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Summary and General Discussion
SUMMARY AND GENERAL DISCUSSION

Over the past decade non-invasive coronary angiography using cardiac CT has become
a valuable technique for the diagnostic triage of patients with suspected coronary
artery disease (CAD) in various settings. Multiple studies have shown that coronary CT
angiography (coronary CTA) (1) has a high sensitivity and an excellent negative predic-
tive value for the detection of obstructive CAD, allowing confident exclusion of CAD
(2-6). Despite the limited accuracy of exercise ECG for the detection of CAD, in many
parts of the world this test remains the first choice for patients with stable chest pain
and a low-intermediate probability of CAD (7, 8). In patients with a higher probability of
disease stress imaging is often performed (7, 8). Large randomized trials demonstrated
equivalence between coronary CTA and standard functional tests, but did not investi-
gate the role of calcium imaging or the value of new CT applications for interpretation
of the hemodynamic severity of CAD. In case of acute chest pain, several studies have
shown that coronary CTA has clinical, logistic and economic benefits to rule out an acute
coronary syndrome (ACS). Since these studies were published, high-sensitivity troponin
assays (hs-troponins) have become standard practice in Europe, which allow for accurate
and fast rule-out of ACS, leaving uncertainty about the role of cardiac CT in the ED(9, 10).

In this thesis, we assessed the value of cardiac CT in patients with suspected CAD. We
investigated the effectiveness, (cost-) efficiency and safety of cardiac CT in comparison
to standard functional testing. In this discussion, we will address our research questions
and discuss the outcomes against the background of published literature. We will end
this chapter with a brief discussion on future perspectives.

In chapter 2 we provided an in-depth description of the technical background of
cardiac CT imaging, to understand how images are acquired, post-processed and
interpreted. In addition, an overview of the diagnostic accuracy and the current recom-
mendations for clinical use are presented.

CT Calcium imaging and CT angiography in stable angina

Chapter 3 focused on the clinical use of cardiac CT in stable ambulatory patients with a
suspicion of obstructive CAD. At four centers in the Rijnmond region we randomized 350
patients [CRESCENT Trial] with stable chest pain between a tiered cardiac CT protocol
and standard functional testing. The protocol started with a calcium scan and ruled out
CAD in low-intermediate probability patients with a negative calcium scan(11). Patients
with a very high calcium score underwent functional testing. Coronary CTA was per-
formed in the remaining 49% of patients. Standard care started with an exercise ECG
in the majority of patients. After one year fewer patients randomized to CT reported
anginal symptoms in comparison to the functional testing group. This can be explained
by a higher diagnostic performance of CT and subsequently more appropriate manage-
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ment of cardiac as well as non-cardiac conditions, although differences in experienced
reassurance from cardiac CT by patients and physicians may have played a role as well.
Although the study was not powered to demonstrate differences in mortality or myocar-
dial infarction, cardiac CT did result in a lower combined event rate that included death,
myocardial infarction, stroke, late revascularizations and unplanned cardiac evaluations
(3.3% vs.10.2%). The use of X-rays represents a drawback of CT, although by applying the
calcium scan, contemporary CT equipment and dose reducing techniques, the cumula-
tive radiation dose exceeded the functional testing group by less than 10%. Cardiac CT
achieved a conclusive diagnostic result faster, required fewer additional tests, did not
significantly increase catheterization rates, and was less expensive, compared to func-
tional testing (€369 versus €440). In conclusion: a tiered cardiac CT protocol that includes
a CT calcium scan, is safe, avoids contrast medium in 39% of patients, reduces exposure
to radiation, and appears cost-effective compared to standard functional testing.

Two randomized controlled trials that compared the effectiveness of coronary CTA
standard care to standard testing were published just before the CRESCENT trial. The
pragmatic PROMISE trial randomized 10,003 US patients between coronary CT angiog-
raphy and functional testing (67% nuclear imaging) for evaluation of suspected CAD,
and reported no difference in adverse cardiac events after two years(12). Cardiac CT
lead to more invasive angiograms, but fewer (angiographically) negative invasive angio-
grams. Differences between CRESCENT and PROMISE include the use of calcium imaging
and the less frequent use of functional imaging in the control group (27% in CRESCENT
vs ~90% in PROMISE). The SCOT-HEART trial demonstrated in 4146 patients with stable
angina that the addition of coronary CTA to standard care improved the certainty of the
diagnosis, but not the frequency of the diagnosis of angina due to coronary heart disease
(13). After 1.7 years there was a close to statistically significant 38% reduction in the
composite endpoint of death related to coronary heart disease and myocardial infarc-
tion (p=0.0527). Contrary to CRESCENT and PROMISE, in the SCOT-HEART trial coronary
CTA did not replace functional testing, but was added to a standard care protocol with
exercise ECG in most cases. The low prevalence of CAD and the generally benign clinical
outcome of patients with stable chest complaints in these studies, has raised questions
concerning the need for advanced and expensive imaging tests in these patients. In
this respect our randomized trial, albeit much smaller in population size, adds to the
evidence from PROMISE and SCOT-HEART by demonstrating that a tiered approach
including calcium imaging can mitigate the potential risks and costs of cardiac CT, while
achieving comparable if not better performance to a functional test approach.

The diagnostic management of women with suspected CAD is challenged by under-
recognition due to differences in presentation, pathophysiology such as the higher
prevalence of vasospasm and microvascular angina in women (14, 15), a lower per-
formance of standard noninvasive tests resulting in equivocal test results and missed
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diagnoses (16-19) and a paradoxically low diagnostic yield of invasive angiography for
angiographic CAD, due to a relative overuse, perhaps fueled by the limited confidence
in noninvasive tests (20, 21). Based on the hypothesis that direct visualization of CAD by
cardiac CT may be particularly effective in women, in Chapter 4 we investigated gender
differences in the performance of cardiac CT compared to functional testing in the evalu-
ation of stable chest pain, and found that cardiac CT was more efficient in women than
men in terms of time needed to reach the final diagnosis and downstream testing. In the
previously published sub-analysis of the PROMISE trial women were less likely to have a
positive CTA than a positive exercise ECG or nuclear stress test result, even after adjust-
ing for clinical factors, which may be the result of false-positive stress test results(22).
Interestingly, in the CRESCENT trial no evident differences were observed between the
sexes with regard to the exercise tolerance or achieved heart rate during exercise testing.
Contrary to PROMISE and SCOT-HEART, in the CRESCENT trial cardiac CT was not associ-
ated with an increase in the number of cardiac catheterizations in women(12, 13). The
reduced catheterization referral rate after CT may be explained by the use of the calcium
scan, or a higher accuracy by newer CT equipment, but may as well be the result of
differences in management following the CT scan, compared to previous studies.
Enhancement of the coronary lumen is essential for the detection of CAD on CTA. Con-
trast media vary in terms of iodine concentration and osmolarity. Until recently the goal
in coronary CTA was to achieve maximum lumen opacification, to overcome limitations
related to residual motion and vessel calcifications, by injecting high-concentration
contrast media (up to 400mg I/ml) or high injection rates. With more powerful roent-
gen tubes and iterative reconstruction techniques, many patients can be scanned at
a lower tube potential (80kVp), which reduces overall radiation exposure. Because of a
greater photoelectric effect and less Compton scattering, imaging at a lower kV also in-
creases attenuation differences between iodine and soft tissue(23). As a result, sufficient
coronary contrast can be achieved with less iodine injected in to the body. Iso-osmolar
contrast media with an osmolarity equal to plasma were demonstrated to cause less
heart rate acceleration and arrhythmia, which should be of potential benefit for CT im-
age quality(24-28). In terms of opacification and image quality comparisons between
iso-osmolar and low-osmolar contrast media have demonstrated mixed results, which
may in part be related to the lower iodine concentration of iso-osmolar contrast media
(26, 29, 30). In the IsoCOR trial, in Chapter 5, we randomized 306 patients scheduled
for coronary CTA at 3 centers in the Rijnmond region, between iso-osmolar iodixanol-
270mg I/ml (Visipaque) and low-osmolar iopromide 300mg I/ml (Ultravist) injected at
the same iodine delivery rate. When injected at a similar iodine delivery rate, we found
that coronary lumen opacification by iodixanol-270 was not inferior to iopromide-300
(476 = 160 Hounsfield Units (HU) vs 454 + 158 HU). Contrary to earlier studies that sug-
gested that iso-osmolar contrast media cause less heart rate acceleration and arrhyth-
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mia with potential benefits to cardiac imaging (24, 27, 31, 32), we found that although
in the iodixanol-270 group patients experienced less heat discomfort (72% vs. 86%), no
differences in heart rate, heart rhythm, or image quality were observed.

CT myocardial perfusion imaging in stable angina

Although coronary CT angiography effectively rules out coronary artery disease, it is
limited in its ability to assess the hemodynamic importance of angiographic lesions.
Because anatomical lesion severity is a poor predictor of hemodynamic significance,
functional evaluation of stenosis with intermediate severity is recommended for thera-
peutic decision making(7, 33). Recent developments in CT technology have created the
technical prerequisites for the application of stress CT myocardial perfusion imaging
(CT-MPI) for the evaluation of CAD. Thereby CT provides not only anatomical informa-
tion, but it also allows to determine the functional relevance of coronary stenosis,
rendering it a potential “one stop shop” procedure for the diagnosis and management of
CAD(34). Pioneered by Kurata et al. in 2005 (35), static CT-MPI acquires a single CT data-
set during the first pass of contrast medium through the heart, to visualize differences in
myocardial enhancement at a single time point. The assessment of perfusion defects is
qualitative and hypo-enhanced regions are compared with normal remote myocardial
segments -, comparable to nuclear imaging techniques- potentially disguising globally
reduced myocardial perfusion. While advantages of the static perfusion technique are
the relatively simple scan acquisition and a full heart coverage with any scanner, a draw-
back lies in the assessment of only one sample of data and potentially incorrect timing
of the contrast bolus missing the peak attenuation resulting in poor contrast-to-tissue
ratios (36) its susceptibility to artefacts.

While most experience exists with static CT-MPI(37-39), newer scanners with wider de-
tector coverage also allow for dynamic CT-MPI with total coverage of the left ventricular
myocardium. Dynamic CT-MPI was performed in our studies with myocardial hyperemia
achieved by infusion of adenosine (=3 minutes, 140ug/kg/min). At alternating table
positions (shuttle mode) systolic images were acquired every second heart cycle while
the patient maintained an inspiratory breath-hold. From a series of 12-15 low-resolution
datasets the changes in myocardial enhancement during contrast medium passage
could be plotted over time, from which the myocardial blood flow could be calculated
using a previously described methodology(40). In contrast to static CT-MPI, dynamic
CT-MPI allows for calculation of absolute myocardial blood flow(33, 40, 41). Furthermore
the differentiation between true perfusion abnormalities and various artefacts is easier
by evaluating the time course of the myocardial enhancement. However, because of the
acquisition of different data points over time, the scan technique is more challenging
and more time consuming compared to static CT-MPI, and is associated with a higher
radiation dose (40, 42).
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Reduced myocardial perfusion due to CAD tends to be more pronounced in the sub-
endocardium(43). This is thought to be due to a reduction in diastolic perfusion time-
interval, higher contractile intra-myocardial tissue pressures, and differences in coronary
microvasculature(43, 44). The high spatial resolution of CT allows the distinction
between sub-endocardium and sub-epicardium. A method to utilise the susceptibility
of the sub-endocardium for ischaemia is the transmural perfusion ratio (TPR). TPR is the
ratio between sub-endocardium and sub-epicardium perfusion. Since it is a relative
index, we hypothesized that this ratio could improve the diagnostic performance of
dynamic CT-MPI, because this relative index of perfusion could be less sensitive to the
variation of absolute myocardial blood flow values between patients. In chapter 6 we
evaluated the accuracy of TPR alone in comparison to regular myocardial blood flow
(MBF) values by dynamic CT-MPI for the detection of haemodynamically significant CAD.
We found an area under the receiver operator curve that was significantly larger for MBF
(0.78) compared with TPR (0.65), concluding that dynamic CT-MPI derived TPR is inferior
to quantified MBF and has limited incremental value. Also no significant incremental
value of TPR on top of MBF was found. While some studies showed the potential of TPR
to detect ischemia(45), recently other studies demonstrated that visual assessment
performed better than TPR(46).

Anatomical and functional parameters are both essential for clinical decision-making
in patients with CAD(47, 48). While CT angiography is reliable for ruling out CAD, angio-
graphic and hemodynamic severity may be overestimated with CT angiography alone.
A comprehensive stepwise cardiac CT examination, combining calcium scoring, CT angi-
ography and CT-MPI, could provide all essential information for clinical decision making
in CAD, and avoid invasive coronary angiography in patients without hemodynamically
significant CAD(37, 38, 40). In chapter 7 we presented the CRESCENT-Il randomized-
controlled trial performed at 4 centers in the Netherlands, in which 268 patients with
stable angina were randomized between cardiac CT and standard guideline-directed
functional testing between July 2013 and November 2015. The tiered cardiac CT pro-
tocol included a calcium scan, followed by CT angiography if calcium was detected.
Patients with significant stenosis on CT angiography underwent CT-MPI. The functional
testing strategy was selected by the treating physicians in accordance with international
guidelines (initial test 95% exercise ECG)(7).

The purpose of noninvasive testing is to accurately rule out coronary disease and
invasive angiograms without coronary artery disease are considered a failure of that
gatekeeper function. In CRESCENT Il the rate of negative invasive coronary angiograms
(primary endpoint) was lower in the CT group than the functional test group (1.5% vs
7.2%). Myocardial ischemia was excluded in 34% of patients with >50% CAD on CT
angiography. Hereby, CT-MPI improved the performance of cardiac CT as a gatekeeper
to invasive angiography and did not increase catheterization rates (13% vs. 14%).

Erasmus University Rotterdam Zo\/uap

7



8 Erasmus Medical Center Rotterdam

Presently, patients evaluated and treated for suspected CAD are characterized by a
low but overestimated CAD prevalence and overall benign outcome. This was observed
in the PROMISE and SCOT-HEART trials, as well as the CRESCENT trials(12, 13, 49). The
objective of the CRESCENT-II trial was to test a diagnostic strategy that would allow safe
rule-out of CAD by relatively simple means, while at the same time incorporating func-
tional measures of CAD for well-informed decisions and avoiding unnecessary invasive
procedures. Incorporation of CT-MPI in CRESCENT-II resulted in a higher diagnostic yield
for invasive angiography (88% vs 50%) (compared to 72% in CRESCENT-I), while only 13%
of cardiac CT patients required further testing, compared to 37% in the functional testing
group(12, 38, 50). In the CRESCENT-II trial the complete cardiac CT protocol, with an ex-
amination time of up to 30 minutes, provided a conclusive diagnosis on one day in 87%
of patients, achieved a conclusive diagnostic result faster and required fewer additional
tests. Although results should be confirmed in larger populations, these findings suggest
a promising role for a tiered, comprehensive cardiac CT protocol. A drawback of CT and
especially CT-MPI is the radiation dose. By using dynamic CT-MPI the radiation exposure
is higher compared to static perfusion imaging protocols (42). The mean radiation dose
for dynamic CT-MPIl in our trial was 10.6+6.3mSv. But because CT-MPI was only necessary
in 22% of CT patients the average cumulative dose in the CT group was 5.6+6.3mSv. X-ray
exposure was higher compared to the functional test group, in whom exercise-ECG was
the predominant initial test, and only 37% required (secondary) testing involving nuclear
imaging and invasive angiography. We concluded that, In patients with suspected stable
CAD, a tiered cardiac CT protocol that involved a stepwise use of a calcium scan, CTA and
CT-MPI offers a fast, safe and efficient alternative to functional testing.

Coronary CT angiography in suspected acute coronary syndrome

Patients presenting to the emergency department (ED) with symptoms suggestive of an
acute coronary syndrome remain a diagnostic challenge. While it is important to reliably
rule out an acute coronary syndrome (ACS) or any other life-threatening condition, a
clinical efficient work-up is needed as many of these patients are not suffering any seri-
ous illness.

Recently, several trials have demonstrated that coronary CT angiography is a safe and
potentially more efficient diagnostic procedure for the triage of patients with acute
chest pain(51-54).

The previously published CT-STAT trial compared coronary CT angiography with
nuclear myocardial perfusion imaging as initial tests in the management of patients
with acute chest pain(51). Investigators reported a reduction of 54% in time to diagnosis
and 38% lower costs of ED care with CT. In the ACRIN-PA trial investigators left deci-
sions to perform a diagnostic test in the standard care group to the discretion of the
treating physicians(53). The study demonstrated that low-risk patients could be safely
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discharged with early coronary CT angiography twice as often and CAD was more likely
to be diagnosed with CT. The ROMICAT-2 trial, also included a cost-analysis, demonstrat-
ing a reduction of the median length of hospital stay from 26.7 to 8.6 hours with early
coronary CT angiography and a 4-fold higher discharge rate from the ED without in-
creasing medical expenditure(52). Since the completion of these trials standard optimal
care has changed considerably with the introduction of high sensitive troponin assays.
These new assays are more sensitive and reach negative predictive values of >97% for
myocardial infarction within three hours (9, 10). Hs-troponin allows fast and accurate ex-
clusion of ACS in a substantial proportion of low to intermediate risk patients, obviating
the need for prolonged observation and in-hospital diagnostic testing in the absence
of elevated high sensitivity cardiac biomarkers or suggestive ECG abnormalities (55-58).

In chapter 8 the results of the prospective, multicenter randomized BEACON trial are
described in which 500 patients presenting with symptoms suggestive of an ACS were
enrolled at the emergency departments of five community and two university hospitals
in the Netherlands. Patients in need of urgent revascularization were excluded. Patients
were randomized to either a diagnostic strategy supplemented by early coronary CT
angiography or standard optimal care. In both groups hs-troponins were available. We
found that a diagnostic strategy supplemented by early coronary CT angiography was
safe, less expensive and prevented downstream testing in the outpatient setting. How-
ever, in the era of hs-troponins, coronary CT angiography did not identify more patients
requiring coronary revascularization, nor did it shorten hospital stay or allow for more
direct discharge from the ED.

The results of the BEACON trial differ from previous trials as early coronary CT angiog-
raphy did not shorten the length of stay, nor reduce the number of hospital admissions.
We found that the length of stay using an early CT exam was comparable or even lower
than reported in previous trials. However, the length of stay in our standard care group
was substantially shorter, underlining the substantial improvement of standard care
after the introduction of hs-troponins. Similarly, the proportion of discharged patients
in the standard care group was 2 to 4 times higher compared to previous trials, however
compared to our CT group this was not significantly different. Other differences between
healthcare systems in previously published trials from the United States and the Neth-
erlands, such as the important gatekeeper role of the general practitioner and delays in
access to care, social differences and insurance coverage problems, may also influence
the patient population, and could be responsible for the different results(59-61). The
BEACON trial demonstrated that early coronary CT angiography reduced the need for
subsequent outpatient testing if CT was performed at first presentation. Additionally,
we found lower medical costs at 30 days. This was caused by a combination of shorter
length of stay and the more frequent use of exercise ECG instead of nuclear imaging.
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The burden of CAD in women may still be under-recognized(62). This might be the
result of distinct pathophysiological differences or disease perception by patients and
physicians(15). The optimal diagnostic test in the work-up of suspected ACS might there-
for differ between men and women. In chapter 9 we compared the clinical effectiveness
of an early coronary CT angiography strategy on the ED in women and men. Women
were found to have a lower prevalence of CAD and were at discharge less frequently
diagnosed with ACS compared to men. In terms of efficiency women were less often
admitted and had a shorter length of stay after CT, however there was no significant
interaction by sex. In conclusion, we found that the performance of coronary CT angi-
ography was comparable in women and men who have normal hs-troponin levels. In
contrast, it has previously been shown that early CT may be a more efficient work-up
for suspected ACS, especially in women(63). The different findings in the BEACON trial
can be explained by the novel availability of hs-troponins for clinical decision making.
The majority of patients (>90%) in our study had normal hs-troponin levels, and it has
been shown that these patients have a very low ACS risk (64). The logistic benefit of
early advanced diagnostic testing may therefore be of limited value in this context,
regardless of sex(65). Secondly, it is believed that less classical causes of angina such as
endothelial dysfunction and microvascular disease are more frequent in women, while
epicardial CAD is more prevalent in men(66). Consequently, it is likely that coronary CT
angiography as an anatomic modality would provide less benefit in women.

The presentation of patients with acute chest pain is not limited to office hours and if
coronary CT angiography is considered for triage in the ED it is important to investigate
its performance around the clock. A 24/7 availability of a cardiac CT service poses vari-
ous challenges, in terms of the availability of scanners and experienced staff, as well as
patients characteristics and severity of disease(67, 68). As one of the participants in the
BEACON trial, the Erasmus MC recruited patients 24-hours a day, 7 days a week. In this
population, consisting of 118 patients, of whom 75% presented during office hours and
25% outside office hours, we investigated the image quality of coronary CT angiogra-
phy during and outside office hours (chapter 10). We found that image quality was
lower in patients presenting outside office hours, and the number of non-evaluable
segments due to artefacts was significantly higher. This could not be explained by differ-
ences in clinical characteristics, type of scanner, acquisition parameters or beta-blocker
administration. Probably other unidentified confounders, or a combination of factors
may explain the lower image quality of CT scans acquired outside office hours. A trend
towards higher heart rates in the group seen outside office hours was found (64 vs 69
bpm, p=0.095), or maybe the experience of technicians and workflow pressure in the ED
during off-hours, could have played a role in the image quality as well.

Besides the finding that image quality of CT scans acquired during off-hours was
lower, we found that patients presenting outside office hours had a longer length of
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stay with the tendency to be admitted more frequently (67, 68). This was consistent with
previous observations and can be explained by logistic reasons, such as the accessibility
to testing and staffing, next to unfavourable clinical characteristics of patients present-
ing outside office hours (67, 68). The 24/7 implementation of coronary CT angiography
on the ED is a challenge, and requires state-of-the-art scanner technology, sufficiently
trained staff and time for preparation and optimization of the procedure.

FUTURE PERSPECTIVES

The COURAGE and FAME trials (47, 48, 69) showed that revascularization does not benefit
every patient with angiographic CAD, but should be reserved for those with objective
myocardial ischemia. Invasive angiography, without proper ischemia testing leads to
over-treatment. In the field of non-invasive ischemia testing there are multiple modali-
ties available. Functional assessment with CT-MPI may have practical advantages, as it
can be performed in conjunction with CTA, and allows for a comprehensive assessment
of anatomy and function like we showed in this dissertation. The high radiation dose,
relatively complicated scan protocol and the requirement of specific CT equipment for a
dynamic CT-MPI scan can slow down the implementation in daily practice of the regular
cardiology clinic. However, as scanner and data processing technology further develop,
the comfort of use and radiation exposure of dynamic CT-MPI will likely improve and will
become easier accessible.

Besides functional assessment with CT, there are more established stress imaging
techniques available. For example, cardiovascular magnetic resonance (MR) perfusion
imaging has demonstrated the highest accuracy of all non-invasive testing. In the MR-
INFORM trial, Nagel et al [in press](70) showed that MR-perfusion guided management of
patients with stable angina is non inferior for MACE at one year compared with invasive
angiography and FFR. This was the first trial to show that MR-perfusion imaging could
guide patient management in a high-risk population with the same effectiveness as
invasive angiography with FFR. The advantages of an MR-based work up are the absence
of radiation, as well as gaining potentially relevant information on anatomy, contractile
function and myocardial structure in a single session. However, MR-perfusion is a time-
consuming technique of which the cost-effectiveness still needs to be investigated.

Another non-invasive testing modality for myocardial ischemia is PET imaging. Da-
nad et al determined the diagnostic value of CTA, SPECT and PET imaging compared
against invasive FFR(71). They found that PET yielded the highest diagnostic accuracy,
outperforming CTA and SPECT and unexpectedly a hybrid diagnostic approach, com-
bining anatomy and functional assessment did not improve accuracy compared to PET
alone. However, before PET can be used as standard gatekeeper in the work up of stable
CAD, some drawbacks need to be overcome. The image quality with the currently used
isotope is not sufficient to perform a standard segmental perfusion analysis and also the
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high costs and duration of a PET exam are not ideal for a gatekeeper function in large
groups of patients.

There is still ongoing debate what is the best non-invasive gatekeeper that provides
anatomical and functional information and accurately predicts significant flow impair-
ment compared with the gold-standard invasive FFR. While the technical strengths and
weaknesses of each technique are known, as well as the diagnostic accuracy and prog-
nostic power, there are also other important variables influencing the choice of a test,
some of which are availability and waiting times, local expertise and radiation exposure.
Another very important variable is the cost of each test which varies tremendously be-
tween countries and is very difficult to standardize. Long-term cost-effectiveness is dif-
ficult to establish, depends on the local conditions and may conflict with the economic
incentives within health care systems. Patients are different and it is unlikely that one
specific test is the best choice for each patient in every clinical context.

So what is the next step from here? The important and clinically relevant question
for the practicing physicians is how to match each patient with its own clinical char-
acteristics with each test to improve clinical care. Thus, the important challenge for
clinical research would be to develop well-defined patient groups for which physicians
can be advised about the best test choice based on group’s clinical characteristics, the
diagnostic accuracy of the test, and the specific data required from the test. Robust trial
evidence is needed to find the best non-invasive imaging test for each patient. Con-
versely, we are not likely to see many large-scale randomized controlled trials in imaging
because of the high cost of performing them and non-imaging factors that contribute
to outcomes, including downstream use of test information and less than optimum
post-test patient care strategies, are difficult to control. It is therefore likely that we will
see more pragmatic trials with varied clinical endpoints. But it will be challenging to
compare the different clinical endpoints for their effectiveness, safety, or efficiency.

Currently an international landmark trial named ISCHEMIA has recently completed
recruitment and the results will be published in the upcoming years(72). Five thousand
patients with stable angina and at least moderate ischemia were randomized between
invasive angiography or optimal medical treatment and followed for four years. The
primary aim is to determine if an initial strategy with invasive angiography and revas-
cularization together with medical therapy will reduce events compared to a strategy
of medical therapy alone (with cath lab referral reserved for failed medical treatment).
Where prior trials in stable CAD showed that an index strategy of optimal medical
therapy alone was safe and equally effective as PCl with optimal medical therapy, this
trial will possibly offer great opportunities for imaging to be a core component and
decision trigger for the clinical management of stable CAD and may potentially provide
evidence to alter the current evaluation strategy.
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Technical developments of functional assessments in cardiac CT

The possibility of imaging myocardial enhancement during hyperemia using CT has
been demonstrated repeatedly(35, 39, 45, 73), but only with the introduction of wider
detector-row CT systems has it become feasible to perform dynamic MPlin clinical prac-
tice(33, 40). Up to now dynamic CT-MPI had only been tested in single-center studies
(33, 40), however the international multicenter SPECIFIC trial is currently recruiting pa-
tients referred for invasive angiography and performs dynamic CT-MPI before invasive
angiography. The aim is to determine the diagnostic accuracy of dynamic CT-MPI for
the detection of hemodynamically relevant coronary stenosis as determined by invasive
FFR. Results are expected in 2019. Meanwhile cardiac CT technology is developing and
the latest CT systems provide higher temporal resolution, wider detector coverage, bet-
ter tissue resolution and lower radiation doses. Whether these improvements in scanner
technology, as well as the development of user-independent tools for interpretation, will
benefit the performance and applicability of CT-MPI will need to be further investigated.

Apart from dynamic CT-MPI, and well-known established functional modalities, sev-
eral other CT-based functional assessment techniques have emerged. For static CT-MPI
the diagnostic performance and incremental value over CTA has been demonstrated in
single- and multicenter trials (35, 37-39, 45, 74), with potential for diagnostic improve-
ment using dual-energy techniques (41), or hybrid systems that combine CT with PET
or SPECT.

An alternative approach to estimating the functional severity of angiographic CAD
is by model-based calculation of the fractional flow reserve (FFR) using computational
fluid dynamics. CTA based FFR (CT-FFR) computes coronary flow parameters from con-
ventional CT angiograms(75, 76). While CT-FFR is not a direct physiological measure-
ment, and relies on sufficient CT quality, the lack of additional testing and radiation
exposure are obvious advantages, that can make it a fruitful functional tool in the future.
The PLATFORM study demonstrated how CTA combined with CT-FFR can improve the
diagnostic yield of invasive angiography(77). The few direct comparisons published to
date suggest a comparable and partially complementary performance of CT-MPI and
CT-FFR (46, 78, 79). In the future, the simultaneous assessment of coronary anatomy and
functional severity of CAD has the potential to function as a reliable “one stop shop”.
With further advancements of cardiac CT, such as improved diagnostic accuracy, radia-
tion reduction, artifact reduction, reduced susceptibility to motion artifacts, a wider ac-
ceptance of cardiac CT in the work-up of suspected stable CAD can be expected.

While work presented in this theses answered many questions, undoubtedly it raised
even more questions as mentioned in this chapter. The coming years will reveal how
the above mentioned different non-invasive testing modalities of suspected CAD have
moved forward.
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Summary and General Discussion

NEDERLANDSE SAMENVATTING

Cardiale CT (“computed tomography”) heeft zich het afgelopen decennium ontwikkeld
tot een volwaardige diagnostische test in het opsporen van mogelijke vernauwingen in
de kransslagaders (“coronair lijden”). Cardiale CT is de overkoepelende naam voor een
aantal CT onderzoeken van het hart. Vaak begint het CT onderzoek met een CT-calcium-
score. Dit is een “blanco” CT scan zonder contrastmiddel, waarbij de calciumafzetting in
de vaatwanden gedetecteerd en vervolgens gekwantificeerd kan worden volgens de
Agatston-methode(1). Calciumscores zijn sterk geassocieerd met de graad en ernst van
aderverkalking(2-4) en worden tegenwoordig het meest gebruikt als risico-stratificatie
bij asymptomatische patiénten. Maar de hoge sensitiviteit en negatief voorspellende
waarde van de CT-calciumscore maken de test ook uitermate geschikt om bij patiénten
met pijn op de borst klachten vernauwingen in de kransslagaders mee uit te sluiten. Een
voordeel van deze methode is dat er geen contrasttoediening nodig is en de stralings-
dosis en kosten zo lager zijn(5). Meerdere observationele studies hebben aangetoond
dat in patiénten met een laag tot intermediair risico op coronair lijden een negatieve
calciumscore, ernstige aderverkalking zeer zeldzaam is(6-8).

Na een CT-calciumscore kan een coronair CT angiografie (CCTA) volgen. Tijdens de
CCTA wordt jodiumhoudend contrastmiddel in de bloedvaten van de patiént geinjec-
teerd om zo de binnenkant van de kransslagaders zichtbaar te maken en daarmee de
ernst van de aderverkalking en vernauwingen te beoordelen. CCTA heeft een hoge
sensitiviteit en negatief voorspellende waarde voor het detecteren van angiografische
vernauwingen(9, 10). CCTA is echter beperkt in zijn vermogen om het hemodynamisch
belang van vernauwingen in de kransslagaders te beoordelen.

De anatomische ernst van een vernauwing is een slechte voorspeller van de hemody-
namische ernst van een vernauwing, daarom wordt in de richtlijnen een functionele be-
oordeling van intermediaire vernauwingen aanbevolen(11, 12). CT-myocardiale perfusie
(CT-MPI) is een derde CT techniek waarmee naast de anatomische informatie van de
CCTA ook functionele informatie verkregen kan worden. CT-MPI| wordt uitgevoerd onder
toediening van adenosine, waardoor toegenomen bloedtoevoer (hyperemie) naar het
hartspierweefsel ontstaat(13). Door verschillen in contrast-toevoer in het myocard tus-
sen gebieden achter een vernauwde kransslagader die minder goed doorbloed worden,
en gebieden die normaal doorbloed worden, kan een perfusie (doorbloedings-) defect
opgespoord worden(14). Hiermee kunnen de hemodynamische consequenties van een
anatomische vernauwing in een kransslagader beoordeeld worden, dit noemen we een
functionele beoordeling. Deze perfusie techniek is gevalideerd in single-center studies
en heeft een diagnostische nauwkeurigheid die ten minste vergelijkbaar is met een
nucleaire SPECT scan. Daarnaast is ook de stralingsdosis vergelijkbaar met een SPECT
scan, met als voordeel dat CT ook anatomische informatie over de kransslagaders geeft.
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Hierdoor kan cardiale CT een belangrijke rol als “poortwachters functie” vervullen voor
patiénten zonder hemodynamisch belangrijke aderverkalking en zo doorverwijzing
naar invasieve katheterisatie (angiografie) voorkomen.

Het doel van dit proefschrift was het onderzoeken van de waarde van cardiale CT bij
patiénten met een verdenking op vernauwingen in de kransslagaders. We beschreven
de effectiviteit, de (kosten-) efficiéntie en veiligheid van cardiale CT als diagnostische
test om vernauwingen in de kransslagaders op te sporen en vergeleken deze met de
momenteel standaard functionele test methode.

Hoofdstuk 1 is de algemene inleiding van dit proefschrift waarin het doel en de inde-
ling ervan worden beschreven. In hoofdstuk 2 wordt een overzicht van de technische
aspecten van cardiale CT beschreven. Onder andere de acquisitie, de evaluatie van data
en de klinische toepassingen van CT zoals beschreven in de huidige richtlijnen komen
aan bod.

CT-calciumscan en coronair CT-angiografie bij patiénten met stabiele angina
pectoris

Hoofdstuk 3 is gericht op de klinische toepassing van cardiale CT in poliklinische
patiénten met pijn op de borst klachten met een verdenking op vernauwingen in de
kransslagaders. In 4 ziekenhuizen in regio Rijnmond werden 350 pati€énten met stabiele
pijn op de borst gerandomiseerd tussen een cardiale CT-scan of een standaard functio-
nele test volgens de huidige richtlijnen (de CRESCENT studie). Het cardiale CT protocol
startte met een CT-calciumscan en in patiénten met vooraf een laag tot intermediair
risico op vernauwde kransslagaders sloot de afwezigheid van calcium vernauwingen in
de kransslagaders uit(15). Patiénten met een hoge calcium score (>400) ondergingen
daarna een functionele test. In de standaard test groep ondergingen de meeste patién-
ten een fietstest. De belangrijkste bevinding was dat in de CT groep na één jaar meer
patiénten van hun pijn op de borst klachten af waren. Dit werd mogelijk verklaard door
de betere diagnostische kwaliteiten van CT, waardoor een meer passende behandeling
gekozen konden worden, waardoor de klachten sneller en beter verdwenen. Mogelijk
speelt tevens mee dat artsen en mogelijk ook patiénten meer gerustgesteld waren na
een negatieve CT scan, in vergelijking met een negatieve functionele test. Ondanks dat
de studie niet berekend was op het aantonen van verschillen in mortaliteit of hartin-
farcten, werd in de CT groep opgeteld een lager aantal dood, hartinfarct, beroerte, late
revascularisaties en ongeplande ziekenhuisbezoeken gevonden (3.3% vs 10.2%). Een
nadeel van CT is het gebruik van réntgen straling, echter door het gebruik van de CT-
calciumscan als triage middel voor de volgende testen en tevens de hedendaagse CT-
apparatuur en dosis verlagende technieken was de cumulatieve stralingsdosis niet meer
dan 10% hoger vergeleken met de functionele test groep. Op het gebied van efficiéntie
bleek na CT de diagnose sneller bereikt, waren hier minder diagnostische onderzoeken
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voor nodig, waaronder ook geen stijging van het aantal invasieve katheterisaties en
waren de kosten lager vergeleken met de standaard functionele test.

Vrouwen en hart en vaatziekten is de laatste jaren een controversieel onderwerp,
onder andere omdat blijkt dat de mortaliteit onder vrouwen hoger is (16). Dit heeft te
maken met een vaak niet-typische presentatie bij vrouwen, een hogere prevalentie van
verkrampingenin de kransslagvaten (vasospasmen) en meer ziekte in de kleine haarvaat-
jes van het hart (microvasculair vaatlijden), evenals de minder accurate diagnostische
functionele testen bij vrouwen. Hierom lijkt cardiale CT, waarbij de aanwezigheid van
aderverkalking direct gevisualiseerd wordt, een uitermate geschikte test voor vrouwen.
Hoofdstuk 4 breidt voort op hoofdstuk 3 en beschrijft de verschillen tussen man en
vrouw in de prestatie van cardiale CT in vergelijking met de functionele diagnostische
test. Cardiale CT bleek meer efficiént bij vrouwen wat betreft een kortere tijd tot de
uiteindelijke diagnose en daarbij bleken minder extra diagnostische testen nodig.

In hoofdstuk 5 presenteren we de prospectieve, multicenter, gerandomiseerde
IsoCOR studie. Door technische ontwikkelingen kunnen de kransslagaders van het
hart tegenwoordig gescand worden met lagere “buis spanningen” (kV). Hierdoor is de
stralingsdosis verlaagd, maar het vergroot ook de aankleuring (attenuatie)-verschillen
tussen jodium en de weke delen. Hierdoor kan contrastmiddel met een lagere jo-
dium concentratie geinjecteerd worden en hiermee voldoende contrastaankleuring
verkregen worden. Iso-osmolaire contrast middelen, dus met een osmolariteit gelijk
aan bloedplasma, veroorzaken minder hartritme versnellingen en aritmiéen, wat uit-
eindelijk zou kunnen zorgen voor een betere CT beeldkwaliteit (17-21). In de IsoCOR
studie, werden 306 patiénten in de regio Rijnmond gerandomiseerd en vergeleken
we de aankleuring van de kransslagaders door twee verschillende contrastmiddelen:
iso-osmolair iodixanol-270 mg I/ml (Visipaque) en laag-osmolair iopromide 300mg I/ml
(Ultravist). Beide contrast middelen werden met gelijke jodium aanvoersnelheden ge-
injecteerd en we vonden een aankleuring van de kransslagaders die met iodixanol-270
niet inferieur was aan iopromide-300 (476 + 160 Hounsfield Units (HU) vs 454 + 158 HU).
Omdat de osmolariteit van contrastmiddel ook geassocieerd is met een aantal klinische
effecten, zoals een gevoel van warmte, pijn, en hartritme versnellingen, werd dit in de
IsoCOR studie ook onderzocht. Patiénten in de iodixanol-270 groep ervoeren significant
minder warmte-discomfort (72% vs. 86%), maar er werden geen verschillen in hartritme
geobjectiveerd. Er dient te worden opgemerkt dat bijna de helft van alle patiénten
een betablokker kregen toegediend voor de CT scan, maar in vergelijkbare aantallen
in beide groepen. Tenslotte werd er geen verschil in beeldkwaliteit gevonden tussen
beide contrastmiddelen.
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CT-myocard perfusie bij patiénten met stabiele angina pectoris

Verminderde doorbloeding van de hartspier (myocardiale perfusie) veroorzaakt door
vernauwingen in de kransslagaders blijkt meer uitgesproken te zijn in het subendo-
cardium, de diepste laag van de hartspier (22). Dit wordt mogelijk verklaard door een
vermindering in diastolische perfusie tijd, hogere weefsel drukken tijdens contractie in
de hartspier ter plaatse, en verschillen in de coronaire haarvaatjes (microvasculatuur)
(22, 23). De hoge spatiele resolutie van CT maakt het mogelijk onderscheid te maken
tussen subendocard en subepicard. Een methode om de gevoeligheid van subendocard
voor ischemie uit te drukken is de transmurale perfusie ratio (TPR). De hypothese van
hoofdstuk 6 was dat deze ratio de diagnostische prestatie van CT-MPI kon verbeteren,
omdat de TPR minder gevoelig is voor lagere absolute bloedstroom, omdat het een
relatieve index is. We vergeleken de additionele waarde van TPR alleen en in combi-
natie met de normale myocardiale bloedstroom (MBF) waardes in dynamische CT-MPI.
Er werden 43 patiénten, en 94 myocardiale territoria geanalyseerd. De “area under the
receiver operator curve” was significant groter voor MBF vergeleken met TPR, en ook
de toevoeging van TPR aan MBF bracht geen toegevoegde waarde. Terwijl sommige
studies de toegevoegde waarde van TPR aan het detecteren van ischemie laten zien(24),
zijn er ook recentere studies die aantonen dat een visuele beoordeling van ischemie
beter presteert dan TPR (25). Wij concludeerden dat TPR in dynamische CT-MPI geen
toegevoegde waarde heeft. Deze negatieve uitkomst kan mogelijk verklaard worden
doordat de endocardiale zone direct aangrenzend aan de linker ventrikel vatbaar is voor
artefacten, zoals “beam hardening” en “partial voluming’, wat subtiele perfusie defecten
heeft kunnen vervagen.

In hoofdstuk 7 presenteren we de CRESCENT-II studie: een prospectieve, multicenter,
gerandomiseerde studie waarin de effectiviteit, de efficiéntie en de veiligheid van cardi-
ale CT onderzocht werd in vergelijking met een standaard functionele test strategie. De
CRESCENT-II studie verschilde van de CRESCENT-I studie wat betreft de CT-strategie. In
CRESCENT-Il werd er gestart met een CT-calciumscan, gevolgd door CCTA als er calcium
gedetecteerd werd. Patiénten met een significante stenose op CCTA ondergingen ook
een zogenaamde perfusie scan (CT-MPI) om de hemodynamische ernst van de vernau-
wing te bepalen. In de functionele test groep onderging 95% als eerste test een fietstest.

Het doel van het uitvoeren van niet-invasieve diagnostische onderzoeken in patiénten
met een verdenking op een vernauwing in de kransslagaders is om op een betrouwbare
wijze vernauwingen uit te sluiten. Een invasieve katheterisatie (angiografie) waarbij uit-
eindelijk géén vernauwingen zichtbaar blijken te zijn, beschouwen we als een falende
poortwachters functie van de diagnostische testen die hieraan vooraf zijn gegaan. In
de CRESCENT-II studie was het primaire eindpunt het aantal invasieve katheterisaties
zénder significant vernauwde kransslagaders (13), dit aantal bleek significant lager in
de CT groep vergeleken met de standaard functionele test (1.5% vs 7.2%). In 34% van
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de patiénten met een >50% vernauwing in één van de kransslagaders op CCTA werd
myocard ischemie toch uitgesloten door middel van een perfusie scan (CT-MPI). Hier-
mee heeft CT-MPI een belangrijke rol in de CT-strategie als “poortwachter” voor door-
verwijzing naar invasieve katheterisatie. In tegenstelling tot onze verwachtingen was
het aantal invasieve katheterisaties niet verhoogd in de CT groep, daarnaast bleken in
de CT groep een hoger aantal invasieve katheterisaties mét significante vernauwingen
opgespoord te worden (88% vs 50%) (26-28). Tenslotte bleek een CT strategie snel-
ler tot een diagnose te leiden en waren daar minder extra diagnostische testen voor
nodig. Een nadeel van cardiale CT is de straling, met name CT-MPI gaat gepaard met
een hogere stralingsdosis. In onze studie was de gemiddelde stralingsdosis van CT-MPI
10.6+6.3mSv. Maar omdat CT-MPI enkel nodig was in 22% van de CT patiénten, was
de gemiddelde cumulatieve stralingsdosis in de CT groep 5.6+6.3mSv. Dit was hoger
vergeleken met de functionele test groep, waarin de meesten primair een fietstest
ondergingen en uiteindelijk slechts 37% een tweede test nodig had die straling betrof
(nucleaire SPECT scan, danwel katheterisatie). De conclusie van de CRESCENT-II studie
was dat bij patiénten met verdenking op vernauwde kransslagaders een cardiale CT,
met stapsgewijze uitvoering van CT-calciumscan, CCTA, en CT-MPI, een snel, veilig en
efficiént alternatief is voor de functionele test.

Coronair-CT angiografie bij patiénten met verdenking op een acuut hartinfarct
(ACS)

Het laatste deel van het proefschrift gaat over CT (CCTA) bij patiénten met verdenking
op een ACS (“hartinfarct”). Het is in deze patiénten groep op de spoedeisende hulp
belangrijk om een ACS, of een andere levensbedreigende aandoening, met zekerheid
uit te sluiten. Aan de andere kant is het belangrijk hierin een efficiénte strategie te
hanteren, omdat er wereldwijd grote aantallen patiénten zich zo presenteren en vele
daarvan blijken uiteindelijk geen hartinfarct of andere ernstige aandoening te hebben.
Meerdere studies hebben recent aangetoond dat CT veilige en efficiéntere diagnostiek
is op de spoedeisende hulp bij patiénten met acute pijn op de borst in vergelijking
met de oude standaard (29-32). Echter zijn deze studies niet uitgevoerd ten tijde van
de “high sensitivity troponines” (hs-troponine). Troponine is een stof die vrijkomt uit
beschadigd hartspierweefsel, zoals tijdens een hartinfarct. De nieuwe hs-troponine zijn
zeer gevoelig en kunnen daarmee hartspierschade nog sneller detecteren. In hoofdstuk
8 worden de resultaten van de prospectieve, multicenter gerandomiseerde BEACON
studie beschreven. 500 patiénten met acute pijn op de borst verdacht voor ACS werden
gerandomiseerd tussen een diagnostische strategie aangevuld met CT, danwel de
momenteel standaard optimale zorg. In beide groepen waren de hs-troponine beschik-
baar. Belangrijkste exclusie criterium was de behoefte aan acute revascularisatie. We
concludeerden dat een diagnostische strategie met CT op de spoedeisende hulp veilig
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is en gepaard gaat met minder poliklinische diagnostische testen in een later stadium
en lagere kosten. Echter, in de huidige tijd met de beschikbaarheid van hs-troponine
worden er door CT niet meer patiénten geidentificeerd die een revascularisatie behoe-
ven, tevens verkort het de duur in het ziekenhuis niet en leidt het ook niet tot sneller
ontslag van de spoedeisende hulp.

Zoals ook beschreven in hoofdstuk 4 worden hart en vaatziekten nog vaak onderkend
in vrouwen. In hoofdstuk 9 worden de verschillen tussen man en vrouw onderzocht in
klinische effectiviteit tussen de CT en de standaard strategie in patiénten met acute pijn
op de borst op de spoedeisende hulp. Vrouwen bleken minder vaak vernauwingen in de
kransslagaders te hebben en werden minder vaak gediagnosticeerd met hartinfarcten
(ACS) vergeleken met mannen. Wat betreft de effectiviteit, bleken er geen additionele
voordelen aan een CT strategie te zitten voor vrouwen. In tegenstelling leken er in voor-
gaande studies wel voordelen te zitten aan een vroege CT-scan bij vrouwen met acute
pijn op de borst (33). Het verschil in uitkomst kan te maken hebben met de nieuwe
beschikbaarheid van de hs-troponine.

Nu voor patiénten met acute pijn op de borst CT op de spoedeisende hulp zich aan
het ontwikkelen is als mogelijk nieuwe strategie, hebben we in hoofdstuk 10 de ver-
schillen in beeld kwaliteit van CT gedurende de dag en nacht beoordeeld. Het 24uur
per dag bieden van de mogelijkheid tot cardiale CT op een spoedeisende hulp gaat
namelijk gepaard met enige uitdagingen, zoals de beschikbaarheid van geavanceerde
scanners en ervaren personeel, maar ook wat betreft patiént karakteristieken en de
ernst van ziekte (34, 35). In het coo6rdinerend centrum van de Beacon studie, het Eras-
mus MC, werden patiénten 24uur per dag, 7 dagen per week geincludeerd. Van deze
118 patiénten, waarvan 75% zich presenteerde tijdens normale kantoortijden, en 25%
daarbuiten, hebben we de beeldkwaliteit van CT onderzocht. De beeldkwaliteit bleek
significant lager in de diensten ten opzichte van de normale kantoortijden, tevens bleek
het aantal niet-beoordeelbare segmenten tijdens diensten hoger. Dit werd niet ver-
klaard door klinische karakteristieken, type scanner, acquisitie parameters of bétablok-
ker toediening. Mogelijk dat een combinatie van andere onbekende “confounders” een
rol hebben gespeeld in de lagere beeldkwaliteit tijdens diensturen. Er werd een trend
naar een hogere hartfrequentie gezien tijdens de diensturen (64 vs 69, p=0.095), wat
mogelijk meegespeeld heeft. Tevens kan de ervaring van de CT-laboranten en de werk-
druk tijdens diensten op de spoedeisende hulp meegespeeld hebben, maar dit werd in
deze studie niet onderzocht. Naast de mindere beeldkwaliteit tijdens diensten, bleek
dat patiénten die zich buiten kantooruren presenteerden langer op de spoedeisende
hulp verbleven en vaker in het ziekenhuis werden opgenomen. Dit is in lijn met eerdere
studies en kan verklaard worden door logistieke redenen, zoals de beschikbaarheid van
diagnostiek en personeel, naast de ongunstige klinische kenmerken van patiénten die
zich buiten kantoortijden presenteren(34, 35). Om CT 24/7 beschikbaar te maken op
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een spoedeisende hulp is state-of-the-art scanner technologie vereist, voldoende goed
opgeleid personeel met verstand van cardiale CT en met tijd voor voorbereiding en
optimalisatie van de procedure.
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