change due to pregnancy in 25 w omen with repaired tetrology of Fallot, but the right ven

tricular dimensions remained increased at 6 months after delivery. The use of different imag

ing modalities may explain some of the differences that w e found in our population. In our 

study CMR is the reference standard for assessing left ventricular dimensions and function ; in 

addition , CMR allows a more reliable and precise estimation of right ventricular function in 

patients with congenital heart disease 2 

Finally, in our population LV mass showed a trend , although not statistically significant, to 

increase during pregnancy. LV mass values were in the normal range but substantially lower 

if compared w ith the values presented in the echocardiographic study by Cornette et al. 6
• 

Possible explanations are that echocard iography is less accurate and reproducible than CMR 

for LV mass calculation and it is affected by the LV geometry 15 • 
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LIMITATIONS 

Our study was designed as a pilot study and therefore the number of patients is limited. 
The distribution of structural heart disease is quite heterogeneous in our population and the 

limited number of patients did not al low for pathology specific pattern analysis. A matched 
control group for direct comparison is missing as we have chosen not to perform CMR in 

healthy pregnant women. However, this would have been very interesting and might be 

considered in the future. 

CONCLUSIONS 

In this prospective CMR study of women with pre-existing structural heart disease, ejection 

fraction showed a decrease between 20 and 32 weeks. Pregnancy did not have a negative 

impact on right and left ventricular function . Larger prospective multicenter studies are war

ranted to further investigate the irnpact of pregnancy on cardiac function in specific patient 

groups. 
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SUMMARY AND CONCLUSIONS 





CHAPTER 14 

SUMMARY 



ISCHEMIC HEART DISEASE 

CHAPTER2 

CT coronary angiography (CTCA) has matured in recent years, as a robust non-invasive 

imaging technique. The high negative predictive value of CTCA effectively identifies patients 

without significant coronary artery disease (CAD). This supports the alternative use of CTCA 

as an effective gatekeeper for invasive coronary angiography (ICA) to functional tests. The 

high sensitivity indicates that CTCA enables to detect the majority of patients with significant 

CAD, but at the cost of a high false positive rate due to overestimation of the severity of 

stenoses. CTCA is an anatomic imaging modality that cannot reliably predict functionally sig

nificant coronary stenoses. Current guidelines indicate that revascularization should only be 

applied to coronary stenoses that are functionally significant. Further non-invasive functional 

testing is recommended in CT- anatomic non-high risk patients, which in case of ischemia 

may be referred for revascularization. CT- anatomic high-risk patients may be directly re

ferred to ICA with fractional flow reserve (FFR) to guide functional lesion revascularization. 

Preliminary studies have shown that the combination of CT-anatomy and CT-function in one 

examination is feasible but future comparative effectiveness studies are warranted to assess 

the cl inical value of such combined anatomic-physiologic approach. 

CHAPTER3 

CTCA has been challenged during past years because of (unacceptable) high increased life

time attributable risk estimates of developing cancer associated with high radiation exposure. 

Dual Source CT (DSCT) systems provide two different low dose CTCA protocols: a pro

spective high-pitch spiral protocol which allows CT data acquisition of the entire heart w ithin 

I heart beat and a prospective sequential protocol for patients with low and high heart rates. 

We have evaluated these new methods in 459 symptomatic patients referred for CTCA. ICA 

was the reference standard of the study. Patients w ith a heart rate below 65 bpm (Group A) 

were randomized between high-pitch spiral versus narrow-window sequential CTCA pro

tocols while patients with a heart rate above 65 bpm (Group B) were randomized between 

wide-window sequential versus retrospective spiral protocols. 

In Group A high-pitch spiral CTCA yielded a lower per segment sensitivity compared to 

sequential CTCA. Specificity, PPV and NPV were comparable but radiation dose was lower. 

In group B diagnostic performance of the two protocols was comparable . Radiation dose of 

sequential CTCA was lower compared to retrospective CTCA. Our results suggest that a se

quential CTCA protocols should be the first choice in patients undergoing CTCA, combining 

high diagnostic performance w ith few non-assessable segments and re latively low radiation 

exposure. 

252 



CHAPTER4 

Coronary lesions with a diameter narrowing ~ 50% on visual CTCA are generally consid

ered for referral to I CA. However, visual CTCA is often inaccurate in detecting functionally 

significant coronary lesions. We compared the diagnostic performance of quantitative CTCA 
in terms of minimal lumen area (MLA), percentage area stenosis (AS), and plaque burden, 

with visual CTCA for the detection of functionally significant coronary lesions based on FFR in 
ninety-nine patients with stable chest pain. Specificity of visual CTCA was lower than that of 

MLA, %AS and plaque burden: 42%, 68%, 76% and 63% respectively. Our results suggest 
that quantitative CTCA improves the prediction of functionally significant coronary lesions 

compared to visual CTCA but it remains insufficient. Functional assessment is still needed, 

especially in coronary lesions of moderate stenosis, to guide patient management. 

CHAPTER 5 

The safety and feasibility of stress myocardial CT perfusion imaging has been recently dem

onstrated . The addition of myocardial CT perfusion imaging to the standard anatomical 

CTCA examinations provides complementary functional information in a single examination 

which may be helpful to improve patient management and outcome. An overview of (I) the 
physiology of coronary circulation and myocardial perfusion, (2) the technical pre-requisites, 

challenges, and mathematical modeling related to CT perfusion imaging, (3) the recent ad
vances in CT scanners and CT perfusion protocols, (4) the interpretation of CT perfusion 

images, (5) the current literature, and (6) future directions for research are discussed. 

CHAPTER 6 

We quantified regional CT-derived myocardial blood flow (MBF) by dynamic stress CT per

fusion imaging at different degrees of coronary flow reduction in a well-established large 

animal model. Coronary artery blood flow (CBF) and FFR were the experimental reference 

standard and the clinical reference standard, respectively. The major finding of the study was 

that dynamic stress CT perfusion imaging provided regional quantification of M BF of ischemic 
and remote myocardium, which correlated very well with CBF and FFR. Our animal study 

suggests that adenosine stress CT perfusion imaging may provide useful information for pa

tient management. 
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CHAPTER 7 

We evaluated the performance of quantitative hyperemic (:1BF derived from dynamic stress 

CT perfusion imaging to detect of functionally significant coronary lesions in eighty patients 

with stable chest pain. The optimal cut-off value of MBF to detect functionally significant coro

nary lesions was 78 ml/1 OOml/min. On a vessel-territory level, MBF had a significantly (p

values <0.00 I) higher overall diagnostic performance (area under curve: 0. 95) compared to 

visual CTCA (area under curve : 0.85) and quantitative CT (QCT) (area under curve: 0.89). 

In the analysis restricted to intermediate lesions (30-70% lumen narrowing on visual CTCA), 

the specificity of visual CTCA (69%) and QCT (77%) was improved by the subsequent use 

of MBF (89%). In conclusion, the CT evaluation of coronary artery anatomy and hyperemic 

MBF performs well as an integrated diagnostic tool to detect functionally significant lesions in 

patients with stable angina, in particular in patients w ith intermediate coronary lesions. 

CHAPTER 8 

Dynamic stress CT perfusion imaging provides new possibilities for non-invasively investigat

ing cardiac microvascular disease by combining epicardial coronary anatomy and MBF. 

AORTIC VALVE STENOSIS 

CHAPTER 9 

There is stili controversy concerning vvhether the pathogenesis of the dilatation of ascend

ing aorta in BAV patients is caused by a genetic predisposition or by the aortic valve stenosis 

causing a post-stenotic dilatation due to blood flow turbulence. In our prospective study we 

evaluated the natural progression of aortic dilatation in twenty-eight asymptomatic patients 

with BAV and aortic valve stenosis. Aortic root, tubular ascending aorta, aortic peak velocity, 

left ventricular systolic and diastolic function and mass were quantified by cardiac magnetic 

resonance (CMR) at baseline and at three-years follow-up. This study showed that there 

was a progressive increase of aortic diameters over time, which is maximal at the level of the 

tubular portion of the ascending aorta. A week but significant correlation was found between 

the progression of aortic dilatation and the severity of aortic valve stenosis partially supporting 

the haemodynamic theory for the etiology of aortopathy associated with BAV 
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CHAPTER 10 

The underlying cause for congenital aortic stenosis is usually a bicuspid aortic valve (BAV), 

which is strongly associated with aortic dilatation. In BAV patients diameters ofthe aortic root 

and tubu lar ascending aorta should be monitored periodically because of the increased risk of 

developing concurrent ascending aortic aneurysms that may requi re surgical repair. Elective 

aortic surgery is advised when the aortic diameter reaches 50 mm to avoid acute dissection 

or rupture. Our study confirms recent ESC guidelines stating that CMR is manly required 

to assess aortic dilatation when it occurs distal to the sino-tubular junction. We measured 

aortic diameters at four levels by CM Rand transthoracic echocardiography (TTE) in fifty-n ine 

patients with congenital aortic stenosis and a BAV We found a good agreement between 

both imaging modalities but TTE slightly underestimated aortic diameters. In patients w ith 

aortic aneurysm >40 mm the agreement between CMR and TTE was lower than in patients 

with normal aortic diameters, especially at the level of the tubular ascending aorta. Intra- and 

inter-observer variability was smaller with CMR. As BAY-associated aortic dilatation occurs 

mainly at the level of the ascending aorta, our results suggest that CMR should be performed 

at least once to ensure that an aortic aneurysm at this level is not missed. CMR might be the 

preferred method for aortic aneurysm follow-up. 

CHAPTER II 

Heavy calcification of the aortic root may result in malposition and paraprosthetic aortic valve 

regurgitation (PAR) in patients with severe aortic stenosis undergoing transcatheter aortic 

valve implantation (TAVI). This often results in the need for balloon post-dilatation (PDP) after 

TAVI, which carries the risks of potential damage to the new valve leaflets and of vascular 

sequelae due to the additional instrumentation. Our resu lts suggest that the quantification of 

mass and volume of dense calcium of the aortic leaflets on contrast cardiac CT is feasible. On 

contrast cardiac CT. an aortic leaflet calcium mass > 800, a calcium volume > 1200, larger 

annulus dimensions and nominal prosthesis inflow to annulus ratio were associated with PDP 

during TAVI. Aortic root or aortic leaflet calcium on respectively non-contrast and contrast

enhanced cardiac CT showed excellent discrimination for the requirement of PDP, whereas 

the discriminatory value of aortic annulus dimensions was moderate. Non-contrast cardiac 

CT may no longer be needed to quantify aortic root calcium before TAVI. 
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PREGNANCY AND HEART DISEASE 

CHAPTER 12 

There are physiological reasons for the effect of positioning for MR examinations during preg

nancy on hemodynamic variables and cardiac dimensions. These are related to altered intra

abdominal and intra-thoracic pressures. Cardiac hemodynamic parameters and dimensions 

were assessed using CMR in 5 healthy non-pregnant women, 6 pregnant women at 20'h 

week of gestation and 8 women at 32ndweek of gestation without history of cardiac disease 

in both supine and left lateral decubitus. In the non-pregnant state, turning from supine to 

left lateral decubitus position has minimal effect on cardiac parameters. During pregnancy, 

from as early as 20 weeks, turning to the left lateral decubitus has positive effects on cardiac 

hemodynamics inducing a significant increase of venous return, stroke volume and cardiac 

output. These results suggest that pregnant women requiring CMR should be studied in a 

consistent position for serial studies and the left lateral decubitus position should be preferred 

from early pregnancy onwards. 

CHAPTER 13 

During pregnancy the cardiovascular system of healthy women is capable to accommodate 

the increased hemodynamic demands. This adaptation process may be compromised in 

women with heart disease. In our longitudinal, prospective study we investigated the hemo

dynamic adaptation to pregnancy in twenty-four women with structural heart disease. CMR 

was performed before pregnancy, at 20 and 32 gestational weeks and 6 months postpartum. 

After an initial rise the left ventricular ejection fraction progressively decreased from 20 to 

32 weeks. Ejection fraction of the left and right ventricle shovved no changes 6 months after 

pregnancy compared to pre-pregnancy levels. Our study suggests that pregnancy in women 

with pre-existing structural heart disease is not associated with an irreversible impairment of 

ventricular systolic function. 
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SAMENVATTING 



ISCHEMISCHE HARTZIEKTE 

HOOFDSTUK2 

In recente jaren is CT coronaire angiografie (CTCA) uitgerijpt tot een robuste niet-invasieve 
beeldvormingstechniek. Patienten zonder significante vernauwingen in de kransslagaderen 

(coronary artery disease; CAD) worden goed identificeert door de hoge negatief voorspel

lende waarde van CT. Hiermee wordt het gebruik van CT als effectief alternatief voor inva

sieve coronaire angiografie (ICA) ondersteunt. De hoge sensitiviteit geeft aan dat de meeste 
patienten met significante afwijkingen in de kranslagaderen door CTCA worden opgespoord, 

echter er zijn veel vals positieve bevindingen waarbij de ernst van de vernauwing wordt 

overgeschat met deze methode. CTCA is een anatomische beeldvormende modaliteit en 
het kan niet betrouwbar bepalen of een vernauwing leidt tot een significante functionele in

vloed. De huidige richtlijnen geven aan dat aileen de significante coronaire vernauwingen die 

leiden tot zuurstoftekort, moeten worden behandeld met revascularisatie. In patienten waar

bij de bevindingen met anatomische CT niet als hoog-risico wordt aangemerkt, wordt het 

aangeraden om verder non-invasieve functionele onderzoeken te verrichten, waarbij een 

verwijzing voor revascularisatie in het geval van ischemie een mogelijkheid is. Patienten die 

vanwege de anatomische CT wei als hoog-risico wordt aangemerkt kunnen direct gestuurd 
worden voor ICA met meting van de bloedstroom (fractional ~ow reserve; FFR), Hiermee 

kan de indicatie voor revascularisatie beter worden gesteld. De eerste resultaten tonen aan 

dat het haalbaar lijkt om zowel de anatomisch als de functionele CT in een onderzoek te 
doen , toch is het zinnig om eerst de klinische w aarde van zo'n gecombineerde anatomisch

fysiologisch aanpak te bestuderen met vergelijkingsstudies naar effectiviteit. 

HOOFDSTUK3 

Doordat hoge-dosis straling, over het hele Ieven gezien, een (onacceptabel) verhoogde kans 

geeft op het ontwikkelen van een tumor, is CTCA de laatste jaren onder vuur komen te 

staan. Duaal-bron CT (dual source CT; DSCT) systemen hebben twee verschillende CTCA 

protocollen met lage-dosis straling: een prospectief hoge-pitch spiraal protocol geeft CT 

dataverzameling van het hele hart binnen I hartslag en een prospectiefvolgend protocol kan 

gebruikt worden met zowel lage als hoge hartslag. Wij hebben deze nieuwe protocollen 
getoetst in 459 symptomatische patienten diet voor CTCA waren verwezen. ICA werd als 

controle gebruikt. Patienten met een hartslag onder 65 slagen per minuut (Groep A) waren 
random verdeeld tussen een hoge-pitch spiraal protocol en een nauw-venster opeenvol

gend protocol, en patienten met een hartslag boven 65 slagen per minuut (Groep B) waren 

random verdeeld tussen een breed-venster opeenvolgend protocol en een retrospectief 
spiraal protocol. 

260 



In Groep A, hoge-pitch spiraal, CTCA was minder gevoelig per segment dan opeenvolgend 

CTCA. Specificiteit, positief voorspellende waarde en negatief voorspellende waarde waren 

vergelijkbaar, maar de hoeveelheid straling was lager. In Groep B, deden de beide protocol

len het even goed wat betreft diagnostische uitkomst. Opeenvolgend CTCA gaf minder stra

ling dan retrospectieve CTCA. Onze resultaten geven aan dat opeenvolgende protocollen 

als eerste keus moeten dienen bij CTCA, omdat deze protocollen een goede diagnostische 

werking combineren met weinig segmenten die niet beoordeeld kunnen worden en een 

relatief lage stralen belasting. 

HOOFDSTUK4 

Als vernauwingen van de kransslagaderen op CTCA met het oog geschat worden meer dan 

50% te zijn, wordt de patient meestal doorverwezen voor I CA. Toch zijn visuele schattingen 

op CTCA vaak niet accuraat als het gaat om de detectie van significante laesies. In 99 patien

ten met stabiele pijn op de borst hebben we de diagnostische werking van kwantitatief CTCA 

met visuele CTCA vergeleken wat betreft het detecteren van significante vernauwingen in 

de kransslagaderen, zoals aangegeven met FFR. Hiervoor werd de minimale lumen door

snede (minima/lumen area, MLA), als percentage doorsnee vernauwing (area stenosis, AS), 

en plaque be lasting gemeten. Gevoeligheid van visueel CTCA was lager dan gevoeligheid van 

MLA, %AS, en plaque belasting: respectievelijk 42%, 68%, 76% en 63%. Uit ons resultaten 

mag men concluderen dat kwantitatief CTCA beter is dan visueel CTCA in het voorspellen 

van laesies van functioneel belang, maar toch is kwantitatief CTCA onvoldoende. Functio

nele toetsen zijn nog steeds nodig voor het bepalen van de optimale behandeling, vooral in 

laesies met een matige vernauwing. 

HOOFDSTUKS 

Recent is de veiligheid en bruikbaarheid van myocardiale CT perfusie beeldvorming gede

monstreerd. Het toevoegen van myocardiale CT perfusie protocollen aan de standaard 

anatomische CTCA onderzoeken geeft complementaire functionele informatie in een enkel 

onderzoek, die van mogelijk toegevoegde waarde kan zijn bij het management van de be

handeling. In dit hoofdstuk wordt een overzicht van en discussie over ( I) de fysiologie van 

coronaire bloedstroming en myocardiale perfusie, (2) technische voorwaarden, uitdagin

gen, en mathematische modellen gerelateerd aan CT perfusie beeldvorming, (3) de recente 

vooru itgang in CT scanners en in CT perfusie protocollen, (4) de interpretatie van CT per

fusie beelden, (5) de huid ige literatuur, en (6) toekomstige onderzoeksrichtingen gegeven. 
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HOOFDSTUK6 

In een bekend model voor grote dieren hebben we dynamisch stress CT perfusie beeldvor

ming gebruikt om regionale CT-afgeleide myocardiale bloeddoorstroming (myocardial blood 
~ow, MBF) te meten bij verschillende graden van coronaire stroombeperking. De bloed

stroom door de kransslagaderen (coronary artery blood ~ow, CBF) was de controle binnen dit 

onderzoek en FFR was de klinische standaard. De hoofdbevinding was dat dynamisch stress 

CT perfusie beeldvorming regionale kwantificatie geeft van MBF in zowel ischemisch alsook 

remote myocardium, welk ook goed correleert met CBF en FFR. Deze dierstudie geeft aan

leiding te den ken dat adenosine stress CT perfusie beeldvorming bruikbare informatie voor 

de patientenzorg kan geven. 

HOOFDSTUK7 

In 80 patienten met stabiele pijn op de borst hebben we geevalueerd hoe goed kwantitatieve 

hyperemische MBF gemeten op dynamische stress CT perfusie beelden kransslagader laesies 

van functioneel belang kan vaststellen. De optimale MBF-grenswaarde voor de detectie van 

laesies van functioneel belang was 78 mil I 00 ml/ min. Op het niveau van het vaatgebied, 

had MBF (AUC: 0.95) een significant beter diagnostische werking dan visueel CTCA (AUC: 

0.85) en kwantitatief CTCA (AUC: 0.89) (p<O.OO I). In een analyse van middelgrote laesies 

(30-70% lumenvernauwing op visueel CTCA) kon de specificiteit van visueel CTCA (69%) 

en kwantitatief CTCA (77%) met behulp van daarop volgende MBF (89%) verbeterd wor

den. Concluderend, doen CT evaluatie van kransslagader anatomie en hyperemie het goed 

als ge'lntegreerd diagnostisch gereedschap voor de opsporing van laesies van functioneel 

belang in patienten met stabiele angina, vooral in patienten met middelgrote laesies. 

HOOFDSTUK 8 

Dynamisch stress CT perfusie beeldvorming geeft nieuwe mogelijkheden voor het niet-inva

sief onderzoeken van cardiale microvaatziekte door de combinatie van epicardiale coronaire 

anatomie en MBF. 
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VERNAUWING VAN DE AORTAKLEP 

HOOFDSTUK 9 

Of de pathogenese van dilatatie van de aorta in patienten met een tweeslippige aortaklep (bi

cuspide aortaklep, BAV) wordt veroorzaakt door een genetische aanleg of door turbulentie 

in de bloedstroom direct na een aortaklepvernauwing, is een punt waarover de meningen 

verschi llen. We hebben het natuurlijk verloop van aortadilatatie gevolgd in een prospectieve 

studie onder 28 asymptomatische BAV patienten met stenose van de klep. Cardiale Mag

netisch Resonantie (CMR) vond plaats bij de start van de studie en 3 jaar later, waarbij de 

afmetingen van de aortawortel en eerste deel van de aorta, maar ook de aorta pieksnelheid, 
systolische en diastolische afmetingen van de linkerkamer, en de linker kamer massa wer

den gemeten. Deze studie laat zien dat de aorta dilatatie gestaag toeneemt over tijd, en de 

dilatatie is het meest uitgesproken op het niveau van de zogenaamde sinus van valsalva en 

verderop in de aorta ascendens. Een zwakke doch significante correlatie tussen het verloop 

van de aortadilatatie en de graad van vernauwing van de aortaklep werd gevonden, wat deels 
de hemodynamische theorie over BAV aortopathie etiologie ondersteunt. 

HOOFDSTUK I 0 

De onderliggende oorzaak van aangeboren aortavernauwing is bijna altijd een BAV. wat ook 
een sterke correlatie met aortadilatatie heeft. Het is belangrijk om de breedte van de aor

tawortel en aorta ascendens in BAV patienten regelmatig te controleren. Dit vanwege het 

verhoogde risico op een scheur in de aorta (dissectie) dat deze patienten lopen. Electieve 
chirurgie bij een aortadilatatie van meer dan 55 mm wordt aangeraden om een acute dis

sectie of ruptuur te voorkomen. Ons studie bevestigt de recente ESC richtlijn waarin CMR 

wordt geadviseerd om aortadilatatie ook meer distaal in de aorta ascendens te beoordelen. 

In 59 patienten met een aangeboren aortaklepvernauwing en BAV hebben we de aortadi

ameter op 4 verschi llende niveaus gemeten. D it met behulp van CMR en t ransthoracale 

echocardiografie (TTE). De modaliteiten waren in overeenstemming met elkaar, maar TTE 

onderschat de aortadimensie Iicht. De overeenstemming tussen CMR en TTE was minder 

in patienten met een aortaverwijding >40 mm dan in patienten met normale aortadimen
sies. Intra-en inter-observer variatie was minder met CMR. Gezien de BAV-geassocieerde 

aortadilatatie vooral plaatsvindt op het niveau van de stijgende aorta, geven onze resultaten 

aan dat CMR ten minste een keer gedaan moet worden om te zorgen dat een verwijding 

op dit niveau wordt niet overgeslagen. CMR lijkt de voorkeursmethode voor het volgen van 

aortaverwijding. 
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HOOFDSTUK II 

In patienten met een ernstig vernauwde aortaklep die een aortaklep geimplanteerd krijgen 

via de lies (transcatheter aortic valve implantation, TAVI) , kan zware verkalking van de aor

tastam voorkomen wat impact heeft op de ligging en kan leiden tot lekkage langs de nieuwe 

klep (paravalvu laire aorta regurgitatie: PAR). Vaak betekent dit dat ballon post-dilatatie (PDP) 

na TAVI nodig is, wat een risico met zich meebrengt van schade aan de nieuwe klep of van 

vasculaire gevolgen van de additionele instrumenten. Ons resultaten geven aan dat het mo

gelijk is de massa en inhoud van hard kalk in de aorta klepbladente kwantificeren op cardiale 

CT PDP tijdens TAVI was geassocieerd met aortaklepalkmassa >800, kalkinhoud > 1200, 
grotere annulus afmetingen, op contrast cardiale CT Met het meten van kalk in de aortastam 

of aorta klepop respectievelijk niet-contrast en contrast cardiale CT konden we erg goed 

bepalen of PDP nodig was, terwijl aorta annulus afmetingen minder goed aangaf of PDP 

nodig was. Mogelijk is non-contrast cardiale CT niet meer nodig om de kalk in de aortastam 

voorafgaande aan TAVI te bepalen. 

ZWANGERSCHAP EN HARTZIEKTE 

HOOFDSTUK 12 

Er zijn fysiologische redenen waarom hemodynamische parameters en cardiale afmetingen 

varieren afhankelijk van de positie van de proefpersoon bij MRI tijdens de zwangerschap. 

Deze zijn gerelateerd aan veranderde intra-abdominale en intra-thoracale drukken. Cardiale 

hemodynamische parameters en afmetingen werden bepaald met CMR in vrouwen zonder 

bekende hartziekte: 5 gezonde, niet-zwangere vrouwen, 6 vrouwen in de 20e week van de 

zwangerschap, en 8 vrouwen in de 32e week van de zwangerschap. Metingen werden ver

richt zowel als de vrouw op de rug lag alsook als ze op de linkerzij lag. Bij de niet-zwangere 

vrouwen was er weinig effect van ligging op cardiale parameters. Tijdens de zwangerschap, 

zelfs al bij 20 weken, had de linkerzijligging een gunstige effect op de cardiale hemodyna

mische parameters, waaronder een significante toename in veneuze retou r, slagvolume en 

hartminuutvolume. Deze resultaten geven aan dat zwangere vrouwen die een CMR nodig 

hebben tijdens de zwangerschap consistent in linker zijligging gescand dienen te worden 

HOOFDSTUK 13 

Het cardiovasculaire systeem van gezonde vrouwen kan de toegenomen hemodynamische 

eisen van een zwangerschap goed aan. In vrouwen met een hartziekte kan de adaptatie aan 

de zwangerschap beperkt zijn. W ij hebben de hemodynamische adaptatie aan zwangerschap 

bestudeerd in een longitudinale , prospectieve studie van 24 vrouwen met een structurele 
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hartziekte . Proefpersonen ondergingen CMR voor de zwangerschap, bij 20 en 32 weken 

zwangerschap en 6 maanden na de bevalling. Na initieel omhoog te gaan, werd de linkerka

mer ejectie fractie lager tussen de 20 en 32 we ken . De ejectie fractie van zowel de rechter
als linkerkamer was hetzelfde 6 maanden na de bevalling als voor de zwangerschap. Ons 

studie geeft aan dat zwangerschap in vrouwen met een bekende structurele hartziekte geen 

onherstelbaar effect heeft op het hart. 
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GENERAL DISCUSSION AND 
CONCLUSIONS 



This thesis investigated novel applications and limitations of cardiac CT and cardiac MR based 

on a quantitative approach. In this general discussion we wi ll address the outcomes of our 

studies against the background of the published literature. 

ISCHEMIC HEART DISEASE 

HOW TO REDUCE RADIATION DOSE IN CARDIAC IMAGING. 

The recent years showed an overall increase in the use of cardiac and CT coronary imaging. 
The radiation dose of earlier CT scanners was worrisome w ith an effective radiation dose 

ranging from 4 mSv to 30 mSv 1• Einstein et al. 2 demonstrated that radiation exposure from 

64-slice CT coronary angiography (CTCA) is associated with a relatively wide variation in 

lifetime attributable risk of cancer in relation to patient age and sex. 

The strenght of CTCA is its high negative predictive value . Preliminary data suggest that 

CTCA may be used as first line diagnostic test in patients with low-to-intermediate pretest 

probability of having coronary artery disease (CAD) 3
. As first line test, CTCA should be as 

safe and as minimally invasive as possible because the majority of patients do not have ob
structive CAD. In an effort to minimize radiation dose from CTCA several methods for dose 

reduction have been developed. 

Dual source, second generation ( 128-slice) CT (DSCT) systems provide two low dose scan 
protocols: a high-pitch spiral protocol, which allows CT data acquisition of the entire heart 

w ithin I heart beat w ith a radiation dose below I mSv, and a prospective sequential protocol 

for patients w ith low and high heart rates. The effect on radiation dose and on diagnostic 

performance of these two iow dose protocois in patients with various heart rates is cur

rently debated 4-6 The major finding of our prospective randomized study (Chapter 3) is 

that sequential CTCA outperforms high pitch-spiral CTCA on a per segment level in patients 

with a heart rate below 65 beats per minute (bpm). We demostrated that a negative high

pitch spiral CTCA does not reliably exclude the presence of an obstructive stenosis due to 

the higher rate of non-assessable segments mainly caused by motion artefacts. The use of 

13-blockers is highly suggested to reduce the heart rate below 65 bpm which allows to select 

a low dose scan protocol. Alternatively, when the heart rate is above 65 bpm despite the 

administration of 13-blockers, a wide-window sequential CTCA protocol can be used as it 

provides a comparable diagnostic performance than retrospective CTCA but at significant 
low er radiation dose. There are some limitations of our study. First, we included exclusively 

patients with stable heart rates and therefore our results do not apply to patients with ar

rhythmia. Second, the cut-off value of 65 bpm was extrapolated from data acquired with 
retrospective CTCA protocols; it is debatable if the same cut-off value is suitable also for 

sequential CTCA protocols. 
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Iterative reconstruction has been introduced most recently in cardiac CT, and preliminary 

data suggest that these sophisticated reconstruction algorithms may allow a further reduction 

in radiation dose of approximately 40% 7
•
9

. Future studies are mandatory to determine the 

correct settings for sequential acquisition protocols. 

INTEGRATED ANATOMIC-PHYSIOLOGICAL INFORMATION OF 
CAD SEVERITY BY CARDIAC CT: THE "HOLY GRAIL:'? 

Results from large prospective, observational registries and multicenter randomized con

trolled trials support a symptom benefit and potential risk reduction of revascularization of 

patients with moderate to severe ischaemia 10
-12• There has been considerable discussion 

regarding the ability of CTCA to identify functionally significant coronary stenoses. Various 

studies have demonstrated a mismatch of angiographic stenosis severity measures for the 

detection of ischaemia compared to myocardial perfusion scintigraphy (MPS) 13 or fractional 

flow reserve (FFR) 14
• 

15
• 

This mismatch between anatomy and function in cardiac imaging has initiated intense re

search to assess the feasibility of new, non-invasive diagnostic techniques. In a substudy of 
the FAME trial Toni no et al. 16 showed a high rate of non-functionally significant lesions in the 

range of an angiographic severity of 50% to 70% diameter stenosis. In our study (Chapter 
4) we investigated whether the analysis of quantitative CTCA parameters could improve 
the prediction of functionally significant lesions compared to visual CTCA without further 

irradiation, contrast, or drug administration. Similarly to Tonino et al., in our study 54% of 

the coronary stenoses with an angiographic severity between 50% and 70% based on visual 

assessment were not functionally significant. The use of quantitative CTCA decreased the 

number of misclassified lesions by half, mainly by reducing the number of lesions incorrectly 

classified as functionally significant. However, quantitative CTCA improved specificity but at 

the loss of sensitivity. Our results suggest that quantitative CTCA improves the prediction of 

flow-limiting lesions compared to visual assessment but remains insufficient for routine clini

cal practice. Functional assessment is still needed for lesions of moderate severity to guide 

patient management. 

The modest association between anatomic measurements and functional assessment was 

already demonstrated by Gould et al. 17 who found that stenosis severity as low as 40% can 

cause ischemia. This may be explained by the complexity of factors leading to myocardial 

ischemia. As proposed by Marzilli et al. 18 obstructive epicardial coronary stenosis is only one 
of the contributors to myocardial ischemia and inflammation, endothelial dysfunction, micro

vascular dysfunction, platelet dysfunction, thrombosis and vasomotor dysfunction should be 

also considered. 
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Similar results emerged from pooled analysis examining the association between myocardial 

perfusion scans (MPS) and CTCA findings 19• Coronary stenoses judged as <50% at the per

patient level generally revealed a normal MPS, explaining the high negative predictive value of 

CTCA. Conversely, only half of the coronary stenoses graded as >50% at CTCA was associ

ated with abnormal MPS. These findings demonstrated that anatomic measures of stenosis 

severity and functional measures of myocard ial perfusion provide potentially complementary 

information regarding CAD. 

Recently, numerous single centre studies have demonstrated the feasibility of stress CT per

fusion imaging 20-23 . The goal of these studies was to add incremental value to the assess

ment of coronary stenosis severity with CTCA for the detection of functionally significant 

coronary stenoses, by providing integrated anatomic-physiological information of CAD se

verity. Static myocardial perfusion imaging by CT during adenosine stress has been recently 

investigated in humans and showed a diagnostic accuracy comparable to MPS to detect 

significant coronary stenoses 20· 21. However, static perfusion imaging provides only qualitative 

information of the myocard ial perfusion by comparing the attenuation of the ischemic area to 

the attenuation of the remote myocardium. Quantification of myocardial perfusion is possible 

using dynamic CT scanning and it was already investigated by electron beam CT (EBCT) in 

the late I 980's 24· 2s EBCT technology has been replaced by multidetector CT technology 

and, due to improved temporal resolution and coverage, the latest generation CT scanners 

now allow quantitative myocardial perfusion imaging. The first exciting study about dynamic 

CT perfusion imaging was performed by George et al. who proved the ability of CT to quan

tify myocardial blood flow (M BF) in an experimental, canine model using 64-multidetector 
CT 26. 

Recently a novel dynamic shuttle mode technique using DSCT has been introduced 27 In 

Chapter 6 we determine whether adenosine stress dynamic CT perfusion imaging by DSCT 

enables non-invasive quantification of regional MBF in an animal mode! with various degrees 

of coronary flow reduction. We found an excellent correlation between MBF and the ex

perimental reference standard , coronary blood flow (CBF), over a wide range of flow values. 

CBF provides a direct measure of the blood flow distal to a coronary stenosis but direct as

sessment of CBF is not available in the clinical environment, although coronary blood veloc

ity can be measured using a flow wi re . FFR was therefore introduced as indirect parameter 

of myocardial perfusion. We found a good correlation between MBF and FFR over a wide 

range of coronary flow reductions . 

Microspheres are usually used as experimental gold standard for in vivo measurement of 

myocardial blood flow. We did not use them in our experiment. However, Bamberg et al. 28 

provided good correlation between MBF and microsphere-derived myocardial flow in a pig 

model of LAD obstruction using the same CT technology. Our experimental setup was de

signed as a single vessel LAD obstruction. Nevertheless, we expect that this CT technology 

will give good results also in the situation of multi-vessel disease because it provides absolute 

quantification of regional MBF rather than relative flows as obtained in MPS. These animal 
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findings suggest that absolute M BF measurements with CT are feasible and may provide clini

cally relevant information aboui: the functional impact of coronary stenoses. 

We then evaluated the diagnostic performance of MBF obtained by dynamic CT perfusion 

imaging using DSCT during hyperemic stress for the identification of functionally significant 

coronary lesions based on FFR in patients w ith stable angina referred to invasive coronary 

angiography (ICA) (Chapter 7). Our hypothesis was that MBF would have a better diagnostic 

performance than visual and quantitative CTCA, in particular in intermediate coronary steno

ses (30%-70% lumen narrowing). 

In our study, the absolute value of MBF to discriminate functionally significant stenoses from 

non-flow limiting lesions was 78 ml/1 OOml/min. This is in agreement with the value of 75 

mi/IOOml/min found by Bamberg et al. 22 • The main criticism has been that MBF assessed by 

CT is lower compared to positron emission tomography (PET) values, the clinical reference 

standard for in vivo quantification of MBF 29 . We think that MBF measured by different imag

ing modalities (positron emission tomography, magnetic resonance imaging, single photon 

emission tomography and CT) may differ due to different uptake kinetics of the used tracers 

or contrast agents, different acquisition protocols, and different post-processing methods 30·32 . 

We found that MBF had better discriminatory power than visual CTCA and quantitative 

CTCA to identify or exclude flow-limiting lesions both on a patient-level and on a vessel

territory level. The performance of quantitative CTCA to measure coronary artery narrow

ing was better than that of visual CTCA but inferior than MBF. Lesions with <30% lumen 

narrowing on CTCA were not functionally significant and nearly all coronary stenoses > 70% 

lumen narrowing on CTCA were functionally significant. By contrast, intermediate grade 

coronary stenoses represent the most challenging situation: indeed anatomical CTCA mea

surements yelded both false positive and false negative findings in such lesions. We advise that 

in the presence of > 70% coronary diameter narrowing on CTCA patients may be referred 

directly to ICA to determine suitability for revascularization. Patients with coronary stenoses 

<30% lumen narrowing should be treated w ith optimal medical therapy and modification 

of risk factors. CT perfusion imaging should be reserved only when intermediate coronary 

stenoses are identified first on CTCA. 

T here are several technical aspects related to dynamic CT perfusion imaging that need fur

ther considerations. An important technical limitation is the limited volume coverage. The 

acquisition coverage of the shuttle mode technique is 73 mm which is not always sufficient 

to encompass the entire heart even when triggering in the systolic phase. Further improve

ments in CT technology should aim to increase the coverage along the z-axis. The addition 

of dynamic perfusion CT imaging to the conventional clinical CTCA protocol will increase the 

total amount of radiation dose. Optimization of radiation dose reduction protocols should be 

developed with preservation of image quality. 

The introduction of CT perfusion imaging will be a boost to further the clinical use of CTCA. 
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"Now the work begins. Steps need to be taken, questions need to be answered and addi

tional layers need to be avoided" 35 . Future comparative effectiveness studies are warranted 

to assess the performance of such combined anatomic-physiologic approach in a single non

invasive imaging test in general patient populations. 

Recently, the possibility of a non-invasive FFR computation 33 and the measure of transluminal 

contrast attenuation gradients as a surrogate measure of coronary blood flow 34 have been in

vestigated with promising results. Conversely to stress CT perfusion imaging, both methods 

do not need the administration of adenosine, additional contrast material and additional ra

diation dose. Further research should be focused on comparing the diagnostic performance 

of these two novel techniques with stress CT perfusion imaging. 

AORTIC VALVE STENOSIS 

AORTIC DILATATION IN PATIENTS WITH BICUSPID AORTIC 
VALVE: GENETICS OR HEMODYNAMICS? 

Aortopathy in bicuspid aortic valve (BAV) is a challenging clinical issue. Patients with bicuspid 

aortic valve (BAV) are at significantly higher risk for aortic dissection and have larger aortic 

dimensions than patients w ith a normal trileaflet aortic valve 36· 37 So far the pathogenesis of 

aortic dilatation in BAV patients has been related to a genetic disorder resulting in weakness 

of the aortic w all and consequent dilatation. Marked degenerative changes of the aortic wall, 

including cystic medial necrosis 38 and loss of elastic elements 37 , have been described in the 

aorta of BAV patients. Th is hypothesis was strongly supported by an association between 

a novel mutation in the NOTCH I gene and the development of BAV 39
. Moreover, aortic 

dilatation in BAV w as reported to be disproportional to coexisting va!vu!ar lesions or to be 

present in patients without significant valve dysfunction 40
· 

41 or after successful aortic valve 

replacement (AVR) 42
. By contrast, the haemodynamic theory is based on the idea that the 

orientation and the morphology of a BAV may cause turbulent blood flow in the ascending 

aorta and an increase in aortic w all shear stress. Hope et al. 43
· 

44 demonstrated recently an 

abnormal systolic helical flow in BAV patients which was not found in any of the healthy vol

unteers or patients with a tricuspid aortic valve. W e found a significant correlation, although 

weak, between aortic peak velocity at baseline and progression of aortic dilatation (Chapter 
9). The high aortic peak velocity w ith concomitant turbulence in the aortic root and in the 

tubular portion of the ascending aorta may be one of the mechanisms in the development 

of aortic dilatation. Although we expect this to be indeed a cause effect relation , w e cannot 

exclude a genetic origin based on these findings, as both severity of aortic stenosis and aortic 

dilatation may be just an effect of time. Our results are also supported by a recent study by 

Kim et al. 45 who found a significant correlation between the severity of aortic stenosis and the 

diameter at the level of the tubu lar ascending aorta. Nevertheless, this is still not overwhelm

ing evidence and more studies on long-term outcome in native BAV patients and patients 
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after isolated AVR are needed to better understand the underlying mechanism of aortic dila
tation. This is clinically relevant, as it might influence the pharmacological therapy, the surgical 

techniques employed, and the frequency of aortic screening. 

DIAGNOSTIC WORK-UP OF PATIENTS WITH BICUSPID AORTIC VALVE: 
TRANSTHORACIC ECHOCARDIOGRAPHY OR CARDIAC MAGNETIC RESONANCE? 

In patients with BAV the optimal timing of surgical repair for aortic dilatation is determined by 

the natural course of the disease, by the risk of surgery, and by the post-surgical outcome. 
Elective aortic surgery is advised when the aortic diameter reaches 55 mm to avoid acute 

dissection or rupture . Therefore in BAV patients serial imaging of the aorta is mandatory 
to estimate optimal timing of surgery 46 . For this young population there is the need for a 

non-invasive imaging modality, which allows accurate and reproducible measurements of 

the aortic root and tubular ascending aorta. So far, transthoracic echocardiography (TTE) 
has been widely used as non-invasive imaging modality for BAV patients follow-up, but the 

mid ascending aorta can be difficult to examine with ultrasound 47
. Cardiac magnetic reso

nance (CMR) can provide accurate measurements of the diameters of the entire thoracic 

aorta with high contrast between vessels and surrounding tissues and with good intra- and 

inter-observer agreement 48
. The results of our study (Chapter I 0) confirm recent ESC 

guidelines stating that CMR is manly required to assess aortic dilatation when it occurs distal 

to the sino-tubular junction 49
. We advise to perform both TTE and CMR at baseline and 

assess agreement between both techniques when availability of CMR is limited . When both 

imaging techniques agree w ell and aortic diameter is < 40 mm, TTE can be used for regular 

follow-up. In case of good agreement and an aortic diameter > 40 mm, we suggest to re

peat CMR at least every 4 years. In caseTTE and CMR show poor agreement in a certain 
individual patient (> 5 mm difference), TTE cannot be used as a reliable tool to assess aortic 

diameter. In such patients, CMR should be the preferred method for follow-up of aortic 
diameters; once every 3 to 4 years when the aortic diameter is <40 mm, every I to 2 

years when the aortic diameter is >40 mm, and even more frequently when the diameter 

approaches 55 mm. 

TRANSCATHETER AORTIC VALVE IMPLANTATION: A POSSIBLE ALTERNATIVE 
TO SURGERY FOR BICUSPID AORTIC VALVE PATIENTS? 

Transcatheter aortic valve implantation (TAVI) has emerged as an attractive alternative to sur

gery in patients with symptomatic aortic stenosis and cont raindications to surgery or in select

ed patients at high risk for surgery. So far, because of its specific anatomic characteristics, BAV 

is still considered a contraindication to TAVI, and there have been only a few reported cases 
ofTAVI in patients with BAVs 50-53 • Although the prevalence of BAV decreases in the elderly, a 

273 



recent study reported a 22% prevalence in excised stenotic aortic valves in octogenarians 54· 

55 The exact prevalence of BAV remained unclear, because it may have been underestimated 

due to the difficulty of diagnosis using echocardiography in these severely calcified valves. 

Several reasons precluded the use of TAVI in patients with BAV: (I) the high frequency of 

aortic annular diameters that are too large, not suitable for currently available transcatheter 

valves; (2) the asymmetric distribution of calcification may preclude the full expansion of the 

prosthesis and increase the risk for paravalvular aortic regurgitation; and (3) associated lesions 

of the ascending aorta may also have curbed the use of TAVI. 

So far, multimodality imaging has been proved to have a crucial role for an accurate preop

erative assessment of the anatomy before TAVI in patients with tricuspid aortic valve and 

aortic stenosis (Chapter I I). Future studies are warranted to investigate such an integrative 

approach in BAV patients as possible candidates for TAVI. 

PREGNANCY AND HEART DISEASE 

DOES PREGNANCY INDUCE IRREVERSIBLE EFFECTS IN 
PATIENTS WITH STRUCTURAL HEART DISEASE? 

Most research on haemdynamic adaptation to pregnancy, both in healthy pregnants as in 

pathologic conditions is performed w ith TTE. The advantage ofTTE is that it is non-invasive, 

readily avai lable, and commonly used in clinical practice. Also , it offers information on various 

aspects of systolic and diastolic cardiac function. Most ultrasound volume estimations and 

mass calculations are dependant on geometric assumption which are not always met dur

ing pregnancy and in subjects with structural heart defects. This may result in an inaccurate 

estimation of haemodynamic cardiac parameters. CMR is more reliable in the assessment of 

left and right ventricular function. Because aortocaval compression is important in advanced 

pregnancy we advise that pregnant women requiring CMR should be studied in a consistent 

position for serial studies and the left lateral position should be preferred from early preg

nancy onwards (Chapter 12). 

Possible irreversible effects on maternal cardiac function induced by pregnancy have been 

described in some specific patient groups 56
•
58

. In contrast to previous ultrasound findings 

by Cornette et al . 56
, our CMR data (Chapter 13) suggest that pregnancy in women with 

pre-existing structural heart disease is not associated w ith an irreversible impairment of left 

ventricu lar systolic function. The absence of difference before and after pregnancy is in ac

cordance with Uebings et al . 59 who could not observe a detrimental effect of pregnancy on 

postpartum ventricular function, except in women with tetralogy of Fallot (TOF). Similarly, 

Kamiya et al. 57 demonstrated that left ventricular size and function did not change due to 

pregnancy in women with repaired TOF, but the right ventricular dimensions remained in-

274 



creased at 6 months after delivery. Another interest ing finding of our study is that w e did 

not find the reversible eccentric hypertrophy described in healthy pregnant w omen w ith an 

increase in myocardial mass up to 50%. This is considered as a compensatory mechanism 

to overcome increased preload and afterload that accompany the progressing gestation. Left 

venricular mass values were in the normal range but substantially lower if compared with the 

values presented in the echocardiographic study by Cornette et al 56
. Possible explanations 

are that echocardiography is less accurate and reproducible than CMR for LV mass calculat ion 

and it is affected by the LV geometry 60
. 

Larger patient numbers are clearly warranted to answer the question if pregnancy causes an 

irreversible impact on the heart. A matched control group for direct comparison w as missed 

in our study as w e chose not to perform CMR in healthy pregnant w omen. How ever, this 

would have been very interesting and might be considered in the future . 

CONCLUSIONS 

The accurate and reproducible quantification of morphological and functional cardiac pa

rameters is crucial for the determination of appropriate therapeutic procedures, monitoring 

disease progression and response , timing of surgery and prognostic stratification in patients 

w ith congen ital and acquired cardiac disease. 
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positive predictive value 

quantitative computed tomography 
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systolic blood pressure 
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transcatheter aortic valve replacement 

true negative 

true positive 

transthoracic echocardiography 

volume of interest 
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