9
U<

o~

TrNuOO

=\

~ da

P o=

LISAN NEEFJES



CT CORONARY ANGIOGRAPHY TO DETECT
CORONARY ARTERY DISEASE: LOW DOSE
RADIATION IN HIGH RISK INDIVIDUALS

Lisan Anna Elisabeth Neefjes



CT CORONARY ANGIOGRAPHY TO DETECT
CORONARY ARTERY DISEASE: LOW DOSE
RADIATION IN HIGH RISK INDIVIDUALS

CT CORONAIR ANGIOGRAFIE OM CORONAIR
VAATLIJDEN OP TE SPOREN: LAGE STRALINGSDOSIS
IN INDIVIDUEN MET EEN HOOG RISICO

Proefschrift

ter verkrijging van de graad van doctor aan de
Erasmus Universiteit Rotterdam
op gezag van de rector magnificus
Profdr. H.G. Schmidt

en volgens besluit van het College voor Promoties.

De openbare verdediging zal plaatsvinden op
dinsdag 4 juni 2013 om 11.30 uur door

ISBN: 978-90-9027563-5
Cover design by:  AW. Everaers and L.A. Neefjes Lisan Anna Elisabeth Neef]es
Printed by: lpskamp Drukkers B.V. geboren te Roosendaal en Nispen

www.ipskampdrukkers.nl

Copyright ©2013 by Lisan Neefjes

All rights reserved. No part of this these publications may be reproduced, stored in a retrieval system or trans- a W

mitted in any form or by any means, electronic, mechanical, photocopying, recoding or otherwise without the
prior written permission of the copyright owner. = .~ ERASMUS UNIVERSITEIT ROTTERDAM



PROMOTIECOMMISSIE

Promotor: Prof.dr. G.P. Krestin
Prof.dr. PJ. de Feyter

Overige leden:  Prof.dr. PPT. de Jaegere
Prof.dr. W.J. Niessen
Prof.dr. A. de Roos



CONTENTS

Part 1: Introduction

Chapter 1
General introduction and outline of the thesis 13
Chapter 2
CT coronary plaque imaging 19
Submitted

Neefjes LA, Nieman K, de Feyter PJ.

Chapter 3

CT coronary angiography: a new unique prognosticator? 41
Heart. 2011 Sep;97(17):1363-4.

Neefjes LA, de Feyter PJ.

Part 2: CT coronary angiography: image quality, diagnostic
accuracy and radiation dose

Chapter 4

Impact of heart rate frequency and variability on radiation exposure, 49
image quality, and diagnostic performance in dual-source spiral

CT coronary angiography.

Radiology. 2009 Dec;253(3):672-80.

Weustink AC, Neefjes LA, Kyrzopoulos S, van Straten M, Neoh Eu R, Meijboom

WB, van Mieghem CA, Capuano E, Dijkshoorn ML, Cademartiri F, Boersma E, de

Feyter PJ, Krestin GP, Mollet NR.

Chapter 5

Image quality and radiation exposure using different low-dose scan 69
protocols in dual-source CT coronary angiography: randomized study

Radiology. 2011 Dec;261(3):779-86.

Neefjes LA, Dharampal AS, Rossi A, Nieman K, Weustink AC, Dijkshoorn ML, Ten

Kate GJ, Dedic A, Papadopoulou SL, van Straten M, Cademartiri F, Krestin GP,

de Feyter PJ, Mollet NR.

Chapter 6

Diagnostic accuracy of 128-slice dual-source CT coronary angiography:

a randomized comparison of different acquisition protocols.

European Radiology. 2013 Mar;23(3):614-22.

Neefjes LA, Rossi A, Genders TS, Nieman K, Papadopoulou SL, Dharampal AS,
Schultz CJ, Weustink AC, Dijkshoorn ML, Ten Kate GJ, Dedic A, van Straten M,
Cademartiri F, Hunink MG, Krestin GP, de Feyter PJ, Mollet NR.

Chapter 7

Optimal acquisition windows for low dose DSCT coronary angiography
in relation to heart rate

Submitted

Neefjes LA, ten Kate GJR, van Straten M, Krestin GP, de Feyter PJ, Mollet NR,
Weustink AC.

Part 3: CT Coronary plaque imaging

Chapter 8

CT coronary plaque burden in asymptomatic patients with familial
hypercholesterolaemia.

Heart. 2011 Jul:97(14):1151-7.

Neefjes LA, Ten Kate GJ, Rossi A, Galema-Boers AJ, Langendonk JG, Weustink
AC, Moelker A, Nieman K, Mollet NR, Krestin GP, Sijbrands EJ, de Feyter PJ.

Chapter 9

Accelerated subclinical coronary atherosclerosis in patients with familial
hypercholesterolemia.

Atherosclerosis. 2011 Dec;219(2):721-7.

Neefjes LA, Ten Kate GJ, Alexia R, Nieman K, Galema-Boers AJ, Langendonk JG,
Weustink AC, Mollet NR, Sijbrands EJ, Krestin GP, de Feyter PJ.

Chapter 10

The effect of LDLR-negative genotype on CT coronary atherosclerosis

in asymptomatic statin treated patients with heterozygous familial
hypercholesterolemia.

Atherosclerosis. 2013 Apr;227(2):334-41.

ten Kate GJ, Neefjes LA, Dedic A, Nieman K, Langendonk JG, Galema-Boers AJ,
Roeters van Lennep J, Moelker A, Krestin GP, Sijbrands EJ, de Feyter PJ.

87

105

123

143

163


EMBARGO - UNTIL PUBLISHED
EMBARGO - UNTIL PUBLISHED
EMBARGO - UNTIL PUBLISHED

EMBARGO - UNTIL PUBLISHED
EMBARGO - UNTIL PUBLISHED
EMBARGO - UNTIL PUBLISHED


Chapter 11

Detection and quantification of coronary atherosclerotic plaque by
64-slice multidetector CT: a systematic head-to-head comparison with
intravascular ultrasound.

Atherosclerosis. 2011 Nov,;219(1):163-70.

Papadopoulou SL, Neefjes LA, Schaap M, Li HL, Capuano E, van der Giessen
AG, Schuurbiers JC, Gijsen FJ, Dharampal AS, Nieman K, van Geuns RJ, Mollet
NR, de Feyter PJ.

Part 4: Summary and conclusions

Chapter 12
Summary and conclusions
Samenvatting en conclusies

Chapter 13
Dankwoord
Publications
Presentations
PhD portfolio
Curriculum Vitae

185

203
211

219
223
231
237
241



Part 1

Introduction



Chapter 1

General introduction and
outline of the thesis



GENERAL INTRODUCTION

Coronary atherosclerosis is a frequently encountered chronic disease of the arteries of
the heart with very high mortality rates worldwide. It occurs predominantly in individuals
with acquired risk factors and a genetic predisposition [1]. Progression of atherosclerosis
develops from early asymptomatic stages to advanced stages that may cause cardiac
symptoms already starting in the 2" or 3'Y decades in life [2].

In the last one and a half decades Computed Tomography Coronary Angiography (CTCA)
has emerged as modality for imaging of the coronary arteries of the heart. A non-en-
hanced scan shows the total amount of coronary calcium; while a contrast-enhanced
CT coronary angiography permits evaluation of narrowing of the vessel lumen as well as
detection of both calcified and non-calcified atherosclerotic plaques.

Radiation exposure for the patient is inherent to CT technique and the related risk of can-
cer is of major concern [3-4]. The average radiation dose of a CTCA has decreased over the
years from 20-30 mSv to <3 mSv [5] which is below the dose of nuclear cardiac imaging
techniques or conventional invasive coronary angiography.[6]

Several studies acknowledge the high diagnostic accuracy of CTCA compared to the gold
standard invasive coronary angiography. CTCA reliably detects, and especially rules out
significant stenosis in stable patients with a low or intermediate pre-test probability of
having coronary artery disease (CAD) [7]. Besides these direct diagnostic purposes, CTCA
has incremental prognostic value over traditional risk factors (i.e. hypertension, diabe-
tes mellitus, smoking, cholesterol blood values etc.) to predict adverse cardiac events in
symptomatic patients [8]. Nevertheless clinical guidelines only recommend CTCA as first
choice diagnostic modality in a limited number of specified symptomatic patients [9].
Further lowering of radiation dose and improvement of the diagnostic performance of
CTCA will probably expand the number of appropriate indications for CTCA. This might
even include screening of high risk individuals when supported by extended research in
the future.

OUTLINE OF THE THESIS

In part 2 the image quality, diagnostic accuracy and radiation dose of CT coronary an-
giography is discussed. The influence of heart rate and heart rate variability on these
outcomes is evaluated in chapter 4. A recommendation for appropriate scan protocol
selection is investigated in 1) a randomized study of the image quality and radiation dose
differences between three low-dose data-acquisition protocols (chapter 5) and 2) a ran-
domized study on the comparison of diagnostic performance of those three protocols
(chapter 6) using a second generation Dual Source CT scanner. In chapter 7 the optimiza-
tion of a prospective triggered sequential scan protocol is described taking into account
image quality and radiation dose.

Part 3 emphasizes the applicability of CTCA in detecting atherosclerotic coronary plaque.
The first three chapters describe a specific population of cardiac asymptomatic patients
with familial hypercholesterolemia (FH) treated with statins. In chapter 8 the plaque bur-
den in these asymptomatic high risk patients is examined and compared to a population
of patients with nonspecific cardiac symptoms. In an extended population of asymptom-
atic patients with FH we evaluated the extent, severity, distribution and type of athero-
sclerotic coronary plaques in relation to patient specific characteristics (chapter 9). Chap-
ter 10 describes the effect of LDLR-negative genotype on coronary atherosclerosis in the
population of asymptomatic statin treated patients with FH. In chapter 11 detection and
quantification of coronary plaque by CT coronary angiography is compared with plaque
evaluation by Intravascular Ultrasound.
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Computed tomography coronary angiography (CTCA) has evolved as a non-invasive im-
aging technology that can be used as an alternative first-line diagnostic test in symp-
tomatic patients with low to intermediate likelihood of coronary artery disease (CAD) [1].
Nevertheless, it has not (yet) fulfilled initial expectations that it would be able to replace
conventional invasive coronary angiography because CTCA tends to overestimate the
severity of the coronary stenosis resulting in a too high number of patients with false-
positive outcomes. This is mainly caused by the blooming effect of calcified lesions in
combination with the still too limited spatial resolution of CTCA as compared to invasive
coronary angiography. CTCA provides, additional to luminography, comprehensive as-
sessment of the anatomic manifestations of coronary atherosclerosis, including the dis-
tribution (proximal, mid and distal) and extent (1, 2, 3 vessel disease, LM disease) of CAD,
the presence of “positive remodeling” of the vessel and a, rather crude, assessment of the
coronary plaque components (calcified, non-calcified and mixed) and [2].

CTCA is considered a reliable technique providing high quality images at low radiation
exposure. It is now timely to explore the full potential of CTCA ranging from the diagnos-
tic accuracy to rule-in or rule-out CAD, to its prognostic potential in symptomatic patients
and asymptomatic individuals, and finally to assess the cost effectiveness with clinical
outcomes as primary endpoints.

PROGNOSTIC VALUE OF CTCA IN SYMPTOMATIC PATIENTS

In symptomatic patients CTCA is able to non-invasively identify patients at high risk for
major adverse cardiac events (MACE) and a negative CTCA is significantly related to an
extremely low risk for MACE [3]. In these prognostic CTCA studies, using a retrospective
data acquisition scan protocol, the relatively high radiation exposure (10-25 mSv) was
worrisome.

CTCA RELATED RADIATION EXPOSURE

CT, and cardiac CT in particular, is a major contributor to ionizing radiation exposure
which is known to increase the lifetime attributable risk of cancer[4]. Therefore efforts
should be taken to keep the radiation dose of CT as low as reasonably achievable (ALARA).
New, recently introduced CT radiation reduction techniques have dramatically reduced
the radiation dose. CT investigations using prospectively ECG triggered data acquisition
protocols have reported radiation doses of approximately 2 mSv [5] with preserved high
diagnostic performance compared to conventional coronary angiography. Studies of a
new scan protocol using the conventional spiral mode but with very fast table speed, the
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high pitch spiral mode, covering the whole heart in 1 heart beat, reported an effective
radiation dose even below 1 mSv[6] while maintaining diagnostic image quality. 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% irrespective of the used scan protocol [7].

LOW DOSE CTCA: PROGNOSTIC VALUE

The ability of low dose CTCA, as distinct to relatively high dose retrospective gated CTCA,
to predict future adverse cardio vascular events is not well established. In this issue of
Heart, Buechel et al.[8] assessed, in retrospective analysis, the prognostic value of low
dose (mean effective dose 1.840.6 mSv) 64-slice CTCA using prospective ECG triggering
in patients with known or suspected CAD. Major adverse cardiac events were defined as
cardiac death, non-fatal myocardial infarction or the need for revascularization. To mini-
mize that the outcome of CTCA would trigger the need for revascularization, 38 patients
that underwent early revascularization (i.e. within 6 weeks after CTCA) were excluded
from analysis. They studied 367 patients. Normal coronary arteries were seen in 47% (171)
of the patients, non-obstructive lesions were found in 18% (66), and obstructive lesions
(>50% luminal diameter stenosis) were identified in 35% (130) patients. The patients were
followed for a mean follow-up time of 47+16 weeks. MACE occurred in 30 patients (8.2%).
Cardiac death occurred in 1 patient, non-fatal Ml in 3 patients and 26 patients underwent
revascularization. Patients with non-obstructive or obstructive CAD had a first year event
rate of 3% (5 events) and 26% (25 events), respectively.

The prognostic value of CTCA in this study was comparable to the value reported in a
recent meta-analysis of Hulten et al. evaluating 9592 patients with a median follow up
of 20 months[3]. In this meta-analysis the majority of the analyzed patients had known
or suspected CAD. The annualized all cause death rate, non-fatal Ml rate and revascular-
ization rate were respectively 0.74%, 0.30% and 1.25% for patients with non-obstructive
CAD and 2.22%, 2.12% and 24.82% for patients with obstructive CAD. Buechel et al. report
that patients with normal coronary arteries had an annualized event rate of zero which
was comparable to the event rate of 0.17% reported in the meta-analysis of Hulten et al.
and within the range of the event rate of 0.45% and 0.54%, respectively, seen in patients
with normal findings in stress echocardiography or myocardial perfusion [9]. The adverse
event rate reported by Buechel et al. was mainly driven by the need for revasculariza-
tion which may be overrepresented because CTCA already revealed coronary anatomy,
although precautions were taken to exclude patients with revascularizations within 6
weeks. However, this was similar in the majority of studies evaluated in the recent meta-
analysis [3].
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Buechel et al. confirmed the high prognostic value of CTCA in symptomatic patients but
the real importance of this study is that this prognostic value was achieved at a very low
effective radiation dose of below 2 mSv which drastically lowered the radiation associ-
ated lifetime attributable risk of cancer morbidity and mortality of CTCA. This will trigger
new avenues of studies evaluating the prognostic power of CTCA.

FUTURE DIRECTIONS

Approximately 50% of the sudden cardiac deaths or non-fatal myocardial infarctions oc-
cur in patients without prior diagnosis of CAD. To prevent those unexpected severe ad-
verse events, the first step is to identify the individuals at risk. Nowadays only traditional
risk factors are being used for a risk prediction in asymptomatic patients and traditional
risk prediction models are based on patient populations and they do not provide direct
evidence of the presence of coronary artery disease in an individual patient. However,
the unique property of CTCA is its ability to assess the presence and extent of subclinical
coronary atherosclerosis in an individual which is not possible with other non-invasive
techniques that are better suited to assess more advanced coronary atherosclerosis caus-
ing myocardial ischemia. Hence, CTCA has the potential to non-invasively improve tradi-
tional risk prediction in asymptomatic patients.

Although CTCA has been used to assess coronary atherosclerosis in asymptomatic indi-
viduals [10-11] this was achieved at rather high radiation dose, (>10 mSv) which was met
with great concern and raised questions about the risk-benefit ratio in these asymptom-
atic individuals. This restrained investigators to explore the prognostic potential of CTCA.
The prognostic value of CTCA in asymptomatic individuals has only been evaluated in 1
study at an intermediate level of effective radiation dose of 7-8 mSv [12].

Buechel et al.[8] present reliable prognostic CTCA at such low radiation exposure that it
may open the door for extensive prognostic studies in asymptomatic populations. These
studies are highly needed and may alter the recommendations of the ACCH/AHA Task
Force on Practice Guidelines[13] or the Working Group on Nuclear Cardiology and Car-
diac CT of the European Society of Cardiology[14], which currently do not recommend
CTCA for risk stratification in asymptomatic patients in particular because of the lack of
prognostic studies in asymptomatic individuals. Additionally, this study may even trigger
studies evaluating repeating CTCA examinations to gain further insights into the natural
progression of coronary atherosclerosis or monitoring of CAD treatment.

Low-radiation-dose CT coronary imaging allows further exploration of its prognostic po-
tential in various study populations.
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ABSTRACT

Purpose To investigate the impact of heart rate frequency (HRF) and heart rate variability
(HRV) on radiation exposure, image quality, and diagnostic performance to detect sig-
nificant stenosis (>50% lumen diameter reduction) using adaptive ECG pulsing at dual-
source spiral CT coronary angiography (CTCA).

Materials and methods Institutional review committee approval and informed consent
was obtained in all patients. No pre-scan beta-blockers were applied prior to scanning.
Non-contrast CT and CTCA using adaptive ECG pulsing was performed in 927 consecu-
tive patients (600 men; 327 women, mean age 60.3+11.0 years). Patients were divided
into 3 HRF groups: low (<65 bpm), intermediate, (66-79 bpm), and high (=80 bpm), and 4
HRV groups on the basis of the mean inter-beat difference (IBD) during CTCA acquisition:
normal (0-1 I1BD), minor (2-3 IBD), moderate (4-10 IBD) and severe (>10 IBD). Radiation
exposure and image quality regarding the presence of motion artifacts were evaluated in
all patients. Diagnostic performance was presented as sensitivity, specificity, positive and
negative predictive values, and positive and negative likelihood ratios with correspond-
ing 95% confidence intervals (Cls) in a subpopulation of 444 patients using quantitative
coronary angiography as reference standard.

Results CT coronary angiography yielded good image quality in 98% of patients and
no significant differences in image quality were found among HRF and HRV groups. Ra-
diation exposure was significantly higher in patients with low versus high HRF and in
patients with severe versus normal HRV. No significant differences among HRF and HRV
groups in image quality and diagnostic performance were found. A nonsignificant trend
was found toward a lower specificity and PPV in patients with a high HRF or severe HRV
when compared with low HRF or normal HRV in patients with a low calcium score (Ag-
atston score <100).

Conclusions Dual-source spiral CT coronary angiography using adaptive ECG pulsing
results in preserved diagnostic image quality and performance independent of heart rate
frequency or heart rate variability at the cost of limited dose reduction in arrhythmic
patients.
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INTRODUCTION

Spiral CT coronary angiography (CTCA) has emerged as a non-invasive diagnostic modal-
ity that reliably excludes the presence of significant coronary artery disease [1, 2[.

Dual-source CT scanners are equipped with 2 X-ray sources and provide a heart rate in-
dependent temporal resolution of 83 ms. Such improved temporal resolution may allow
more reliable detection or exclusion of significant coronary artery stenosis in patients
with fast or irregular heart rates. However, the radiation exposure associated with spiral
CT is relatively high [3-5].

ECG-controlled X-ray tube current modulation or ‘ECG-pulsing’ has been introduced as
an effective tool to reduce radiation exposure up to 50% in spiral CTCA [6, 7]. The first
generation ECG-pulsing algorithms were not standard used because the occurrence of
a single premature beat could result in non-diagnostic image quality due to incorrect
timing of the high X-ray tube output. Currently available ECG-pulsing algorithms are able
to detect ectopic heart beats and the X-ray tube current modulation is automatically
switched off until the heart rate is stable again. Such adaptive ECG-pulsing algorithms in
spiral CT are designed to maintain diagnostic image quality in arrhythmic patients since
the continuous high X-ray tube output allows flexible selection of the desired reconstruc-
tion phase throughout the R-R interval. However, image quality is only maintained at the
cost of higher radiation exposure [8].

The purpose of this study was to determine the impact of heart rate frequency (HRF) and
heart rate variability (HRV) on radiation exposure and image quality in a large cohort of
patients undergoing Dual-source CTCA with adaptive ECG-pulsing. In addition, we evalu-
ated the impact of HRF and HRV on the diagnostic performance of Dual-source CTCA to
detect or rule out significant stenoses in a subgroup of patients who underwent addition-
ally conventional coronary angiography (CCA).

MATERIALS AND METHODS
Study Population

During a period from April 2006 to October 2008, 1143 consecutive symptomatic pa-
tients with suspected or known coronary artery disease were eligible for inclusion in the
study (Figure 1). Excluded were patients with previous surgical revascularization (n=103)
and with atrial fibrillation with a fast ventricular response (n=6). CTCA-specific exclusion
criteria were known allergy to lodinated contrast material (n=12) and impaired renal func-
tion (serum creatinine >120 pmol/l) (n=35). Thus, the study population comprised 927
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Figure 1 Flow Diagram

1143 consecutive patients

were enrolled” that met

inclusion criteria Exclidad:
52 no informed consent
103 CABG

988 eligible patients

referred for CTCA with

informed consent
Excluded:

35 renal dysfunction

12 known contrast allergy

6 AF with fast ventricular response
8 scan failure

927 patients completed CTCA

483 patients

444 patients referred to CCA

Flowchart of study patients. AF = atrial fibrillation, CABG = coronary artery bypass graft, CCA = conventional
coronary angiography, CTCA = CT coronary angiography. * = Period of enrollment: April 2006 to October 2008.

patients (600 men; 327 women, mean age 60.3+11.0 years). The institutional review board
approved the study and all patients gave informed consent.

Scan Protocol

Patients were scanned using a Dual-source CT scanner (Somatom Definition, Siemens
Healthcare, Forchheim, Germany). No beta-blockers were administered prior to the scan.
Patients received Nitroglycerin (0.4 mg) sublingually just before scanning. A non-en-
hanced calcium scoring scan was performed prior to CTCA. CTCA scan parameters were:
number of X-ray tubes 2, detector collimation 32 x 0.6 mm per tube with double sampling
by rapid alteration of the focal spot in the longitudinal direction (z flying focal spot) [9],
rotation time 330 ms, tube voltage 120 kV, full tube current 625 mA per tube, indepen-
dent of patient size. Prior to scanning, the pitch was set automatically by the scanner’s
software. Pitch varied between 0.20 for low HRF (<40 bpm) and 0.53 for high HRF (>100
bpm), with individually adapted pitch values for HRF >40 and <100 bpm.

A bolus of iodinated contrast material (Ultravist™ 370 mgl/ml, Schering AG, Germany),
which varied between 60-100 ml| depending on the expected scan time, was injected
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Figure 2 Schematic illustrations of adaptive ECG pulsing in spiral dual-source CTCA (A, B) and Step-and-Shoot
(SAS) scan mode (C)

Image reconstruction

A: Spiral CTCA in a low and regular heart rate. The ECG pulsing window is set during mid-to-end diastole and
radiation exposure is reduced outside the ECG pulsing window. The red line correlated with X-ray tube
output, the pink bar indicates full or reduced X-ray tube output.

B: Spiral CTCA in a low and irregular heart rate. The adaptive ECG pulsing algorithm adapts to the occurrence
of a premature beat by switching off the ECG pulsing algorithm and full X-ray is given during two subse-
quent heart beats (between arrows). Image reconstruction is performed by manual repositioning of the
reconstruction windows as previously described (12).

C: Step-and-shoot (SAS) CTCA in a low and irregular heart rate. Full X-ray during predefined time intervals in
the cardiac cycle is given and image reconstruction can only be performed during the premature ectopic
beat resulting in severe motion artifacts.

(flow rate: 5.5 ml/s) in an antecubital vein followed by a saline chaser (40 ml; flow rate: 5.5
ml/s). A bolus tracking technique was applied to synchronize the data acquisition with
the arrival of contrast in the coronary arteries.

All patients were scanned using an adaptive ECG pulsing algorithm (Figure 2).
The first enrolled 640 patients were scanned from April 2006 to November 2007 and stan-
dard ECG pulsing was applied using a fixed pulsing window (full tube current was given

from 25 to 70% of the R-R-interval). Outside the ECG pulsing window, the tube current
was reduced to 20% of the full current. The subsequent 287 patients were scanned from
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December 2007 to September 2008 and optimal ECG pulsing was applied using validated
ECG pulsing windows during mid-to-end-diastole (60-76% of R-R-interval) in low HRF
(<65 bpm), during end-systole (31-47%) for high HRF (=80 bpm), and during both mid-to-
end-diastole and end-systole (30-77%) for intermediate HRF (66-79 bpm), respectively [6].
Outside the ECG pulsing window the tube current was reduced to 4% of the full current
(Mindose’, Siemens Healthcare, Forchheim, Germany).

CT Image Reconstruction

All CTCA datasets were reconstructed using a single-segment reconstruction algorithm
resulting in 83 ms temporal resolution; slice thickness 0.75 mm; increment 0.4 mm; me-
dium-to-smooth (B26f) and sharp (B46f) convolution kernel. Standard reconstruction
algorithms were applied using an absolute reverse or percentage technique to obtain
datasets during end-systole and/or mid-to-end diastole according to heart rate frequen-
cy [6]. In case the standard reconstruction algorithm provided datasets with insufficient
image quality of one or more coronary segments, additional datasets were manually re-
constructed. If necessary, multiple datasets of a single patient were used separately in
order to obtain optimal image quality for all coronary segments. Image reconstruction
windows were manually repositioned to achieve high image quality in patients with ar-
rhythmia, as previously described [12]. For CTCA analysis, the best selected datasets were
transferred to an offline work-station (MMWP*, Siemens Healthcare, Forchheim, Germany).

Quantitative Coronary Angiography (QCA)

A subpopulation of patients (48%, 444/927) underwent CCA. All conventional angio-
grams were carried out within four weeks before or after CCA. Three experienced cardi-
ologists (RN.E., SK, and CAM.,, 5 or more years of interventional cardiology experience)
unaware of the results of CTCA, identified all available coronary segments at invasive CA
using a 17-segment modified American Heart Association (AHA) classification [10]. All
segments, irrespective of size, were included for comparison with CTCA. Segments were
visually classified as normal or luminal irregularities (<20% lumen diameter reduction), or
diseased (=20% lumen diameter reduction). The stenoses in segments visually scored as
having more than 20% narrowing, were quantified by a validated quantitative coronary
angiography (QCA) algorithm [11]. Stenoses were evaluated in the worst angiographic
view and classified as significant if the lumen diameter reduction was 50% or more.

CT image evaluation

The total calcium scores (Agatston score) per patient were calculated using dedicated
software (Syngo Calcium Scoring *, Siemens, Forchheim, Germany). One experienced ob-
server (A.C.W, 5 or more years of CT coronary angiography training) graded the overall
image quality of the best selected CTCA datasets.

A dataset, or the combination of datasets, was classified as good, if no or mild coronary
motion was present and the observer was confident in the diagnostic evaluation, or im-
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paired if extensive coronary motion was present and the observer experienced impair-
ment in performing the diagnostic evaluation.

Two experienced observers (A.CW., N.RM., 5 or more years of CT coronary angiogra-
phy training) unaware of the results of CCA, independently scored all CTCA datasets for
the presence of significant stenoses using axial source images, as well as multiplanar or
curved reformatted reconstructions and maximum intensity projections. Stenoses were
visually classified into significant (=50% lumen diameter reduction) or non-significant
(<50% reduction). Segments distal to a chronic total occlusion were excluded. An inten-
tion to diagnose design was used: all scanned patients including all segments were ana-
lyzed even if the image quality was impaired. Interobserver disagreements were resolved
by consensus in a joint session.

Classification according to heart rate frequency and variability

Patients were categorized into 3 HRF groups: low (<65 bpm), intermediate (66-79 bpm)
and high (=80 bpm). The absolute difference between two consecutive heart beats was
recorded during CTCA. HRV was defined as the sum of these absolute differences divided
by the number of heart beats and expressed as mean interbeat difference (IBD, Figure 3).
Patients were categorized into 4 HRV groups: normal (0-1 IBD), minor (2-3 IBD), moderate
(4-10 IBD) and severe (>10 IBD).

Figure 3 Schematic Illustration of Heart rate Variability (HRV) Assessment
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The absolute difference (A) between two consecutive heart beats was recorded. HRV was expressed as mean
interbeat difference (IBD) defined as the sum of these absolute differences (3+0+60+80+20+3) divided by the
number of heart beats during CTCA (7) =448 /7 = 23

Subanalysis according to Agatston score

A subanalysis on diagnostic performance in patients with low (<100 Agatston score) and
high (>100 Agatston score) was performed and sensitivity, specificity, and positive and
negative predictive values among HRF groups and HRV groups were calculated.

Radiation Exposure

The radiation exposure for Dual-source CTCA was quantified by the CTDIvol values ob-
tained from the CT scanner console. The CTDIvol estimates the average dose within the
scanned volume based on a standardized phantom [12] and takes the influence of both
the ECG-pulsing and the pitch on the dose into account. In order to study solely the effect
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of ECG-pulsing on the dose, the CTDIw values were calculated [CTDIw = CTDIvol x pitch],
which are a measure for radiation dose independent of pitch.

Statistical Analysis
The statistical analyses were performed using SPSS (version 12.1 SPSS Inc., Chicago, Il
USA.) and STATA (SE 8.2, College Station, Texas, USA).

Categorical patient and scan characteristics were expressed as numbers and percentages
and continuous variables were expressed as mean (standard deviation) values. Diagnostic
performance of CTCA for the diagnosis of significant CAD compared to the standard of
reference QCA on CCA was determined with sensitivity, specificity, positive predictive
value, and negative predictive value and their corresponding 95% confidence intervals.
The difference in age between males and females was calculated using the student-T test.

The image quality and diagnostic performance according to Agatston scores among HRF
groups and among HRV groups were compared using the Fisher exact test and a p-value
<0.05 was considered statistically significant. For the dose estimates, the two-way Anova
test was performed to evaluate the effect of HRF and HRV on the radiation exposure (CT-
Dlvol and CTDIw) for both fixed ECG pulsing and optimal ECG pulsing windows. A p-value
<0.05 was considered statistically significant. Inter-observer variability for the detection
of significant stenoses was determined by kappa-statistics. Intra-observer agreement of
one observer was determined in a set of 100 patients and presented by kappa-statistics.
The data was clustered implying that potential correlation existed between the multiple
(seventeen) segments analyzed per patient. To adjust for the clustered nature of the data,
sensitivity, specificity, negative and positive predictive values were studied by a bootstrap
analysis [13, 14]. A total of 1000 replications of the dataset were obtained by sampling
segments (with replacement), with the patient as cluster.

RESULTS

Patient and scan characteristics are listed in Table 1. There was no significant difference (p =
0.33) in age between males (60.6+11.0 years) and females (59.9+11.1). Mean scan length for the
CTCA-protocol was 11.043.1 cm. A total of 428 (46%, 428/927) of patients received long-term
B-blockers. In patients with moderate HRV (13%, 124/927), 6% (7/124) presented with ven-
tricular extra-systolic beats, 1% (1/124) with atrial fibrillation and 94% (116/124) with mild sinus
node arrhythmia. In patients with severe HRV (6%, 52/927), 37% (19/52) presented with ventric-
ular extra-systolic beats, 19% (10/52) with atrial fibrillation, 2% (1/52) with ventricular bigeminy,
and 2% (1/52) with ventricular trigeminy, and 40% (21/52) with sinus node arrhythmias.
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Table 1. Patient and Scan Characteristics.

HRV GROUPS

HRF GROUPS

Severe >10

Moderate

Minor
2-31BD

Intermediate High Normal 0-1
>80 bpm

Low

OVERALL

IBD

4-101BD

IBD

66-79 bpm

<65 bpm

52 (6)

423 (46) 333 (36) 171 (18) 372 (40) 379 (41) 124 (13)

927

319 (75) 193 (58) 88 (51) 251 (67) 239 (63) 76 (61) 34 (65)

600 (65)

Male

63.7+11.7

60.1+11.2

61.0+£11.4 56.2.0£10.3 61.8£10.6 58.5£11.0

61.5+10.6

60.3£11.0

Age (yrs)

241 (57) 134 (40) 5331 204 (55) 160 (42) 39(31)

428 (46)

Long-term B-blockers

113 57.6£55 71.9+3.7 88.8+84 66.4+12.7 69.4£11.9 73.0+£14.6 67.7£13.9

69.1+

Mean HRF (bpm)

23.3+185

5116

2+0.5

04 2.

0.9+

3.1+£3.8

3.248.2 3.4+5.7

3.9+84

Mean HRV (IBD)

SCAN PARAMETERS

0.25+0.04 0.31+0.05 0.38+0.07 0.29+0.07 0.30+0.07 0.30+0.07 0.26+0.06

0.30+0.07

Pitch ¥

0.25+0.03 0.30+0.04 0.38+0.05 0.27+0.05 0.29+0.06 0.31+£0.06 0.25+0.06

0.29+0.06

PitchT

303 (72) 218 (66) 119 (70) 304 (82) 236 (62) 65 (52) 35(67)

640 (69)

JL

Fixed ECG pulsing

115 (34) 52 (30) 68 (18) 143 (38) 59 (48) 17 (33)

120 (28)

287 (31)

Optimal ECG pulsing T

73.1£13.5 62.0+£11.5 53.6+144 63.6+134 64.7+£12.3 69.6+16.6 83.9+19.0

65.6+15.1

CTDI,,, (MGy) *

5224194 82.3+£19.2

47.3+12.1

6.9 47.1£10.8

42741

48.3+11.7 56.1£14.0

50.6+£16.5

CTDI,,, (MGy) T

18.1+£1.8 18.7+1.5 19.5+1.4 18.0+1.5 18.7+1.3 19.8+1.9 204+1.9

18.5+1.7

L (mGy) *

CTDI

117435 16.6+£3.5 14.9+4.1 12.8+3.8 13.7+£3.9 154439 204+2.8

14.3+4.3

SAmGy) T

CTDI

N indicates number; HRF, heart rate frequency; HRV, heart rate variability, ; bpm; IBD, interbeat difference; CCA, conventional coronary angiography; CTDI; computed
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AL

tomography dose index; T indicates a fixed adaptive ECG pulsing algorithm (ECG pulsing window: 25-70% of R-R interval (all HRF), and reduced exposure to 20% of
maximum outside the ECG pulsing window) T indicates optimal adaptive ECG pulsing algorthms (ECG pulsing windows: 60-76% of R-R-interval in HRF < 65, 30-77% of

R-R-interval in HRF 66-79, 31-47% of R-R-interval in HRF >80, and reduced exposure to 4% of maximum outside the ECG pulsing window)



Radiation exposure

Adaptive ECG pulsing was successfully applied in all patients and no cases were excluded
due to incorrect timing of the high X-ray tube output. In patients scanned with a fixed
ECG pulsing window and 20% tube current reduction outside the ECG pulsing window,
mean CTDIvol was significantly (p <0.05) lower in high HRF (53.6 mGy) compared to low
HRF (73.1 mGy). This dose reduction can be contributed to the increase of pitch values for
higher heart rates. The efficacy of ECG-pulsing in this group of patients is significantly (p
<0.001) influenced by HRF and HRV. However, the impact of HRV and HRF in this group
is moderate: the mean CTDIw was only 7% higher in the high HRF group (19.5 mGy)
compared to the low HRF group (18.1 mGy), and 12% in the severe HRV group (20.4 mGy)
compared to the normal HRV group (18.0 mGy). The impact on radiation exposure due to
HRV within the different groups of HRF was not significantly different (p = 0.1). In patients
scanned with optimal ECG pulsing windows and 4% tube current reduction outside the
ECG pulsing window, differences in CTDIvol between low HRF and high HRF were smaller
compared to the corresponding differences in patients scanned with fixed ECG pulsing
windows. Both the HRF and HRV have a significant (p < 0.001) impact on the efficacy of
ECG-pulsing in the group of patients with optimized ECG-pulsing. The mean CTDIw was
30% higher in the intermediate HRF group (16.6 mGy) compared to the low HRF group
(11.7 mGy), and 21% higher in the high HRF group (14.9 mGy) compared to the low HRF
group. The mean CTDIw was even 37% higher in patients with severe HRV (20.4 mGy) as
compared to the normal HRV group (12.8 mGy). We observed a significant difference (p =
0.01) on the impact of radiation exposure due to HRV within the different groups of HRF,
which can be explained by the relatively low number of patients with both a high HRF
and HRV in this group of patients.

Image quality

The best selected datasets yielded good image quality in 98% (910/927) and impaired
image quality in 2% (18/927) of patients. Impaired image quality was more frequently
found in patients with high HRF (5%, 8/171) compared to intermediate (2%, 8/333) or low
(1%, 2/423) HRF, and in patients with severe HRV (10%, 5/52) compared to moderate (7%,
9/124), minor (1%, 3/379), or normal (1%, 1/201) HRV. However, these differences in image
quality found among HRF or HRV groups were not statistically different.

Diagnostic performance

The diagnostic performance of CTCA to detect significant coronary artery stenosis ac-
cording to HRF and HRV are detailed in Table 2 (segment-by-segment and patient-by
patient analysis).

The analysis per segment was confirmed by bootstrap analysis. Kappa-values for the in-
ter- and intra-observer variability on a per segment level were 0.70 and 0.73, respectively.
In patients with low (<65 bpm), intermediate (66-79 bpm) and high (=80 bpm) HRF, sen-
sitivity was 100%, 99%, and 100% on an overall patient-by-patient analysis.
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Table 2. Impact of Heart Rate Frequency (HRF) and Heart Rate Variability (HRV) on Diagnostic Performance of Dual-source CTCA to Detect Significant (=50% lumen diameter

reduction) Coronary Artery Stenosis.

HRV GROUPS

HRF GROUPS

Intermediate High Normal 0-1  Minor 2-3 Moderate  Severe >10
66-79 bpm >80 bpm

Low

OVERALL

4-10 1BD IBD

IBD

IBD

<65 bpm

PATIENT LEVEL

28

52

163

201

85

170

189

444

81 69 55 75 71 65 61

71

Prevalence of significant stenosis, %

99 (95-100) 100 (91-100) 100 (97-100) 99 (96-100) 100 (87-100) 100 (77-100)

100 (97-100)

100 (98-100)

Sensitivity, %

81 (63-91) 87 (74-94) 87 (71-95) 80 (66-90) 90 (77-96) 83 (58-96) 91 (57-100)

85 (77-91)

Specificity, %

96 (91-98) 94 (88-97) 90 (87-100) 94 (89-97) 96 (90-98)

94 (91-97)

PPV, %

100 (66-100)

98 (87-100) 100 (75-100)

100 (89-100)

100 (85-100) 98 (87-100) 100 (87-100)

99 (94-100)

NPV, %

SEGMENT LEVEL

424

801

2497

3066

1327

2613

2848

6788

10

Prevalence of significant stenosis, %

96 (93-96) 92 (88-95) 96 (90-99) 93 (90-96) 97 (94-98) 96 (89-99) 88 (72-96)

95 (93-96)

Sensitivity, %

96 (95-96) 97 (96-98) 96 (95-97) 96 (95-97) 96 (96-97) 97 (96-98) 96 (93-97)

96 (96-97)

Specificity, %

77 (73-81) 77 (72-81) 69 (61-76) 75 (71-79) 77 (72-81) 80 (71-87) 64 (49-77)

76 (73-78)

PPV, %

99 (99-99) 100 (99-100) 100 (99-100) 99 (97-100)

100 (99-100)

(99-100)

99

99 (99-100)

99 (99-100)

NPV, %
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N indicates number; HRF, heart rate frequency; HRV, heart rate variability; bpm; IBD, interbeat difference; PPV, positive predictive value; NPV, negative predictive value; num-

ber between parentheses indicates 95% confidence intervals. Values in parentheses represent upper and lower bound for 95% confidence interval.



Figure 4 Subanalysis of Diagnostic Performance in Patients with Low (<100) and High (<100) Agatston.
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Graphs show subanalysis of diagnostic performance (black = sensitivity, blue = specificity, red = PPV, white =
NPV) in patients with low (<100, upper and lower left) and high (>100, upper and lower right) Agatston scores.
bpm = beats per minute.

Specificity was 81%, 87%, and 87%; positive predictive value 96%, 94%, and 90%; and neg-
ative predictive value 100%, 98% and 100%. In patients with normal (0-1 IBD), minor (2-3
IBD), moderate (4-10 IBD) and severe (>10 IBD) HRV, sensitivity was 100%, 99%, 100%, and
100% on an overall, patient-by-patient analysis. Specificity was 80%, 90%, 83% and 91%;
positive predictive value 94%, 96%, 92%, 94%; and negative predictive value 100%, 98%,
100%, and 100%. A subanalysis according to Agatston calcium scores showed no signifi-
cant differences in sensitivity, specificity, positive and negative predictive value among
HRF or HRV groups in patients with low Agatston scores (<100). However, there was a
nonsignificant trend towards a lower specificity (96% vs. 91%) and lower positive predic-
tive value (98% vs. 82%) in patients with low vs. high HRF. A similar trend was observed
in patients with normal vs. severe HRV (specificity: 95% vs. 88%; positive predictive value:
95% vs. 88%) (Figure 4). In patients with high Agatston scores (>100), we did not observe
such a trend and diagnostic performance did not correlate to HRV or HRF.
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Figure 5

Coronary angiography in patient with atrial fibrillation with slow ventricle response. CT coronary angiogram (up-
per left) shows cross-sections of proximal left anterior descending artery (LAD) A-E (upper right). Conventional
coronary angiogram (lower left) and volume-rendered reconstruction (lower right) show stenosis (arrowhead).

DISCUSSION

CT coronary angiography has emerged as a reliable tool to detect or rule out signifi-
cant stenoses in selected patients with regular and preferably low (<65 bpm) heart rates.
Beta-blockers are commonly administered prior to CTCA to lower the heart rate, thereby
reducing the number of image-degrading motion artifacts. Dual-source CT scanners
provide an improved temporal resolution compared to conventional (single-source) CT
equipment and may obviate the need for pre-scan beta-blockers [15, 16]. Previous small-
sized studies demonstrated an increased diagnostic performance of spiral CTCA using
dual-source equipment in patients with various HRF. However, the number of included
patients with high HRF (>80 bpm) was consistently low, and the vast majority of studies
excluded patients with arrhythmias [15-21]. Few studies have investigated the impact of
heart rate variability on image quality and diagnostic performance. In these studies, HRV
was defined as the standard deviation of the mean heart rate during CTCA. However, this
definition of HRV may not give accurate insight of the impact of HRV during spiral CTCA;
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Figure 6

Coronary angiography in patient with high HRF (84 beats/min). CT coronary angiogram (upper left) shows
cross-sections of proximal left anterior descending artery (LAD) A-D (upper right). Conventional coronary an-
giogram (lower left) and volume-rendered reconstruction (lower right) show stenosis (arrowhead).

a gradual increase in heart rate frequency does not generally impact on image quality,
while the SD of the mean HR may be high. Instead, a sudden change in heart rate may
cause several problems in the acquisition of spiral CTCA, such as: 1) mis-triggering of the
ECG pulsing algorithm resulting in low-dose images at the desired phase of image re-
construction, and 2) artifacts due to differences in image reconstruction phases between
consecutive heart beats. Previously, ECG pulsing could not be applied in patients with
arrhythmias. The adaptive ECG pulsing algorithm reacts to such a sudden change in R-R
interval by switching off the ECG pulsing during subsequent R-R-intervals. We therefore
defined HRV as the mean inter-beat difference between 2 consecutive heart beats, and
studied the impact of adaptive ECG pulsing on radiation exposure, image quality and
diagnostic performance of dual-source CTCA in a large patient population with a wide
variety of heart rates. We tested the use of a newly developed, adaptive ECG pulsing al-
gorithm in a large cohort of patients with various HRF and HRV. We observed no patients
with impaired image quality on the basis of mis-triggering of the ECG pulsing algorithm,
even in patients with severe HRV. This finding indicates that adaptive ECG pulsing is now
robust and should be used in all patients undergoing spiral CTCA. However, it should be
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noted that the dose reduction feature of ECG pulsing is almost completely eliminated
in patients with severe HRV, because the ECG pulsing is partly or totally or switched off
throughout the scan in patients with arrhythmia to maintain diagnostic image quality.
Therefore, the potential benefit of spiral CTCA should be carefully weighed against the
risk of developing radiation induced cancer, in particular, in young patients presenting
with arrhythmias [22]. We found a high overall diagnostic performance of Dual-source
CTCA in the detection or exclusion of significant coronary artery stenosis with a sensitiv-
ity of 100% and a negative predictive value of 99% on a per patient basis. These results
were obtained without exclusion of any segments or patients on the basis of impaired
image quality. We found no significant differences in image quality or diagnostic per-
formance among HRF and HRV groups. We only observed a trend towards more ‘false
positive' results reflected by a lower specificity and positive predictive value in patients
with low calcium scores (<100 Agatston score) and HRF >80 bpm or HRV >10 IBD. We
did not find this trend in patients with higher calcium scores, which indicates that the
well known impact of severe coronary calcifications outweighs the limited impact of
HRF or HRV on diagnostic performance of CTCA. An important disadvantage of spiral
CTCA is its relatively high radiation exposure [3]. Recently, sequential or step-and-shoot
(SAS) CTCA has gained renewed interest as a scan technique to reduce radiation expo-
sure while preserving diagnostic image quality. However, SAS CTCA is currently limited to
selected patients with low and regular heart rates only [23-26]. Although this scan mode
was not yet available during the inclusion period of our study, we estimated on the basis
of heart rate characteristics (low HRF and normal to minor HRV) in our study population
(n=927) that SAS CTCA could have been successfully carried out in approximately 38%
(355/927) of patients. The majority of these patients (57%, 204/355) were already on long
term beta-blockers, and it may be expected that the number of patients suitable for SAS
CTCA would significantly increase by the use of pre-scan beta-blockers. However, spiral
CTCA still remains the preferred scan mode in patients with arrhythmias and or fast HRF.
Particularly, spiral CTCA can be used as an alternative to the SAS CTCA in patients with
contraindications to administration of beta-blockers (e.g. overt heart failure) or in patients
with insufficient decrease of HRF (<65 bpm) despite the use of pre-scan beta-blockers.

Limitations

In our study, arrhythmic patients were not excluded from CTCA with the exception of
a small number (n=6) of patients with atrial fibrillation with fast ventricle response and
inclusion of these patients would most likely result in a lower diagnostic performance of
dual-source CTCA. We believe that dual-source CTCA is not yet ready for clinical use in
these specific patients, because of the occurrence of severe motion artifacts despite the
improved temporal resolution of dual-source CT scanners. Future developments such as
complete data acquisition during a single heart beat combined with a further increase
in temporal resolution of e.g. 25 ms may result in a true heart rate independent image
acquisition, even in patients with severe arrhythmia.
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CONCLUSION

The use of adaptive ECG pulsing at Dual-source spiral CT coronary angiography provides
diagnostic image quality and reliable detection and rule out of obstructive coronary ar-
tery disease independent of heart rate frequency or heart rate variability at the cost of a
limited dose reduction in arrhythmic patients.
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ABSTRACT

Objective To compare image quality, radiation dose, and their relation with heart rate of
different CT coronary angiography (CTCA) scan protocols using a 128-slice Dual-Source
CT scanner.

Materials and Methods The institutional review board approved the study and all pa-
tients gave informed consent. We included 272 patients (175 men; mean age, 58 years)
referred to CTCA. Patients were categorized according to heart rate: less than 65 beats per
minute (group A) and 65 beats per minute or greater (group B). Patients were random-
ized to undergo prospective high-pitch spiral scanning and narrow-window prospective
sequential scanning in group A (n=160) or wide-window prospective sequential scan-
ning and retrospective spiral scanning in group B (n=112). Image quality was graded (1
= non-diagnostic, 2 = artifacts present but diagnostic, 3 = no artifacts) and compared
(Mann-Whitney and Student’s t tests).

Results In group A, image quality grade was significantly lower with high pitch spiral
versus sequential scanning (2.67 + 0.38 [standard deviation] vs 2.86 + 0.21; P < .001). In a
subpopulation (heart rate, <55 beats per minute), mean image quality grade was similar
(2.81 +0.30 vs 2.94 +0.08; P = .35).

In group B, image quality grade was comparable between sequential and retrospective
spiral scanning (2.81 £ 0.28 vs 2.80 £ 0.38; P = .54).

Mean estimated radiation dose was significantly lower (high pitch spiral vs sequential
scanning) in group A (for 100 kV, 0.81 mSv + 0.30 vs 2.74 mSv + 1.14; P < .001; for 120 kV,
1.65 mSv + 0.69 vs 421 mSv + 1.20; P < .001) and in group B (sequential vs retrospective
spiral scanning) (for 100 kV, 4.07 mSv + 1.07 vs 5.54 + 1.76; P < .02; for 120 kV, 7.50 mSv +
1.79vs 9.83 £3.49;P < .1).

Conclusion A high pitch spiral CT coronary angiographic protocol should be applied in

patients with regular and low (<55 beats per minute) heart rates; a sequential protocol is
preferred in all others.
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INTRODUCTION

CT coronary angiography (CTCA) has evolved into a reliable, non-invasive technique to
detect or rule out significant coronary stenosis [1-4]. However, the expanding application
of CT in general [5-6], and especially of CTCA with its relatively high dose, has led to con-
cerns about radiation exposure [7-9].

The second generation dual source CT scanner is equipped with radiation reducing tech-
nology. Firstly, prospective ECG-triggered sequential scanning may be used in patients
with high (>65 bpm) heart rates due to a high temporal resolution of 75 ms [10]. Second-
ly, a prospective ECG-triggered high pitch spiral (HPS) scan protocol has been developed,
which allows scanning of the heart with a total scan time of approximately 270 ms [11-
14]. Especially the latter scan mode shows promise for substantial reduction of radiation
exposure in CTCA with reported dose values even below 1 mSv [11-14]. However, the
feasibility and effect on both image quality and radiation exposure in a large patient pop-
ulation with various heart rates using these low-dose scan modes is currently unknown.

The purpose of this randomized study is to compare image quality, radiation dose, and
their relation with heart rate of different CTCA scan protocols using a second generation
Dual-Source CT scanner.

MATERIALS AND METHODS

The institutional review board approved the study and all patients gave informed con-
sent. No conflict of interest is reported for all authors. Authors had full control of all the
data and information presented in this manuscript.

Patient Population

During a 9-month period, 386 patients were referred to CTCA in our institution. Only
patients without a previous history of percutaneous intervention (n=47) or bypass sur-
gery (n=13) were eligible for our study. Patients with known allergy to iodinated con-
trast material (n=7), impaired renal function (serum creatinine>120 umol/l) (n=10), per-
sistent arrhythmias (n=14), and patients who refused to give informed consent (n=22)
were excluded. Hence, we prospectively included 273 consecutive patients and they all
underwent CTCA. One scan was excluded during the inclusion period because of lack of
contrast material in the coronary arteries due to subcutaneous extravasation of contrast
material (Fig 1).

All patients received nitroglycerin (0.4 mg/dose) sublingually just prior to the CT scan.
Patients with a heart rate above 65 bpm, in the absence of contra-indications, received
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Figure 1 Flow chart showing patient inclusion and study design.

CTCA, CT coronary angiography.

a single dose of 100 mg metoprolol (Metoprololtartraat; Pharmachemie B.V., Haarlem,
the Netherlands) 1 hour prior to the scan. A heart rate above 65 bpm was accepted in
patients with contra-indications to 3-blockade or patients not properly responding to
the administered 3-blocker. Finally 272 patients (175 men, mean age 58 years + 11, range
34-82, and 97 women, mean age 59 years + 12, range 25-83) were eligible for analysis.

Scan Protocol and Scan Parameters

Patients were divided into 2 groups on the basis of the heart rate just prior to the scan
after administration of oral 3-blockers in patients with initial heart rates >65 bpm: pa-
tients with low heart rates (<65 bpm) were categorized into group A, patients with high
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heart rates (>65 bpm) into group B. Patients in group A were randomized using a block
randomization (block size 10), to have a prospective ECG-triggered high pitch spiral or a
prospective ECG-triggered sequential scan with a narrow scan window (62-75% of the R-R
interval [15]). Patients in group B were randomized to have a prospective ECG-triggered
sequential scan with a wide scan window (31-75% of the R-R interval) or a retrospective
ECG-gated spiral scan (RS) with ECG-pulsing (maximum tube current at 31-75% of the R-R
interval [15]) (Fig 1).

All CT scans were performed using a Dual-Source CT scanner (Somatom Definition Flash,
Siemens Healthcare, Forchheim, Germany). This CT scanner is equipped with 2 X-ray tubes
and 2 detectors rotating in the same plane around the patient, with an angular offset of
95". Gantry rotation time is 0.28 s which provides a temporal resolution of 75 ms using a
heart rate independent single-segment reconstruction. Detector collimation is 2 x 64 x
0.6 mm. A z-axis flying focal spot is applied which results in an acquisition of 2 x 128 slice
per rotation.

CTCA scan parameters: Cranio-caudal scan direction. Tube voltage and reference tube cur-
rent were adapted to the BMI of the patient: <30 kg/m? BMI 100 kV and 370 mAs, >30 kg/
m? BMI 120 kV and 320 mAs. In addition automated tube current modulation was applied.

The scan parameters per scan protocol are summarized in Table 1.

High pitch spiral scan protocol (Fig 2a): Prospective ECG-triggering. Data obtained in a
single heart beat, no phase selection possible. Scan time depending on the size of the
heart, range: 269 (+28) ms. An automated check for feasibility of a high pitch spiral scan
depending on the heart rate just prior to the scan was manually overruled if negative, so
the study randomization for the scan protocol was not influenced.

Sequential scan protocol (Figs 2b and 2c¢): Prospective ECG-triggering. Scan window 62-
75% of the R-R interval (group A) or 31-75% (group B). Dependent on the size of the heart
3 or 4 scan blocks (102 scans of 4 blocks (75%); mean scan length 129 mm).

Retrospective spiral scan protocol (Fig 2d): Retrospective ECG-gating with prospective
ECG-pulsing. Maximum tube current output during 31-75% of the R-R interval. Outside
this high output window a tube current of 4% of the reference mAs (320 or 370 mAs).
Scan time depending on the size of the heart and heart rate (automatic pitch selection),
range: 461 (+118) ms.

Contrast Protocol

A single bolus of lodinated contrast media (Ultravist 370 mgl/ml, Bayer-Schering AG, Ber-
lin, Germany) was used. Contrast volume was adapted to the scan protocol: high pitch
spiral 75ml, sequential 100 ml, and retrospective spiral 75-100 ml (dependent of the scan
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Table 1 Scan parameters of the different scan protocols.

GROUP B

GROUP A

Retropsective spiral

Sequential wide
scan window

Sequential narrow
scan window

High pitch spiral

Scan protocol

2x64x0.6

2x64x0.6

2x64x0.6

2x64x0.6

Detector configuration

384

384

384

384

Z-coverage detector (mm)

500

500

500

332

Scan FOV (mm)

2x100

2x100

2x100

2x100

Tube power (kW)

Yes

Yes

Yes

Yes

ATCM

0.28

0.28

0.28

0.28

Rotation time (s)

75

75

75

75

Temporal resolution (ms)

033

033

033

033

Spatial resolution (mm)

0.17-0.35'

34

Pitch

Scan window (% of the

RR-interval)

31% - 75%

31% - 75%

62% - 75%

Variable ?

Variable? Variable? 2.80-7.40°

0.22-0.35?

Scan time (s)

Ultravist 370

Ultravist 370

Ultravist 370 Ultravist 370

Contrast agent

100 75-100°

100

75

Volume (ml)

370

370

370

370

Concentration (mgl/ml)

55

55

55

6.0

Injection flow rate (ml/s)

ATCM, automated tube current modulation; FOV, field of view. 'heart rate dependent; *scan length dependent, *heart rate and scan length dependent.

a: High pitch spiral scan

Scan time

—,—

S
75ms

b: Sequential scan: narrow scan window (62%-75% of the RR-interval)
Scan time

c: Sequential scan: wide scan window (31%-75% of the RR-interval)
Scan time
A

=
75ms

d: Retrospective spiral scan

i\

Reconstruction window I

75ms

Radiation
Radiation ECG pulsed

Phase selection window E

Figure 2 Schematic overview of the different CT coronary angiogra-

phy scan protocols.

time). Contrast media was
injected with a flow rate of
6.0 ml/s (high pitch spiral) or
5.5 ml/s (sequential and ret-
rospective spiral) through an
antecubital vein, followed by
a saline chaser of 45 ml with
the same flow rate. A bolus
tracking technique was used
to synchronize the arrival of
the contrast media in the
coronary arteries and the
start of the CT scan.

Image Reconstruction

CTCA datasets were recon-
structed with a slice thickness
of 0.75 mm, an increment of
0.4 mm, a field of view of 180
mm, and a medium-soft con-
volution kernel (B26). An ad-
ditional dataset with a sharp
convolution kernel (B46) was
reconstructed in patients
with coronary calcifications.
Datasets were manually (se-
quential scan protocol) or
automatically and addition-
ally manually (retrospective
scan protocol) reconstructed
in the optimal diastolic and,

if possible, systolic phase to obtain maximum image quality. The high pitch spiral data
acquisition does not allow for phase selection after the scan has been completed.

Image Evaluation

All datasets were sent to a dedicated workstation (MMWP, Siemens Healthcare, Forch-
heim, Germany). Image quality was evaluated on a per segment basis, using the 16-seg-
ment AHA classification model, by 2 independent observers (L.A.N. and A.S.D., each with
more than 3 years of CTCA experience). If necessary multiple datasets were used for the
quality assessment in sequential and retrospective spiral scans. Small segments with a
diameter <1.5 mm were excluded from analysis. If necessary multiple datasets were used
for the quality assessment in sequential and retrospective spiral scans.
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Image quality was classified into three groups (Fig 3): 1: Poor image quality due to major
motion artifacts; no diagnostic evaluation possible, 2: motion artifacts present, but ad-
equate image quality for diagnostic evaluation, and 3: no motion artifacts present, good
image quality. Discrepancies in image quality assessment were resolved in consensus dur-
ing a joint evaluation. Inter-observer variability was assessed in all patients. One observer
rescored a subpopulation of 50 randomly selected patients with a minimum time interval of
1 month between the initial and the second evaluation to assess intra-observer variability.

Figure 3 Curved Multiplanar reformatted images (cMPR) of the RCA of three different patients using a high
pitch spiral scan protocol showing (A) poor image quality due to major motion artifacts; no diagnostic evalu-
ation possible, (B) motion artifacts present, but adequate image quality for diagnostic evaluation, and (C) no
motion artifacts present, optimal image quality.

Image quality per patient was defined as the mean image quality of all coronary seg-
ments per patient. A CT scan was considered to have high quality if none of the segments
was of poor quality graded as 1. A sub-analysis based on the heart rate during CTCA was
performed to determine the influence of heart rate on image quality within a certain scan
protocol.

Effective Dose Estimation

The mean estimated radiation dose per CTCA was calculated by multiplying the dose
length product (DLP) by the conversion coefficient of 0.014 mSv-mGy"-cm™ for the chest
[16].

The expected overall mean estimated radiation dose in patients in group A and in pa-
tients in group B was calculated presuming we would have used the optimal scan proto-
cols indicated by the results of our study, taking into account the BMI and heart rates of
the patients.
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Statistical Analysis

Continuous variables are shown as mean [+SD] or median [inter quartile range] if not
normally distributed and categorical variables are expressed as number [frequency]. Dif-
ferences in patient characteristics, heart rate and number of high quality scans were com-
pared between the scan protocols in group A and in group B using a Student’s T-test or
the Mann-Whitney test for continuous variables and the chi square or the Fischer exact
test for categorical data. Mean image quality was compared between the protocols in the
A or B group with the Mann-Whitney test. Additionally a sub-analysis was performed to
compare the mean image quality in different heart rate-categories. Pearson’s correlation
analysis was performed to assess the relation between mean image quality and heart rate
variability, expressed as the standard deviation of the heart rate during CTCA.

Radiation dose was compared between the two scan protocols in group A and in group
B, separately for the scans obtained with a tube voltage of 100 kV and of 120 kV, using a
Student’s T-test. In this latter case of multiple comparisons the p-value was corrected ac-
cording to the Bonferroni method.

Inter- and intra-observer variability is described with k-statistics. A p-value of <0.05 was
considered statistically significant. All analyses were performed using SPSS for windows
(version 15.0, SPSS, Chicago, USA).

RESULTS

Baseline characteristics

Baseline characteristics and primary results are shown in Table 2.

In group A, 80 patients (54 men (68%); mean age, 60 years [£11]) underwent a high pitch
spiral scan (Fig 4), and 80 patients (59 men (74%); mean age, 59 years [£10]) a narrow-

Figure 4 CT coronary angiog-
raphy performed with the high
pitch spiral scan protocol. Male,
58 years old, presenting with sta-
ble angina pectoris. Mean heart
rate during the scan 54 beats per
minute. Optimal image quality in
all segments. Estimated radiation
dose 0.67 mSv (tube voltage 100
kV). Volume Rendered Technique
(VRT) image (A) revealing the
anatomy of the coronary tree.
Curved  Multiplanar  reformat-
ted image (cMPR) of the LAD (B)
showing a calcified obstructive
lesion in the proximal part of the
vessel.
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Chapter 5

The number of high-quality scans was comparable between the sequential scan protocol
(47/56) and the retrospective spiral scan protocol (50/56, P=0.54).

No significant correlation was found between the mean image quality and the heart rate
variability using the high pitch spiral scan (R=0.122, P=0.32), sequential scan with nar-
row scan window (R=0.071, P=0.53), sequential scan with broad scan window (R=0.143,
p=0.30) and with the retrospective spiral scan (R=0.248, P=0.07).

The k-statistics of the inter-observer agreement for the evaluation image quality per coro-
nary segment of all scans was 0.78. The intra-observer agreement was 0.83.

Radiation exposure

The estimated radiation dose in group A was significantly lower with the high pitch spiral
scan protocol than with the narrow-window sequential protocol for both tube voltage
of 100 kV (0.81 [£0.30] mSv, n=32 vs. 2.74 [£1.14] mSv, n=40, P<0.001) and 120 kV (1.65
[£0.69] mSy, n=48 vs. 4.21 [+1.20] mSv, n=40, P<0.001).
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in dual-source CT coronary angiography: a randomized study
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In group B the dose was significantly lower using the wide-window sequential scan pro-
tocol compared to the retrospective scan protocol for both 100 kV (4.07 [£1.07] mSy,
n=21vs. 554 [+1.76] mSv, n=28, P=0.02) and 120 kV (7.50 [£1.79] mSv, n=35 vs. 9.83
[+3.49] mSv, n=28, P=0.01) (Fig 7).

On the basis of our results, we suggest the following scan protocol selection according to
the ALARA principle: a high pitch spiral scan in patients with a heart rate <55bpm, a se-
quential scan protocol with a narrow scan window in patients with a heart rate between
55 and 65 bpm and a sequential scan with a wide scan window in patients with a heart
rate > 65bpm. In our study population, the expected mean estimated radiation dose
would have been 2.9 mSv in group A and 6.0 mSv in group B (Fig 8) if we would have fol-
lowed these recommendations.

Estimated Radiation Dose {mSv)
100 kv 0.81+0.30
120 kv 1.651+0.69

Scan protocol

High pitch spiral

<45 45 50 55 60 65 70 75 80 85 90 295
Heart rate (bpm)

Figure 8 Proposed heart rate dependent selection of the appropriate CT coronary angiography scan protocol
using a 128-slice Dual Source CT scanner and the concomitant estimated radiation exposure

Estimated radiation dose expressed as value+SD.



DISCUSSION

This randomized study shows that a high pitch spiral CTCA scan protocol offers a signifi-
cant reduction in radiation dose compared to a narrow-window sequential scan protocol.
However, in our study image quality is only maintained in a selected patient population
with a very low (<55 bpm) heart rate. A wide-window sequential scan protocol offers a
significant reduction in radiation dose compared to a retrospective spiral scan protocol
and provides similar image quality.

The major challenge when selecting the appropriate CTCA scan protocol is to obtain
optimal image quality and an as-low-as-reasonable-achievable radiation exposure. Espe-
cially the presence of coronary motion artifacts is related to the selected scan protocol,
taking into account heart rate, systolic or diastolic phase acquisition and scan time. Other
image degrading artifacts are thought to be patient-specific and not related to the se-
lected scan protocol (e.g. ‘blooming’ artifacts related to coronary calcifications or ‘beam
hardening'artifacts). We therefore focused in this study on the presence of coronary mo-
tion artifacts using 4 different clinically used scan protocols.

We randomized between a high pitch spiral and a sequential (with a narrow, diastolic
scan window) scan protocol in patients with a heart rate <65 bpm, because the feasibility
and efficacy of the sequential scan protocol is well validated and is currently considered
as the standard scan mode in this patient population [17-18]. We found that a high pitch
spiral scan protocol provided high image quality in patients with heart rates <55 bpm,
which was in line with previously published smaller sized, non-randomized studies [13;
19]. However, we found a lower overall image quality using a high pitch spiral scan proto-
col compared to a narrow-window sequential scan protocol in patients with heart rates
>55 bpm. This finding was in contradiction to previous studies which reported similar
image quality in patients with a heart rate up to 70 bpm [10-11; 14].

Patients with a heart rate above 65 bpm were randomized between a sequential or retro-
spective spiral (with ECG pulsing) scan protocol. A retrospective spiral scan protocol with
ECG pulsing is currently routinely used in this patient population [20-21] and the value
of sequential scanning in this group is not yet established. Both protocols were scanned
with a scan window which incorporates both the systolic and diastolic phase to obtain
maximum image quality in order to make a reliable comparison possible. We observed
a significant lower radiation exposure with sequential compared to retrospective spiral
scanning and we did not find significant differences in overall image quality between
both groups.

The use of our scan protocol recommendations to achieve optimal image quality at low-

est dose, can substantially lower the dose of CTCA in clinical practice. However, in addi-
tion these results emphasize the dose reducing potential of heart rate lowering medica-
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tion (e.g. B-blockers) prior to the CTCA scan in patients with heart rates >65 bpm, which
may reduce the radiation exposure by 50%. Moreover, it may also improve overall image
quality, especially in patients with heart rates >80 bpm (Fig 6b).

Aggressive pre-scan heart rate lowering medication may be considered in young patients
toinduce a heart rate <55 bpm, which permits the use of a high pitch spiral scan protocol
which is associated with a low dose (0.81 mSv using 100 kV tube voltage).

LIMITATIONS

We only included patients in sinus rhythm, because application of high pitch spiral scan
protocols is not possible in irregular heart rates. However, current prospective sequential
protocols include an adaptive algorithm that registers arrhythmia and only scans when
the heart rate is stable again, which seems promising for the feasibility of sequential scan
protocols in patients with mild arrhythmia (e.g. a single premature beat during scanning).
Until this has been properly established, the RS scan protocol should be used in patients
with arrhythmia [22-23].

Finally, the results of this study only apply to a 128-slice Dual-Source CT scanner and can-
not be extrapolated to other CT system:s.

CONCLUSION

The correct selection of a low-dose CTCA scan protocol using a 128-slice dual-source
CT scanner results in a significantly lower radiation dose and comparable image quality
compared to previously established CTCA scan protocols.
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ABSTRACT

Objective To compare diagnostic performance and radiation exposure of 128-slice Dual-
Source CT coronary angiography (CTCA) protocols to detect coronary stenosis with >50%
lumen obstruction.

Materials and Methods \We prospectively included 459 symptomatic patients referred
for CTCA. Patients were randomized between high-pitch spiral vs. narrow-window se-
quential CTCA protocols (heart rate <65bpm; group A), or between wide-window se-
quential vs. retrospective spiral protocols (heart rate >65bpm; group B). Diagnostic per-
formance of CTCA was compared with quantitative coronary angiography in 267 patients.

Results Group A (231 patients, 146 men, heart rate 58+7bpm): high-pitch spiral CTCA
yielded a lower per-segment sensitivity compared to sequential CTCA (89% vs. 97%,
P=0.01). Specificity, PPV and NPV were comparable (95%,62%,99% vs. 96%, 73%,100%,
P>0.05) but radiation dose was lower (1.162+0.60 vs. 3.82+1.65 mSv, P<0.001).

Group B (228 patients, 132 men, heart rate 75+11bpm): per-segment sensitivity, specific-
ity, 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. 8.1344.52 mSy, P<0.001). Per-vessel and per-patient diagnostic performance was com-
parable 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-reason-
ably-achievable”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
intermediate pre-test probability of having coronary artery disease (CAD) [1-6]. However,
its non-invasive nature has been challenged during past years in publications reporting
increased life-time attributable risk estimates of developing cancer associated to 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 systems offer
a high temporal resolution of 75 ms, a pitch up to 3.4 and 2 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 1
heart beat and b) a prospective sequential protocol for patients with low and high (>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 [14-171].

The purpose of this study was to determine and compare the diagnostic performance
and radiation exposure of different CTCA protocols using 128-slice Dual Source CT to
detect or rule out obstructive CAD.

MATERIALS AND METHODS

Study population

The institutional review board approved the study and all patients gave informed
consent. Between May 2009 and November 2010, 549 symptomatic patients with stable
anginal complaints were referred to CTCA in our institution. Patients with known allergy
to lodinated contrast material (n=8), impaired renal function (serum creatinine >120
umol/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 based at the discretion of the referring physician (e.g. discordance between
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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 100 mg metoprolol orally 1 hour
before CT. A heart rate above 65 bpm was accepted in patients with contra-indications to
B-blockade or patients not sufficiently responding to the administered -blocker.

Patients were categorized into 2 groups based on pre-CT heart rate (after administration
of B-blocker). Group A comprised patients with a heart rate <65 bpm and group B patients
with a heart rate =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 10).

CT data acquisition and post processing

All CT was performed using a 128-slice Dual Source CT system (Somatom Definition Flash,
Siemens Healthcare, Forchheim, Germany). This CT system has 2 X-ray tubes and 2 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 2 x 64 x 0.6 mm. A z-axis flying focal spot
is applied which results in an acquisition of 2 x 128 slices per rotation.

In the high-pitch spiral mode prospective ECG-triggering was used to obtain a single
dataset in a single heart beat [18] starting at 55% of the R-R interval. In the 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 3 or 4 heart beats. In the retrospective spiral mode retrospective ECG-gating
was used in combination with prospective ECG-pulsing with maximum tube current
output during 31-75% 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: <30 kg/m? BMI 100 kV and 370 mAs, >30 kg/m? BMI 120 kV and 320 mAs.

We used a volume of 75 mL iodinated contrast media (Ultravist 370 mg I/mL, Bayer-
Schering AG, Berlin, 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.
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Datasets 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 additionally a
sharp convolution kernel (B46) in patients exhibiting coronary calcium. Datasets were
reconstructed in the optimal diastolic and, if applicable, systolic phase to obtain maximum
image quality.

CT analysis

All datasets were sent to a off-line workstation (MMWP, Siemens Healthcare, Forchheim,
Germany). Two independent observers, LAN. and AR. (with both 5 years experience
in cardio-vascular imaging) evaluated all CTCA data sets to assess the presence or
absence of CAD and categorize the lesions (<50% or >50% lumen diameter reduction)
per coronary segment (modified AHA 16 segment model[20]). More than 50% lumen
diameter reduction was considered obstructive disease. Additionally the image quality
per segment was assessed (1: poor image quality due to major artefacts; no diagnostic
evaluation possible, 2: minor or no artefacts present; adequate image quality for reliable
evaluation). Discrepancies were resolved in consensus. Small sized coronary segments
(<1.5 mm diameter, manually measured at its origin) (n=1117/7803), segments distal to an
occlusion (n=74/7803) or stented segments (n=97/7803) were excluded.. Segments with
non-diagnostic image quality were considered significantly obstructed with a maximum
of 1 assumed obstructive segment per vessel in order not to underestimate the disease
severity in this symptomatic patient population.

Effective dose estimation

The dose length product (DLP) per CTCA was assessed and we calculated the mean
estimated radiation dose by multiplying the DLP by the conversion coefficient of 0.014
mSv-mGy'-cm™ for the chest [21].

Quantitative coronary angiography (QCA)

One cardiologist (K.N., 8 years of experience in conventional coronary angiography),
unaware of the CTCA results, evaluated all coronary angiograms. Lumen diameter
reduction of all available non-stented segments (>1.5 mm diameter) was assessed and
categorized (<50% or >50% lumen diameter reduction) using a validated QCA algorithm
(CAAS, version 5.7, Pie Medical Imaging, Maastricht, The Netherlands). Lumen reduction
of >50% was considered significant obstructive disease.

Statistical analysis

Statistical analysis was performed using commercially available software (Stata, version 11
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.
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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 were calculated with corresponding 95%
confidence intervals (Cls) 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 analyzed
measures of diagnostic accuracy on vessel-level and segment-level by using generalized
estimating equations, with the assumption of a binomial distribution of the dependent
variable, a logit-link function, the patient as cluster, an equal-correlation model within 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 was re-analyzed using inverse probability
weighting [22-23]. The probability of verification with CCA was calculated at the
patient-level using all patients who underwent CTCA, and based on a logistic regression
model with verification as the dependent variable with the following predictors:
chest pain type, presence of previously diagnosed CAD and CTCA result per segment.
Subsequently, the accuracy analyses were performed using only the patients who
underwent angiography, each patient weighted by the inverse of their probability of
undergoing CCA (verification).

Inter-observer 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 (<65 bpm pre-CT heart rate) and 230 patients into
group B (>65 bpm) to be examined according to the assigned protocol after randomization
(Fig. 1). Two patients randomized to undergo high-pitch spiral CTCA experienced a
sudden increase in heart rate of >75 bpm immediately before the CT examination. Due
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 due to technical failure of the contrast material injector (n=1) or
contrast extravasation subcutaneously (n=1).
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Fig. 1Patient inclusion

Study design flowchart. CCA, conventional coronary angiography; CTCA, CT coronary angiography

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).

Patient characteristics are shown in Table 1. In group A, the mean heart rate of patients
examined 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,
p=0.01). In group B, the mean heart rate was similar between patients examined with
the sequential CTCA protocol or the retrospective spiral CTCA protocol (75+10 vs. 75+12
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, PPV and NPV of the
128-slice DSCT to detect or rule out significant coronary stenoses compared to CCA is
shown in Table 2.
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Table 1 Patients characteristics

All patients Patients with CCA Patients without CCA P-valuef
n=459 n=267 n=192
Age (years) 59 (11) 62 (11) 55 (11) <0.001
Sex (male) 278 (61%) 181 (68%) 97 (50%) <0.001
Heart rate (bpm) 67 (12) 65 (12) 69 (12) <0.001
Risk factors
Hypertension? 258 (56%) 166 (62%) 92 (48%) <0.01
Diabetes Mellitust 77 (17%) 46 (17%) 31 (16%) 0.76
Smoking® 152 (33%) 94 (35%) 58 (30%) 0.26
Hypercholesterolemiad 269 (59%,) 177 (66%) 95 (48%) <0.007
Family history of CAD 243 (53%) 140 (52%) 103 (54%) 0.80
Body Mass Index (kg/m?2) 27 (5) 27 (5) 27 (5) 0.40
Typical angina pectoris® 205 (45%) 161 (60%) 44 (23%)
Atypical angina pectoris® 85 (19%) 34 (13%) 51 (27%)
Naon aginal chest pain® 169 (37%) 72 (27%) 97 (51%) <0.001
Known CAD in history 71 (16%) 64 (24%) 7 (3%) <0.001
Calcium score 45 (0-381) 242 (38-196) 1(0-44) <0.001

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 (IQR). CAD, Coronary Artery Disease; CCA, conventional coronary angiography; CTCA Computed To-
mography Coronary Angiography; *Blood pressure >140/90 mm Hg or treatment for hypertension. “Treatment
with oral anti-diabetic medicine or insulin.“Currently and/or in the past. “Total cholesterol >180ml/dl or treat-
ment for hypercholesterolemia. ¢According to chest discomfort classification of Diamond et al.(J Am Coll of
Cardiol 1983;1:574-5). 'Patients with CCA vs. patient without CCA.

Segment-by-segment analysis

Group A:

In group A the number of non-assessable segments (quality score: 1) 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<0.001).

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%, P=0.01).
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Table 2 Diagnostic performance of 128-slice dual source CT coronary angiography for the detection of >50% coronary stenosis on CCA; analysis for 4 different CTCA

protocols.
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High-pitch spiral CTCA incorrectly classified 15 segments of 133 diseased segments
as having no significant stenoses vs. 4 incorrectly classified segments of 133 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=0.50; 62% vs. 73%, P=0.07 and
99% vs. 100%, 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 (22/801 (3%)
vs. 18/657 (3%), P=0.99). Sensitivity (94% vs. 92%, P=0.62), specificity (95% vs. 95%, P=0.79),
PPV (67% vs. 66%, P=0.81), and NPV (99% vs. 99%, P=0.94) on a per-segment level were
comparable between both protocols.

Inter-observer 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 protocol 5 obstructed vessels were missed (1 right coronary
artery (RCA), 2 left anterior descending arteries (LAD) and 2 left circumflex arteries (LCX))
while none were missed using the narrow-window sequential protocol. The lack of
confidence intervals for the 100% sensitivity and NPV of the narrow-window sequential
protocol hampers statistical comparison between the high-pitch spiral and the sequential
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 1 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 (100% 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 both the high-pitch spiral and
the narrow-window sequential CTCA protocol. Consequently the sensitivity and NPV on a
per-patient level of both CTCA protocols are 100% 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).
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Group B:

All patients with obstructive disease on CCA were detected by CTCA using the wide-window
sequential (Fig. 2) or the retrospective spiral CTCA protocol. Consequently the sensitivity
and NPV on a per-patient level are 100% 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).

Fig. 2 Prospective sequential CT coronary angiography protocol with a wide CT data acquisition window 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 beats per minute. Estimated 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 reconstruction image (cMPR) (b) and
the VRT inlay (d) disclose a subtotal occlusion (arrow) of the proximal LAD, which was confirmed by CCA (c). The
cMPR image (f) shows a non-diseased RCA which was confirmed by CCA (g).

Radiation dose

In group A the estimated radiation dose was significantly lower with the high-pitch
spiral protocol than with the narrow-window sequential protocol (tube voltage 100 kV:
0.74+0.15 vs. 2.65+1.01 mSy, P<0.001 and 120 kV: 1.60+0.57 vs. 4.65+1.51 mSv, P<0.001)
(Table 3). In group B the estimated radiation dose was significantly lower with the wide-
window sequential protocol than with the retrospective spiral protocol (tube voltage
100 kV: 4.05+1.46 vs. 5.66+2.30 mSv, P<0.001 and 120 kV: 7.534+2.18 vs. 10.21+4.89 mSy,
P<0.001) (Table 3).
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Table 3 Estimated radiation exposure

DLP (mGyecm) Estimated dose2 (mSv)

All patients (n=459)

Group A High Pitch Spiral 82.69 (42.80) 1.16 {0.60)
Narrow-window sequential 27313 (117.82) 3.82(1.65)

Group B Wide-window sequential 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(11.02) 0.74 (0.15)
MNarrow-window sequential 189.02 (72.37) 2.65(1.01)

Group B Wide-window sequential 288.87 (103.89) 4.05 (1.46)
Retrospective Spiral 403.92 (163.81) 5.66 (2.30)

120 kV (n=255)

Group A High Pitch Spiral 114.18 (41.30) 1.60 (0.57)
Narrow-window sequential 331.64 (107 .66) 4.65(1.51)

Group B Wide-window sequential 537.94 (156.10) 7.53(2.18)
Retrospective Spiral 729.00 (348.99) 10.21 (4.89)

Data is expressed as mean (SD). DLP, dose length product. °Estimated dose was calculated by multiplying the
DLP by the conversion coefficient of 0.014 mSv-mGy-1-cm-1 for the chest.

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 a first-line scan protocol in concordance with the
ALARA-principle.. Further dose reduction can be achieved with high-pitch spiral CTCA in
patients with low heart rates, albeit at the expense of a lower diagnostic performance.

The strength of CTCA is its high negative predictive value and preliminary data suggest
that CTCA is even the preferred first-line diagnostic investigation in patients with low-to-
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intermediate risk of having significant CAD compared to exercise ECG-testing [24]. As a
first-line test, CTCA should be as safe and non-invasive as possible since 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. However, data on
the impact of diagnostic accuracy using 128-slice dual source CTCA protocols is 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 2 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 nor 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 B-blockers in patients with high heart
rates (>65 bpm) is an effective tool to reduce radiation exposure if the heart rate can be
reduced to <65 bpm, which allows selection of a low dose CTCA protocol. If the use of
B-blockers is not sufficient to reduce the heart rate <65 bpm or in the presence of contra-
indications, a wide-window sequential CTCA protocol can be used as it provides similar
diagnostic performance compared to retrospective spiral CTCA in patients with heart
rates >65bpm.

Our results also demonstrate that radiation exposure can significantly be reduced using
lower kV voltages (100 kV instead 120 kV) in patients with a BMI of <30 kg/m?, 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, selection of the
appropriate 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 due to 1) 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 significant 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 the referring physician who was aware of the CTCA
results. As a result, most patients referred to CCA were at high risk having significant CAD.
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To account for this verification bias the accuracy analyses were weighted by the inverse
of the probability of verification, based on all included patients who underwent CTCA. A
limitation of our study is the exclusively inclusion of patients with stable heart rates and
thus the results are not applicable to patients 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 selection of CTCA protocol and acquisition window. 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.

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 with relatively low radiation exposure.
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ABSTRACT

Objective To determine the calcium score and coronary plaque burden in asymptomatic
statin treated patients with heterozygous familial hypercholesterolemia (FH) compared
to a control group of patients with low probability of coronary artery disease, having non-
anginal chest pain, using computed tomography (CT).

Materials and Methods One hundred and one asymptomatic FH patients (mean age
5347 years; 62 men) and 126 patients with non-anginal chest pain (mean age 56+7 years;
80 men) underwent CT calcium scoring and CT coronary angiography. All FH patients
were treated with statins during a period of 10+8 years prior to CT. The coronary cal-
cium score and plaque burden were determined and compared between the two patient
groups.

Results The median total calcium score was significantly higher in FH patients (Ag-
atston score=87, IQR 5-367) compared to patients with non-anginal chest pain (Agatston
score=7,1QR 0-125; p<0.001). The overall coronary plaque burden was significantly higher
in FH patients (p<0.01). Male FH patients, whose low-density lipoprotein (LDL) cholesterol
levels were reduced by statins below 3.0 mmol/I, had less coronary calcium (p<0.01) and
plaque burden (p=0.02).

Conclusion The coronary plaque burden is high in asymptomatic middle-aged FH pa-
tients despite intense statin treatment.
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INTRODUCTION

Familial hypercholesterolemia (FH) is an autosomal dominant disorder caused by muta-
tions in the low-density lipoprotein (LDL) receptor gene and is characterized by elevated
serum levels of LDL cholesterol, tendon xanthomas and high risk of coronary artery dis-
ease (CAD) [1-4].

Recently, we demonstrated that statin treatment greatly reduces the risk of CAD in FH
patients who were detected in our nationwide screening program; the risk of myocar-
dial infarction in these treated FH patients was not significantly higher than that of the
general population, while the mean treated LDL cholesterol level was much higher than
current target levels [5]. Although these data suggest that asymptomatic treated FH pa-
tients have only mild CAD, it provides no direct evidence of the presence and severity
of residual CAD in treated FH patients. The use of cardiac CT enabled us to anatomically
verify these findings.

Over the last few years cardiac CT has emerged as a safe, non-invasive modality for imag-
ing coronary atherosclerosis. A non-enhanced scan shows the total amount of coronary
calcium; while a contrast-enhanced CT coronary angiography (CTCA) permits evaluation
of both calcified and non-calcified plaques as well as narrowing of the vessel lumen.

To date the presence of subclinical CAD in asymptomatic high-risk FH-population has only
be studied by Miname et al. [6] in relatively young FH patients of whom only 66% were on
previous statin treatment and all underwent a washout period of 6 weeks before evaluation.

The purpose of this single center study was to determine the presence and extent of
coronary plaques in asymptomatic statin treated FH patients by CTCA and to compare
these results directly with the CTCA findings in patients with non-anginal chest pain as a
substitute for asymptomatic non FH patients. Additionally the relation between patient
characteristics, risk factors and cholesterol levels and the extent of CAD was assessed.

MATERIALS AND METHODS

Study population

Between February 2008 and February 2009 we included 101 consecutive, asymptomatic
patients with FH and 126 patients with non-anginal chest pain in our CTCA study, as the
radiation exposure limits the choice of controls to patients with an indication for CTCA.

The FH patients were recruited from our outpatient lipid clinic. The following diagnostic
criteria for FH were used: either 1) the presence of a documented LDL receptor mutation,
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or 2) an LDL cholesterol level above the 95th percentile for sex and age in combination
with at least one of the following: a) the presence of typical tendon xanthomas in the pa-
tient or in a first degree relative, or b) an LDL cholesterol level above the 95th percentile
forage and sexin a first degree relative or c) proven CAD in the patient or in a first degree
relative under the age of 60 [7]. From this group, patients who were symptomatic for CAD,
defined as the presence of symptoms suggestive of ischemic heart disease or known
CAD in their history, and patients with secondary causes of hypercholesterolemia such as
renal, liver, or thyroid disease were excluded from the study.

The patients with non-anginal chest pain were recruited from a patient population with-
out history of coronary artery disease referred by their general practitioner for evaluation
of chest pain and underwent stress testing and cardiac CT. Non-anginal chest pain was
defined as chest pain or discomfort that met one or none of the following typical angina
characteristics: 1) substernal chest pain or discomfort that is 2) provoked by exertion or
emotional stress and 3) relieved by rest and/or nitroglycerin [8].

Inclusion age was 40-70 years, except for women with FH it was 45-70 years. Exclusion
criteria were renal insufficiency (serum creatinine >120 umol/l), known contrast allergy
and irregular heart rhythm (atrial fibrillation).

The institutional Ethical Review Board approved the study protocol. All patients gave writ-
ten informed consent.

Scan protocol

Just prior to the scan all patients received nitroglycerin (0.4 mg/dose) sublingually.

All scans were performed with a Dual Source CT scanner (Somatom Definition, Siemens
Medical Solutions, Forchheim, Germany). For the non-enhanced scan a prospective elec-
trocardiogram (ECG)-triggered scan protocol was applied. The CTCA scan protocol, con-
trast protocol and reconstruction procedure have been described previously [9]. Briefly,
the CTCA was obtained using a retrospective ECG-gated scan protocol with optimal heart
rate-dependent ECG-pulsing [10] to lower the radiation dose. Maximum tube current was
380 mAs and tube voltage was 120 kV. The mean estimated radiation dose per CTCA,
calculated by multiplying the dose length product (DLP) by the conversion coefficient
of 0.014 mSv:mGy-1-cm-1 for the chest, was 7.9 mSv + 2.4 mSv (range 3.9-16.4 mSv) [11].
lodinated contrast agent (Ultravist 370 mgl/ml, Schering AG, Berlin, Germany), with a scan
time dependent volume (94 ml (80-100 ml)), was administered for enhancement of the
coronaries. The calcium score datasets were reconstructed with a slice thickness of 3 mm
and an increment of 1.5 mm at 70% of the RR-interval. CTCA datasets were reconstructed
using a slice thickness of 0.75 mm and an increment of 0.4 mm at an automatically or ad-
ditionally manually determined optimal phase of the RR-interval. All datasets were sent to
a dedicated workstation (Leonardo, Siemens).
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CT analysis
The calcium score was calculated semi-automatically using dedicated software and ex-
pressed as the Agatston score per patient [12].

All CTCA scans were evaluated separately by two experienced readers and all discrep-
ancies in evaluation were resolved during a consensus reading. Coronary plaque was
defined as a separate structure within the vessel wall that could be clearly distinguished
from the contrast enhanced lumen and the surrounding pericardial tissue. Per segment,
using the AHA 16-segment model [13], the absence or presence of a coronary plaque was
determined, as was the severity of the lumen narrowing (0, >0-50% and >50% diameter
stenosis). Per patient the extent of CAD, defined as the number of segments with a non-
obstructive (>0-50% diameter stenosis) or obstructive (>50% diameter stenosis) lesion,
was determined. The plague composition was also documented and classified as 1) cal-
cified: plague containing highly attenuating tissue that could be clearly separated from
the contrast enhanced coronary lumen and 2) non-calcified: low attenuating lesions that
could be clearly separated from the coronary lumen and the surrounding epicardial fat
and myocardium. Vessel segments <1.5 mm in diameter were excluded from all analyses.
The coronary plaque burden was expressed as the severity of coronary obstructions, the
extent of CAD, the number of diseased coronary arteries, segments and plaque composi-
tion.

FH patient management

Allincluded FH patients were regularly seen in the out patient clinic for monitoring their
lipid levels and subsequent optimization of the medical treatment and early detection
of complications of FH. They all received statins. Intense statin treatment was defined as
the daily use of either: 80 mg of atorvastatin, 80 mg of simvastatin or 40 mg of rosuvas-
tatin. We used a cut-off value of LDL cholesterol of <3.0 mmol/I to define patients with a
substantial lowering of LDL cholesterol and to relate this to the extent of coronary artery
disease.

Statistical analysis

Continuous variables are shown as mean [+SD] or median [IQR]. Categorical variables
are expressed as number [frequency+SEM]. We used the t test or Mann-Whitney U test
to compare continuous variables and the chi-square test or the Fisher exact test for the
comparison of categorical variables. A p-value of <0.05 was considered significant. The re-
lationship between the extent of CAD in FH patients, and the duration of statin treatment,
the achievement of a LDL cholesterol level below 3 mmol/l, the high density lipoprotein
(HDL), the maximum total cholesterol levels prior to treatment and the age at the start of
statin treatment was assessed using a multivariate linear regression model.

Inter-observer and intra-observer variability are described with the k-statistics. Intra-ob-
server variability was conducted in a sub-group of 30 randomly selected scans scored
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twice by one observer, with a minimum of two months time interval between the two
evaluations. All analyses were performed using SPSS for windows (version 15.0, SPSS, Chi-
cago, USA).

RESULTS

Baseline

Figure 1 shows the inclusion flow chart. During the recruitment period 153 FH patients
were eligible for the study of whom 101 gave informed consent. From the symptomatic
population scheduled for cardiac CT, 146 patients were classified as having non-anginal
chest pain of whom 126 were eligible for inclusion.

The patient characteristics are shown in table 1. All included HF patients received statins; 31
patients (32%) did not receive intense statin treatment because of severe side effects. Most
FH patients (42%) used atorvastatin 80 mg (mean 68 mg), simvastatin (29%, mean 58 mg) and
rosuvastatin (24%, mean 35 mg). Less commonly used lipid lowering drugs were pravastatin,
colestyramine and ciprofibrate, ezetimibe was combined with statins in 59% of cases.

Of 126 controls, 72 patients had dyslipidemia. All these patients were treated with a cho-
lesterol-lowering diet and 67% also used low dose statins: 31% used atorvastatin (mean
33 mg), 54% used simvastatin (mean 28 mg), 10% used rosuvastatin (mean 14 mg), pravas-
tatin and ezetimibe were both used with a mean dose of 10 mg by 4 and 10 percent of
controls respectively. Gender distribution was comparable between the FH patients and

400 FH patients in our file 791 patients referred for CTCA in

in 2008-2009 : 2007-2009
----------------- - : il
1 15 - no out patient clinic visit ¢ - — — N > 34 excluded for GTCA: |
1 during 1 year inclusion period : : 6 - renal insufficiency 1
____________________________________ : - allergy to contrast agent :

1
: 3
385 visiting out patient | } [ 757 CTCA |14 e !

1

1
: 181 - age (<40/45 or >70 years) 1 clinic ,
1 33 - symptomatic CAD : -------------
: 3 - renal insuffiency :‘ —— —

1 3 - allergy to contrast agent - - -
146 non-anginal 382 atypical | | 229 typical

1
1 2- hyperthyreoidism 1
1

o | 153 eligible for inclusion | : chest pain chest pain chest pain
l_ 12 -3 aTal_ﬁ E" Il_atfn __________ 1 H T
|m——mm—m———————

__________________ |
: 52 - no informed consent : - =|E==== -H 20 excluded !
__________________ ) hgesdoorzTovears !

101 FH patients 126 non-anginal chest

underwent CTCA : | pain patients with CTCA

Figure 1 Patient inclusion flowchart. CAD, Coronary artery disease; CTCA, Computed Tomography Coronary
Angiography; FH, Familial Hypercholesterolemia.
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the non-anginal patients (61+5% and 64+4% male, respectively, p=0.78). The mean age
of the non-anginal controls was slightly higher (56 + 7 versus 53 + 7 years, p= 0.01). By
selection dislipidemia and positive family history for cardiovascular disease were more
frequently found in the FH patients, who exhibited significantly fewer other risk factors.

Table 1 Patient characteristics

Variable FH patients (n=101)  NACP patients (n=126) p value
Male gender 62 (61%) 80 (64%) 0.78
Age (years) 53(7) 56 (7) 0.01

Riskfactors

Smokert 22 (22%) 41 (33%) 0.03
Diabetes§ 4 (4%) 19 (15%) <0.01
Hypertension# 25 (25%) 60 (48%) <0.01
Dislipidemia 101 (100%) 72 (57%) <0.001
Positive Family History 69 (68%) 58 (46%) 0.001
Body Mass Index (kg/m?) 26 (5) 25(9) 0.22
Lipids

Total Cholesterol (mmol/I) 54(1.2) 5.0(1.9 0.09
LDL Cholesterol (mmol/l) 3.5(1.0) 35(1.1) 0.69
HDL Cholesterol (mmol/l) 1.4 (0.4) 1.3(04) 0.09
Triglycerides (mmol/l) 14(1.2) 1.6 (1.0) 0.10

Lipids related characteristics

Maximum untreated total

Cholesterol (mmol/l) 10.2(23) 6920 ” <0.001
Known LDL mutation 78 (77%)
Xanthomas 24 (24%)
Arcus Lipoides 27 (27%)
Duration of statin treatment (years) 10 (8) 34| <0.001
Age at start statin treatment (years) 42 (10) 5309 <0.001
Intense statin treatment 69 (68%) 4(8%)|| <0.001
Dose-limiting side effects 31 (31%) 3(6%)|| <0.001
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Concomitant ezetimibe treatment 60 (59%) 5(10%) | <0.001
Calcium Score

Total calcium score* (Agatston) 87 (5-367) 7.3 (0-125) <0.001
0 20 (20%) 49 (39%)

0-100 33 (33%) 42 (33%)

>100-400 24 (24%) 20 (16%)

>400 24 (24%) 15 (12%) 0.004

Continuous data are expressed as mean (SD) and dichotomous data as n (%). *The Calcium Score is expressed
as median (Inter Quartile Range). CAD, Coronary Artery Disease; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; NACP, non-anginal chest pain. tCurrently and/or in the past. ¥Blood pressure >140/90 mm Hg or
treatment for hypertension. §Treatment with oral anti-diabetic medicine or insulin. || n=48, NCAP patients
treated with statins.

No complications occurred during or after scanning. All scans were included in the analysis.
We excluded 43 segments because of insufficient image quality due to motion artifacts,
leaving 3621 segments available for analysis. The k statistics of the inter-observer and intra-
observer variability for the evaluation of the stenosis severity per plaque was 0.80 and 0.82,
respectively, and for the evaluation of plague composition 0.83 and 0.83, respectively.

CT calcium score

The median total calcium score was significantly higher in FH patients (87, IOR 5-367)
compared to patients with non-anginal chest pain (7, IQR 0-125; p<0.001), with less nega-
tive calcium scores in FH patients (20, 20+4%) than in non-anginal chest pain patients
(49, 39+4%, p<0.001) (table 1). In FH patients men had a significantly higher total calcium
score (149, IQR 24-430) than women (21, IQR 0-171; p=0,003) while in non-anginal chest
pain patients this difference was not evident (13, IQR 0-153 and 1, IQR 0-99, respectively;
p=0,221). The total calcium score was higher in FH patients in all age groups and in-
creased with higher age (figure 2a).

CT coronary angiography

In table 2 the coronary plaque burden on a per patient and a per segment level is shown.
The severity and extent of CAD on a per patient and a per segment level was signifi-
cantly higher in FH patients than in non-anginal chest pain patients. In the FH group 15
(15+4%) patients did not have any signs of CAD and in the non-anginal chest pain group
41 (33+4%) patients presented with non-diseased coronary arteries (p=0.002). On a per
segment level the severity of CAD and composition of plaque were significantly different
between FH patients and controls for both men and women. The number of coronary
segments with non-obstructive or obstructive CAD was higher in FH patients in all age
groups and increased with higher age (figure 2b).
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Table 2 CTCA plaque burden per patient and per segment

Women

Men

All

NACP

FH

NACP

NACP

FH

patients

patients

patients

patients

patients

p-value*

p-value*

patients

p-value*

n=46

=39

=80

=62

n=126

n=101

Patient level level

Severity of CAD

15 (33%)

9 (23%)

26 (33%)

6 (10%)

(33%)

41

15 (15%)

No CAD

20 (44%)

26 (67%)

33 (41%)

34 (55%)

(42%)

53

60 (59%)

Non-obstructive CAD

32 (25%) 0.005* 22 (36%) 21 (26%) 0.005* 4 (10%) 11 (24%) 0.08*

26 (26%)

Obstructive CAD

All CAD; obstructive and non-

obstructive CAD

15 (33%)

9 (23%)

26 (33%)

6 (10%)

(33%)

41

15 (15%)

0 vessels

11 (26%)

10 (26%)

13 (16%)

5 (8%)

(19%)

24

15 (15%)

1 vessel

10 (22%)

5(13%)

16 (20%)

17 (27%)

26 (21%)

22 (22%)

2 vessels

34 (27%) 0.002* 34 (55%)  25(31%) 0.001* 15 (39%) 9 (20%) 0.20*

48 (49%)

3 vessels

15 (33%)

9 (23%)

26 (33%)

6 (10%)

(33%)

41

15 (15%)

0 segments

14 (30%)

10 (26%)

16 (20%)

10 (16%)

(24%)

30

20 (20%)

1-2 segments

9 (20%)

8 (21%)

16 (20%)

14 (23%)

(20%)

25

22 (22%)

3-5 segments

30 (24%) 0.002* 32(52%) 22 (28%) 0.003* 12 (31%) 8 (17%) 0.48*

44 (44%)

>5 segments

731

n

n=616

n=1281

n=993

n=2012

n=1609

Segment level

Severity of CAD
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613 (84%)

477 (77%)

1018 (80%)

648
(65%)

1631 (81%)

1125
(70%)

No CAD

132

(14%)

99

132 (21%)

212 (17%)

296
(30%)

311 (16%)

428 (27%)

Non obstructive CAD

70 (4%) <0.001* 49 (5%) 51 (4%) <0.001* 7 (1%) 19 (3%) <0.001*

56 (4%)

Obstructive CAD

Composition of plague

613 (84%)

477 (77%)

1018 (80%)

648
(65%)

1631 (81%)

1125
(70%)

No CAD

28 (4%)

23 (4%)

42 (3%)

26 (3%)

70 (4%)

49 (3%)

Non-calcified plaque

<0.001* 116 (19%) 90 (12%) <0.01*

221 (17%)

319
(32%)

<0.001*

311 (16%)

435 (27%)

Calcified plaque

Data is expressed as n (%). CAD, Coronary Artery Disease; FH, familial hypercholesterolemia; NACP, non-anginal chest pain patients. * Values apply to

the comparison between the 3 or 4 categories in the 2 columns left of the p-values.

Table 3 shows the relation be-
tween the calcium score and
the presence of non-obstructive
and obstructive plaque in FH pa-
tients.

In male FH patients, achiev-
ing LDL cholesterol below 3.0
mmol/l during statin treatment
was significantly (p<0.01) associ-
ated with a lower plaque burden
(table 4). In female FH patients
we did not observe such a rela-
tionship between statin induced
LDL cholesterol levels and coro-
nary plaque burden.

Multivariate analysis revealed
that age, gender, highest un-
treated total cholesterol levels
and treated HDL cholesterol lev-
els predicted the magnitude of
the severity and extent of CAD in
FH patients (data not shown).
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Figure 2 Calcium score and plaque burden according to differ-
ent age categories. Calcium score and number of plaque con-
taining segments are expressed as median per age group. FH,
Familial Hypercholesterolemia; NACP, non-anginal chest pain.

Table 3 Calcium score in relation to CAD severity per patient

Calciumscore (Agatston)

0 (n=20) >0-100 (n=33) >100-400 (n=24) >400 (n=24)
No CAD 15 (75%) 0 (0%) 0 (0%) 0 (0%)
Non-obstructive CAD 5 (25%) 32 (97%) 15 (63%) 8 (33%)
Obstructive CAD 0 (0%) 1 (3%) 9 (37%) 16 (67%)

Data is expressed as n (% of calcium score group). CAD, Coronary Artery Disease.
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Table 4 Coronary plaque burden according to achievement of the target value of 3.0 mmol/I LDL-Cholesterol in the
blood in treated men with FH.

< 3.0 mmol/I LDL > 3.0 mmol/I LDL p-value
(n=21) (n=41)
Calciumscore
0 5 (24%) 3 (7%)
0-100 10 (48%) 8 (20%)
>100-400 2 (10%) 14 (34%)
>400 4 (19%) 16 (39%) 0.01
Plague burden
Severity of CAD
No CAD 4 (19%) 2 (5%)
Non-obstructive CAD 13 (62%) 21 (51%)
Obstructive CAD 4 (19%) 18 (44%) 0.06

All CAD; obstructive and non-obstructive CAD

0 segments 4 (19%) 2 (5%)
1-2 segments 5 (24%) 5(12%)
3-5 segments 7 (33%) 7 (17%)
>5 segments 5 (24%) 27 (66%) 0.02

Data is expressed as n (%). CAD, Coronary Artery Disease; LDL, low-density lipoprotein.

DISCUSSION

In the present study we demonstrated, using CT, that subclinical coronary atherosclerosis
was present in the majority (85%) of asymptomatic patients with FH, despite ‘'normaliza-
tion’ of cholesterol levels with long term (1048 years) statin treatment (figure 3).
Asymptomatic FH patients, at different age levels (40-50 years, 51-60 years and 61-70

years), had a higher calcium score and coronary plaque burden as compared to our
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control group of patients
with  non-anginal chest
pain having low probabil-
ity of CAD, as well as com-
pared to other coronary
asymptomatic populations
that underwent CT calci-
um-scoring [14-17] and CT
coronary angiography [18].
Previous studies revealed
that in 2-4% of symptom-
atic and asymptomatic
patients with a calcium
score of zero an obstructive
coronary lesion is present
[19-20]. In our study none
of the 20 FH patients with
a calcium score of 0 pre-
sented with an obstructive
lesion or exhibited non-ob-
structive CAD in more than
2 segments. However, our
study comprised only 20

FH-patients without coro-
nary calcium, and larger Figure 3 Curved Multi Planar Reconstructed (cMPR) CT images and
studies are required to de- cross secmons‘of thg left arjter\or q§scend|mg coronary arﬁery (LAD) of

4 asymptomatic patients with Familial Hypercholesterolemia showing a
termine the prevalence of non-diseased vessel (1a, 1b), a non-obstructive calcified lesion (2a, 2b),
obstructive coronary artery an obstructive partly calcified lesion (3a, 3b) and an obstructive severely
calcified lesion (4a, 4b).

disease in these patients.

Despite absence of symptoms, 26% of the FH patients exhibited obstructive CAD occur-
ring at relatively young age averaging 53 + 7 years. This was in a similar range as the 17%
to 39% presence of obstructive CAD detected by CTCA in asymptomatic diabetic patients
[21-23] and the 26% presence in our non-anginal chest pain group and also within the
range of 16% to 62% in symptomatic coronary patients [24-25]. The 26% presence of ob-
structive CAD in our FH population however was a little higher than the 19% in a younger
(45+13 years) FH population[6] and much higher than the approximately 5% in other
high risk asymptomatic populations [18; 26].

The extent and severity of CAD, as established with CTCA, was higher in FH patients than

in the non-anginal chest pain patients, but these differences were less striking in women
where the differences were not statistically significant. This may be explained by the rela-
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tively small numbers of women that may preclude reaching the level of significance. In
addition we found an unexpectedly relatively high prevalence of obstructive lesions in
women of the non-anginal chest pain population [18; 27]. This may be related to the fact
that complaints of women often are misinterpreted as non-specific chest pain which may
result in a delay in diagnostic testing and progression to a more advanced stage of CAD.

Clinical coronary artery disease in untreated patients with FH usually manifests in men
between the ages of 30 and 50 years and in women between 50 and 70 years [28]. Statin
treatment has shown to reduce the clinical manifestations in FH patients [5-6; 29]. In our
study we studied middle aged FH patients who were free of coronary symptoms during
approximately 10 years of statin treatment. Yet, CTCA revealed that the coronary plaque
burden was substantial and that coronary artery disease was present in the majority
(85%) of these patients. Apparently intense treatment with statins prevented progression
to clinical expression of CAD but did not reduce the extent of coronary artery disease as
was shown by the relatively high calcium scores, the presence of extensive non obstruc-
tive CAD (more than 2 coronary segments involved) in more than 60% of the patients
and the presence of obstructive CAD in a quarter of these patients. This suggests that the
coronary plaques in FH patients have been stabilized by statin treatment which has pre-
vented the occurrence of coronary events. In our study we observed a higher prevalence
of calcified plaques in the FH population than in the non-anginal chest pain population.
Calcified plaques are known to be less vulnerable and less prone to rupture [30-31].

Notably, statin treatment was more effective in men in whom statins reduced LDL cho-
lesterol levels to less than 3 mmol/l. These men had a lower calcium score and less CAD
than men with higher LDL cholesterol levels.

Longer term follow up studies are necessary to demonstrate that statin treatment is as-
sociated with sustained reduction of symptomatic CAD and prolongation of life in these
FH patients.

LIMITATIONS

We used non-anginal chest pain patients as controls instead of a group of healthy indi-
viduals, who may have had less coronary plaque burden, because CT associated radiation
exposure makes it unethical to perform CTCA in asymptomatic volunteers. We selected
this non-anginal chest pain patient group because we expected a prevalence of obstruc-
tive CAD of approximately 8% (women) to 22% (men)[27]. However, we found a higher
prevalence of obstructive CAD in women (24%) but a comparable prevalence in men
(26%). Nevertheless, we still observed a significantly higher coronary plaque burden in
male and female treated FH patients.
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plaque buraen in asymptomatic pa

It is known that CTCA is less able to detect small non-calcified plaques and therefore
our reported prevalence of non-calcified lesions may be underestimated [32-33]. Further-
more it should be of note that CTCA, in particular in case of calcified lesions, may over-
estimate the severity of coronary stenosis [34], and hence the prevalence of obstructive
lesions in our study population may have been overestimated.

Ideally we would have confirmed our CT findings with conventional invasive coronary
angiography and intra vascular ultrasound which is the standard of reference for plaque
detection, but our FH population was asymptomatic and thus additional CAG was con-
sidered unethical. However, it has been shown that moderate to large coronary plaques
can be reliably detected by CTCA [35-36].

Our study was a cross-sectional observational study and does not allow evaluating pro-
gression of CAD in FH patients under statin treatment. And finally, our study was restricted
to patients aged between 40-70 years, and findings may be different in elderly patients.

CONCLUSION

Despite long term intense statin treatment of middle aged patients with FH, the occur-
rence of CAD was higher than in a control group of patients with non-anginal chest pain
as well as other asymptomatic populations. Non invasive low radiation exposure CT coro-
nary imaging by demonstrating the extent and severity of underlying CAD may have a
future role in the early detection of CAD, clinical management and prediction of risk in
patients with FH.
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ABSTRACT

Objective We determined the extent, severity, distribution and type of coronary plaques
in cardiac asymptomatic patients with familial hypercholesterolemia (FH) using comput-
ed tomography (CT).

Background FH patients have accelerated progression of coronary artery disease (CAD)
with earlier major adverse cardiac events. Non-invasive CT coronary angiography (CTCA)
allows assessing the coronary plaque burden in asymptomatic patients with FH.

Materials and Methods A total of 140 asymptomatic statin treated FH patients (90 men;
mean age 52+8years) underwent CT calcium scoring (Agatston) and CTCA using a Dual
Source CT scanner with a clinical follow-up of 2948 months. The extent, severity (obstruc-
tive or non-obstructive plaque based on >50% or <50% lumen diameter reduction), dis-
tribution and type (calcified, non-calcified, or mixed) of coronary plague were evaluated.

Results The calcium score was 0 in 28 (21%) of the patients. In 16% of the patients there
was no CT-evidence of any CAD while 24% had obstructive disease. In total 775 plaques
were detected with CT coronary angiography, of which 11% were obstructive. Fifty four
percent of all plaques were calcified, 25% non-calcified and 21% mixed. The CAD extent
was related to gender, treated HDL-cholesterol and treated LDL-cholesterol levels. There
was a low incidence of cardiac events and no cardiac death occurred during follow-up.

Conclusion Development of CAD is accelerated in intensively treated male and female
FH patients. The extent of CAD is related to gender and cholesterol levels and ranges from
absence of plaque in one out of 6 patients to extensive CAD with plaque causing >50%
lumen obstruction in almost a quarter of patients with FH.
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INTRODUCTION

Familial hypercholesterolemia (FH) is an inherited autosomal dominant disorder of the
lipoprotein metabolism with a prevalence of about 1 in 500 people. FH causes highly
elevated serum levels of LDL cholesterol which might accumulate in large and medium
sized arteries inducing development of early coronary atherosclerosis [1].

Cardiac CT has evolved as a safe, non-invasive imaging modality to assess coronary ath-
erosclerosis in symptomatic [2-3] and in asymptomatic high-risk patients [4-7]. Detec-
tion of subclinical coronary atherosclerosis in patients with FH may provide insights into
the accelerated development of coronary artery disease (CAD) in these asymptomatic
subjects. Only few studies are available that report about the calcium score or coronary
plague burden in patients with FH [8-10]. Recently we reported the first results of CT
coronary angiography (CTCA) in 101 asymptomatic patients with FH, describing the ac-
celerated atherosclerosis in these patients compared to patients with non anginal chest
pain [11]. In this present prospective cohort study of an extended patient population of
140 asymptomatic men and women with FH, who have been treated with high dosages
of statins, we sought to evaluate in depth not only the CAD severity but also the extent,
anatomical distribution and plaque composition of subclinical coronary atherosclerosis,
using CT-coronary imaging. Additionally we assessed the relation of occult CAD with pa-
tient related variables and the occurrence of adverse cardiac events and all cause death
during the follow-up period.

METHODS AND MATERIALS

Study population

Between February 2008 and July 2010 we prospectively invited 214 eligible cardiac as-
ymptomatic statin treated patients with familial hypercholesterolemia to participate in
this study as part of continuing recruitment of asymptomatic patients with FH. These
patients visit the outpatient preventive clinic of the internal medicine department in our
hospital at least once a year for optimization of the medical therapy and early detection
of complications. All patients met the criteria for FH according to Aalst-Cohen et al [12],
which can be summarized as either 1) the presence of a documented LDL-receptor muta-
tion, or 2) an LDL-cholesterol level above the 95" percentile for gender and age in com-
bination with the presence of typical tendon xanthomas in the patient or in a first degree
relative, or 3) an LDL-cholesterol level above the 95" percentile for gender and age in a
first degree relative or proven CAD in the patient or in a first degree relative under the age
of 60. Patients with secondary causes of hypercholesterolemia such as renal, liver, or thy-
roid disease were excluded. In addition, all participants were asymptomatic for CAD, i.e.
absence of symptoms suggestive of ischemic heart disease or history of CAD. Inclusion
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age for women was between 45-70 years, for men between 40-70 years. Exclusion criteria
for CTCA were renal insufficiency (serum creatinine >120 umol/L) (n=4), known contrast
allergy (n=3) and irregular heart rhythm (atrial fibrillation) (n=11).

Finally 140 patients with FH could be included after written informed consent, 90 men
and 50 women, with a mean age 52+8 years (range 40-68 years).

The institutional Ethical Review Board approved the study protocol.

During their clinical work-up all patients were genetically screened for a LDL-receptor
mutation. Lipid levels were obtained by standard methods in patients that were fasting
for at least 12 hours. The total cholesterol-years score (mg-y/dL) was calculated as follows:
(total cholesterol level at time of FH diagnosis x age at time of diagnosis) + (total choles-
terol level after start statin treatment x years of statin treatment)[13]. Presence of tendon
xanthomas was clinically evaluated by palpation by experienced clinicians during yearly
clinical visits to our hospital.

Computed tomography coronary angiography

Patient preparation

Patients with a heart rate above 65 beats/minute received an oral dose of beta-blockers
(100 mg metoprolol) 1 hour before the scan, in the absence of contraindications. Just
prior to the scan all patients received nitroglycerin (0.4 mg/dose) sublingually.

Scan protocol

All scans were performed on a Dual Source CT scanner (First 101 scans: Somatom Defini-
tion, last 39 scans: Somatom Definition FLASH, Siemens Medical Solutions, Forchheim,
Germany). For the non-enhanced scan we used a prospective ECG-triggered scan proto-
col with a tube current of 76 mAs at 70% of the RR-interval. Images were reconstructed
with a slice thickness of 3 mm and an increment of 1.5 mm using a medium convolution
kernel (B35f). The contrast enhanced CTCA was obtained using a retrospective ECG-gated
scan protocol in the first 101 patients and a prospective ECG-triggered protocol in the
last 39 patients. The maximum tube current was 380 mAs. We applied an optimized heart
rate-dependent ECG-pulsing (retrospective) or ECG-padding (prospective) protocol with
full dose during 62-75% of the RR-interval for heart rates <65 beats/minute and 31-75%
for heart rates >65 beats/minute[14]. In addition, automated tube-current modulation
was applied. Tube voltage was 120 kV. Pitch (mean 0.25, range 0.2-0.34) and scan time
(mean 10.0 s, range 6.9-14.3 s) of the retrospective ECG-gated scans varied with the heart
rate. Data of the prospective triggered scans were acquired during 3 or 4 heart beats
dependent of the required scan length. lodinated contrast agent (Ultravist 370 mgl/ml,
Bayer Schering Pharma, Berlin, Germany), with a scan time dependent volume (94 ml
(80-100 ml)), was administered at a flow rate of 5.5 ml/s through an antecubital vein, fol-
lowed by a saline chaser of 40 ml at 5.5 ml/s. CTCA datasets were reconstructed at a slice
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thickness of 0.75 mm, an increment of 0.4 mm, a medium-soft convolution kernel (B26)
or a sharp convolution kernel (B46) when calcium was present. All datasets were sentto a
dedicated workstation (MMW®P, Siemens Medical Solutions, Forchheim, Germany).

The mean estimated radiation dose per CTCA, calculated by multiplying the dose length
product (DLP) by the conversion coefficient of 0.014 mSv-mGy'-cm™ for the chest, was 7.9
mSv + 2.4 mSv (range 3.9-16.4 mSv)[15].

CT analysis

No complications occurred during or after scanning and all scans were included in the
analysis. Using the non-enhanced CT scan the calcium score was calculated semi-auto-
matically. The coronary calcium score is expressed as the Agatston score per patient.

Two experienced readers analyzed all CTCA scans separately and discrepancies in their
evaluations were resolved by consensus. Per segment, using the modified AHA 17-seg-
ment model, the absence or presence of a coronary plaque was determined, as was the
severity of the lumen narrowing (0, >0-20%, >20-50%, >50-70% and >70% diameter re-
duction). Obstructive CAD was defined as plaque causing >50% lumen diameter reduc-
tion.

We assessed a clinical CAD extent score per patient based on the severity of plaque per
coronary segment. The score is the sum of the luminal stenosis of each individual seg-
ment (0=0%, 1 =>0-20%, 2 =>20-50%, 3 =>50-70% or 4 = >70% lumen diameter reduc-
tion). This results in a CAD extent score ranging from 0 to a theoretical maximum of 68.

Additionally the plague composition was classified as 1) calcified: highly attenuating tis-
sue for >70% of the plaque volume which could be clearly separated from the contrast
enhanced coronary lumen, 2) non-calcified: low attenuating lesions that could be clearly
separated from the coronary lumen and the surrounding epicardial fat or myocardium
and ¢) mixed: containing both calcified and non-calcified tissue. The presence of positive
remodeling (diameter at the lesion site at least 10% larger than at the reference site) was
assessed in all non-calcified lesions. Vessel segments <1.5 mm in diameter were excluded
from analysis

CTCA results were blinded for treating physicians and patients which precludes treat-
ment decisions made based on these results.

Risk scores

The Framingham risk score (according to the NECP/ATPIII report 2002[16]) was calculated
in all FH patients. In this NECP/ATPIIl report diabetes mellitus is considered an equivalent
of coronary heart disease and for this study patients with diabetes mellitus were consid-
ered to have a 10-years risk of 20%.
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Follow-up

Patient files were examined for follow-up data and patients were approached by tele-
phone when recent information was lacking in the files. Cardiac events (myocardial in-
farction, acute coronary syndrome (ACS), stable or unstable angina pectoris (AP), percu-
taneous coronary intervention and coronary artery bypass graft (CABG)) and (all cause)
death were inventoried.

Statistical analysis

Continuous variables are shown as mean [+SD] or median [IQR]. Categorical variables are
expressed as number [frequency]. We used the Mann-Whitney test to compare the CAD
extent between male and female patients, between patients without and with diabetes
,mellitus type 2 and between patients without and with a cardiac event during follow-
up time and to compare the Framingham risk score between patients without and with
obstructive CAD.

The relationship between the calculated CAD extent and patient characteristics, cardio-
vascular risk factors and lipid levels was assessed using linear regression analysis. Varia-
bles with a univariate relationship (p<0.2) with the presence of obstructive coronary CAD
were entered in the multivariate regression model using backward elimination (p<0.1). A
p-value of <0.05 was considered statistically significant.

Inter-observer and intra-observer agreement is described with the k statistics. All analyses
were performed using SPSS for windows (version 15.0, SPSS, Chicago, USA).

RESULTS

Baseline

The patient characteristics are shown in table 1. A positive family history for cardiovascu-
lar disease was reported in 71% (99/140) of the patients, hypertension in 26% (37/140),
diabetes mellitus in 6% (9/140) and smoking in 29% (40/140). In 66% (93/140) of the
patients a mutation in the LDL-receptor mutation has been identified. The 34% other
patients were diagnosed with FH on clinical grounds.

CT analysis

Coronary artery disease per patient

A negative calcium score was present in 20% (28/140)) of our patients. The median coro-
nary calcium score was 51 (IQR 2-350) (table 1). The total calcium score significantly in-
creased with higher age (3 age categories, 40-49, 50-59, and 60-69 years) in both men
(15.4 (0-287), 194 (38-488), and 521 (135-1001), respectively, (p<0.001) and women (0
(0-4),32 (8-136), and 96 (51-662), respectively, p<0.001).
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CTCA showed no plaques in 16% (23/140) of the patients. In 60% (84/140) of the patients
only lesions causing <50% lumen obstruction were present and in 24% (33/140) one or
more lesions of >50% lumen diameter stenosis were detected. Four patients had obstruc-
tive lesions in all three coronaries (3-vessel disease), 9 in 2 vessels and 20 in 1 vessel.
Presence and severity of CAD per patient in both men and in women in 3 age categories
are shown in figure TA. Presence and severity of CAD per patient (no CAD, non-obstruc-
tive CAD and obstructive CAD) was significantly higher in patients at higher age in men
(p=0.03) and in women (p=0.01).

Table 1
Variable n=140
Gender (male) 90 (64%)
Age (years) 52 (8)
Riskfactors
Smokert 40 (29%)
Hypertension# 37 (26%)
Diabetes§ 9 (6%)
CAD positive in family history || 99 (71%)
Body mass index (kg/m?) 266 (3.7)
Lipids (treated)
Total cholesterol (mmol/1) 55(14)
LDL-cholesterol (mmol/1) 35(1.3)
HDL-cholesterol (mmol/l) 14(04)
Triglycerides (mmol/1) 1.5(1.5)
Total cholesterol-years scoreq (mg-years/dl) 18321 (5112)
FH related characteristics
Known genetic disorder 93 (66%)
Age at start statin use (years) 43 (10)
Duration of statin use (years) 9(7)
Maximum untreated total cholesterol (mmol/I) 9.7 (24)
Tendon xanthomas 33 (24%)
Arcus cornealis 31 (22%)
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Calcium Score

Total calcium score* (Agatston) 51 (2-350)
0 28 (20%)
0-100 51 (36%)
101-400 29 (21%)
>400 32 (23%)

CT coronary angiography
presence of coronary plaque 23 (16%)
CAD extenti# 7 (3-16)

Continuous data is expressed as mean (SD) and dichotomous data as n (%). *The calcium score and the CAD extent
are expressed as median (Inter Quartile Range). CAD, Coronary Artery Disease; HDL, high-density lipoprotein; LDL,
low-density lipoprotein. tCurrently and/or in the past. #Blood pressure >140/90 mm Hg or treatment for hypertension.
§Treatment with oral anti-diabetic medicine or insulin. || Premature CAD in 1st degree relative. § Score according to
Hoeg et al.(15) (pre treatment cholesterol * age at start treatment + post treatment cholesterol * years of treatment).
# Score based on the sum of the severity of plague per segment (0% lumen diameter stenosis=0; >0%-20%=1; >20%-
509%=2; >50%-70%=3; >70%=4)

A calcium score of zero excluded obstructive CAD in this cohort of patients with FH. Pa-
tients with a calcium score of >400 exhibited obstructive CAD in 69% (22/32).

Coronary plaque analysis

After exclusion of 16 segments because of non-diagnostic image quality 1918 segments
were available for analysis. Sixty percent (1144/1918) of the segments showed no signs
of coronary artery disease. In 4% (70/1918) of the segments a lesion of more than 50%
lumen diameter stenosis was detected. The CAD extent score increased at increasing age.
In men the median CAD extent score (10 [4-17]) was significantly higher than in women
(5 [2-11]; p=0.004) (figure 1). The CAD extent score was slightly higher in patients with a
known LDL-mutation (10 (IOR 3-17) compared to patients without such mutation (6 (IQR
2-13)) although not significantly (p=0.06). A sub analysis in patients without (n=131) and
with (n=9) diabetes mellitus type Il showed no significant difference in calcium score (51
(2-346) vs. 89 (5-1580), respectively, p=0.57) and CAD extent (8 (3-16) vs. 5 (2-21), respec-
tively, p= 0.86).

Plaque composition

Overall 54% (419/775) of the plaques were calcified, 25% (192/775) were non-calcified and
21% (163/775) were mixed. The percentage of calcified plaques increased with increasing
age in both men and women. Most non-calcified plaques (146/192 (76%)) caused <20%
lumen obstruction while the more severe plaques (>50% lumen diameter stenosis) were
mainly caused by lesions containing calcium (calcified and mixed plaques) (60/70 (86%)).
Of all non-calcified plaques 9 showed positive remodeling (9/192 (5%)).
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Figure 1 Extent of coronary artery disease in relation to gender at different ages
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CAD, coronary artery disease.

Distribution and localization of coronary plaque

The majority of the plaques were located in the proximal and mid-parts of the coronary
arteries of which the proximal (99/140 (71%)) part of the LAD showed plaque most fre-
quently, while the mid-segment of the RCA showed the highest number of obstructive
lesions (12/132 (9%)). The distal LCX showed the least atherosclerotic disease. The pres-
ence and the severity of CAD per coronary segment are shown in figure 2.

Risk scores
The median adjusted Framingham risk score in patients without obstructive CAD (4 (1-
10)) is significantly lower than in patients with obstructive CAD (8 (5-12), p<0.001).

Follow up

Mean follow-up time was 29 + 8 months (range 9-43 months). None of the patients died
during the follow-up period, 2 patients experienced stable AP, 1 patient suffered an ACS
and one patient had a positive exercise test without symptoms. All these 4 patients un-
derwent CABG. The 4 patients requiring CABG had a significant higher CAD extent (me-
dian 24 (IQR 22-31)) than patients without a cardiac event (median CAD extent 7 (IOR
3-15), p<0.01) and they all 4 exhibited obstructive CAD.
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Figure 2 Distribution of presence and severity of coronary plaque in the proximal, mid and distal segments of

the coronary tree.
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LAD, left anterior descending coronary artery; LCX, left circumflex coronary artery; LM, left main; RCA, right coro-
nary artery. The distal RCA comprises segment 3, the posterior descending artery and the postero-lateral artery.
The mid LAD includes segment 7 and the first diagonal, the distal LAD includes segment 8 and the second
diagonal. The proximal LCX comprises segment 11 and the intermediate branch; the mid LCX segment 13 and
the first marginal obtuse branch; the distal LCX includes segment 15 and the second obtuse marginal branch.

Relationship between patients characteristics and the CAD extent.

The results of the linear regression analysis are presented in table 2. The independent vari-
ables were gender (B -6.15, 95% Cl -9.35- -2.89, p<0.01), treated HDL-values (B -4.77, 95%
Cl-8.97--0.56, p=0.03), and treated LDL-values (B 1.48, 95% Cl 0.25-2.61, p=0.02).

The K statistics of the inter-observer agreement for the evaluation of the stenosis severity

per plaque and the plague composition were 0.78 and 0.83, respectively and of the intra-
observer agreement 0.81 and 0.84, respectively.
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Table 2

Multivariate linear regression

Univariate linear regression

140

95% Cl p-value

SEof B

95% Cl p-value

SEof B

0.09 0.15- 0.50 0.000 0.24 0.13 -0.17 - 0498 0.068

0.32

Age (years)

1.44 -7.14--1.45 0.003 -6.15 1.63 -9.35--2.89 0.000

-4.30

Gender (female)

0.532

-2.13- 410
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0.99

Smokert

0.822

-5.08 - 6.39

2.90

0.65

Diabetest

0.125

1.60 -0.69 - 5.64

2.47

Hypertensiont

0.327

1.55

-4.61

1.56

-1.53

Positive Family History+

0.038

0.02- 0.78

0.19

0.40

Body Mass Index (kg/m?)

0.103

-5.47 - 0.51

1.51

-2.48

Known genetic disorder

Total cholesterol-years

score

0.064

-0.00-0.03

1

0.01 0.01- 0.03 0.001 0.02 0.0

0.02

1.48 0.56 0.25- 2.61 0.018

0.029

0.56 0.13- 2.32

1.23

LDL-cholesterol (mmol/l)

1.85 -9.12--1.82 0.004 -4.77 2.12 -8.97 --0.56 0.027

-5.47

HDL-cholesterol (mmol/l)

0467

048 -0.60- 1.29

0.35

Triglycerides (mmol/I)

0.077

-0.34- 6.38

1.70

3.02

Tendon xanthomas

4). 1 Definition as

in tabe 1. Variables in bold (p<0.2) were entered in the multivariate regression model. Backward elimination was used in the multivariate model (p<0.10). B, regres-

sion coefficient; Cl, confidence interval; HDL, high-density lipoprotein; LDL, low-density lipoprotein; SE, standard error.

0; >0%-20%=1; >20%-50%=2; >50%-70%=3; >70%=

* Score based on the sum of the severity of plaque per segment (0% lumen diameter stenosis
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DISCUSSION

FH is associated with an increased risk of adverse coronary artery disease although some FH
patients with this condition reach a high age without significant complications. Non-inva-
sive CT coronary plaque imaging is able to identify absence, presence and extent of CAD
and could be used as a tool to differentiate asymptomatic patients with advanced CAD from
those who are relatively unaffected, and thereby guide preventive or therapeutic measures.
In our cross-sectional study of 140 asymptomatic statin treated patients with FH we found
that 84% had detectable coronary plaque, and 24% had obstructive CAD (>50% diameter
stenosis). Men exhibited more advanced coronary disease at a younger age than women.

Only 20% of this FH cohort had a zero calcium score, which is much lower than the 44-
51% shown in 3 large scale population studies, i.e. MESA[17], HNR[18] and Budoff et al.[2]
or the 35-80% of normal calcium scans in other asymptomatic populations [4; 19]. No-
tably a zero calcium score did not completely rule out presence of CAD, because non-
calcified plaque was present in 4% of these calcium free patients. However, none of these
plaques caused >50% luminal obstruction.

CTCA enables assessment of the total extent of coronary plaque per patient, which pro-
vides a more comprehensive evaluation of the coronary atherosclerosis than the assess-
ment of the presence of obstructive lesions alone. In addition it has been reported that
sudden adverse coronary outcomes are usually caused by vulnerable plagques and that
the severity of stenosis is of less importance than the composition and the size of these
plaques[20]. Min et al. showed that CTCA examination of the extent of CAD in symptom-
atic patients, including a stenosis severity score which is largely comparable to our CAD
extent score, is of incremental value to assess all cause death [21].

CTCA did not reveal any CAD in 16% of this cohort of patients with FH, which is within
the range of the absence of CAD in 7% to 36% asymptomatic diabetic patients [6-7], but
much lower than the 32% to 79% of other high risk asymptomatic patients [4-5]. In addi-
tion we found obstructive CAD in 24% of our FH patients, although all were asymptomatic
for CAD. In asymptomatic diabetic patients a comparable prevalence has been described
[6-7], but in other high risk asymptomatic populations the prevalence of obstructive CAD
of approximately 5% to 16% was much lower [4-5].

A previous study by Miname et al.[9] showed a lower prevalence of plaque (48%) in as-
ymptomatic patients with FH than we found in our current study (84%). Calcium score (0
(IQR 0-748)) and prevalence of obstructive CAD (19%) were only slightly lower. However,
the patient population of Miname et al. was younger (45%13 years) than ours (5248 years)
and comprised 64% women compared to 36% women in our population. Additionally
none of the patients were on statin treatment during the study, whereas only 66% had
been treated with statins previously.
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The majority of coronary plaques were localized in the proximal and mid parts of the coro-
nary arteries which is largely similar to the anatomical features of CAD in symptomatic pa-
tients. The proximal LAD exhibited plaque in 80% of the patients which might be of concern
because lesions in the proximal LAD were associated with worse prognostic outcome [22].

With increasing age in men and in women the percentage of calcified plaque increased
and consequently the percentage of non-calcified plaques decreased. This is in line with
other CTCA studies in asymptomatic patients [4] and in symptomatic patients [23] and
it corresponds with the suggestion that the advanced stages of coronary atherosclerosis
are reflected by more intense calcifications [24]. There is still debate whether coronary
plaque calcification is associated with stability or instability of a coronary plaque lead-
ing to coronary thrombosis. It has been shown that plaques that have a low CT density
(non-calcified lipid plaques) and evidence of positive remodeling were associated with
a higher likelihood of adverse coronary events [23; 25]. In our study we found positive
remodeling in a small number of non-calcified plaques, but due to cross-talk of lumen at-
tenuation and absolute plaque density [26], we could not accurately distinguish between
fibrous and lipid tissue in those mainly small plaques.

We demonstrated that gender, treated HDL-cholesterol and treated LDL-cholesterol were
significantly associated with the extent of CAD. Previously Junyent et al. also have shown
the strong independent predictive value of HDL-cholesterol levels (negatively) for pre-
clinical carotid atherosclerosis in patients with FH. Our results therefore confirm their sug-
gested important role for HDL-raising therapies in future treatment strategies in patients
with FH [27].

It has been shown that traditional risk factors do play an important role in patients with
FH but the predictive value might be different than in the general population [28]. How-
ever, we could not confirm a significant relation between the traditional risk factors age,
smoking, hypertension, diabetes or the specific FH related presence of tendon xantho-
mas or presence of a LDL-receptor mutation and the extent of CAD. This was probably
the result of the limited number of patients with FH that were studied causing insufficient
statistical power.

Nine patients with diabetes mellitus type 2 were included in our study and these patients
may have a more extensive expression of CAD. However, a separate analysis of the pa-
tients with diabetes mellitus type 2 compared to patients without diabetes did not reveal
a difference in extent of CAD.

Using an adjusted Framingham Risk Score we could demonstrate that there was a direct
relation between the Framingham Risk Score and the presence of obstructive CAD. The
FRS has been based on a general population and patients with FH were not enough
represented in that study. Nevertheless, although the FRS in our population might under-
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estimate the total 10-year CHD risk, it shows the positive relation between the risk factors
and the CAD extent.

As has been recently reported by Hadamitzky et al. cardiac CT has incremental prognostic
value in asymptomatic individuals [19]. In our study though, there was a low incidence
of cardiac events during 29 months follow-up. We found a higher extent of CAD in the
patients that developed stable angina or acute coronary syndrome followed by CABG
during FU than in patients without development of clinical symptoms of CAD. Additional
studies are warranted to establish whether it is reasonable to intensify medical preven-
tive treatment in patients with evident CAD on CT to prevent progression of disease and
development of adverse events and to continue or even lower current medical treatment
in patients without subclinical coronary atherosclerosis on CT. Cardiac CT might lead to a
more cost-effective allocation of preventive efforts.

Radiation exposure of CT coronary angiography remains a matter of concern. By using a
dual source scanner with optimized scan protocols the mean estimated effective dose
of a CTCA in our study was 7.9 mSv. To minimize the lifetime attributable risk of cancer
and in women the risk of birth abnormalities in their offspring we included only women
of at least 45 years and men of at least 40 years of age. However, due to recent techni-
cal improvements the effective radiation dose of a CTCA currently can be <3.0 mSv [29].
Decreasing the radiation dose is of positive influence on the harm-benefit ratio of CTCA,
which might even induce extended use of CTCA for screening purposes or repetitive
scanning for CAD progression follow up when CT-scanning below 1 mSv is definitively
available.

Limitations

CTCA may not be able to detect very early coronary atherosclerosis which is beyond the
spatial resolution of current CT-technology. CTCA tends to overestimate or underestimate
the severity of obstructive CAD and in particular calcified plaques hinder precise sever-
ity assessment, due to blooming effects. In patients with a calcium score >10 (Agatston)
and more explicit >400, the diagnostic accuracy of CTCA to exclude or detect obstructive
CAD is hampered compared to patients with less calcium [30]. Our patients with FH were
treated with intense lipid lowering drugs which will have modified the natural history
of plague progression. We included only patients aged 40 to 70 years old that may have
affected the prevalence of CAD considering the strong relation of age and CAD in the el-
derly. However we sought to include patients in whom additional long lasting measures
to prevent progression of CAD could be beneficial.
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CONCLUSION

CT coronary imaging uniquely allows for non-invasive assessment of the extent, severity,
anatomic distribution and plaque composition of coronary artery disease in asymptomat-
ic patients with FH. The extent of CAD in this high risk population is related to lipid blood
values and ranges from absence of detectable CAD in less than one out of six patients
to obstructive CAD in nearly a quarter of patients despite the absence of symptoms. The
anatomical distribution and composition of coronary plaques is similar to that of patients
without FH.
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ABSTRACT

Objective To evaluate the influence of LDL receptor (LDLR) -negative mutational status
on CT coronary atherosclerosis in asymptomatic statin treated patients with heterozy-
gous familial hypercholesterolemia (FH).

Materials and Methods Cardiac CT angiography (CCTA) was performed in 145 FH pa-
tients (93 men; mean age 52 + 8) screened for LDLR and apolipoprotein B (APOB) muta-
tions. The extent of coronary plaque was compared between two groups: 1) 59 patients
(41%) heterozygous for LDLR-negative mutations (LDLR-negative) and 2) 86 patients
(59%) with reduced or normal LDLR function (LDLR-positive) consisting of 32 LDLR-de-
fective mutations, 8 APOB mutations and 46 patients in whom no mutation could be
identified.

The diseased segments score (DSS) was the primary study endpoint defined as the
number of coronary artery segments (0-17) with > 20% luminal diameter narrowing. We
compared the DSS between LDLR-negative and LDLR-positive patients. Within the LDLR-
positive group a secondary analysis was performed between identified (LDLR-defective,
APOB) and unidentified mutational status.

Results The median DSS was higher in LDLR-negative than in LDLR-positive patients (4
(1-7) and 2 (0-5); P = 0.017). After adjustment for risk factors, LDLR-negative mutational
status remained an independent predictor of the DSS (B = 1.09; P = 0.047). The DSS in the
LDLR-positive group was similar for patients with identified and patients with unidenti-
fied mutational status.

Conclusion In asymptomatic statin treated patients with a clinical diagnosis of FH, LDLR-

negative mutational status is associated with a higher extent of subclinical CT coronary
atherosclerosis.
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INTRODUCTION

Heterozygous familial hypercholesterolemia (FH; OMIM #143890) is an autosomal dom-
inant disorder of the cholesterol metabolism caused by mutations in the low-density
lipoprotein receptor gene (LDLR). FH is associated with in a lifelong elevation of LDL-
cholesterol (C) levels, tendon xanthomas, the early onset of coronary artery disease (CAD)
and excess mortality [1-6].

The clinical diagnosis of FH is based on personal and family history, physical examination
and laboratory findings, but the presence of a functional mutation of the LDLR gene, the
apolipoprotein B gene (APOB) or the proprotein convertase subtilisin / kexin type 9 gene
(PCSK9) provides the unequivocal diagnosis of FH [7-9]. Such a molecular diagnosis is
made in about 50-80% of clinically identified cases [10-11].

Five classes of LDLR gene mutations have been specified [12]. Class 1 and 2a LDLR muta-
tions result in the absence of a functional LDLR protein (LDLR-negative mutations). Other
classes result in LDLR proteins with residual function (LDLR-defective mutations). Despite
its monogenic background, heterozygous FH shows a great variability in phenotypic ex-
pression [5; 13-14].

It has been suggested that LDLR-negative mutations correlate positively with detrimental
lipid profiles, tendon xanthomas and risk of future coronary events [15-18]. Our goal was
to verify the hypothesis that asymptomatic patients with a clinical diagnosis of FH and
LDLR-negative mutations have a higher extent of subclinical CT coronary atherosclerosis
as compared to patients with LDLR-positive mutational FH, despite statin treatment. Al-
though statin treatment nowadays is routine clinical practice in FH patients, our findings
might identify a subgroup at higher CAD risk.

Non-invasive coronary CT angiography (CCTA) allows for the accurate assessment of CAD
[19-20]. No studies have been published comparing coronary atherosclerosis assessed by
CCTA in FH patients with different LDLR mutational status.

METHODS

Study population

Between February 2008 and June 2011 we included 145 consecutive asymptomatic pa-
tients with a clinical diagnosis of FH. After diagnosis all patients were treated with statins. In
three cases statin medication had to be stopped because of severe side effects. No patients
had proven CAD or had any symptoms suggestive of ischemic heart disease. The absence
of symptoms and negative cardiovascular history were verified before patient inclusion.
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Our study population was recruited from a total of 330 patients with a clinical diagnosis
of FH that visited the outpatient lipid clinic at our institution during the inclusion period.
The following diagnostic criteria for FH were used: either 1) the presence of a document-
ed mutation of the LDLR, the APOB or the PCSK9 gene, or 2) an LDL-C level above the
95 percentile for gender and age in combination with a) the presence of typical tendon
xanthomas in the patient or in a first degree relative, or b) an LDL-C level above the 95™
percentile for gender and age in a first degree relative or, ¢) proven CAD in a first degree
relative under the age of 60 [21]. Patients with secondary causes of hypercholesterolemia
such as renal, liver, or thyroid disease were excluded from the study.

The inclusion age for the study varied from 40-70 years for men and for women from
45-70 years. Exclusion criteria were renal insufficiency (serum creatinine > 120 umol/L),
known contrast allergy or irregular heart rhythm (atrial fibrillation). The institutional Ethi-
cal Review Board approved the study protocol. All patients gave written informed con-
sent.

DNA samples were taken of all FH patients and sent to a central laboratory for LDLR, APOB
and PCSK9 mutational screening [22]. All patients were classified on the basis of their
mutational status as: LDLR-negative, LDLR-defective, APOB mutation, PCSK9 mutation or
unidentified mutation. Patients with unidentified mutations underwent testing but no
mutation could be identified.

In a primary analysis we compared the diseased segments score (DSS) of LDLR-negative
mutational FH with other clinical FH patients (LDLR-positive). Within the LDLR-positive
group we did a secondary analysis comparing the DSS between patients with identified
(LDLR-defective, APOB, PCSK9) and unidentified mutational status.

Scan protocol

All scans were performed on a dual source CT scanner (first 101 scans: Somatom Defini-
tion, last 44 scans: Somatom Definition FLASH, Siemens Medical Solutions, Forchheim,
Germany). For the non-enhanced coronary calcium scan we used a prospective ECG-
triggered scan protocol with a tube current of 76 mAs at 70% of the RR-interval. Images
were reconstructed with a slice thickness of 3 mm and an increment of 1.5 mm using a
medium convolution kernel (B35f).

CCTA was obtained using a retrospective ECG-gated spiral scan protocol in the first 101
patients and a prospective ECG-triggered axial protocol in the last 44 patients. The maxi-
mum tube current was 380 mAs. Both for spiral and axial scan modes (nominal) exposure
was limited to the diastolic phase (62-75% of the R-R interval) for heart rates < 65 beats
per minute. Nominal exposure was extended beyond the mid-diastolic phase (31-75%
of the R-R interval) in patients with a heart rate > 65 beats per minute [23]. In addition,
automated tube-current modulation was applied. Tube voltage was 120 kV. lodinated
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contrast agent (Ultravist 370 mg/ml, Bayer Schering Pharma, Berlin, Germany), with a scan
time dependent volume (94 ml (80-100 ml)), was administered at a flow rate of 5.5 ml/s
through an antecubital vein followed by a saline chaser of 40 ml at 5.5 ml/s.

CCTA datasets were reconstructed at a slice thickness of 0.75 mm, an increment of 0.4
mm, a medium-soft convolution kernel (B26) or a sharp convolution kernel (B46) when
calcium was present. All datasets were sent to a dedicated workstation (MMWP, Siemens
Medical Solutions, Forchheim, Germany). The mean estimated radiation dose per CCTA,
calculated by multiplying the dose length product (DLP) by the conversion coefficient of
0.014 mSv - mGy'- cm™ for the chest, was 8.2 mSv + 2.9 mSv (range 15) for the spiral scan
protocol and 4.8 mSv + 2.5 mSv (range 10) for the prospective protocol [24].

CT analysis

Two experienced readers, blinded with regard to the FH mutational status, evaluated
all CCTA scans separately. Discrepancies in evaluation were resolved during a consensus
reading.

Per segment, using a modified 17-segment model [25], the percentage of maximum lu-
minal diameter narrowing was visually estimated and graded as either: 0%, 1-20%, 21-
50%, 51-70% or > 70%. Vessel segments that were smaller than 1.5 mm in diameter were
excluded from all analyses.

Per patient, coronary plaque burden was expressed in three ways: 1) the diseased seg-
ments score (DSS); 2) the CAD severity score and 3) the CAD extent score [2; 26]. The DSS
was the primary endpoint of the study expressed as the total number of diseased coro-
nary artery segments per patient (0-17) without grading stenosis severity: score = 1 for >
20% luminal diameter narrowing.

The CAD severity score includes stenosis grade in the quantification algorithm. The CAD
severity score is the integrated sum of the stenosis severity (score 1-3) and the number
of coronary artery lesions: score = 1 for 21-50%, score = 2 for 51-70% and score = 3 for >
70% luminal diameter narrowing.

Finally, coronary plaque burden was expressed as the CAD extent score that includes low-
grade stenoses in the quantification algorithm. The CAD extent score is the integrated
sum of the stenosis severity (score 1-4) and the number of coronary artery lesions: score
=1 for 1-20%, score = 2 for 21-50%, score = 3 for 51-70% and score = 4 for > 70% luminal
diameter narrowing.

Stenosis severity per patient was graded as “no plaque or stenosis” (0-20% luminal diam-

eter stenosis), "non-obstructive plaque” (21-50% luminal diameter stenosis) or “obstructive
plague” (> 50% luminal diameter stenosis) [26]. Patients with obstructive lesions were
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further specified according to plaque location (left main coronary artery, proximal right
coronary artery, proximal left coronary artery or proximal circumflex coronary artery) and
the presence of multiple obstructive plaques. Stenosis severity was also evaluated on a
per segment basis.

Coronary calcium was expressed in Agatston units per patient and was calculated semi-
automatically using dedicated software [27]. Finally, on a per segment basis, plaque com-
position was classified as either 1) calcified; plaque containing high attenuating tissue
that could be clearly separated from the contrast enhanced coronary lumen, or 2) non-
calcified; low attenuating lesions that could be clearly separated from the coronary lu-
men and the surrounding pericardial fat and myocardium, or 3) partially calcified; plaque
containing both high and low attenuating tissue.

Statistical analysis

Categorical variables were expressed as numbers (percentages). The Pearson Chi-Square
test was used for inter-group comparisons. Continuous variables with a normal distribu-
tion were shown as mean (+ SD), skewed data as median (interquartile range). A T-test
or Mann-Whitney U-test was used to compare continuous variables. A two-sided P-value
of < 0.05 was considered statistically significant. Age categories (figures 1 and 4) were
chosen on the basis of equal patient numbers in all groups (n =48, n =49 and n = 48).

We compared LDLR-negative and LDLR-positive mutational FH in terms of coronary ath-
erosclerosis. The DSS was considered the primary endpoint of the study. In addition, the
CAD severity score, the CAD extent score, stenosis severity, coronary calcium and plaque
composition were defined as secondary endpoints.

The relationship between the DSS score and LDLR-negative mutational status, age, gen-
der, smoking, hypertension, diabetes mellitus, HDL, LDL and maximum untreated choles-
terol was assessed using linear regression analyses. Variables with a univariate relation-
ship with the DSS (P < 0.2) were entered in a multivariate regression model. The predictive
value for the inter-observer variability was calculated using the k statistic. Data were ana-
lyzed using SPSS for windows (version 17.0.2, SPSS, Chicago, USA).

RESULTS

Data analysis
All contrast enhanced CT scans were included in the study, 1970 coronary artery seg-
ments were available for analysis. The k statistics of the inter-observer agreement for the
evaluation of the stenosis severity per plaque and the plaque composition were 0.80 and
0.83 respectively.
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Patient characteristics

General patient characteristics and risk factors were similar between groups except for mean
age that was higher in LDLR-positive patients (table 1). As expected, LDLR-negative muta-
tional FH was associated with higher total cholesterol, higher LDL-C and higher maximum un-
treated cholesterol. Patients with LDLR-negative mutations started using statins at a younger
age, used statins for a longer period of time and more often had xanthomas or arcus lipoides.

Mutational types of LDLR gene
Fifty-nine patients (41%) had LDLR-negative mutations, 40 patients (28%) had LDLR-de-
fective or APOB mutations and 46 patients (32%) had unidentified mutations. Within the
LDLR-defective / APOB group, 8 patients (20%) had a functional mutation of the APOB
gene. In none of the patients a PCSK9 mutation was found. Identified mutations and their
functional classes are shown in table 2.

Coronary plaque burden

The DSS was higher in patients with LDLR-negative mutational FH (table 3). In addition,
the CAD severity score and the CAD extent score were higher in patients with LDLR-neg-
ative mutations. Differences in plaque burden between LDLR-negative and LDLR-positive
mutational FH increased with age (figure 1). Despite statin treatment, plaque burden was
higher in carriers of LDLR-negative mutations.

Stenosis severity

As shown in table 3, the distribution of stenosis severity was significantly different be-
tween LDLR-negative and LDLR-positive mutational FH. The prevalence of obstructive
plaque was higher in the LDLR-negative group. In addition, LDLR-negative patients had
obstructive plaque in a proximal coronary artery segment more often. Although the ma-
jority of FH patients had some degree of CAD on CCTA, 19% of LDLR-negative and 33%
of LDLR-positive patients had no detectable CAD. Within the LDLR-positive group the
prevalence of obstructive plaque was higher in men as compared to women (figure 2).

On a segment level, the distribution of stenosis severity between LDLR-negative and
LDLR-positive mutational FH was highly significant. In the LDLR-negative group more
coronary artery segments were diseased.

Calcium score and plaque composition

Differences in calcium score between LDLR-negative and LDLR-positive mutational
groups reached statistical significance (table 3). In the LDLR-negative group, the percent-
age of patients with calcium scores > 100 Agatston units was higher. Within the highest
age category (58-70) LDLR-negative mutational FH was associated with higher levels of
coronary calcium (figure 3). Notably, of all patients included in the study none had one
or more obstructive lesions in combination with a calcium score < 100 Agatston units.
Low coronary calcium proved to be highly predictive for the absence of obstructive CAD.
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Table 1. Clinical characteristics of all FH patients

Table 2. Identified mutations of LDLR and APOB gene

LDLR-negative LDLR-positive P-value
(N=59) (N=286)
General
Age (years) 51+7 53+8 0.040
Gender (male) 38 (64) 55(64) 0.955
Systolic blood pressure (mmHg) 130+ 14 129+ 12 0.683
Diastolic blood pressure (mmHg) 80+8 80+8 0.612
Body mass index (kg / m?) 27+4 26+3 0.534
Risk factors
Smoking (current / former) 15(25) 26 (30) 0.528
Hypertension * 13 (22) 25(29) 0.344
Diabetes Mellitus 1(2) 6(7) 0.145
Positive family history 45 (76) 57 (66) 0.196
On-treatment lipids
Total cholesterol (mmol / L) 5.8+ 1.6 53+13 0.026
HDL (mmol / L) 1.4+04 1.4+£04 0.818
LDL (mmol/ L) 39+ 14 32+ 1.1 0.003
Triglyceride (mmol/ L) { 0.94(0.73 - 1.54) 1.12 (0.86 - 1.72) 0.060
FH related characteristics
Maximum untreated cholesterol (mmol/ L) 10.5+2.7 9.1+19 0.001
Statin treatment 58 (98) 84 (98) 0.793
Maximum statin treatment 41 (70) 47 (55) 0.072
Age at start of statin treatment 39+9.6 46+94 <0.001
Duration of statin use (years) 11.1+74 72+7.0 0.004
Dose-limiting side effects 15 (25) 29 (34) 0.286
Concomitant Ezetimibe treatment 46 (78) 38 (44) < 0.001
Xanthomas 26 (44) 10 (12) <0.001
Arcus Lipoides 18(31) 14 (16) 0.042

Continuous data are expressed as mean + SD or median (interquartile range), dichotomous data as N (%).

* Blood pressure >140 / 90 mmHg and / or anti-hypertensive treatment. T Proven coronary artery disease in 1st degree relative under the age of 60.
I Median (interquartile range), LDLR-negative = LDL receptor negative mutation, FH = familial hypercholesterolemia.

LDLR-positive = LDL receptor positive mutation (reduced or normal LDLR function).

HDL = high density lipoprotein, LDL = low density lipoprotein.
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LDLR-negative
Type of mutation N Class Location
W23X 11 1 exon 2
313+1/2 11 1 intron 3
2.5 kb deletion of exon 7/ 8 7 1 exon 7 and exon 8
1359-1 7 1 intron 9
191-2 6 1 intron 2
16 kb deletion of exon 12/ 18 4 2A exon 12 - exon 18
776delAT 2 1 exon 5
314-1 1 1 intron 3
314-3 1 1 intron 3
87delG 1 1 exon 6
1085delA 1 1 exon 8
2050del14bp 1 1 exon 14
1658delACT 1 1 exon 11
R329X 1 1 exon 7
2417insG 1 1 exon 17
D69N 1 2A exon 3
4.4 kb duplication of exons 9 to 12 1 1 intron 12
C371X 1 1 exon 8
Total 59
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LDLR-defective / APOB
N543H exon 11/ 2393del 9 exon 17 7 2B exon 11 and exon 17
A684P 5 2B exon 14
E207K 4 2B exon 4
S285L 4 2B exon 4
S426C 2 2B exon 9
P664L 2 2B exon 14
A410T 1 5 exon 9
Y468C 1 ND exon 10
G314V 1 2B exon 7
E187K 1 2B exon 4
LA40IP 1 2B exon 9
G571E 1 2B exon 12
DA481Y 1 2B exon 10
C74R 1 3 exon 3
R3500Q 6 3 exon 26 of APOB
R3500L 2 3 exon 26 of APOB
Total 40

LDLR = low density lipoprotein receptor, LDLR-negative = LDL receptor negative mutation,
LDLR-defective = LDL receptor defective mutation, APOB = mutation of the apolipoprotein B gene.

FH = familial hypercholesterolemia, ND = not defined.

Distribution of plague composition between LDLR-negative and LDLR-positive groups
was similar: non-calcified plaque; 10% versus 8%, partially calcified plaque; 32% versus
27%, and calcified plaque; 58% versus 65% (P = 0.287) (data not shown).
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Figure 1 CAD severity score for LDLR mutational groups at different age.

CAD severity score (median) for both LDLR-negative and LDLR-positive mutational status at different age. * In-
tegrated sum of stenosis severity and the number of coronary lesions: 21-50% = 1, 51-70% = 2, > 70% = 3. CAD
= coronary artery disease, LDLR = low density lipoprotein receptor, neg = negative, pos = positive (reduced or
normal LDLR function).

Age 40-47: median (IQR) (n) 1 (0-7) (n =24) and 1 (0-3) (n = 24) (P =0.279).
Age 48-57: median (IQR) (n) 6 (1-7) (n = 20) and 2 (0-4) (n = 29) (P = 0.023).
( (

Age 58-70: median (IQR) (n) 8 (4-10) (n = 15) and 3 (1-8) (n = 33) (P = 0.021).

Relationship between patient characteristics and the diseased
segments score

The results of the multivariate linear regression analysis are presented in table 4. There
was no statistical significant interaction between LDLR-negative mutational status, LDL-C
and maximum untreated cholesterol for predicting the DSS. LDLR-negative mutational
status remained predictive of the DSS after correction for age, gender, smoking, hyper-
tension, HDL cholesterol, LDL-C and maximum untreated cholesterol (B = 1.09, P = 0.047).
Age (B=0.21,P < 0.001), gender (B = 2.1, P =0.001), HDL cholesterol (B =-1.8, P = 0.023)
and maximum untreated cholesterol (B =10.3, P = 0.009) also remained independent pre-
dictors of the DSS.

If we removed maximum untreated cholesterol from the multivariate linear regression
model, the level of LDL-C became an independent predictor of the DSS (B = 0.5, P =
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Figure 2 Percentage of patients with obstructive plaque for both men and women per LDLR mutational group.
Obstructive lesions defined as > 50% luminal diameter narrowing. LDLR = low density lipoprotein receptor, neg
= negative, pos = positive (reduced or normal LDLR function).

LDLR-negative mutational status: number (percentage) 16 (42) and 4 (19) (P = 0.073).
LDLR-positive mutational status: number (percentage) 13 (24) and 2 (7) (P = 0.044).

0.015). LDLR-negative mutational status (B = 1.69, P = 0.001) and other independent pre-
dictors of the DSS remained statistically significant.

Secondary analysis; identified versus unidentified mutational status

In patients with LDLR-positive mutations, general patient characteristics, risk factors and
cholesterol levels did not differ between identified and unidentified mutational status
(table 5). Patients with identified mutations had lower triglyceride levels (P = 0.003), re-
ceived higher dosages of statins (P < 0.001), started taking statins at a younger age (P <
0.001) and used statins for a longer period of time (P = 0.002).

The DSS, the CAD severity score and the CAD extent score did not differ between patients
with identified and patients with unidentified mutational status (table 6). In addition,
stenosis severity, calcium scores and plaque composition were similar. However, on a seg-
ment level, stenosis severity was higher in identified mutational FH (P = 0.018).
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Table 3. Plaque characteristics of all FH patients

LDLR-negative LDLR-positive P-value
Patient level N=159) (N=286)

Diseased segments score * 4(1-7) 2(0-5) 0.017

CAD severity score 4(1-8) 2(0-5) 0.016

CAD extent score § 11(4-18) 6(2-12) 0.020

Stenosis severity § 0.039
No plaque or stenosis 11(19) 28 (33) -
Non-obstructive plaque 28 (47) 43 (50) -
Obstructive plaque 20 (34) 15(17) -
Obstructive plaque (proximal segment) 10 (17) 5(6) 0.031
Obstructive plaque (> 1 segment) 11(19) 7(8) 0.059

Calcium score 0.038
Agatston negative 11(19) 17 (20) -
Agatston >0 - 100 15 (25) 38 (44) -
Agatston > 100 33 (56) 31 (36) -

Segment level (N =786) (N=1184)

Stenosis severity <0.001
No plaque or stenosis 534 (68) 933 (79) -
Non-obstructive plaque 211 (27) 218 (18) -
Obstructive plaque 41 (5) 33(3) -

Continuous data are expressed as median (interquartile range), dichotomous data as n (%).

* Number of diseased segments (> 20% luminal diameter narrowing) (0 - 17).

T Integrated sum of the stenosis severity and the number of coronary artery lesions: 21 - 50% =1, 51 - 70% =2,>70% = 3.

1 Integrated sum of the stenosis severity and the number of coronary artery lesions: 1 - 20% =1, 21 - 50% =2, 51 - 70% =3,>70% = 4.

§0 - 20% defined as "no plaque or stenosis", > 50% as "obstructive plaque", FH = familial hypercholesterolemia.

LDLR-negative = LDL receptor negative mutation, LDLR-positive = LDL receptor positive mutation (reduced or normal LDLR function).
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Figure 3 Coronary calcium for LDLR mutational groups at different age.

The Agatston score (median) for both LDLR-negative and LDLR-positive mutational status at different age. LDLR
= low density lipoprotein receptor, neg = negative, pos = positive (reduced or normal LDLR function).

Age 40-47: median (IQR) (n) 11 (0-314) (n =24) and 5 (0-77) (n = 24) (P = 0.323).
Age 48-57: median (IQR) (n) 136 (14-392) (n = 20) and 45 (2-212) (n =29) (P =0.172).
Age 58-70: median (IQR) (n) 557(219-1189) (n = 15) and 90 (27-488) (n = 33) (P = 0.027).

DISCUSSION

In asymptomatic statin treated patients with FH, we evaluated the effect of LDLR-negative
mutational status on the extent of coronary atherosclerosis using CCTA. The main finding
of this study can be summarized as: despite statin treatment, the extent of CT coronary
atherosclerosis is higher in carriers of LDLR-negative mutations.

After adjusting for LDL-C levels as achieved during statin treatment, LDLR-negative muta-
tional status remained an independent predictor of the DSS. This could have been caused
by the atherogenic effect of the higher levels of LDL-C associated with LDLR-negative
genotype before statin medication was initiated.

In addition, LDLR-negative mutational status remained an independent predictor of the
DSS after adjusting for the maximum total cholesterol level before statin treatment was
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per patient

1

Table 4. Univariate and multivariate linear regression models for the predictive value of the diseased segments score

Multivariate linear regression *

Univariate linear regression

N =145

P-Value

95% CI

SEofB

P-Value

95% CIL

SEofB

0.047 %

(0.01-2.16)

0.54

0.57 (0.23-2.48) 0.019 1.09

1.35

LDLR-neg mutational FH

0.14-0.28) <0.001

0.04

(0.09 -0.23) <0.001 0.21

0.04

0.16

Age (years

0.001

0.1-2.4) 0.036 21 0.6 0.9-3.3)

0.6

1.2

Gender (male)

0.249

(05-1.7)

0.6

(1.1-14) 0.017 0.6

0.6

1.3

Smoking

(-1.6-0.8) 0.482

(-0.1-2.5) 0.059 -0.4 0.6

0.6

1.2

Hypertension T

13 (25-27) 0.936

0.1

Diabetes Mellitus

(33--02) 0.023

0.8

-1.8

0.022

(-32--03)

0.8

-1.8

HDL

(-0.1-0.8) 0.098

0.2

0.4

0.014

0.2 0.1-1.0)

0.6

LDL (mmol/L)

0.1-0.6) 0.009

0.1

©02-0.7) <0.001 03

0.1

0.5

Maxuntreated cholesterol (mmol/L)

-17).

Variables in bold (P < 0.2) were entered in the multivariate regression model. 1 Number of diseased coronary artery segments (> 20% luminal diameter narrowing) (0

* No significant interaction between LDLR status and LDL-C / max untreated total cholesterol. T Blood pressure > 140 / 90 mmHg and / or anti-hypertensive treatment.

*Predictive value of LDLR-negative mutational status for diseased segments score after adjustment for age, gender, smoking, hypertension, HDL cholesterol, LDL-C and maximum untreated cholesterol.

low density lipoprotein.

high density lipoprotein, LDL =

unstandardized regression coefficient, SE = standard error, CI = confidence interval, HDL =

B=
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Table 5. Clinical characteristics of LDLR-defective, APOB and unidentified mutational FH

LDLR-defective Unidentified
APOB
(N=40) (N=46)
General
Age (years) 52+8 55+8 0.103
Gender (male) 28 (70) 27(59) 0.276
Systolic blood pressure (mmHg) 129+ 13 129+ 11 0.922
Diastolic blood pressure (mmHg) 79+9 82+7 0.151
Body mass index (kg / n?) 26+4 27+3 0.306
Risk factors
Smoking (current / former) 10 (25) 16 (35) 0.324
Hypertension * 9(23) 16 (35) 0.211
Diabetes Mellitus 2(5) 409 0.502
Positive family history 27 (68) 30 (65) 0.823
On-treatment lipids
Total cholesterol (mmol/ L) 53+14 53+13 0.874
HDL (mmol/ L) 1.3+04 14+04 0.922
LDL (mmol/ L) 34+1.1 31+1.1 0.166
Triglyceride (mmol/ L) { 0.96 (0.77 - 1.43) 1.45(0.99 - 1.92) 0.003
FH related characteristics
Maximum untreated cholesterol (mmol/L) 9.5+2.1 89+ 1.6 0.172
Statin treatment 40 (100) 44 (96) 0.497
Maximum statin treatment 30 (75) 17 (37) <0.001
Age at start of statin treatment 42+8 50+9 <0.001
Duration of statin use (years) 10+7 5+6 0.002
Dose-limiting side effects 9(23) 20 (44) 0.040
Concomitant Ezetimibe treatment 23 (58) 15(33) 0.020
Xanthomas 7(18) 3(7) 0.113
Arcus Lipoides 9(23) 5(11) 0.145

Continuous data are expressed as mean + SD or median (interquartile range), dichotomous data as N (%).

* Blood pressure > 140 / 90 mm HG and / or anti-hypertensive treatment. T Premature coronary artery disease in Ist degree relative.

1 Median (interquartile range). LDLR-negative = LDL receptor negative mutation, FH = familial hypercholesterolemia.

LDLR-positive = LDL receptor positive mutation (reduced or normal LDLR function).

HDL=high density lipoprotein, LDL=low density lipoprotein.

Table 6. Plaque characteristics of LDLR-defective, APOB and unidentified mutational FH

LDLR-defective Unidentified P-value
APOB
Patient level (N =40) (N'=46)

Diseased segments score * 3(0-7) 2(0-3) 0.285

CAD severity score T 3(0-7) 2(0-4) 0.281

CAD extent score I 7(3-16) 6(2-11) 0.257

Stenosis severity § 0.806
No plaque or stenosis 12 (30) 16 (35) -
Non-obstructive plaque 20 (50) 23 (50) -
Obstructive plaque 8(20) 7(15) -
Obstructive plaque (proximal segment) 3(8) 2(4) 0.533
Obstructive plaque (> 1 segment) 4(10) 3(7) 0.556

Calciumscore 0.285
Agatston negative 5(12) 12 (26)

Agatston >0 - 100 19 (48) 19 (41)
Agatston > 100 16 (40) 15(33)
Segment level (N=557) (N=627)

Stenosis severity 0.018
No plaque or stenosis 419 (75) 514 (82) -
Non-obstructive plaque 120 (22) 98 (16) -
Obstructive plaque 18(3) 15(2) -

Continuous data are expressed as median (interquartile range), dichotomous data as n (%).

* Number of diseased segments (> 20% luminal diameter narrowing) (0-17).

T Integrated sum of the stenosis severity and the number of coronary artery lesions: 21-50% =1, 51-70% =2, > 70% = 3.

I Integrated sum of the stenosis severity and number of coronary artery lesions (0-17): 1 - 20% =1, 21 - 50% =2, 51 - 70% =3, >70% = 4.
§0 - 20% defined as "no plaque or stenosis", > 50% as "obstructive plaque", FH = familial hypercholesterolemia.

LDLR-defective = LDL receptor defective mutation, APOB = mutation of the apolipoprotein B gene, unidentified = unidentified mutation.

initiated. It may be speculated that LDLR-negative genotype stimulates CAD via alterna-
tive pathways that are beyond elevated cholesterol levels.

The level of LDL-C as achieved during statin treatment was not an independent predictor
of the DSS in the multivariate analysis. Patients with an LDLR-negative genotype received
higher dosages of statins for a longer period of time and this may have influenced the
latter analysis.
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However, if we removed maximum untreated cholesterol from the multivariate linear re-
gression model, LDL-C became a statistically significant predictor of the DSS. Apparently,
the level of maximum untreated cholesterol overruled the predictive value of LDL-C and
patients with relatively high levels of untreated cholesterol also have the highest levels of
LDL-C during statin treatment.

There was no difference in the DSS between patients with identified and unidentified
mutational status. Nonetheless, on a per segment basis, we found a higher prevalence
of non-obstructive and obstructive CAD in patients with identified mutations. This could
mean that we had insufficient power to demonstrate the rather small difference in plaque
burden between identified and unidentified mutational status on a patient level.

In our study of patients with a clinical diagnosis of FH that was established on clinical
characteristics, we found LDLR and APOB gene mutations in 68% of patients (99 out of
145) in line with the 50-80% observed in earlier studies [11; 28-29].

Carriers of LDLR-negative mutations had the most detrimental lipid profiles. However,
triglyceride levels showed a strong trend of being higher in the LDLR-positive mutational
group mainly caused by the relatively high levels in unidentified mutational FH. This pos-
sibly reflects the clinical characteristics of other forms of inherited dyslipidemia such as
familial combined hyperlipidemia in this population [30].

Previous studies showed that the impact of LDLR-negative versus LDLR-defective mu-
tations on the clinical expression of lipids, obstructive CAD on invasive angiography,
xanthomas and adverse coronary events (angina, percutaneous coronary intervention
or coronary artery bypass grafting) was more pronounced in carriers of LDLR-negative
mutations [16-18] [15].

Our study differed from the above-described studies because we investigated FH pa-
tients who were asymptomatic and treated with statins for many years. Yet we still dem-
onstrated with CT that the extent of coronary atherosclerosis was higher in patients with
LDLR-negative mutations compared to LDLR-positive mutations.

We found a large variation in plaque burden in both LDLR-negative and LDLR-positive
mutational FH. Although the majority of FH patients had plaque, 19% of LDLR-negative
and 33% of LDLR-positive patients had no plaque or stenosis. This variation is in line with
other studies demonstrating that some FH patients have no signs or symptoms of CAD
while others are prematurely symptomatic or have obstructive CAD [18].

This observation potentially opens new avenues for cardiac CT that could be helpful for

the early detection and evaluation of subclinical atherosclerosis and the differentiation
of individual plaque-associated risk. Additionally cardiac CT could be used in FH popula-
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tions if LDLR mutational screening is no clinical practice. Long term follow up studies are
necessary to evaluate the relation between aspects of plaque and future risk of coronary
artery events.

Limitations
Only patients between 40 and 70 years old were included because of concern with radia-
tion exposure and extreme calcifications in younger and older patients respectively.

Subjects with LDLR-negative mutations were younger as compared to patients with LD-
LR-positive mutational FH. This could only have resulted in lower plaque burden scores in
this population resulting in an underestimation of the atherogenic effect LDLR-negative
mutations.

The selection of patients, those who are referred to our university lipid clinic, may have
more severe atherosclerosis as compared to other FH patients. This could have influenced
the total amount of observed plaque.

Atherosclerosis in patients with LDLR-negative mutations may have been underestimat-
ed due to survival bias. Patients, most susceptible for elevated LDL-C levels, may have
developed symptoms or may even have died before study inclusion.

Finally, CCTA overestimates stenosis grade, especially in calcified lesions and therefore the
reported prevalence of obstructive lesions may be overestimated.

CONCLUSION

In asymptomatic patients with a clinical diagnosis of FH, LDLR-negative mutations are
associated with a higher extent of subclinical CT coronary atherosclerosis as compared
to other patients with a clinical diagnosis of FH despite an earlier start of statin treatment
at higher dosages.
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ABSTRACT

Objective We evaluated the ability of 64-slice multidetector computed tomography
(MDCT) —derived plaque parameters to detect and quantify coronary atherosclerosis, us-
ing intravascular ultrasound (IVUS) as the reference standard.

Materials and Methods In 32 patients, IVUS and 64-MDCT was performed. The MDCT
and IVUS datasets of 44 coronary arteries were co-registered using a newly developed
fusion technique and quantitative parameters were derived from both imaging modali-
ties. The threshold of >0.5mm of maximum wall thickness was used to establish plaque
presence on MDCT and IVUS.

Results We analyzed 1364 coregistered 1-mm coronary cross-sections and 255 segments
of 5-mm length. Compared with IVUS, 64-MDCT enabled correct detection in 957 of 1109
cross-sections containing plaque (sensitivity 86%). In 180 of 255 cross-sections athero-
sclerosis was correctly excluded (specificity 71%). On the segmental level, MDCT detected
213 of 220 segments with any atherosclerotic plaque (sensitivity 96%), whereas the pres-
ence of any plaque was correctly ruled out in 28 of 32 segments (specificity 88%). In-
terobserver agreement for the detection of atherosclerotic cross-sections was moderate
(Cohen'’s kappa coefficient K=0.51), but excellent for the atherosclerotic segments (K=1.0).
Pearson’s correlation coefficient for vessel plaque volumes measured by MDCT and IVUS
was r=0.91 (P<0.001). Bland-Altman analysis showed a slight non-significant underesti-
mation of any plaque volume by MDCT (p=0.5), with a trend to underestimate noncalci-
fied and overestimate mixed/calcified plaque volumes (p =0.22 and p=0.87 respectively).

Conclusion MDCT is able to detect and quantify atherosclerotic plaque. Further im-

provement in CT resolution is necessary for more reliable assessment of very small and
distal coronary plaques.
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INTRODUCTION

The detection and accurate quantification of coronary plague may potentially improve
individualized risk stratification and allow the monitoring of patient’s response to
pharmacological treatment. Currently, intravascular ultrasound (IVUS) is considered
the reference method to quantify coronary atherosclerosis [1]. However, the method is
expensive, invasive and involves certain, albeit minimal risks, which makes it unsuitable
for preventive plaque detection in asymptomatic individuals or routine serial assessment
of atherosclerosis. Consequently, the ideal alternative to IVUS would be a non-invasive
method of coronary imaging that enables accurate assessment of atherosclerotic plaque.
Multidetector computed tomography (MDCT) has rapidly emerged as a noninvasive
imaging modality for visualisation of the coronary arteries. Following the advances in
MDCT technology and the improvement of spatial and temporal resolution with the
introduction of 64-slice MDCT scanners, numerous studies have confirmed the ability of
the technique to reliably detect and exclude significant coronary disease against invasive
angiography [2-7]. The accuracy of detection and quantification of coronary plaque using
MDCT compared to IVUS has been less extensively investigated and has been based mainly
on qualitative visual plaque detection on MDCT. The aim of this study was to evaluate the
ability of 64-slice CT to detect and quantify coronary atherosclerosis compared to IVUS,
using similar quantitative parameters on MDCT and IVUS. For this systematic approach
we applied a fusion technique recently developed in our institution [8], which allows us
to co-register IVUS and MDCT images such that cross-sectional images can be compared
head-to-head.

MATERIALS AND METHODS

Patients

Our study comprised patients who were treated in our institution for acute coronary
syndromes between May 2005 and January 2006. Acute coronary syndrome (ACS) was
defined as ST segment elevation myocardial infarction, non-ST-segment elevation myo-
cardial infarction (troponin positive) or unstable angina (troponin negative). Immediately
after initial management of the culprit lesions, these patients were asked to participate
in the MDCT study. They were considered for inclusion only if an IVUS pullback was per-
formed in one or more of their coronary arteries other than the treated vessel, if they
had a heart rate lower than 70 bpm during the MDCT acquisition and had no prior coro-
nary bypass surgery. Exclusion criteria included renal dysfunction (serum creatinine >120
mmol/L), contrast allergy and irregular heart rhythm. The institutional review board of our
hospital approved the study, and all patients provided written informed consent before
study participation.
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MDCT acquisition

All patients underwent CT coronary angiography with a 64-slice scanner (Sensation 64,
Siemens, Forchheim, Germany), according to a previously published protocol [4]. Be-
cause patients having an ACS were already treated with intravenous nitrates and b-block-
ers, additional medication prior to CT scan was not necessary. Scan parameters were:
gantry rotation time of 0.33 second; 32x 2 slices per rotation; 0.6 mm detector collimation;
table feed of 3.8 mm per rotation; tube voltage of 120 kV; and tube current of 900 mAs.
Prospective x-ray tube modulation was not applied. A bolus of 100 mL of contrast mate-
rial (400 mgl/mL; lomeron, Bracco, Milan, Italy) was injected intravenously at flow rate of 5
mL/s. The initiation of the scan was synchronized to the arrival of contrast in the coronary
arteries by a bolus-tracking technique (threshold of 100 Hounsfield units). The estimated
mean effective radiation dose was 17.0 = 1.1 mSy, using the dose-length product and
the conversion factor k (0.017 mSv/mGy/cm). Axial CT images were reconstructed with
a slice thickness of 0.75 mm and 0.4 mm increments using a retrospectively ECG gating
algorithm to obtain optimal, motion-free image quality, resulting in a temporal resolution
of approximately 165 milliseconds and a spatial resolution of 0.4 mm. Optimal data sets
with the best image quality were reconstructed mainly in the mid- to end-diastolic phase,
using a medium-smooth convolution kernel, and were uploaded to an MDCT Picture Ar-
chiving and Communication System.

IVUS acquisition

The IVUS was performed using standard methodology. One or more of the coronary ar-
teries of these patients were imaged by IVUS with commercially available catheter (40
MHz, Atlantis SR Pro, Boston Scientific, Boston, Massachusetts). After the intracoronary
administration of 100 to 200 ug of nitroglycerin, IVUS images were acquired using auto-
matic mechanical pullback devices operating at a continuous pullback speed of 0.5 mm/s
[1]. Data were stored on DVD, transformed into the Digital Imaging and Communication
in Medicine image standard, and archived for offline analysis with retrospective image-
based gating [9] (axial spacing of gated IVUS images approximately 0.5 mm).

MDCT and IVUS co-registration

Datasets were transferred to an offline workstation for further analysis using an in-house
developed tool, based on MeVisLab software (MeVisLab, Mevis, Bremen, Germany, http://
www.mevislab.de). The registration procedure was performed by an independent inves-
tigator not involved in the later comparative analysis, and has been previously described
in detail [8]. Briefly, the process was performed as follows: for each vessel of interest, the
stack of ECG-gated IVUS images (axial distance of approximately 0.5 mm) was examined
to identify bifurcations, which were used as landmarks. In order to register the MDCT
to the IVUS images, a vessel centreline was manually drawn in the MDCT dataset start-
ing from the ostium. Cross-sectional images, perpendicular to the centreline, were equi-
distantly generated at every 0.2 mm. The corresponding IVUS-derived landmarks were
identified on this MDCT image set. After manual registration of the side branches, cross-
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sectional MDCT images perpendicular to the centreline were generated again, but now
such that the number of MDCT images between the landmarks was equal to the number
of IVUS images between the landmarks. For each IVUS image the position and rotation
of the corresponding MDCT image between the manually registered side branches was
determined by linear interpolation. Therefore, only vessels with at least two bifurcations
identifiable on both imaging modalities were co-registered. The goal of the registration
process was to reconstruct cross-sectional MDCT images of the coronary artery at the
same axial position where the IVUS images were obtained, enabling a head-to-head com-
parison between these images.

MDCT image analysis

For each vessel, the co-registered region of interest (ROI) was considered for plaque anal-
ysis. Both the inner lumen and the outer vessel boundaries were identified and manually
annotated following a stepwise approach. Multiplanar reformatted images were gener-
ated and the lumen and vessel borders were traced longitudinally on at least 3 different
vessel views; the intersections between these longitudinal contours and cross-sectional
images at 1T mm intervals were calculated in order to create cross-sectional contours,
which were examined and, if necessary, adjusted by an experienced observer. The set-
tings for window level and width were previously optimized by an independent investi-
gator and fixed at 740 HU and 220 HU respectively [10] (Rengo M. et al. “Optimization of
Window-Level Settings in CT Coronary Angiography for the Quantification of Coronary Lumen
and Plaque’, submitted). The annotation of lumen and the vessel wall boundaries was

MDCT normal image MDCT gradient image Flgure 1. Examp‘e of
generated cross-section-

al MDCT images (1 mm
interval). Panel A: in the
normal MDCT image, the
vessel lumen is brightly
enhanced (asterisk), and
a non-calcified, eccentric
plague is visible (arrow).
Panel B: in the gradient
MDCT image, the bigger
change in image inten-
sity is depicted brighter,
which facilitates the dis-
crimination of borders
between tissues with dif-
ferent intensity. Panels C
and D: analyzed normal
and gradient image re-
spectively; panel E: corre-
sponding IVUS cross-sec-
tion; panel F: longitudinal
vessel view.

(a]
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also facilitated by gradient magnitude images, which are derived from the MDCT im-
ages (Figure 1A-B). They represent the magnitude of the image intensity gradient vector;
the amount of local change in image intensity. The transition from high intensity lumen
to the low intensity epicardial tissue is depicted in these images as a bright ridge. The
plaque area was calculated by subtracting lumen area from vessel area. Plaques in which
>50% of the plaque area was occupied by calcified tissue (in the respective cross-section)
were classified as calcified, plaques with calcified tissue occupying <50% as mixed and
plagues without any calcium as non-calcified. Typical example of non-calcified plaque
visualised by MDCT and IVUS is shown in Figure 1 (C-F). The threshold of >0.5mm plaque
thickness on MDCT was used to consider plaque present, similarly to IVUS. Plaque area
and % plaque burden (plaque area/vessel area) measured by MDCT were also examined
as potential quantitative parameters to detect plaque. A second investigator also blinded
to the IVUS results, performed the same analysis independently on 22 randomly selected
ROIs.

IVUS image analysis

IVUS analysis was performed off-line by an experienced cardiologist, blinded to the MDCT
scans. Lumen and external elastic membrane (EEM) contours were manually traced to
determine lumen area and vessel area using dedicated software (QCU-CMS, version 4.5,
Leiden, the Netherlands). The measurements were performed according to the American
College of Cardiology recommendations [1] and atherosclerotic plaques were defined as
structures located between the media and the intima with a thickness of at least 0.5 mm.

Comparison between IVUS and 64-MDCT

The MDCT and IVUS annotated contours on the co-registered ROIls were compared at
corresponding positions. The software determined the lumen area, vessel area and maxi-
mum wall thickness for the annotated MDCT contours at 1 mm increments and for the
corresponding IVUS contours, which were obtained by interpolating the IVUS contours
with cubic B-spline interpolation, at the position derived from the registration. Plaque
volumes on MDCT and IVUS were calculated for the entire ROl by adding plaque volumes
of all respective cross-sections, according to Simpson'’s rule. The co-registered ROIs were
further divided into 5-mm segments for the purpose of evaluating diagnostic accuracy of
MDCT to detect plaque on a segmental level, apart from the cross-sectional level.

Statistical analysis

Continuous variables were presented as means + standard deviation, unless otherwise
indicated, and categorical variables were reported as frequencies. Differences in baseline
characteristics between patients included in the study and patients excluded were evalu-
ated using chi-square test, Fisher's exact test, and unpaired Student’s t-test, as appropri-
ate. To take into account the potential correlation between the multiple cross-sections
and segments derived from the same patient, generalized estimation equation (GEE)
with binary logistic regression was applied to obtain patient-clustered values, adjusted
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for distance from the ostium and type of vessel (RCA, LAD or LCX). Adjusted sensitivity,
specificity, positive predictive value (PPV) and negative predictive value (NPV) of MDCT
to detect plaque were calculated and the 95% confidence intervals were determined in
addition to the crude (non-GEE based) analyses. Cohen'’s kappa was calculated to deter-
mine interobserver agreement. Receiver operating characteristics (ROC) curve analysis
was performed in order to evaluate the ability of quantitative characteristics measured by
MDCT to detect plaque, and the area under the curve (AUC) was calculated. Comparison
between plaque volumes was performed using paired Student’s t-test. Correlation and
agreement between MDCT and IVUS measurements were evaluated by Pearson’s cor-
relation coefficient and Bland-Altman analysis respectively. The 95% limits of agreement
were defined as the range of values between + 2 standard deviations from the mean dif-
ference. A two-tailed p-value <0.05 was considered statistically significant. The statistical
package SPSS 17.0 was used for the analysis.

RESULTS

Forty-seven vessels from 32 patients (mean age: 54 + 10 years) with MDCT and IVUS of
good image quality were successfully co-registered. From the total study population, 14
patients were not included in this analysis (4 did not have IVUS imaging, 2 had low qual-
ity IVUS imaging, 4 had low quality MDCT imaging and 4 could not be co-registered with
the fusion technique due to technical problems, i.e. too few landmarks for matching). The
mean time interval between IVUS and MDCT acquisitions was 4.8 + 6.0 days. The baseline
characteristics of all patients are presented in Table 1. Three vessels were excluded from
further analysis because the ROl was occupied by long stents, thus 44 vessels were avail-
able for final head-to-head comparison [right coronary artery (RCA), n = 10; left anterior
descending artery (LAD), n=22; left circumflex artery (LCX), n = 12]. The mean length of
the investigated ROIs was 31 £ 14 mm and comprised a total of 1364 registered 1-mm
cross-sections and 255 segments of 5-mm length.

Diagnostic performance on cross-sectional level

Presence of atherosclerotic plaque was confirmed by IVUS in 1109 out of the 1364 cross-
sections (81.3%). Using the cut-off of >0.5 mm wall thickness, the 64-slice CT enabled a
correct detection of any plaque in 957 of 1109 cross-sections, resulting in a sensitivity of
86%. Of these detected plaques, 755 were characterized as non-calcified (79%), 115 as
mixed (12%) and 83 (1%) as calcified by MDCT. In 180 of 255 cross-sections, the presence
of atherosclerotic lesions was correctly ruled out (specificity 71%). The 75 normal cross-
sections misclassified by MDCT as diseased, were all incorrectly considered as contain-
ing non-calcified plaque. Both the crude and the adjusted analysis values for diagnostic
performance are presented in Table 2. Coronary plaques that were missed on MDCT had
smaller maximum plaque thickness (0.8 mm +0.2 vs. 1.1 mm +0.4, p <0.001) and plaque
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area (5.1 mm?+1.9vs. 7.0 mm?+ 2.6, p <0.001) by IVUS, compared to the detected plaques
(Table 3). The sensitivity of MDCT to detect plaque increased with plagque size (Figure 2-A),
while it decreased with

the distance from the cor-

onary ostium (Figure 2-B), A

dropping below 80% for 400 100
plaques located at 50 mm
or more from the ostium. 80
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Cut-off values of MDCT-derived quantitative parameters for plaque
detection

ROC curve analysis for MDCT maximal wall thickness, plaque area and plaque burden is
shown in Figure 3. The MDCT maximal wall thickness presented non-significantly better
discriminatory ability for plaque detection (AUC 0.876) than plaque area (AUC 0.847) and
plaque burden (AUC 0.834). If MDCT plaque area and plaque burden were to be used
as quantitative characteristics to detect plaque, the cut-off values of 3.8 mm?and 35%
respectively would provide a sensitivity exceeding 80% with corresponding specificity
values of 75% and 68%.
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Diagnostic performance on segmental level

The analysis on a segmental basis revealed that MDCT correctly detected 213 of 220
segments with any atherosclerotic plaque (sensitivity 96%), whereas the presence of any
plague was correctly ruled out in 28 of 32 segments (specificity 88%). The majority of
the segments with plaque detected by MDCT contained non-calcified plaque (154 out
of 213, 72%). Mixed plaque was present in 44 segments (21%) and calcified plaque in 15
segments (7%). Four non-diseased segments were incorrectly characterized as contain-
ing non-calcified plaque. The crude and the adjusted analysis values for diagnostic per-
formance are shown in Table 2. Mean plaque area measured by IVUS in the 10 segments
with a false-negative MDCT result was 4.1 £ 1.5 mm? versus 6.7 + 2.6 mm? (P=0.002) for
the 213 segments with a true-positive MDCT result (Table 3). The interobserver agree-
ment for the detection of atherosclerotic segments using MDCT-derived wall thickness
was excellent (Cohen'’s kappa=1.0).

Plaque volume comparison between MDCT and IVUS

Pearson’s correlation coefficient for regional plagque volumes measured by MDCT and
IVUS was very good (r=0.91, P<0.001). Bland-Altman analysis showed a slight non-signifi-
cant underestimation of plaque volume by MDCT (177 + 101 mm? versus 181 + 107 mm?,
P=0.5; see Figure 4), with a mean difference of -4.5 mm? and 95% limits of agreement be-
tween -92.7 and 83.7 mm?. A sub-analysis per ROl plaque type revealed that non-calcified
plaque volumes (n=19) were systematically but non-significantly underestimated (129.3
+ 88.2 mm? vs. 141.7 + 93.2 mm?, p=0.22). Plague volume in the mixed/calcified ROIs
(n=25) was slightly overestimated (213.2 + 96.5 mm?vs. 211.7 £ 108.3 mm?, p = 0.87).
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Figure 4. Correlation plot (A) and Bland-Altman analyses (B-D) for plaque volumes per vessel determined by
IVUS versus 64-slice MDCT.

DISCUSSION

In the present study, we evaluated the ability of 64-slice MDCT to detect and quantify
coronary atherosclerotic plaque, based on MDCT-derived parameters, using IVUS as a
reference standard. The novel fusion technique we applied for the co-registration of IVUS
and MDCT [8] provided cross-sectional images at identical positions for the whole length
of the ROl and enabled a head-to-head comparison of the 2 imaging modalities.

The main findings of our study can be summarized as follows: plaque detection based on
the threshold of >0.5mm for MDCT-derived maximum wall thickness resulted in a reason-
ably good diagnostic accuracy on the cross-sectional level (sensitivity 86%, specificity
71%), and very good on the segmental level (sensitivity 96%, specificity 88%). Moreover,
the accurate detection of atherosclerotic plaque depended on plaque and vessel size.
Smaller plaques could not be reliably detected, which was in accordance with previous
reports [11-12]. Plaque location was also playing an important role for the diagnostic
accuracy; the sensitivity significantly decreased for plaques located more distally. Final-
ly, quantification of plaque volumes showed a significantly strong correlation between
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MDCT and IVUS. The mean differences were small, with underestimation of non-calcified
and overestimation for mixed/calcified plaque, however the limits of agreement were
relatively wide.

MDCT angiography has the potential to become a non-invasive alternative to IVUS for
plaque quantification and to be used for risk stratification of asymptomatic individuals or
the assessment of atherosclerosis progression/regression. Previous studies [13-16] have
focused on the comparison of MDCT- and IVUS-derived quantitative parameters, such as
plaque area or plaque burden, showing moderate to good correlation, but the presence
of atherosclerosis on MDCT was based on binary (yes/no) visual scoring. This is the first
study, to our knowledge, that used a MDCT-derived quantitative parameter (wall thick-
ness) to assess diagnostic accuracy on a slice-by-slice and segmental basis. Our data dem-
onstrated that the detection of atherosclerotic plaque based on MDCT-derived quan-
titative parameters in a similar fashion to IVUS was feasible. Plaques located within the
proximal 40 mm were detected with very high sensitivity (88-100%) and as invasive imag-
ing studies have shown, the most clinically relevant lesions are highly clustered within the
proximal sections of the coronaries [17-19]. Moreover, the very good diagnostic accuracy
obtained at segmental level is promising for the potential development of prediction
models based on plague presence on a per-segment basis. Nevertheless, it is important
to keep in mind that the clinical use of MDCT for detection of early atherosclerosis is still
limited by the current spatial and temporal resolution of the technique. Further technical
improvements of the acquisition and reconstruction techniques will enable more reliable
visualization of the coronary arteries with better signal-to-noise ratio and decrease of
partial voluming and motion artifacts.

Regarding the quantification of plaque volume by MDCT, our results add to the exist-
ing literature which only deals with stable angina patients. Several researchers compared
plaque volumes derived from MDCT angiography with corresponding IVUS data and
reported strong correlation and moderate agreement [20-25]. The differences between
MDCT and IVUS volumetric measurements, which were also observed in our analysis,
could be attributed to several technical and methodological factors. The spatial resolu-
tion of 64-slice CT may still be inadequate for accurate edge discrimination of MDCT
images. The smaller coronary plaques, in particular non-calcified plaques, cannot be well
defined and may occasionally not be detected, resulting in underestimation of plaque
volume. Moreover, the real size of calcified plaque is overestimated by MDCT due to
the blooming effects. Quantification of calcified plaque by IVUS can also be imprecise,
because the acoustic shadowing in areas of calcification blocks the view of the outer
vessel borders. In addition, on IVUS the outer boundaries were defined by the external
elastic membrane (EEM), whereas on MDCT the outer vessel border was annotated at
the adventitia-fat boundary, which may also have accounted for the discrepancies in the
measurements. Furthermore, the IVUS images are not strictly perpendicular to the cen-
terline, depending on the catheter position and vessel tortuosity. The slice thickness is
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slightly different between the two techniques, but this was largely overcome by the co-
registration technique we used.

LIMITATIONS

This study was performed on a selected patient population with acute coronary syn-
dromes and the examined vessels were only the major epicardial arteries, for which IVUS
data were available. This population presented with high prevalence of disease and diag-
nostic accuracy might be lower in populations with lower prevalence, i.e. asymptomatic
patients. In addition, some patients were excluded, however their characteristics were
not different from the study group, thus we assumed that exclusion of these patients did
not have any major influence on our study. Furthermore, the ROIs selected for our analysis
were free of image artifacts (for instance caused by coronary motion or noise), whereas
in everyday clinical routine those artifacts occasionally do occur. However, contrary to
other studies, we have to point out that we included extensively calcified plaques. In
addition, manual plague segmentation largely depended on the individual operator and
was rather time consuming; more automated validated software would be required for
MDCT plaque analysis in a routine clinical setting. Finally, the high radiation exposure
during MDCT coronary angiography remains a matter of concern. For this study, the esti-
mated radiation exposure for the contrast-enhanced scan without prospective x-ray tube
modulation was 17 + 1 mSv; nevertheless, this radiation dose reflected the CT technology
available at that time. Significant reduction of radiation dose can currently be achieved
by implementation of several dose-saving techniques [26], which does result in effec-
tive dose comparable or lower than invasive coronary angiography. By applying image
reconstruction algorithms, such as iterative reconstruction [27], supplementary to other
radiation dose-saving techniques, dose reduction can be achieved with comparable im-
age noise at lower tube currents.

CONCLUSIONS
The present study demonstrated that 64-MDCT is able to detect and quantify atheroscle-
rotic plaque using MDCT-derived parameters. Further improvement in CT resolution is

required for more reliable assessment of very small and distal coronary plaques.
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INTRODUCTION

CT coronary angiography has emerged as a widely used and reliable imaging modality
to assess the absence or presence of coronary artery disease. In addition CT coronary an-
giography is able to determine the coronary plague burden throughout the whole coro-
nary tree. In chapter 2 and 3 an overview of the literature on CT coronary plague imaging
and the prognostic value of CT coronary angiography is presented.

CT CORONARY ANGIOGRAPHY: IMAGE QUALITY, DIAGNOSTIC AC-
CURACY AND RADIATION DOSE

The image quality and diagnostic accuracy of CT coronary angiography seems to be re-
lated to certain patient characteristics and to the scanner and acquisition protocol used.

In a large study of 927 symptomatic patients undergoing CT coronary angiography using
adaptive ECG-pulsing, the influence of heart rate frequency and heart rate variability on
radiation dose, image quality and diagnostic performance was determined (chapter 4).
Heart rate frequency and heart rate variability showed no significant relation with image
quality nor with diagnostic accuracy. Radiation dose was significantly lower in patients
with a high heart rate frequency compared to those with a low frequency. A high heart
rate variability was significantly related to an increase in radiation dose because of the
adaptive ECG-pulsing algorithm that automatically adjusted the radiation window during
the scan, when the heart rate significantly varies, to maintain high image quality.

The second generation 128-slice dual source CT scanner offers several different CT coro-
nary angiography acquisition protocols. Patients referred for CT coronary angiography
were divided into two groups based on pre-scan heart rate (group 1: < 65 beats per min-
ute; group 2: > 65 beats per minute). They were randomized to undergo 1) prospective
high pitch spiral or narrow-window prospective sequential scanning in the first group
and 2) wide-window prospective sequential or retrospective spiral scanning in group 2.1n
chapter 5 we compared the image quality and radiation dose and their relationship with
heart rate of the different scan protocols. A high pitch spiral CTCA scan protocol offered
a significant reduction in radiation dose compared to a narrow-window sequential scan
protocol. However, image quality was only maintained in a selected patient population
with a very low (<55 beats per minute) heart rate. A wide-window sequential scan pro-
tocol offered a significant reduction in radiation dose compared to a retrospective spiral
scan protocol and provides similar image quality.

Then we compared the ability of the different CT coronary angiography protocols to de-
tect coronary lesion with more than 50% lumen diameter narrowing with quantitative
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invasive coronary angiography in 267 patients (chapter 6). The results of this study con-
firmed the findings of chapter 5. Sequential scanning provided good diagnostic perfor-
mance at a relatively low radiation dose (2.65 - 7.53 mSv; dependent on scan window and
tube voltage). Further dose reduction can be achieved with high-pitch spiral scanning in
patients with low heart rates, albeit at the expense of a lower diagnostic performance.
Retrospective spiral acquisition provided comparable diagnostic performance at a sig-
nificantly higher radiation dose compared to the wide-window sequential protocol and
thus should be abandoned in patients with a stable heart rate. Taking into account the
image quality, diagnostic performance and radiation exposure the prospective sequential
protocol is preferred for CT coronary angiography in patients with a stable heart rate.

Finally we studied 100 patients that underwent CT coronary angiography using a sequen-
tial protocol for further optimization of this acquisition protocol in relation to heart rate to
provide diagnostic quality at the lowest radiation exposure (chapter 7). For each CT coro-
nary angiography the image quality of 10 datasets, representing 10 different time-points
in the cardiac cycle (RR-interval), was determined. The optimal reconstruction window
for sequential CT coronary angiography using a second generation Dual Source CT scan-
ner, was 40-45% of the RR-interval in patients with a heart rate of >70 beats per minute
and 70-75% in patients with a heart rate <70 beats per minute. Using these small recon-
struction windows as acquisition windows radiation dose would be reduced substantially
(1.5+0.6 mSv to 2.84+0.7 mSy, dependent on the tube potential used).

CT CORONARY PLAQUE IMAGING

The autosomal dominant disorder Familial Hypercholesterolemia is associated with an
increased risk of coronary artery disease, irrespective of the presence of symptoms of
coronary ischemia. However, some patients with FH will never suffer an adverse cardiac
event. We evaluated the visualization of the coronary vessels by CT coronary angiography
for assessing direct evidence of having coronary atherosclerosis.

We studied 101 statin treated asymptomatic patients with familial hypercholesterolemia
and 126 patients with non-anginal chest pain, who all underwent CT calcium scoring and
CT coronary angiography (chapter 8). The coronary calcium score and the total athero-
sclerotic plague burden were compared between these two groups of patients. Despite
intense statin treatment to lower the serum cholesterol the occurrence of CAD was sig-
nificantly higher in patients with FH.

In a extended population of 140 treated patients with FH the extent, severity and distribu-

tion of CAD and type of plaque were evaluated using CT coronary angiography (chapter
9). Despite their genetic predisposition for development of CAD, 1 out of 6 patients did
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not have show any signs of coronary atherosclerosis. Nevertheless we found obstructive
coronary lesions in a quarter of patients, in spite of the absence of symptoms. The extent
of coronary atherosclerosis is related to gender and serum cholesterol levels. Presence
and severity of subclinical CAD in patients with FH is comparable to that of asymptomatic
patients with diabetes mellitus. The composition of plaques and the anatomical distribu-
tion of CAD throughout the coronary tree is similar to that of patients without FH.

In 50 to 80% of identified cases of patients with FH the genetic disorder is known. We
evaluated the relation between CT coronary angiography plaque burden and the pres-
ence of the several currently known genetic disorders causing FH in 145 patients with FH
(chapter 10). Our results showed that LDL receptor negative mutational status in is related
to a higher extent of CAD compared to other genetic mutations even though all patients
were intensively treated with statins.

Early detection of subclinical CAD (screening) using non-invasive CT coronary angiogra-
phy in high risk patients might influence risk prediction and clinical management in the
future. However, accurate assessment of atherosclerotic coronary plaque using CT coro-
nary angiography is mandatory for detection of early plaques in asymptomatic individu-
als and serial evaluation of progression of coronary atherosclerosis. In addition a modality
for screening or serial examinations should preferably be low risk, non-invasive, cheap
and fast, which makes CT coronary angiography suitable. In 32 patients the detection
of coronary plaque and quantification of plagque volume were evaluated by CT coronary
angiography (chapter 11). Compared to Intravascular Ultrasound, the gold standard for
coronary plaque assessment, CT coronary angiography was able to detect the majority of
plagues and only slightly underestimated the plaque volumes.

FUTURE PERSPECTIVE

To explore the current and future position of CT coronary angiography in the diagnosis
of patients with suspected coronary artery disease or individuals at high risk for coro-
nary artery disease, a six level hierarchical model of efficacy can be used [1]. At the first
level of technical efficacy the temporal resolution as well as the spatial resolution of CT
coronary angiography have improved with latest generation scanners but are still limited
compared to invasive coronary angiography. Radiation exposure of CT coronary angi-
ography has been reduced to 1.0-3.0 mSv and new technical developments as iterative
reconstruction might lower the dose to less than 1 mSv. The high diagnostic accuracy
(level 2) of CT coronary angiography has been studied extensively and especially the high
negative predictive value supports the use of CT coronary angiography as a first line test.
Nevertheless, CT coronary angiography is currently not able to reliable identify flow limit-
ing coronary lesions that are subject for revascularization therapies. New CT applications
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for functional testing (CT-FFR, CT myocardial perfusion, CT intracoronary attenuation gra-
dient assessment) are being developed and tested but not yet clinically implemented.

CT coronary angiography shows the highest diagnostic thinking efficacy (level 3) in pa-
tients with an intermediate pre-test probability according to the Bayesian theory. How-
ever, the influence of CT coronary angiography on therapeutic decision making (level 4) is
still rather limited despite high diagnostic accuracy and prognostic value of CT coronary
angiography. Only few exploratory studies are reported on the use of CT coronary angi-
ography in asymptomatic individuals. At this moment comparative effectiveness research
[2] on patient outcome and societal efficacy (level 5 and 6) is sparse. In conclusion: the
precise clinical role of CT coronary angiography in symptomatic patients, in comparison
to other widely used non-invasive CAD detection modalities, has not been established.
Currently there is no clinical role for CT coronary angiography in asymptomatic (high-risk)
individuals. Results of comparative effectiveness research on using CT coronary angiog-
raphy for different clinical indications are needed to define the position of CT coronary
angiography in the future.
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INTRODUCTIE

CT coronair angiografie heeft zich ontwikkeld tot een veel gebruikte en betrouwbare
beeldtechniek om de aan- of afwezigheid van aderverkalking in de kransslagaderen aan
te tonen. Tevens kan met CT coronair angiografie de uitgebreidheid van aderverkalking
in de kransslagaderen bepaald worden. In hoofdstuk 2 en 3 wordt een overzicht gegeven
van de literatuur over het afbeelden van plaque in de kransslagaderen met CT en de
prognostische waarde van CT coronair angiografie.

CT CORONAIR ANGIOGRAFIE: BEELDKWALITEIT, DIAGNOSTISCHE
ACCURAATHEID EN STRALINGSDOSIS

De beeldkwaliteit en diagnostische accuraatheid van CT coronair angiografie lijkt gerela-
teerd aan bepaalde patiénten karakteristieken, de gebruikte CT scanner en het acquisitie
protocol.

In een grote studie met 927 symptomatische patiénten die CT coronair angiografie on-
dergingen, gebruikmakend van een adaptief ECG-pulsing algoritme, werd de invioed van
de hartslagfrequentie en hartslagvariabiliteit op stralingsdosis, beeldkwaliteit en diagnos-
tische accuraatheid onderzocht (hoofdstuk 4). Hartslagfrequentie en hartslagvariabiliteit
vertoonden geen significante relatie met beeldkwaliteit en diagnostische accuraatheid.
De stralingsdosis was significant lager in patiénten met een hoge hartslagfrequentie ver-
geleken met patiénten met een lage frequentie. Een grote hartslagvariabiliteit was ge-
relateerd aan een significante toename in stralingsdosis door het adaptieve ECG-pulsing
algoritme. Dit algoritme paste automatisch het stralingswindow aan op het moment dat
de hartslag duidelijk varieerde, om hoge beeldkwaliteit te behouden.

De tweede generatie 128-slice dual source CT scanners bieden mogelijkheid tot het ge-
bruiken van verschillende CT coronair angiografie acquisitie protocollen. Patiénten ver-
wezen voor CT coronair angiografie, werden verdeeld in twee groepen aan de hand van
hun hartslagfrequentie (groep1: <65 slagen per minuut; groep 2: =65 slagen per minuut).
Vervolgens werd per groep gerandomiseerd om 1) een prospectief high pitch spiral pro-
tocol of een prospectief sequentieel protocol met een smal stralingswindow en 2) een
prospectief sequentieel protocol met een breed stralingswindow of een retrospectief spi-
raal protocol te ondergaan. In hoofdstuk 5 hebben we de beeldkwaliteit en de stralings-
dosis in relatie met de hartslagfrequentie bepaald van deze verschillende protocollen.
Het high pitch spiral protocol gaf een significante verlaging van de stralingsdosis vergele-
ken met het sequentiéle protocol met een smal stralingswindow. De beeldkwaliteit bleef
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echter achter en was slechts hetzelfde in een specifieke patiénten groep met een zeer
lage hartslagfrequentie (<55 slagen per minuut). Het sequentiéle protocol met een breed
stralingswindow gaf een significant lagere stralingsdosis dan het retrospectieve spiraal
protocol terwijl de beeldkwaliteit vergelijkbaar was.

Vervolgens hebben we het vermogen van de verschillende CT coronair angiografie pro-
tocollen om een >50% vernauwing van de kransslagaderen aan te tonen, vergeleken met
invasieve coronair angiografie in 267 patiénten (hoofdstuk 6). De resultaten van deze
studie onderschreven de bevindingen van hoofdstuk 5. Sequentieel scannen leverde een
goede diagnostisch accuraatheid op terwijl de stralingsdosis relatief laag was (2.65 - 7.53
mSv; afhankelijk van gebruikte stralingswindow en buis potentiaal). Verdere verminde-
ring van de stralingsdosis in patiénten met een lage hartslag kan bereikt worden door
gebruik te maken van het high pitch spiral protocol maar dat gaat dan wel ten koste van
de diagnostische accuraatheid. Het retrospectieve spiraal protocol leidde tot een zelfde
diagnostische accuraatheid maar met een significant hogere stralingsdosis vergeleken
met het sequentiéle protocol met breed stralingswindow en zou dus niet gebruikt moe-
ten worden in patiénten met een stabiele hartslagfrequentie. Rekening houdend met
beeldkwaliteit, diagnostische accuraatheid en stralingsdosis is het sequentiéle acquisi-
tieprotocol het scanprotocol van voorkeur in patiénten met een stabiele hartslag die CT
coronair angiografie moeten ondergaan.

Vervolgens hebben we in 100 patiénten die sequentiéle CT coronair angiografie onder-
gingen onderzocht hoe dit acquisitie protocol verder geoptimaliseerd kon worden om
hoge beeldkwaliteit te verkrijgen met een zo laag mogelijke stralingsdosis (hoofdstuk 7).

Van elk CT coronair angiogram is de beeldkwaliteit van 10 datasets, die op 10 verschillen-
de tijdspunten in het RR-interval vervaardigd zijn, bepaald. Het optimale reconstructie-
window voor sequentiéle CT coronair angiografie gebruikmakend van een tweede gene-
ratie dual source scanner was 40-45% van het RR-interval voor patiénten met een hartslag
370 slagen per minuut en 70-70% voor patiénten met een hartslag <70 slagen per minuut.
Wanneer we deze geoptimaliseerde acquisitie windows gebruikt zouden hebben zou de
stralingsdosis substantieel lager geweest zijn (1.5£0.6 mSv tot 2.8+0.7 mSy, afhankelijk
van het gebruikte buis potentiaal).

AFBEELDING VAN ADERVERKALKING IN DE KRANSSLAGADEREN
MET CT

De autosomaal dominante afwijking Familiaire Hypercholesterolemie (FH) is geassocieerd
met een verhoogd risico op ziekte van de kransslagaderen, ongeacht de aanwezigheid
van symptomen. Echter sommige patiénten met FH zullen nooit een probleem met hun
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hart krijgen. Om de aan- of afwezigheid van aderverkalking in de kransslagaderen aan te
tonen hebben we middels CT coronair angiografie de kransslagaderen afgebeeld. In dit
onderzoek zijn 101 klachtenvrije patiénten met FH en 146 patiénten met niet-angineuze
klachten bestudeerd. Allen ondergingen een blanco CT ter verkrijging van de calcium-
score en een CT coronair angiografie (hoofdstuk 8). De calcium score en de totale athe-
rosclerotische plaque belasting in de kransslagaderen is vergeleken tussen deze twee
patiénten groepen. Ondanks de intensieve behandeling met statines om de cholesterol
waardes in het bloed te verlagen kwam aderverkalking in de kransslagaderen significant
vaker voor in patiénten met FH dan in patiénten met niet-angineuze klachten. In een uit-
gebreidere populatie van 140 patiénten met FH hebben we de uitgebreidheid, de ernst,
de compositie en de anatomische verdeling van de aderverkalking bestudeert door mid-
del van CT coronair angiografie (hoofdstuk 9). Hoewel allen genetische aanleg voor het
ontwikkelen van aderverkalking in de kransslagaderen hebben, waren erin 1 op de 6 pa-
tiénten geen tekenen van aderverkalking waarneembaar. Tegelijkertijd werd in bijna een
kwart van de patiénten significante vernauwingen in de kransslagaderen gezien. De uit-
gebreidheid van aderverkalking is gerelateerd aan geslacht en cholesterol waardes in het
bloed. Aanwezigheid en ernst van subklinische aderverkalking in patiénten met FH zijn
vergelijkbaar met die in klachtenvrije patiénten met diabetes mellitus. De compositie en
de anatomische verdeling van de aderverkalking was hetzelfde als in patiénten zonder FH.

Van 50 tot 80% van de patiénten die gediagnosticeerd zijn met FH is de genetische afwij-
king bekend. We hebben de relatie tussen aderverkalking zichtbaar op CT coronair an-
giografie en de verschillende genetische afwijkingen die FH veroorzaken onderzocht in
145 klachtenvrije patiénten met FH (hoofdstuk 10). Uit onze resultaten blijkt dat patiénten
met een mutatie waardoor een van de cholesterol receptoren (LDL-receptor) afwezig is,
meer en ernstiger aderverkalking lieten zien vergeleken met patiénten met een andere
genetische afwijking zelfs al werden alle patiénten intensief behandeld met statines.

Vroege detectie van kransslagaderverkalking (screening) gebruikmakend van CT coro-
nair angiografie in klachtenvrije hoogrisico patiénten kan mogelijk de risico inschatting
en het klinische handelen in de toekomst beinvlioeden. Een techniek die ingezet wordt
voor screening moet bij voorkeur een laag risico op complicaties hebben en niet-invasief,
goedkoop en snel zijn. Rekening houdend met deze eigenschappen komt CT coronair
angiografie mogelijk in aanmerking om ingezet te worden voor screening. Hoogrisico
klachtenvrije patiénten kunnen dan met CT coronair angiografie onderzocht worden om
atherosclerose in een vroeg stadium te detecteren en het verdere ziektebeloop te evalu-
eren. Om de accuraatheid om plague te beoordelen te onderzoeken werd in 32 patiénten
met een acuut coronair syndroom de aanwezigheid van plaque en het plaquevolume
bepaald met CT coronair angiografie (hoofdstuk 11). In vergelijking met intravasculaire
echografie, de gouden standaard voor plaque beoordeling, was CT coronair angiografie
in staat de meerderheid van de lesies te detecteren terwijl het volume van de plaques
slechts gering werd onderschat.
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TOEKOMST PERSPECTIEF

Om de huidige en de toekomstige rol van CT coronair angiografie in patiénten met de
verdenking op hartziekte te evalueren kan een hiérarchisch model met 6 niveaus gebruikt
worden [1]. Op het niveau van technische werkzaamheid (niveau 1) kan gesteld worden
dat zowel de temporele als de spatiéle resolutie verbeterd zijn in de laatste generatie
scanners maar dat ze nog wel beperkt zijn in vergelijking met invasieve coronair angio-
grafie. De stralingsdosis van CT coronair angiografie is teruggebracht tot 1,0-3,0 mSv en
nieuwe technische ontwikkelingen zoals iteratieve reconstructie maken het mogelijk dit
nog verder verlagen tot minder dan 1,0 mSv. De hoge diagnostische accuraatheid (niveau
2) van CT coronair angiografie is uitgebreid onderzocht en met name de hoge negatief
voorspellende waarde onderschrijft de rol van CT coronair angiografie als een test om
ziekte uit te sluiten. CT coronair angiografie is momenteel nog niet in staat om op be-
trouwbare wijze de mate van bloedstroombelemmering veroorzaakt door aderverkalking
in de kransslagaderen te identificeren. Nieuwe CT toepassingen voor het testen van de
aanwezigheid van ischemie (CT-functional flow reserve (FFR), CT myocard perfusie en het
aantonen van een CT intracoronaire aankleuringsgradient) worden ontwikkeld maar zijn
nog niet klinisch geimplementeerd.

CT coronair angiografie laat de hoogste werkzaamheid op het diagnostische denken zien
(niveau 3) in patiénten met een intermediaire kans op hartziekte voorafgaand aan de test
in navolging van de theorie van Bayes. Toch is de invloed van CT coronair angiografie
op het maken van therapeutische beslissingen (niveau 4) nog niet zo hoog ondanks de
bewezen hoge diagnostische accuraatheid en prognostische waarde. Slechts een paar
onderzoeken over het gebruik van CT coronair angiografie in klachtenvrije individuen zijn
beschreven. Op dit moment zijn vergelijkende effectiviteitonderzoeken [2] schaars wat
betreft resultaten op patiént en op maatschappelijk niveau (niveau 5 en 6).

Concluderend kunnen we stellen dat de precieze rol van CT coronarair angiografie in
symptomatische patiénten, in vergelijking met andere gevestigde niet-invasieve technie-
ken om hartziekte aan te tonen, nog niet geheel duidelijk. Momenteel is er geen klinische
rol weggelegd voor CT coronair angiografie in klachtenvrije individuen.

Uitkomsten van vergelijkende effectiviteitonderzoeken met betrekking tot de klinische

indicaties zijn nodig om de positie van CT coronair angiografie te bepalen, nu en in de
toekomst.
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