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Introduction 
Cardiovascular disease is the number one cause of death globally, accounting for 
30% of all deaths [1]. More than one third of these deaths are due to coronary artery 
disease (CAD) [2, 3]. The common cause for CAD is atherosclerosis, a disease in 
which plaque builds up in the arteries [4]. The plaque buildup will eventually narrow 
the coronary arteries and reduce the blood flow to the myocardium. As a result, the 
part of the myocardium distal of the lesions will not receive enough vital nutrients 
and cannot excrete waste products and could, dependent on the severity and stage 
of CAD, stop functioning [4]. CAD can already be detected in patient with a still less-
severe form of CAD. Accurate medical treatment can then stop the CAD from 
worsening, avoiding unnecessary invasive and non-invasive tests, and treatments 
[5]. Hence, early detection and accurate diagnosis and treatments are essential for 
the large population at risk. 

CARDIAC IMAGING MODALITIES 

In patients suspected of having stable CAD and a low-intermediate pre-test 
likelihood [6], it is recommended to use non-invasive imaging techniques to test for 
possible abnormalities, such as stenosis or ischemia, prior to invasive coronary 
angiography (ICA) [5, 7]. Both functional and anatomical imaging tests are 
recommended in this patient group. Single photon emitting computed tomography 
(SPECT) and positron emitting tomography (PET) myocardial perfusion imaging 
(MPI) are functional modalities that can be used to detect ischemia [5]. Computed 
tomography coronary angiography (CTCA) is used to directly visualize coronary 
arteries to detect stenosis [5, 8]. Combining both modalities results in adequate 
information about the location and extent of lesions as well as functional 
consequences such as ischemia. These results are required to determine the 
treatment strategy such as medical therapy, percutaneous coronary interventions 
(PCI) or coronary artery bypass grafting (CABG) [9]. Especially the presence of 
ischemia is a key indication for revascularization. 

RADIATION DOSE  

An important safety concern of imaging modalities that use ionizing radiation is the 
radiation exposure to the patients. Radiation levels used in clinical setting rarely 
result in the occurrence of deterministic effects, effects which occur after exceeding 
a certain threshold such as skin erythema or necrosis. However, the received 
radiation does add to the cumulative lifetime radiation dose of the patients [10–13]. 
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This contribution increases the chance on the induction of non-lethal damage to 
cells, so-called stochastic effects, which can lead to the occurrence of cancer or 
hereditary disorders in the future if these damaged cells are not neutralized by the 
immune system. The chance on the occurrence of these stochastic effects increases 
with the cumulative radiation dose and is considered not to have a threshold [10, 
11, 14]. All radiation exposure is therefore potentially harmful. The risks for such 
stochastic effects, risk on cancer and hereditary disorders, is roughly 0.5% for a 
cumulative dose of 100 mSv [15]. To provide context, the radiation dose of an ICA is 
2-20 mSv whereas the natural background dose in the Netherlands is 2.5 mSv per 
year, as shown in Table 1 [16]. Although the risk from a single test or intervention is 
small, it could potentially lead to many radiation-attributable cancers annually 
worldwide. 

INCREASING CUMULATIVE RADIATION DOSE  

The number of medical procedures that use ionizing radiation has drastically 
increased in the last decades. The number of computed tomography (CT)-scans 
performed per year grew with 240% between 1993 and 2006 while the number of 
nuclear medicine procedures increased with 450% since 1972 [17]. As a result of this 
growth, the cumulative radiation exposure from medical imaging to the general 
population has increased a three-fold between 1980 and 2006 [17]. A substantial 
part of this cumulative radiation dose and the associated risk on stochastic effects 
are due to cardiac imaging [12, 18, 19]. Interventional procedures involving 
fluoroscopy, such as ICA and PCI, account for the largest part with an average 
radiation dose of 2-57 mSv [16], as shown in Table 1. SPECT MPI is second, 
accounting for 10-22% of the total radiation burden from medical devices to the US 
population with an average radiation dose of 3.0-11.0 mSv per study [16, 18–20].  

NEED FOR PROTOCOL OPTIMIZATION AND REFINEMENT  

The trend of the increasing cumulative radiation dose by medical imaging has raised 
public awareness in the last decade, leading to a widely shared incentive to optimize 
and revise protocols as well as develop criteria for the appropriateness of imaging 
[21]. This increased attention seems to have changed the definition of treatment 
optimization in hospitals. Instead of wanting to obtain images with the best possible 
spatial resolution and quality, we nowadays try to use the lowest possible radiation 
dose to obtain the desired clinical information. Moreover, the medical need for a 
diagnostic test should always justify the associated harms, in our case the radiation 
dose. Lowering this radiation dose without affecting the diagnostic information will 
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therefore improve the radiation justification in agreement with the as-low-as-
reasonable-achievable (ALARA) principle. 

Despite the growing radiation awareness and introduction of new dose 
reductions techniques in the last decade [22–24], the radiation dose from cardiac 
imaging procedures is still relatively high and differs considerably across imaging 
centers [25]. These differences are primarily due to variations in equipment, non-
adherence to the guidelines or sometimes outdated guidelines as some protocols 
have stayed unchanged for decades [25–27]. Updating protocols in adherence to 
the guidelines already reduced the cumulative radiation dose of cardiac imaging 
considerably [25–30]. For example, stress-only SPECT MPI has been described for 
more than a decade but only 18% of the centers in the United States and 32.6% in 
Europe apply such a protocol [28, 31, 32]. In addition, updating the guidelines would 
also contribute in optimizing the radiation dose and image quality. Application of 
patient tailored activity protocols is not yet included in the European guidelines, 
although 31% of centers in Europe already apply such protocols [28]. Moreover, the 
recommended activities for MPI have remained unchanged for decades despite 
advancements in both hard- and software [33–35]. Hence, better adoption and 
further refinement of best practices and new techniques, such as patient tailored 
low-activity protocols or new X-ray equipment, can therefore contribute to reducing 
the cumulative radiation dose from medical imaging while maintaining or even 
improving image quality. 

 
 

Table 1. Overview of radiation dose ranges for various exposure types. 

Radiation exposure type 
Total effective dose 
(mSv) 

Chest X-ray  0.02 [36] 
Round trip transatlantic flight   0.08 
Annual background dose in the Netherlands  2.5  
SPECT MPI (Tc-99m Tetrofosmin) stress-only 1.0- 2.3 [16, 20] 
PET MPI (Rb-82) rest + stress   1.9-4.0 [16, 37] 
SPECT MPI (Tc-99m Tetrofosmin) stress + rest 3-11 [16, 20] 
Pacemaker implantation (fluoroscopy) 0.2-8 [16] 
CTCA     0.5-30 [16] 
ICA (fluoroscopy)  2-20 [16] 
PCI (fluoroscopy) 5-57 [16] 
Annual exposure limit for nuclear industry employees  20 
Temporary decrease white blood cells count  100 
Acute radiation effects, fatal within weeks   10 000 
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Background 

MYOCARDIAL PERFUSION IMAGING  

SPECT MPI is the most validated non-invasive method to test for ischemia [38]. An 
alternative functional method to test for ischemia, rapidly increasing in use due to 
its higher diagnostic accuracy [39], is PET MPI. Both procedures aim to identify areas 
of the myocardium (cardiac muscle) with a reduced blood flow by comparing the 
relative blood flow in rest with the relative blood flow in stress (exercise).  

During these MPI procedures, a radioactive tracer is administered 
intravenously which is partly taken up by the myocardium. The radioactive tracer 
emits photons that can be detected using a SPECT or PET camera. By backtracking 
the origin of the detected photons, by using the principle of collimators in SPECT or 
coincidence detection in PET, an image can be reconstructed showing the relative 
perfusion of the myocardium. When an area shows less perfusion, this could 
indicate limited blood flow due to a stenosis or occlusion. By scanning the patients 
twice, one time at rest and one time after stress, we can determine whether this 
occlusion or stenosis is reversible or irreversible. If perfusion is absent in an area 
during both stress and rest imaging, this indicates an irreversible occlusion of the 
vessel, an infarct. An area in which the relative perfusion in stress is lower than in 
rest indicates a reversible defect, ischemia, as shown in Figure 1. Ischemia occurs 
when a vessel is only partly occluded and is still able to sufficiently perfuse the 
myocardium in rest. However, it cannot meet the increased perfusion demand 
during stress, resulting in relative decrease of perfusion in that particular area in 
comparison to the rest of the myocardium.  

 
The recommended radioactive tracer activities for SPECT or PET MPI have been 
unchanged for decades and tracer activity protocols vary widely between 
institutions [28]. Fixed activity protocols are still recommended by the European 
guidelines although a decreasing image quality is observed for heavier patients [35]. 
Introduction of new hard- and software also created the ability to reduce the 
radiation exposure and to improve the image quality. Introduction of new 
reconstruction techniques and cadmium zinc telluride (CZT) semiconductor based 
SPECT cameras have allowed to reduce the scan time while maintaining or even 
improving the image quality [27]. Yet systematic studies describing the minimal 
activity required to administer when incorporating these latest techniques are still 
lacking. Introduction of additional techniques and software for CT-based 
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attenuation correction and motion correction have been shown to improve the 
specificity and therefore further decrease the need for rest imaging [40–46]. 
However, it is still unknown whether the added value of these techniques also hold 
on the new CZT-based SPECT cameras, equipped with pinhole geometry and 
associated with a higher count sensitivity and better image contrast [47–49].  
 
 

Figure 1. Schematic example of the change in relative myocardial perfusion during stress and rest 
imaging, indicating ischemia.  

COMPUTED TOMOGRAPHY CORONARY ANGIOGRAPHY  

Computed tomography coronary angiography (CTCA) can be used as a partial 
replacement or as an addition to MPI [5, 9]. It provides high-resolution anatomical 
images of the heart and can be used to determine if plaque or calcium deposits are 
present in the coronary arteries. Intravenous contrast fluid is administered during 
this procedure to maximize the enhancement of coronary anatomy and overcome 
the lack of contrast between blood and its surrounding tissue.  
 CTCA has always been associated with high radiation doses. However, the 
radiation dose of CTCA has decreased 10 to 20-fold in the last decade due to revised 
protocols and newer equipment. For example, the introduction of prospective 
electrocardiographically (ECG) triggered tube modulation, where the X-ray tube is 
only activated in the end-diastolic phase rather than throughout the cardiac cycle, 
has reduced the radiation dose by 90% [8, 50, 51]. In addition, introduction of 
iterative reconstruction techniques allowed a further dose reduction of up to 48% 



Chapter 1 

16 

[52] and allowed the use of lower tube voltages in non-obese patients which in turn 
even further lowered the radiation exposure [8, 26]. The newest high-end 
generation CT-scanners are even able to perform prospective high-pitch spiral 
scanning with radiation doses below 1 mSv [53].  

These new techniques are promising. However, only a limited number of 
centers currently possess such a high-end CT-scanner. In the majority of installed CT 
scanners automated tube modulation, which adjusts the tube current to correct for 
varying patients’ size, is not available in combination with ECG triggered acquisition. 
Thereby, a decreasing image quality in heavier patients is still observed when using 
these scanners and patient tailored dose protocols are lacking [8].  

INVASIVE CARDIOLOGY 

Patients with positive findings on MPI and CTCA or those with acute coronary 
syndromes are referred for ICA [5], sometimes immediately followed by a 
percutaneous intervention (PCI) [54]. In these procedures, a catheter is inserted in 
the femoral or radial artery and advanced over a guidewire to the origin of the 
coronary arteries. Intra-arterial administration of contrast fluid through the catheter 
creates contrast to image the coronary arteries to determine the flow through and 
diameter of the coronary arteries and to identify possible stenosis or calcifications, 
as shown in Figure 2.  
 

 
Figure 2. Invasive coronary angiography of the same patients (A) prior to and (B) after percutaneous 
intervention (PCI). The angiography shows the catheter, the left main artery, left circumflex artery and 
the left anterior artery with a stenosis (white arrow) which is treated in (B) with balloon angioplasty and 
implantation of a drug eluting stent.  
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Another procedure which is commonly performed in the heart 
catheterization laboratories is pacemaker or implantable cardioverter defibrillator 
(ICD) implantations. Both medical devices which are connected to multiple 
electrodes is then implanted in the body. The tips of these electrodes are attached 
to the myocardial wall and help regulating the contraction of the myocardium. 

In these invasive cardiac procedures, it is essential to obtain sufficient 
image quality for accurate assessment of the coronary arteries and to ensure 
accurate implant placement. However, this high image quality comes at the expense 
of high radiation doses. New X-ray technology which has recently been installed in 
our heart catheterization laboratories (Isala hospital, Zwolle, the Netherlands) have 
been reported to reduce the radiation dose by 40 up to 75% [22, 23]. However, it is 
unknown if these results hold for pacemaker or ICD implantations and whether it 
affects the visibility of calcifications during ICA.  

Thesis outline  
The central aim of this thesis was to optimize the radiation dose of non-invasive and 
invasive cardiac imaging while maintaining or improving image quality. For this 
purpose, we refined acquisition protocols by tailoring them to the individual patient 
and by minimizing the radiation dose and we evaluated the value of several cardiac 
techniques. 

PART I: REFINING IMAGING PROTOCOLS 

Part one of this thesis covers the optimization and introduction of patient-specific 
dose protocols in SPECT MPI, positron emission tomography (PET) MPI, and in 
computed tomography coronary angiography (CTCA). A constant image quality 
across patients is highly desirable in MPI and CTCA. Administration of fixed 
radioisotope activities in SPECT MPI are recommended in the European guidelines 
but application results in a degraded image quality in heavier patients. In Chapter 2 
we derived and validated a patient-specific scan-time activity protocol for MPI using 
a CZT-based SPECT camera. Application of the body-weight dependent activity 
protocol resulted in a constant image quality which allowed a systematical lowering 
of the tracer activity, as described in Chapter 3. As conventional Sodium Iodide 
(NaI)-based SPECT cameras are more commonly used than CZT-based cameras, we 
also derived and validated this patient-specific scan-time activity protocol for a 
conventional SPECT camera in Chapter 4. However, differences between SPECT 
scanners – in detector sensitivity, technical specifications such as collimator design 
and geometrical detector configuration, and in acquisition and reconstruction 
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settings – limited the generalizability of the derived formula. We therefore derived 
an easy to apply hands-on formula that enables the conversion of a fixed protocol 
into a patient-specific scan-time or activity protocol for any SPECT system, which is 
described in Chapter 5. The effect of implementing the patient-specific protocol as 
derived in Chapter 2 and 3 on the overall diagnostic outcome of MPI CZT-SPECT was 
still unknown. In Chapter 6 we therefore compared the normalcy rates, radiation 
dose, and event rates of a patient cohort scanned using a fixed activity protocol with 
a second cohort scanned with the new body-weight dependent low activity scan-
time protocol.  

While MPI SPECT is still widely used, MPI using Rubidium-82 (Rb-82) PET is 
growing rapidly in use due to the higher diagnostic accuracy. However, also in PET 
MPI, the recommended activity to administer has remained unchanged for decades 
despite technologic advancements. In Chapter 7 we therefore set out to determine 
the minimal activity to administer in PET MPI for visual, relative, interpretation.  

In addition to MPI, prospective ECG-triggered CTCA is recommended for 
complementary anatomical examination. Yet also the image quality of CTCA 
degrades in heavier patients. In Chapter 8 we derived and validated a radiation 
exposure formula to adjust the radiation exposure in CTCA.  

PART II: VALUE OF NON-INVASIVE IMAGING TECHNIQUES 

In part two of this thesis we evaluated non-invasive imaging techniques to 
determine their value in reducing the radiation dose or improving the image quality. 
In Chapter 9, we evaluated the necessity for applying motion detection and 
correction software using a CZT-based SPECT camera. In Chapter 10 we evaluated 
whether the added value of CT-based attenuation correction (AC) on conventional 
SPECT also holds for CZT-based cameras, which are already associated with a higher 
diagnostic accuracy.  

PART III: VALUE OF INVASIVE IMAGING TECHNIQUES 

The final part of this thesis focused on invasive cardiac imaging procedures in heart 
catheterization laboratories, where new techniques lead to changes in radiation 
dose and possibly image quality. New imaging equipment which has recently been 
installed in our heart catheterization laboratories is advertised to generate major 
dose reductions. We measured this dose reduction in pacemaker and ICD 
implantation procedures, as described in Chapter 11, and evaluated the effect on 
the image quality.  
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Good image quality is essential during PCI, as visibility of coronary artery 
calcifications (CAC) is an important predictor of procedure success. Being unaware 
of CAC at the time of a PCI procedure can result in incomplete stent deployment, 
increasing the chance of stent thrombosis and in-stent restenosis. In Chapter 12, we 
therefore compared the sensitivity of detecting calcified lesions during ICA with CT-
based calcium scoring as reference standard.  

 
In Chapter 13 we summarized the key findings and discussed the clinical implications 
and future perspectives. In Chapter 14 we provided the Dutch summary and in 
Chapter 15 a Layman`s summary is presented (in Dutch). 
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Abstract 
Background: Guidelines for SPECT myocardial perfusion imaging (MPI) traditionally 
recommend a fixed tracer dose. Yet, clinical practice shows degraded image quality 
in heavier patients. The aim was to optimize and validate the tracer dose and scan 
time to obtain a constant image quality less dependent on patients’ physical 
characteristics. 
Methods: 125 patients underwent Cadmium Zinc Telluride (CZT)-SPECT stress MPI 
using a fixed Tc-99m-tetrofosmin tracer dose. Image quality was scored by three 
physicians on a 4-point grading scale and related to the number of photon counts 
normalized to tracer dose and scan time. Counts were correlated with various 
patient-specific parameters dealing with patient size and weight to find the best 
predicting parameter. From these data, a formula to provide constant image quality 
was derived, and subsequently tested in 92 new patients. 
Results: Degradation in image quality and photon counts was observed for heavier 
patients for all patients’ specific parameters (p<0.01). We found body weight to be 
the best-predicting parameter for image quality and derived a new dose formula. 
After applying this new body weight-depended tracer dose and scan time in a new 
group, image quality was found to be constant (p>0.19) in all patients. 
Conclusions: Also in CZT SPECT image quality decreases with weight. The use of a 
tracer dose and scan time that depends linearly on patient’s body weight corrected 
for the varying image quality in CZT-SPECT MPI. This leads to better radiation 
exposure justification. 

Introduction 
For patients with suspected coronary artery disease (CAD) it is recommended to test 
for ischemia prior to elective invasive coronary angiography [1]. For this purpose, 
several diagnostic modalities are available of which myocardial perfusion imaging 
(MPI) with single photon emission-computed tomography (SPECT) is the most 
validated non-invasive method [2].  
Traditionally, a fixed tracer dose of Tc-99m is used for SPECT MPI for all patients [3]. 
This has also become common practice in SPECT protocols using the newer gamma 
cameras equipped with Cadmium Zinc Telluride (CZT) detectors. However, previous 
studies and clinical practice suggest degraded image quality for obese patients [4, 
5]. Although many factors determine image quality, the decreasing number of 
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measured photon counts in heavy patients appears to be a cornerstone. This is 
caused by the attenuation of photons by the tissue layer between the myocardium 
and SPECT detectors [6]. Therefore, a method to systematically correct for this 
degradation should be beneficial. Although there are large variations in the 
recommended tracer doses in protocols and guidelines, fixed dose protocols are 
nowadays used in almost all countries [3]. 
Introduction of a patient-specific tracer dose will presumably lead to less variation 
in image quality across all patient weight categories and may lead to a lower dose 
in leaner and a higher dose in heavier patients [3, 7–10]. However, it is currently 
unknown how such a correction should be applied to CZT-SPECT imaging. 
Identification of one or more patient-specific parameters that influence image 
quality may allow the derivation of a patient-specific tracer dose to administer (or a 
patient-specific scan time to apply). This should lead to better justification and 
minimization of radiation exposure by SPECT MPI, which also fits in the current trend 
of radiation dose reduction [7, 11]. Dose justification is of particular interest for 
SPECT MPI examinations as they significantly contribute to the cumulative radiation 
dose in medical imaging and have one of the highest effective dose contributions of 
all nuclear medicine procedures [8, 12–14].  
Hence, the aim of this study was to optimize and validate the tracer dose and scan 
time for CZT-SPECT MPI to obtain a constant image quality less dependent on 
patients’ physical characteristics. 

Materials and methods 
In this study, a new combination of tracer dose and scan time to overcome size-
related degradation of image quality was first derived and consecutively validated 
in clinical practice. All included patients were scanned according to the standard 
clinical protocol valid at the time of acquisition. Based on the outcomes of the tracer 
dose and scan time deriving part of this study, the clinical protocol was changed in 
the hospital. For this reason, approval by the medical ethics committee was not 
required. All patients provided written informed consent for the use of their data 
for research purposes. 

STUDY POPULATION 

All retrospectively included patients underwent clinically indicated CZT-
SPECT/computer tomography (CT) stress MPI (Discovery NM 570c, GE Healthcare). 
125 patients were included in the dose and scan time deriving part of our study 
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(further referred by group A), of which 86 patients were selected consecutively. To 
obtain a patient population with a sufficient amount of patients in the full range of 
body weights that can be encountered in clinical practice, the other 39 patients were 
specifically added such that at least 10 patients fell into one of the following body 
weight categories: <60, 60-70, 71-80, 81-90, 91-100, 101-110, 111-120, and >120 kg. 
For the validation of the derived protocol, an additional 92 consecutive patients 
were included (further referred by group B). Multiple patient-specific parameters 
and CAD risk factors were collected for all patients prior to scanning. 

PATIENT PREPARATION AND IMAGE ACQUISITION 

Patients were instructed to refrain from caffeine and other methylxanthine-
containing foods (chocolate, tea, and bananas) for 24 hours before stress 
examination. Dipyridamole was discontinued for 48 hours prior to the test. Only 
pharmacologic stress was used due to logistic reasons, in particular the high patient 
throughput in our center [15]. Stress was induced by intravenous adenosine 
administration (140 μg/kg/min for 6 minutes) or dobutamine (starting from 
10 μg/kg/min, increased along 3-minute intervals to a maximum of 50 μg/kg/min 
until 85% of the predicted maximum heart rate was reached). At peak stress patients 
were injected intravenously with 370 MBq Tc-99m tetrofosmin (500 MBq for 
patients with a body weight of more than 100 kg) in group A and 3.0 MBq/kg in 
group B. 

Patients were requested to consume at least half a chocolate bar and drink 
three cups of water post-injection to reduce subdiaphragmatic activity uptake and 
improve image quality of the inferior wall. 

Stress imaging was performed 60-min post-injection. Patients were 
scanned in supine position, with arms placed above their head. The patient’s chest 
was positioned close to the SPECT detectors, with the heart in the center of the field 
of view (FOV), assisted by using real-time persistence imaging. 

CZT-SPECT MPI scans were acquired with a 20% symmetrical energy 
window centered at 140 keV and a scan time of 5 minutes in group A and 8 minutes 
in group B. Subsequently, SPECT data were reconstructed using a dedicated 
reconstruction algorithm (Myovation, GE Healthcare) with and without CT-based 
photon attenuation correction and displayed in the traditional short, vertical long 
and horizontal long axes. 

A full description of the CZT detector system used in this study is described 
in several studies [15–18]. In short, the scans were acquired using 19 pinhole 
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detectors, each containing 32 × 32 pixelated (2.46 × 2.46 mm) CZT elements, all 
focused on the myocardium. The relatively small established FOV minimizes the 
influence of photon detection of surrounding tissue, enhancing the image quality of 
the myocardium. 

VISUAL IMAGE QUALITY ASSESSMENT 

The image quality of all reconstructed myocardium images in both group A and B 
was assessed by three experienced nuclear medicine physicians, who scored images 
visually by consensus according to a 4-point rating scale (1-poor, 2-fair, 3-good, 4-
excellent). The following parameters were considered for rating the image quality; 
myocardial shape, uptake density and uniformity, endocardial and epicardial edge 
definition, and myocardium to noise ratio. All readers were blinded for patient 
characteristics and the images were presented in random order. 

DERIVING A PATIENT-TAILORED TRACER DOSE AND SCAN TIME PROTOCOL 

QUALITATIVE ANALYSIS 
This analysis was performed to test the hypothesis that the results of the visual 
image quality assessment (as described above) are correlated to the total number 
of measured photon counts in the 19 detectors of the SPECT system. As this number 
is expected to be dependent on size-related patient parameters, it was tested 
whether a change in image quality was observed when values of the following 
parameters changed: body weight, mass per body length, chest circumference 
(determined using the CT scans for attenuation correction), body mass index (BMI), 
lean body mass (LBM) (using Hume’s hume [19] and James’ definitions [20], shown 
in Equations 1-4), and fat percentage (body weight minus the LBM divided by body 
weight). 
 
Lean body mass (kg) male by Hume [19] = 0.33 ∙ 푏표푑푦 푤푒푖푔ℎ푡  (푘푔) + 0.34 ∙ ℎ푒푖푔ℎ푡 (푐푚) − 29.5 (1) 
 
Lean body mass (kg) female by Hume [19] = 0.30 ∙ 푏표푑푦 푒푖푔ℎ푡 (푘푔) + 0.42 ∙ ℎ푒푖푔ℎ푡  (푐푚) − 43.3 (2) 
 

Lean body mass (kg) male by James [20] = 1.10 ∙ 푏표푑푦 푤푒푖푔ℎ푡  (푘푔) ∙ −128 ∙   ( )
 ( )

 (3) 

 

Lean body mass (kg) female by James [20] = 1.07 ∙ 푏표푑푦 푤푒푖푔ℎ푡  (푘푔) ∙ −148 ∙   ( )
 ( )

 (4) 
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QUANTITATIVE ANALYSIS 
In this analysis, the measured photon counts (Cmeas) in all 19 pinhole detectors were 
normalized to the product of the tracer dose at time of acquisition Aacq (MBq) and 
the scan time Tscan (min). This resulted in the normalized number of counts (Cnorm) 
per patient: 
 

퐶 =
· 

          (5) 

 
Next, this number of normalized counts was studied as a function of each patient-
specific parameter (P) to find the parameter best explaining the measured 
normalized counts. Therefore, each relation was fitted (Cfit) using a power law 
function: 
 
퐶 =  푎 ·  푃         (6) 
 

with a and b as fit parameters. 

PATIENT-SPECIFIC DOSE 

When the measured normalized photon counts can be explained by a patient-
specific parameter, this allows making a correction for the tracer dose and/or 
scanning time. Subsequently, this can be used to derive a protocol resulting in a 
constant number of counts (C), and thereby a constant image quality, ideally 
independent of patient-specific parameters. For this study, C was set equal to the 
average photon counts measured in all patient scans. This resulted in the following 
Equation describing the relation between C and the recommended patient-specific 
tracer dose to be administered, Aadmin: 
 

퐶 =  퐶  ·   ·         (7)  

 
with K the correction factor for radioactive decay between administration of tracer 
dose and SPECT acquisition (which is equal to 1.12 for 60 minutes). In this derivation, 
a linear count rate response is assumed, as suggested in literature [21, 22].  
Equation 7 can be rewritten, using Equation 6 into: 
 

퐴 =   · · 
 · 

       (8)  
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Hence, Equation 8 represents the new tracer dose formula that depends on a size-
related specific parameter. Furthermore, it shows that Aadmin and Tscan are 
interchangeable, as suggested by Oddstig et al. [21], i.e, instead of introducing a 
patient-specific dose, a patient specific scan-time may be established. Thereby, the 
dose to administer can be reduced while increasing the scan time to obtain the same 
image quality up to certain limits due to possible patient motion. A second 
(approximate) dose formula was calculated with fit parameter b set to 1, suggesting 
a linear relation between tracer dose and scan time and a size-dependent 
parameter. 

VALIDATING THE DERIVED TRACER DOSE AND SCAN TIME PROTOCOL 

The optimized tracer dose formula was implemented as a new routine clinical 
protocol. The mean image quality was compared between groups A and B. To 
examine if both the image quality and measured counts were independent of body 
weight, body weight was correlated to both image quality and measured counts. 

STATISTICS 

All patient-specific parameters and characteristics for both group A and B were 
presented as mean ± standard deviation (SD) and compared using the chi-square 
and unpaired t tests using Stata software (StataSE 12.0). To test if the image quality 
depended on the measured photon counts, the Kruskal Wallis test was performed. 
The same test was used to determine if the rated image qualities depended on the 
patient-specific parameters. To test if the fits for each patient-specific parameter 
differed significantly from zero, implying a significant correlation between Cnorm and 
P, t tests were performed. Coefficients of determination (R2) were determined for 
all fits. The fit error between Cnorm and Cfit was calculated for each data point using 
(Cfit – Cnorm)/ Cfit · 100%. The F test was used to verify if the SD of the fit-error 
distribution was different for body weight compared to the other patient specific 
parameters. Using the results of R2 and the F tests, the patient-specific parameter 
best explaining the normalized photon counts was selected. The influences of the 
reported perfusion defects and subdiaphragmatic uptake of activity on the fit errors 
were tested using the Mann-Whitney U test.  

The recommended tracer dose was calculated including the 95% 
confidence interval (CI), based on the calculated uncertainty of the fit parameters a 
and b. The mean image quality between both groups was compared using the chi-
square test. The correlation between body weight and both the image quality and 
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measured photon counts was calculated in both groups using the Spearman’s rank 
correlation coefficient and the Pearson correlation coefficient, respectively. 
The level of statistical significance was set to 0.05 for all statistical analyses. 

Results 
The baseline characteristics of all included patients are summarized in Table 1. 
 
Table 1. Baseline characteristics of all included patients with suspected CAD referred for CZT-SPECT 
imaging for both group A and B. 

Characteristic Group A (n = 125) Group B (n = 92) 
p value  

(χ2/ t-test) 
Age (years) 61.6 ± 10.4 64.6 ± 11.2 .05 
Male gender (%) 48.8 45.6 .64 
Body weight (kg) 88.2 ± 19.5 82.6 ± 16.2 .03 
Height (cm) 174 ± 10.2 173 ± 9.3 .68 
BMI (kg/m2) 29.0 ± 5.7 27.5 ± 5.1 .04 
Bra size A:4, B:20, C:11, D:14, E:9, F:2, 

G:2* 
A:3, B:16, C:14, 
D:9, E:1* 

.16 

Current smoking (%) 16.8 13.1 .47 
Hypertension (%) 59.5 54.2 .44 
Diabetes (%) 13.0 16.9 .48 
Dyslipidemia (%) 43.3 51.8 .24 
Family history (%) 58.2 66.3 .25 
Normal MPI scan (%) 62.4 62.6 .98 
Ischemic defect (%) 19.4 15.3 .45 
Non reversible defect (%) 26.6 25.6 .86 

Data are presented as mean ± standard deviation or percentages except for bra size 
*Bra size missing for 11 patients 

DERIVING A PATIENT-TAILORED TRACER DOSE AND SCAN TIME PROTOCOL 

The mean measured photon counts of all patients in group A was 
1,168 × 103 ± 295 × 103. This was 663 ± 206 MBq−1 min−1 for the normalized photon 
counts. 
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QUALITATIVE ANALYSIS 
The mean scored image quality of all myocardium scans was 2.51 ± 0.60. Within this 
set of images, 40% was scored as fair and 55% as good or excellent. An increase in 
image quality was observed for patient scans with higher photon counts, as shown 
in Figures 1 and 2. Image quality depended significantly on the number of photon 
counts (p=0.02). A significant increase in image quality was observed when values 
decreased for most patient-specific parameters (p<0.02). Only the LBM by James did 
not correlate significantly with image quality (p=0.12). As an illustration, Figure 3 
shows the relation between four patient-specific parameters and the image quality. 
 
 

 
Figure 1. Example of how the CZT-SPECT image quality for a stress examination changes with the 
measured photon counts, shown at the top of each myocardium reconstruction. The reconstructions are 
based on one typical patient (65-year-old female, 68 kg, administered with 339 MBq) using different 
reframed scan times: from left to right 0.6, 1.25, 2.5, 3.75, and 5 minutes. The corresponding short, 
vertical long and horizontal long axes are shown from top to bottom and the pixel intensities of the 
reconstructed images were rescaled to its largest pixel value. 
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Figure 2. Boxplot of the relation between the measured photon counts and the mean scored image 
quality in all 125 patients in group A. An image quality score of 4 was only assigned in one patient. 
 
 

 
Figure 3. Boxplots of the relation between four patient-specific parameters and image quality in all 125 
patients in group A. The parameters included: (A) body weight, (B) mass per body length, (C) chest 
circumference, and (D) BMI. 
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QUANTITATIVE ANALYSIS 
Each relation between the normalized counts and a patient-specific parameter P 
was fitted using Equation 6. For all patient-specific parameters, fit parameter b was 
found to be statistically different from zero (p<0.01). As an illustration, Figure 4 
shows Cnorm for six patient-specific parameters including the power law fits. 
 

 
Figure 4. The measured photon counts per MBq per minute as a function of six patient-specific 
parameters: (A) body weight, (B) mass per body length, (C) chest circumference, (D) BMI, (E) fat 
percentage according to Hume, and (F) fat percentage according to James. Also shown are the power law 
fits (solid lines) and the coefficients of determination for each fit. 

 
The calculated fit parameters a and b as well as the coefficients of determination for 
all patient-specific parameters are shown in Table 2. Body weight was chosen to be 
the best predictive parameter, based on its R2 value, its low standard deviation of 
the relative error distribution and its practicality in use, and was used further in this 
study. 

We did not observe influence of the presence or absence of perfusion 
defects or subdiaphragmatic uptake on the fit errors (p=0.27 and p=0.62, 
respectively). 
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Table 2. Results of the fit parameters a and b (including the 95% CI) for each patient-specific parameter, 
including the coefficients of determination (R2). 

Parameter a  b (95% CI) R2  F test (p value) 
Body weight (kg) 69273 −1.05 (−1.20:−0.91) 0.61 – 
Mass/length (kg/m) 65322 −1.19 (−1.35:−1.02) 0.62 0.73 
Chest circumference (cm) 51805 −1.93 (−2.21:−1.65) 0.59 0.99 
BMI (kg/m2) 29377 −1.14 (−1.33:−0.96) 0.54 0.46 
Fat Hume (%) 229 −0.94 (−1.14:−0.74) 0.41 0.02 
Fat James (%) 261 −0.92 (−1.06:−0.78) 0.57 0.73 
LBM Hume (kg) 54887 −1.11 (−1.35:−0.87) 0.39 <0.01 
LBM James (kg) 185620 −1.44 (−1.88:−1.00) 0.24 <0.01 

Results are also shown of the F test where the SD of the relative error distributions of the fits was 
compared to the SD of the fit using body weight 

PATIENT-SPECIFIC DOSE 

Using Equation 8, the recommended patient-specific tracer dose of Tc-99m 
tetrofosmin using patient’s body weight is described by Aadmin(MBq) = 19.0 · body 
weight (kg)1.05 / Tscan (min). Thus, a lower tracer dose (or a shorter scan time) for 
leaner patients and a higher tracer dose (or longer scan time) for obese patients are 
suggested than what was originally applied, as shown in Figure 5. The suggested 
tracer dose formula was approximated for easier clinical adoption, in the margin of 
the error, by a linear function in which fit parameter b was set to one. This resulted 
in Aadmin(MBq) = 23.8 · body weight (kg) / Tscan (min) and is also shown in Figure 5. 
 

 
Figure 5. The product of tracer dose and scan time as function of body weight with the fixed Tc-99m 
tracer dose as applied in the study population of group A (Afixed dose), the suggested body weight-depended 
tracer dose according to Equation 8 (Aadmin), including the 95% CI, and the approximated tracer dose that 
depends linearly on body weight, for easier adoption in clinical practice (Aapprox). The right y-axis shows 
the product of the effective patient’s radiation dose and scan time. 
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Figure 6. Boxplot of the relation between body weight and the scored image quality for both patient 
groups. A significant correlation was found for group A (fixed dose) but not for group B (body weight-
depended dose). 

VALIDATING THE DERIVED TRACER DOSE AND SCAN TIME PROTOCOL 

The mean scored image quality in group B was 2.74 ± 0.75. Within this set of images, 
29% was scored as fair and 67% as good or excellent. This mean image quality was 
significantly different from the mean in group A (2.51 ± 0.60, p<0.01). Different 
correlations between image quality and body weight were observed between group 
A and B, as illustrated in Figure 6. Whereas in group A, a significant correlation 
between decreasing weight and higher image quality was found (p<0.01), this 
correlation was absent in group B (p=0.19). Also different correlations were found 
between the measured photon counts and body weight. In group A, this correlation 
was found to be significant (p<0.01), but no correlation was found in group B 
(p=0.96), as illustrated in Figure 7. 
 

 
Figure 7. Measured photon counts as a function of body weight using (A) group A (fixed dose) and (B) 
group B (body weight-depended protocol). Also linear fits are shown where in (A) two fits are presented: 
one corresponding to patients less than 100 kg and one to more than 100 kg. 
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Discussion 
Our results indicate that the image quality of stress MPI using CZT-SPECT depends 
on the amount of photon counts and therefore it is related to size-dependent 
patient parameters. This was the result of both a visual assessment and a 
quantification of the normalized measured number of photon counts. The resulting 
variation in image quality with fixed injected tracer dose in patients who undergo 
CZT-SPECT MPI can best be corrected using a tracer dose and scan time depending 
on body weight. 

NEW KNOWLEDGE GAINED 

Introduction of the proposed tracer dose depending linearly on body weight led to 
a more constant number of photon counts and image quality less dependent of 
patients’ physical characteristics. This constant image quality can also be achieved 
by using a patient-specific scan-time based on body weight. Hence, this allows for a 
better dose justification. 
 
Our results correspond with a higher photon attenuation in obese patients as 
suggested by Notghi et al. However, we also systematically identified the relation 
between Cnorm and body weight. This allowed us to formulate a dose administration 
formula eligible for all weight categories. Yet, it should be noted that the 
recommended tracer dose formula is based on patients with body weights between 
50 and 130 kg. Therefore, our results must be read with caution when extrapolating 
them to patients outside this body weight range. CT-attenuation correction is still 
recommended when using a body weight-depended dose protocol, because our 
proposed dose protocol does not correct for the underestimation of regional 
myocardial activity. Yet, with a sufficient amount of counts in all body weight 
categories a more reliable CT-attenuation correction is applied [23].  
 
Although our study specifically focused on CZT-SPECT, the body weight-dependent 
tracer dose to administer will likely also be eligible for usage in SPECT MPI using 
Anger cameras. Yet, using the exact same formula will presumably lead to lower 
image quality for Anger cameras. This is caused by the lower count sensitivity, 
spatial resolution, and energy resolution of the conventional sodium iodide (NaI)-
based cameras, and an increased probability for patient motion due to longer scan 
times [16, 17, 24–26]. Hence, at least the tracer dose needs to be adapted for the 
decrease in count sensitivity. 
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The influence of the pinhole collimator design on the relation between the 
measured photon counts and body weight is considered to be limited. The pinhole 
design establishes a small FOV that is focused on the myocardium, and therefore 
minimizes the influence of photons originating from Tc-99m uptake in surrounding 
tissue (e.g. in the gastro intestinal tract). This is supported by the absence of a 
relation between image quality and subdiaphragmatic tracer uptake on the fit 
errors. 
 
Although introduction of the proposed tracer dose formula reduces variability in 
photon counts and provide a more constant image quality for patient in all weight 
categories, other factors determining image quality should also be considered. 
Relatively large variations in the number of photon counts were observed between 
patients with the same body weight (as shown in Figure 4). A large part of these 
variations is caused by the high variation in myocardial uptake of Tc-99m 
tetrofosmin [27, 28]. This also includes the varying size of tissue layer between the 
heart and scanner between patients with a similar weight, as suggested by Notghi 
et al. [7]. Likely, the large variation is also induced by differences in heart function, 
size of the heart, liver excretion, body muscle mass, and/or influence of 
(surrounding) tissue and organs [7]. The geometrical pinhole efficiency contributes 
to the observed variation as well. This is the fraction of emitted photons that pass 
the circular opening of the collimator, which is higher for emitted counts in the 
center of the FOV of the pinhole. This implies that a lower fraction of photons was 
detected in patients where the myocardium was not perfectly centered in the FOV 
or where the myocardium was closer to the detector. 
 
A few additional assumptions were made in deriving the proposed tracer dose 
formula. First, we based the formula on the average measured counts of the 125 
included patients (group A). However, we did not a priori determine the minimal 
number of photon counts needed for an optimal diagnosis using CZT detectors, as 
described by Nakazato et al. [29]. The determination of this number of counts was 
out of the scope of this study. Yet, our results already provide an indication of the 
minimal count number that is needed. With our proposed patient-specific tracer 
dose (or scan time) protocol, image quality was scored as poor in 4%. This indicates 
that further reducing the dose and scan time would probably lead to an 
unacceptable amount of poor image quality cases. However, a thorough study is 
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needed to determine the minimal number of counts for further optimizing the tracer 
dose and scan time, and hence image quality and radiation exposure justification. 

Second, acquisition times differed between both the fixed dose protocol 
(group A) and the body weight-dependent protocol (group B) using acquisition times 
of 5 and 8 minutes, respectively. This adoption was applied to reduce the radiation 
burden while maintaining the same image quality. This is based on the linear relation 
between the tracer dose and scan time as described in literature [21]. Note that 
using longer scan times will induce a higher probability of patient motion [3]. Third, 
the differences in baseline characteristics between both groups (body weight and 
BMI, as shown in Table 1) were assumed to have no influence on the outcome of 
this study. Furthermore, the higher mean scored image quality in group B might 
have been caused by the lower mean body weight. This was also considered not to 
influence the outcomes of this study. 

Conclusion 
A decrease in image quality was observed for heavier patients using a fixed tracer 
dose of Tc-99m tetrofosmin in CZT-SPECT MPI. The use of a tracer dose and scan 
time that depends linearly on patient’s body weight corrected for the varying image 
quality and led to a better radiation exposure justification. 
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Abstract 
Background: Myocardial perfusion imaging (MPI) with SPECT is widely adopted in 
clinical practice but is associated with a relatively high radiation dose. The aim of 
this study was to determine the minimum product of tracer dose and scan time that 
will maintain diagnostic value for cadmium zinc telluride (CZT) SPECT MPI.  
Methods: Twenty-four patients underwent clinically indicated stress MPI using CZT 
SPECT and a body weight–dependent (3 MBq/kg) 99mTc-tetrofosmin tracer dose. 
Data were acquired for 8 min in list mode. Next, images were reconstructed using 
2-, 4-, 6-, and 8-min time frames. Differences between the 8-min reference scan and 
the shorter scans were determined in segmental uptake values (using the 17-
segment cardiac model), ejection fraction, and end-diastolic volume. A 5% 
difference in segmental uptake was considered to significantly influence the 
diagnostic value. Next, the quality of the 4-, 6-, and 8-min scans was scored on a 4-
point scale by consensus by 3 experienced nuclear medicine physicians. The 
physicians did not know the scan time or patient information.  
Results: Differences in segmental uptake values, ejection fraction, and end-diastolic 
volume were greater for shorter scans than for the 8-min reference scan. On 
average, the diagnostic value was influenced in 7.7 segments per patient using the 
2-min scans, in comparison to 2.0 and 0.8 segments per patient using the 4- and 6-
min scans, respectively. In addition, the 4-min scans led to a significantly reduced 
image quality compared with the 8-min scans (p<0.05). This was not the case for the 
6-min scan.  
Conclusion: Six minutes was the shortest acquisition time in stress MPI using CZT 
SPECT that did not affect the diagnostic value for a tracer dose of 3 MBq/kg. Hence, 
the patient-specific product of tracer dose and scan time can be reduced to a 
minimum of 18 MBq·min/kg, which may lower the effective radiation dose for 
patients to values below 1 mSv. 

Introduction 
For patients with suspected stable coronary artery disease, testing for ischemia is 
strongly recommended before invasive coronary angiography [1, 2]. Multiple tests 
are available for this purpose, of which myocardial perfusion imaging (MPI) with 
SPECT is the most validated noninvasive method [3]. 
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MPI using SPECT is widely adopted in clinical practice. Yet, this modality is also 
known to be a large contributor to the cumulative effective radiation dose from 
medical sources in the general population, accounting for more than 22% of the 
total effective dose in the United States [4]. Despite the introduction of more 
sensitive gamma cameras, such as cadmium zinc telluride (CZT)–based systems, as 
well as a general awareness of radiation burden, the tracer dose that should be 
administered has remained largely unchanged over the last decade [5–7]. Initially, 
research on these new cameras focused on decreasing the scan time while 
maintaining the image quality at a level similar to that of conventional sodium 
iodide–based gamma cameras [8–10]. Nakazato et al. reported the minimum 
number of counts needed in CZT SPECT to provide reproducible results similar to 
those of a conventional camera [11]. Furthermore, Einstein et al. recently validated 
a low-dose CZT SPECT protocol by comparing it with conventional SPECT [12]. 
However, these studies did not assess the minimum number of counts or scan time 
needed to maintain the diagnostic value of CZT SPECT. Therefore, the aim of our 
study was to determine the minimum product of tracer activity and scan time (PAST) 
that will maintain the diagnostic value of stress MPI using CZT SPECT. 

Materials and methods  

STUDY POPULATION 

We retrospectively included 24 consecutive patients who underwent clinically 
indicated stress MPI using CZT SPECT (Discovery NM 570c; GE Healthcare). This 
study was approved by the local ethics committee, and all patients gave written 
informed consent for the use of their data for research purposes, including the 
collection of multiple patient-specific parameters and coronary artery disease risk 
factors. 

PATIENT PREPARATION AND ACQUISITION 

Patients were asked not to use any nicotine or caffeine-containing beverages for 24 
h before scanning and to discontinue dipyridamole for 48 h before scanning. 
Pharmacologic stress was induced by intravenous adenosine (140 μg/kg/min for 6 
min) or regadenoson (5 mL with 400 μg for 15 s followed by a saline flush). Only 
pharmacologic stress was used for logistic reasons, in particular the high patient 
throughput in our center [13]. A body weight–dependent tracer dose of 3 MBq/kg 
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was administered intravenously at peak stress to minimize the influence of patients’ 
physical characteristics on the image quality [7]. 

Patients were scanned supine 45–60 min after injection, with their arms 
placed above their heads. Before scanning, the patient’s chest was positioned in the 
center of the CZT SPECT scanner using real-time persistence imaging. Images were 
acquired for 8 min using a 20% symmetric energy window centered at 140 keV. Data 
were acquired in list mode. 

The dedicated heart CZT SPECT system that we used has been described 
repeatedly in the literature [5, 6, 13, 14]. In short, the scanner uses 19 pinhole 
detectors centered around the myocardium containing 32 × 32 pixelated (2.46 × 
2.46 mm) highly sensitive CZT elements. 

Images were reconstructed using 2, 4, 6, and 8 min time frames by applying 
an iterative reconstruction algorithm with maximum-likelihood expectation 
maximization (Xeleris, version 3.0562; GE Healthcare). The scans were displayed in 
traditional short, vertical long, and horizontal long axes. To prevent additional 
reproducibility influences, CT-based attenuation correction was not applied in this 
study [15]. In addition, the ejection fraction (EF) and end-diastolic volume (EDV) 
were determined for all scans (Xeleris). 

QUANTITATIVE ANALYSIS 

The measured number of photon counts in the 19 pinhole detectors were 
determined for each scan time. We then created circumferential polar plots for all 
MPI scans, representing the percentage of tracer uptake in the 17 myocardial 
segments [16–18]. In these polar plots, the segmental uptake values were 
normalized and presented as the percentage of the maximum myocardial regional 
uptake [16–18]. For each segment, the uptake differences were determined 
between the 8-min scan (referred by 8-min reference scan) and the 2-, 4-, and 6-min 
scans (referred by shorter scans). Next, for each of the 17 segments, the percentage 
of patients with an absolute segmental uptake difference of more than 5% was 
determined. Furthermore, the number of segments with an uptake difference of 5% 
was determined for each patient for all scans. An uptake difference of 5% is 
generally associated with possible ischemia and is considered to significantly 
influence the diagnostic value [19, 20]. In addition, a subanalysis assessing only the 
outer (1-6) and only the inner (7-17) segments was performed to account for 
reproducibility errors [15]. Finally, we calculated the mean absolute differences in 
EF and EDV between the 8-min reference and shorter scans. 
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QUALITATIVE ANALYSIS 

The image quality of the 4-, 6-, and 8-min MPI scans was assessed to determine 
possible noninferiority of the shorter scans compared with the 8-min reference 
scans. Three experienced nuclear medicine physicians scored the reconstructed 
images by consensus using a 4-point scale (1, poor; 2, fair; 3, good; 4, excellent). The 
following parameters were considered: myocardial shape, uptake density and 
uniformity, endocardial and epicardial edge definition, and myocardium-to-noise 
ratio [7]. In addition, each observer scored diagnostic confidence in image 
interpretation as sufficient or insufficient, where sufficient indicates enough 
confidence to make a follow-up decision based on image quality. All interpreters 
were masked to patient characteristics and scan times. Moreover, all scans were 
presented in random order. 

STATISTICS 

Patient-specific parameters and characteristics were determined as mean ± SD using 
Stata (StataSE, version 12.0).  

The mean absolute differences in segmental uptake values, EF and EDV 
with the 8-min reference scans were compared between the 2-, 4-, and 6-min scans 
using the Wilcoxon signed-rank test. The number of segments influencing the 
diagnostic value per patient was compared between the 2-, 4-, and 6-min scans 
using the Wilcoxon signed-rank test. Image quality between the 8-min reference 
scan and the 4- and 6-min scans was also compared using the Wilcoxon signed-rank 
test. To compare mean diagnostic confidence in image interpretation between the 
8-min reference scans and the shorter scans, the Cochran Q-test was used. The level 
of statistical significance was set to 0.05 for all statistical analyses. 
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Results 
The baseline characteristics of all included patients are summarized in Table 1. 
 
Table 1. Baseline characteristics and scan results for all 24 stable patients with suspected coronary artery 
disease referred for CZT SPECT. 

Characteristic Data 

Age (y) 65.2 ± 12.6 

Male sex (%) 41.7 

Body weight (kg) 78.3 ± 15.6 

Height (cm) 171 ± 10 

Body mass index (kg/m2)  26.7 ± 4.6 

Normal MPI scan (%) 75.0 

Ischemic defect (%) 16.7 

Nonreversible defect (%) 25.0 

Data are mean ± SD.  

QUANTITATIVE ANALYSIS 

The mean measured photon counts were 303 ± 54, 604 ± 105, 902 ± 157, and 1,196 
± 211 kilocounts using a scan time of 2, 4, 6, and 8 min, respectively. The mean 
absolute differences in tracer uptake between the 8-min reference and the shorter 
scans in each of the 17 segments increased significantly for the shorter scans 
(p<0.001), as shown in Table 2. These differences decreased from 6.2% ± 4.8% to 
3.4% ± 3.0% and 2.2% ± 2.1% for the 2-, 4-, and 6-min scans, respectively. 
 
Table 2. Absolute differences and segmental uptake values, EFs, and EDVs comparing the 8-minute 
reference scan with the shorter scans. 

Parameter 2 vs. 8 min 4 vs. 8 min 6 vs. 8 min 

Uptake values of all segments (%) 6.2 ± 4.8 3.4 ± 3.0 2.2 ± 2.1 

Uptake values of inner segments (%) 6.0 ± 4.3 2.9 ± 2.4 1.7 ± 1.4 

Uptake values of outer segment (%) 6.7 ± 5.5 4.2 ± 3.7 3.2 ± 2.7 

EF (%) 6.1 ± 4.8 4.3 ± 4.7 3.6 ± 3.2 

EDV (mL) 6.4 ± 5.4 4.0 ± 2.3 3.8 ± 3.9 

Data are mean ± SD. 

 
For each of the 17 segments, a decrease in scan time led to more patients in whom 
the diagnostic value was influenced, as illustrated in Figure 1 and 2. In the 4- and 6-
min scans, an influence on diagnostic value was seen for far more patients for the 
outer segments (segments 1–6) than for the inner segments (segments 7–17). 
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Figure 1. Example of stress MPI using CZT SPECT scans with varying scan times and their corresponding 
measured photon counts. Scans are from the typical patient (55-y-old woman, 61 kg, 21.1 kg/m2 body 
mass index, administered 187 MBq). Shown from top to bottom are corresponding bull’s-eye image, 3 
short-axis slices (from apical to basal), vertical long-axis slice, and horizontal long-axis slice. For all axes, 
the same locations are shown for each scan time. 
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Figure 2. Percentage of patients who had more than a 5% absolute difference in segmental uptake 
between 8-min reference scan and 2-, 4-, and 6-min scans, for each of the 17 segments. For example, 
segment 7 was affected in 42% of patients when the scan time was reduced to 2-min, whereas this 
percentage was 17% and 0% for the 4- and 6-min scans, respectively. The vertical dashed line represents 
the separation between the inner and outer segments. 

 
The use of the 2-min scans led to more segments in which the diagnostic value per 
patient was influenced, as illustrated in Figure 3. The mean number of influenced 
segments compared with the 8-min scan decreased significantly from 7.7 ± 5.4 to 
2.0 ± 3.1 and 0.8 ± 1.7 for the 2-, 4-, and 6-min scans, respectively (p≤0.013).  
 
The mean absolute difference in EF and EDV when the 8-min reference scan was 
compared with the shorter scans increased when scan time decreased, as shown in 
Table 2. The absolute differences in EF differed significantly between the reference 
scans and the 2-, 4-, and 6-min scans (p<0.04). Yet, the absolute differences in EDV 
were significant only when the 2-min scans were compared with the 6-min scans 
(p<0.04). No significant differences were found for either EF or EDV when the mean 
absolute difference of the 4- and 6-min scans were compared. 
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Figure 3. Box plot of the number of segments per patient that showed segmental uptake difference of 
5% or more for 2-, 4-, and 6-min scans compared with the 8-min reference scan. Black lines within the 
box represent median, box demarks 25th and 75th percentiles (interquartile range), and whiskers demark 
highest and lowest numbers of segments that are not outliers. Values that are more than 1.5 times 
interquartile range are represented by dots. 

 

QUALITATIVE ANALYSIS 

Because the 2-min scans were found to be inferior to the 4-, 6-, and 8-min scans, the 
2-min scans were not incorporated in the image quality assessment. 
Image quality was scored as good or excellent by the physicians for 46%, 75%, and 
67% of the 4-, 6-, and 8-min scans, respectively, as shown in Figure 4. No difference 
in image quality was found between the 6- and 8-min scans (p=0.43). However, the 
mean image quality of the 4-min scans was inferior to that of the 6- and 8-min scans 
(p<0.05).  
 
The mean diagnostic confidence in image interpretation remained unchanged when 
shorter scans were used (p=0.93), as both the 4- and 6-min scans yielded adequate 
diagnostic confidence in 92% of all cases, versus 93% for the 8-min scans. 
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Figure 4. Scored image quality for myocardial scans for all 24 patients using scan times of 4-, 6-, and 8-
min. Image quality was scored on 4-point grading scale by consensus of 3 experienced nuclear medicine 
physicians masked for scan and patient characteristics. Image quality was lower for 4-min scans than for 
6- or 8-min scans (p<0.05). 

Discussion 
In this study, we have demonstrated that 6 min was the shortest acquisition time 
that maintained the diagnostic value in terms of segmental uptake values, EF, and 
EDV, in patients administered 3 MBq/kg for stress MPI using CZT SPECT. Scan times 
of 2 or 4 min led to a substantially lower diagnostic value and are therefore not 
recommended. 
 
Our results can be compared with previously reported low-dose protocols using 
PAST. The PAST accounts for both the recommended tracer dose and the scan time 
and therefore allows easy comparison between varying protocols. Assuming a 
patient of 80 kg, our proposed PAST is 1,440 MBq·min for stress imaging (18 
MBq·min/kg). This dose is even lower than the recently proposed low-dose protocol 
by Einstein et al. with a PAST of 1,690 for an average patient [12]. Yet, the minimal 
tracer dose to administer was not determined in this study, and rest rather than 
stress images were used. Moreover, our proposed protocol is higher than the 
previously reported low-dose CZT SPECT protocols using 1,210 MBq·min, as 
suggested by Nakazato et al. [11], and 981 MBq·min, as suggested by Herzog et al. 
[8]. Yet, both research groups determined the PAST to achieve the same image 
quality or diagnostic value as obtained with their conventional gamma camera 
instead of aiming for the minimum PAST needed to maintain the diagnostic value 
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acquired using a CZT-based SPECT camera. Consequently, the PAST for a 
conventional camera differed between the two studies, which may explain the 
differences in the recommended PAST using a CZT camera. Furthermore, the dose 
regime proposed by Herzog et al. [8] is comparable to a scan time of 4 min in our 
study. Considering our results, the use of a 4 min scan time can be associated with 
lower diagnostic value and image quality than the use of a scan time of 6 or 8 min. 
This finding might indicate that CZT SPECT provides a higher diagnostic value and 
image quality than conventional gamma cameras. This indication is in agreement 
with two previous studies. Mouden et al. compared the need for additional imaging 
and the 1-y outcome between CZT SPECT and conventional cameras [13]. They 
showed that using CZT SPECT resulted in more normal scans with identical clinical 
outcome after 1-y of follow-up. Furthermore, although Einstein et al. did not find 
any diagnostic differences between conventional and CZT SPECT when using a low-
dose protocol, they did find an improvement in image quality using CZT SPECT [12]. 
 
Although differences were observed in segmental uptake values, EDV, and EF 
between the 6- and 8-min scans, the 6-min scans were considered to achieve the 
same diagnostic value as the 8-min scans. Koopman et al. showed that the diagnostic 
value was influenced in 18%–43% of all outer segments and 0%–16% of all inner 
segments because of reproducibility errors [15]. Comparing these errors with our 
data shows that the observed differences in segmental uptake for the 6-min scans 
are likely due to reproducibility errors. The 2- and 4-min scans revealed higher 
differences than the reported reproducibility errors, indicating the loss in diagnostic 
value for these scan times. In addition, Cherk et al. reported a reproducibility error 
of more than 5% in the SD of the differences in determining the EF using CZT SPECT 
[21]. Although we did not determine the SD of the difference in EF in this study, the 
results of Cherk et al. suggest that a large part of our observed differences in EF will 
presumably be due to reproducibility errors. 

Several assumptions were made in this study. First, the 8-min reference 
scan (PAST of 24 MBq·min/kg) was considered to provide a sufficient diagnostic 
value in all patients. Although it was not tested whether a higher PAST would further 
improve diagnostic value, a PAST of 24 MBq·min/kg is almost twice as high as the 
PAST previously suggested for CZT SPECT [8, 11]. Moreover, the influence of 
patients’ physical characteristics on the study outcomes was considered to be 
eliminated because of the use of a patient-specific dose protocol [7]. Second, the 
diagnostic value was influenced in the quantitative assessment when shorter scans 
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were used, but this effect was not observed in the qualitative assessment, as 
illustrated in Figures 2 and 4. The randomized and masked design of the qualitative 
image assessment resulted in scoring of the appearance of the scans and not of 
possible emerging defects corresponding with the diagnostic value. Therefore, the 
qualitative assessment should be interpreted solely as a measurement of scan 
appearance instead of diagnostic value. This might also explain the absence of 
differences in the scored diagnostic confidence between the 4-, 6-, and 8-min scans. 
Third, only the minimum PAST in stress MPI was determined. Yet, we recommend 
the same PAST for rest as for stress MPI when using a 2-d protocol, as mentioned in 
EANM/ESC and ASNC procedural guidelines [16, 17]. When using a 1-d stress–
optional rest protocol, we assume that administering a rest tracer dose of triple the 
stress dose, as recommended in guidelines [16, 17], would automatically lead to 
sufficient image quality in rest MPI. Finally, to prevent inclusion of additional errors, 
CT-based attenuation correction was not applied in this study [15]. Yet, when 
attenuation correction is applied on (hypothetically) identical 6- and 8-min scans, 
they will still be identical after correction. Moreover, as indicated by Heller et al., 
attenuation correction will lead to more reliable diagnosis only when the original 
scans have sufficient photon counts [22]. Hence, applying attenuation correction on 
the 2- or 4-min scans, associated with an insufficient photon count, would only 
introduce additional errors, possibly influencing the results. 
 
Our findings show a possible reduction of 25% in tracer dose or scan time when a 
dose regimen of 24 MBq·min/kg is applied [7]. For a 10-min acquisition time, the 
administered dose for stress MPI will be 1.8 MBq/kg, associated with an effective 
dose of approximately 1 mSv for an average patient of 80 kg [23]. In comparison, 
the mean effective dose associated with CT angiography can be as low as 3 mSv, 
whereas a diagnostic cardiac catheterization can be associated with a mean 
effective dose of 7 mSv [4, 24]. Consequently, if this proposed dose reduction is 
widely adopted in clinical practice, MPI may no longer be the largest contributor to 
the effective dose in the general population [4]. 

Conclusion 
The shortest acquisition time that does not affect diagnostic value when a tracer 
dose of 3 MBq/kg is applied for CZT SPECT stress MPI is 6 minutes. Hence, the PAST 
can be minimized to 18 MBq·min/kg. This adjustment may lower the effective 
radiation dose for patients to values below 1 mSv. 



Chapter 3 

58 

References 
 1. Flotats A, Knuuti J, Gutberlet M, et al. Hybrid cardiac imaging: SPECT/CT and PET/CT. A joint position 

statement by the European Association of Nuclear Medicine (EANM), the European Society of 
Cardiac Radiology (ESCR) and the European Council of Nuclear Cardiology (ECNC). Eur J Nucl Med 
Mol Imaging 2011;38:201–212. 

2. Montalescot G, Sechtem U, Achenbach S, et al. 2013 ESC guidelines on the management of stable 
coronary artery disease: the Task Force on the management of stable coronary artery disease of 
the European Society of Cardiology. Eur Heart J 2013;34:2949–3003. 

3. Underwood SR, Anagnostopoulos C, Cerqueira MD, et al. Myocardial perfusion scintigraphy: the 
evidence. Eur J Nucl Med Mol Imaging 2004;31:261–291. 

4. Fazel R, Krumholz HM, Wang Y, et al. Exposure to low-dose ionizing radiation from medical imaging 
procedures. N Engl J Med 2009;361:849–857. 

5. Buechel RR, Herzog BA, Husmann L, et al. Ultrafast nuclear myocardial perfusion imaging on a new 
gamma camera with semiconductor detector technique: first clinical validation. Eur J Nucl Med 
Mol Imaging 2010;37:773–778. 

6. Esteves FP, Raggi P, Folks RD, et al. Novel solid-state-detector dedicated cardiac camera for fast 
myocardial perfusion imaging: multicenter comparison with standard dual detector cameras. J 
Nucl Cardiol 2009;16:927–934. 

7. van Dijk JD, Jager PL, Mouden M, et al. Development and validation of a patient-tailored dose regime 
in myocardial perfusion imaging using CZT-SPECT. J Nucl Cardiol 2014;21:1158–1167. 

8. Herzog BA, Buechel RR, Katz R, et al. Nuclear myocardial perfusion imaging with a cadmium-zinc-
telluride detector technique: optimized protocol for scan time reduction. J Nucl Med 2010;51:46–
51. 

9. Henzlova MJ, Duvall WL. The future of SPECT MPI: time and dose reduction. J Nucl Cardiol 
2011;18:580–587. 

10. Duvall WL, Croft LB, Ginsberg ES, et al. Reduced isotope dose and imaging time with a high-efficiency 
CZT SPECT camera. J Nucl Cardiol 2011;18:847–857. 

11. Nakazato R, Berman DS, Hayes SW, et al. Myocardial perfusion imaging with a solid-state camera: 
simulation of a very low dose imaging protocol. J Nucl Med 2013;54:373–379. 

12. Einstein AJ, Blankstein R, Andrews H, et al. Comparison of image quality, myocardial perfusion, and 
left ventricular function between standard imaging and single-injection ultra-low-dose imaging 
using a high-efficiency SPECT camera: the MILLISIEVERT study. J Nucl Med 2014;55:1430–1437. 

13. Mouden M, Timmer JR, Ottervanger JP, et al. Impact of a new ultrafast CZT SPECT camera for 
myocardial perfusion imaging: fewer equivocal results and lower radiation dose. Eur J Nucl Med 
Mol Imaging 2012;39:1048–1055. 

14. Duvall WL, Croft LB, Godiwala T, et al. Reduced isotope dose with rapid SPECT MPI imaging: initial 
experience with a CZT SPECT camera. J Nucl Cardiol 2010;17:1009–1014. 

15. Koopman D, van Dalen JA, Slump C, et al. Impact of image processing in the detection of ischemia 
using CZT-SPECT/CT. Nucl Med Commun 2015;36:60–68. 

16. Hesse B, Tägil K, Cuocolo A, et al. EANM/ESC procedural guidelines for myocardial perfusion imaging 
in nuclear cardiology. Eur J Nucl Med Mol Imaging 2005;32:855–897. 

17. Holly TA, Abbott BG, Al-Mallah M, et al. Single photon-emission computed tomography. J Nucl Cardiol 
2010;17:941–973. 

18. Dvorak RA, Brown RKJ, Corbett JR. Interpretation of SPECT/CT myocardial perfusion images: common 
artifacts and quality control techniques. Radiographics 2011;31:2041–57. 

19. Shaw LJ, Iskandrian AE. Prognostic value of gated myocardial perfusion SPECT. J Nucl Cardiol 
2004;11:171–185. 

20. Berman DS, Abidov A, Kang X, et al. Prognostic validation of a 17-segment score derived from a 20-
segment score for myocardial perfusion SPECT interpretation. J Nucl Cardiol 2004;11:414–423. 

21. Cherk MH, Ky J, Yap KSK, et al. Optimal reproducibility of gated sestamibi and thallium myocardial 
perfusion study left ventricular ejection fractions obtained on a solid-state CZT cardiac camera 
requires operator input. J Nucl Cardiol 2012;19:713–718. 

22. Heller G V, Links J, Bateman TM, et al. American society of nuclear cardiology and society of nuclear 



 

 

3 

 

 

 

 

 

 

 

 

 

 

 

 Minimizing tracer dose in MPI 

59 

medicine joint position statement: attenuation correction of myocardial perfusion SPECT 
scintigraphy. J Nucl Cardiol 2004;11:229–230. 

23. International Commission on Radiological Protection (ICRP). Radiation dose to patients from 
radiopharmaceuticals - Addendum 3 to ICRP publication 53. ICRP Publ. 106. Ann. ICRP 38, 2008  

24. Earls JP, Berman EL, Urban BA, et al. Prospectively gated transverse coronary CT angiography versus 
retrospectively gated helical technique: improved image quality and reduced radiation dose. 
Radiology 2008;246:742–753. 

 



 

 

 
 
 



 

 

Chapter 4  

Development and validation of a patient-
tailored dose regime in myocardial 

perfusion imaging using conventional 
SPECT 

J. Nucl. Card. 2016: 23:134-142 
(Adapted and reprinted with permission) 

 
 
J.D. van Dijk 1,4 
P.L. Jager 1 

J.P. Ottervanger 2 

J. de Boer 1 

A.H.J. Oostdijk 1 

E.M. Engbers 2 
C.H. Slump 4 

S. Knollema 1 
J.A. van Dalen 3 

 
Isala, dept. of 1Nuclear Medicine, 
2Cardiology and 3Medical Physics, 
Zwolle, the Netherlands and 
4University of Twente, MIRA Institute 
for Biomedical Technology and 
Technical Medicine, Enschede, the 
Netherlands  

  



 

 

 
  



 

 

 

4 

 

 

 

 

 

 

 

 

 

 

 Patient-tailored MPI dose using conventional SPECT 

63 

Abstract 
Background: The decreasing image quality in heavier patients can be compensated 
by administration of a patient-specific dose in myocardial perfusion imaging (MPI) 
using a cadmium zinc telluride-based SPECT camera. Our aim was to determine if 
the same can be achieved when using a conventional SPECT camera. 
Methods: 148 patients underwent SPECT stress MPI using a fixed Tc-99m 
tetrofosmin tracer dose. Measured photon counts were normalized to administered 
tracer dose and scan time and were correlated with body weight, body mass index, 
and mass per length to find the best predicting parameter. From these data, a 
protocol to provide constant image quality was derived, and subsequently validated 
in 125 new patients. 
Results: Body weight was found to be the best predicting parameter for image 
quality and was used to derive a new dose formula; Aadmin (MBq) = 223·body weight 
(kg)0.65/Tscan (min). The measured photon counts decreased in heavier patients when 
using a fixed dose (p<0.01) but this was no longer observed after applying a body-
weight-dependent protocol (p=0.20). 
Conclusions: Application of a patient-specific protocol resulted in an image quality 
less depending on patients’ weight. The results are most likely independent of the 
type of SPECT camera used, and, hence, adoption of patient-specific dose and scan 
time protocols is recommended. 

Introduction 
Myocardial perfusion imaging (MPI) using single-photon emission computed 
tomography (SPECT) is one of the most validated non-invasive methods to test for 
ischemia in patients suspected of stable coronary artery disease [1]. Remarkably, 
the dosages to administer vary widely between institutions, and in most European 
countries, fixed tracer doses are recommended [2]. Yet, a decreasing image quality 
is observed in heavier patients in clinical practice. The European (EANM/ESC) 
guidelines still recommend a fixed tracer dose [2], whereas the American (ASNC) 
guidelines propose to adjust the dose upward for patients heavier than 70 kg by 
11.5 MBq/kg for Tc-99m [3]. However, no references for this adjustment are 
provided, and possible differentiation to account for a different scanner set-up or 
sensitivities is not mentioned. 
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Several studies have demonstrated a decrease in measured photon counts 
for increasing body weights [4–7]. They propose different correction formulas to 
compensate for this decrease. Those methods were mainly focused on correcting 
for heavier patients, and only one correction formula was validated in clinical 
practice [8]. This validation was only performed in patients weighing more than 
100 kg, ignoring the possible benefit of a lower dose for leaner patients. Moreover, 
the influence on image quality by reader interpretation was not assessed [8]. 

We recently developed a method to derive a body-weight-dependent 
tracer dose or scan time protocol. Application led to a constant image quality in MPI 
using a gamma camera equipped with cadmium zinc telluride (CZT) detectors [9]. 
This validated protocol seems not directly applicable on conventional gamma 
cameras, equipped with sodium iodide crystals, due to their lower detector 
sensitivity, image contrast, and different detector configuration [10–12]. Hence, the 
aim of this study was to test if introducing a patient-specific dose and scan time 
protocol for MPI SPECT using a conventional camera results in an image quality 
independent of patients’ physical characteristics. 

Materials and methods 
In this study, we used a comparable methodology as previously described by van 
Dijk et al. [9]. All patients were scanned according to the standard clinical protocol 
valid at the time of acquisition. Based on the outcomes of the tracer dose and scan 
time deriving part of this study, the clinical protocol was changed in the hospital. For 
this reason, approval by the medical ethics committee was not required. All patients 
provided written informed consent for the use of their data for research purposes. 

STUDY POPULATION 

We retrospectively included a total of 273 consecutive patients who underwent 
clinically indicated SPECT stress MPI on a conventional dual-detector gamma camera 
(Ventri, GE Healthcare). All patients underwent a stress-first one-day Tc-99m 
tetrofosmin SPECT protocol. The first 105 patients were included in the dose and 
scan time deriving part of this study (further referred by group A). To obtain a 
patient population with a sufficient amount of patients in the full range of body 
weights that are encountered in clinical practice, another 43 patients were 
specifically added such that at least 10 patients fell into one of the following body 
weight categories: <60, 60-70, 71-80, 81-90, 91-100, 101-110, 111-120, 121-130, 
and >130 kg. Moreover, additional 99 patients were consecutively included for the 
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validation part of this study, and another 26 patients were added to obtain a similar 
amount of patients in each body weight category as in group A (further referred by 
group B). 

PATIENT PREPARATION AND IMAGE ACQUISITION 

Patients were requested not to use any nicotine- or caffeine-containing beverages 
for 24 hours and to discontinue persantin for 48 hours prior to scanning. 
Pharmacological stress was induced by intravenous adenosine (140 μg/kg/min for 
6 minutes) or regadenoson (5 mL with 400 μg for 15 seconds followed by a saline 
flush). Only pharmacologic stress was used due to logistic reasons, in particular the 
high patient throughput in our center [13]. A fixed tracer dose of 370 MBq Tc-99m 
tetrofosmin (500 MBq for patients with a body weight of more than 100 kg) was 
administered intravenously at peak stress in group A. 

Patients were requested to consume at least half a chocolate bar and drink 
three cups of water post-injection to reduce sub-diaphragmatic activity uptake and 
improve image quality of the inferior wall. Stress imaging was performed 45-
60 minutes post-injection. All patients were scanned in supine position, with their 
arms placed above their heads using a fixed scan time of 10 minutes. Images were 
acquired using a double detector, low-energy high-resolution collimator, with an 
elliptical orbit with step-and-shoot acquisition at 6° intervals over a 180° arc (45° 
anterior oblique to 45° left posterior oblique) with 15 views (40 seconds per view), 
and a 64 × 64 matrix using a 20% symmetrical energy window centered at 140 keV. 

Subsequently, the emission images were reconstructed by applying an 
iterative dedicated reconstruction algorithm with maximum-likelihood expectation 
maximization (Myovation, GE Healthcare). Each image was automatically 
normalized to the maximum peak activity, and the segmental uptake values were 
presented as the percentage of the maximum myocardial regional uptake. The 
images were displayed in the traditional short, vertical long, and horizontal long axes 
and reviewed using a color scale. 

DERIVING A PATIENT-SPECIFIC TRACER DOSE AND SCAN TIME PROTOCOL 

First, the total number of measured photon counts in the myocardial region was 
determined in the raw-emission data for each scan. This was done by summing the 
30 (2 detectors × 15 views) raw-emission images into one image and consecutively 
manually drawing an elliptical region of interest covering all myocardium positions, 
as shown in Figure 1. Using elliptical regions allowed us to exclude surrounding 
activity and to include only the counts originating from the myocardial region. 



Chapter 4 

66 

 
Figure 1. An example of (A) 15 of the 30 raw-emission images covering the myocardial region and (B) the 
image showing the summation of all 30 raw-emission images including the manually drawn elliptical 
region of interest covering all myocardium positions to determine the measured photon counts. 

 
Next, the measured photon counts were normalized to the product of the tracer 
dose corrected for radioactive decay and scan time, Tscan (min). To find the patient-
specific parameter (P) best explaining the decrease in image quality for heavier 
patients, the normalized photon counts, Cnorm, were fitted to three patients’ physical 
characteristics: body weight, mass per length, and body mass index (BMI) using a 
power-law function: 
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퐶 =  푎 ∙  푃          (1) 
 
Here, a and b are fit parameters. Parameter selection was based on practicality in 
use and power to correct for the varying image quality in MPI as previously 
demonstrated [9]. 

When a decrease in the normalized photon counts can be explained by a 
patient-specific parameter, this allows making a correction using the tracer dose 
and/or scan time. Subsequently, this can be used to derive a protocol resulting in a 
constant number of counts (C), and accordingly a constant image quality, ideally 
independent of patients’ physical characteristics [9]. For this study, C was set equal 
to the average number of photon counts measured in all scans. The following 
formula describes the relation between C and the recommended patient-specific 
scan time and/or tracer dose to be administered, Aadmin: 
 

퐶 =  퐶 ∙  ∙         (2) 

 
Here, K is the correction factor for radioactive decay between administration of 
tracer dose and SPECT acquisition (1.12 for 60 minutes). A linear count rate response 
was assumed because the maximal count rate encountered in this study 
(6 kcounts/second) was much lower than the count rates associated with the 
occurrence of dead time effects in conventional cameras (>200 kcounts/second) 
[14]. 
 
When combining Equations 1 and 2, this results into: 
 

퐴 =  ∙  ∙ 
 ∙ 

       (3)

  
Equation 3 shows that Aadmin and Tscan are interchangeable, as suggested by Oddstig 
et al. [15], i.e., instead of introducing a patient-specific dose, a patient-specific scan 
time may be adopted. In addition, the dose to administer can be reduced, while 
increasing the scan time to obtain the same image quality up to certain limits due 
to possible patient motion. 
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VALIDATING THE DERIVED TRACER DOSE AND SCAN TIME PROTOCOL 

The derived tracer dose and scan time formula, according to Equation 3, was 
implemented in our routine clinical protocol. 

The image quality for all 247 reconstructed myocardium images in both 
group A and B was scored by three independent experienced nuclear medicine 
physicians with overread in case of discordance by a fourth expert. A visual 4-point 
grading scale (1-poor, 2-fair, 3-good, and 4-excellent) was employed. The following 
parameters were considered: myocardial count density and uniformity in well-
perfused areas, signal to background noise, and shape of the left ventricle. All 
readers were blinded for patient characteristics, and the images were presented in 
random order. 

The image quality was compared between groups A and B. The correlation 
between the best explaining parameter and both the image quality and measured 
photon counts was assessed to determine if they were independent when applying 
a patient-specific protocol. 

STATISTICS 

All patient-specific parameters and characteristics were determined as 
mean ± standard deviation (sd) and compared using the chi-square and unpaired t-
tests using Stata software (StataSE 12.0). To test if the slope of Cfit differed 
significantly from zero for each patient-specific parameter, implying a significant 
correlation with Cnorm, t-tests were performed. Coefficients of determination (R2) 
were determined for all fits, and the fit errors were calculated for each data point 
using (Cfit − Cnorm)/Cfit·100%. To determine if the fit results differed between the 
three selected parameters, the fit error distributions were compared using the F-
test. Next, the patient-specific parameter best explaining the normalized photon 
counts was selected using the results of R2 and the F-tests. The correlation between 
the best explaining parameter and both the measured photon counts and image 
quality was calculated in both groups using the Pearson correlation coefficient and 
the Spearman’s rank correlation coefficient, respectively. In addition, the 
correlation between measured photon counts and image quality was calculated 
using the Spearman’s rank correlation coefficient. Furthermore, the influence of 
interpreted scan outcomes on the image quality was assessed using the chi-square 
test. The body weight for the patient scans interpreted as normal or abnormal was 
compared for both groups using a t-test. The level of statistical significance was set 
to 0.05 for all statistical analyses. 
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Results 
The baseline characteristics of all included patients are summarized in Table 1. 
 
Table 1. Baseline characteristics, interpreted scan outcomes, and administered tracer dose of all 273 
patients who underwent clinically indicated MPI SPECT. 

Characteristic 
Group A 
(n = 148) 

Group B 
(n = 125) 

p value 
(χ2 / t-test) 

Age (years) 67.5 ± 10.8 68.5 ± 9.8 0.43 
Male gender (%) 55.4 66.4 0.06 
Body weight (kg) 85.1 ± 22.2 87.3 ± 22.1 0.45 
Height (cm) 172 ± 10.2 174 ± 9.5 0.08 
BMI (kg/m2) 28.6 ± 6.3 28.5 ± 5.8 0.91 
Current smoking (%) 15.2 10.5 0.31 
Hypertension (%) 62.3 57.0 0.52 
Diabetes (%) 26.1 30.7 0.43 
Dyslipidemia (%) 63.7 54.5 0.17 
Family history (%) 66.4 56.9 0.09 
Normal MPI scan (%) 34.3 38.2 0.60 
Ischemic defect (%) 32.4 35.5 0.61 
Non reversible defect (%) 44.5 40.9 0.59 
Tracer dose at acquisition (MBq) 343 ± 70 352 ± 57 0.23 

Data are presented as mean ± standard deviation or percentages 

DERIVING A PATIENT-SPECIFIC TRACER DOSE AND SCAN TIME PROTOCOL 

The mean number of measured photon counts in the myocardial region in group A 
was 812 × 103 ± 197 × 103. This was 236 ± 62 counts·MBq−1·min−1 for the normalized 
photon counts. 

The slope of all three fits, describing the relation between the normalized 
photon counts and the three patient-specific parameters, was found to be 
statistically different from zero (p<.001), as illustrated in Figure 2. As hypothesized, 
the measured photon counts normalized to dose and scan time decreased for all 
patient-specific parameters, explaining the lower image quality encountered in 
heavier patients in clinical practice. The calculated fit parameters a and b and the 
coefficient of determination are shown in Table 2. 
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Figure 2. Measured photon counts normalized to tracer dose and scan time as a function of (A) body 
weight, (B) BMI, and (C) mass per length. The solid lines represent the power-law fits and the coefficients 
of determination are also shown for each fit. 

 
Table 2. Fit parameters describing the relation between the normalized photon counts and each patient-
specific parameter with their confidence interval (CI), including the coefficients of determination (R2) and 
result of the error distribution comparison. 

Parameter a (95% CI) b (95% CI) R2 F-test (p value) 

Body weight 4063 (2174:7593) −0.65 (−0.80:−0.51) 0.36 Reference 
BMI 3812 (2160:6727) −0.85 (−1.02:−0.68) 0.40 0.79 
Mass per length 4666 (2547:8551) −0.78 (−0.94:−0.62) 0.39 0.73 

 
Body weight was chosen as the patient-specific parameter best explaining the 
normalized photon counts based on its practicality in use, a comparable standard 
deviation of the error distributions (p>0.7) and R2 value, and was further used in this 
study. 

Using Equation 3, a body-weight-dependent patient-specific dose and scan 
time protocol was derived and consecutively validated. The protocol can be 
described by Aadmin (MBq) = 223·body weight (kg)0.65/Tscan (min) or Aadmin 
(mCi) = 6.0·body weight (kg)0.65/Tscan (min), and is illustrated in Figure 3 and shown 
in Table 3. This formula is based on patients with body weights ranging between 60 
and 130 kg, and hence, the tracer dose ranged from 319 to 564 MBq. 
 

VALIDATING THE DERIVED TRACER DOSE AND SCAN TIME PROTOCOL 

The mean number of measured photon counts in the myocardial region in group B 
was 947 × 103 ± 188 × 103. This was 276 ± 71 counts·MBq−1·min−1 for the normalized 
photon counts. 
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Table 3. Derived body-weight dependent Tc-99m tetrofosmin tracer dose when using a fixed scan time 
of 10 minutes in stress MPI using a conventional SPECT camera. 

Body weight (kg) Tracer dose (MBq) Tracer dose (mCi) 

≤60 319 8.6 

70 366 9.9 

80 402 10.9 

90 436 11.8 

100 470 12.7 

110 502 13.6 

120 534 14.4 

>130 564 15.3 

 

 
Figure 3. Line graph demonstrating the previously applied fixed Tc-99m tracer dose and scan time 
product (Afixed) and the derived body-weight-dependent patient-specific protocol (see Equation 3) as 
applied in group B (Aadmin), including the 95% confidence interval. The right y-axis shows the product of 
the effective patient dose and scan time. 
 

Within the set of scored images, 3% and 0% were scored as poor, 31% and 33% as 
fair, 63% and 59% as good, and 3% and 8% as excellent in group A and B, 
respectively. The interpreted image quality decreased for heavier patients in both 
group A (p<0.001) and group B (p=0.003), as illustrated in Figure 4. However, 
different correlations between the measured photon counts and body weight were 
observed between both groups, as illustrated in Figure 5. A significant correlation 
between counts and body weight was observed in group A (p<0.001), whereas this 
correlation was absent in group B (p=0.29). Moreover, a significant correlation was 
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found between measured photon counts and image quality in both group A and B 
(p=0.01 and p=0.03, respectively). 
 
Patients with scans interpreted as normal had a significant higher image quality in 
both groups (p<0.003). In addition, patients without a normal scan were significantly 
heavier in group B (p=0.02), whereas this was not the case in group A (p=0.18). 
 

 
Figure 4. Boxplot showing the relation between body weight and scored image quality for both patient 
groups. A significant relation was found for group A (fixed tracer dose, p=0.01) and group B (body-weight 
dependent tracer dose, p=0.03). 
 
 

 
Figure 5. Measured photon counts as a function of body weight for (A) group A (fixed dose) and (B) group 
B (body-weight dependent protocol). The lines represent the linear fits where in (A) the two fits 
correspond to patients weighing less and more than 100 kg. The slope of the fit did significantly differ 
from zero in group A (p<0.001), whereas the measured photon counts became independent of body 
weight after applying the new protocol (p=0.29). 
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Discussion 
In the present study, we derived and subsequently validated a body-weight 
dependent tracer dose and scan time protocol to obtain a more constant image 
quality independent of patients’ physical characteristics in MPI using SPECT. 
Although a significant decreasing image quality was observed for heavier patients in 
both group A and B, the measured photon counts became independent of body 
weight after applying the new protocol. Hence, we can assume that a patient-
specific protocol in MPI using a conventional SPECT camera results in a more 
consistent image quality less dependent of patient’s physical characteristics. 
Similar nonlinear relations between normalized photon counts and body weight as 
found in this study were observed previously [4–7, 9]. Yet, the derived formulas to 
correct for the decreasing photon counts in heavier patients vary. After normalizing 
these formulas to an average patient of 80 kg, the correction factors to adjust the 
tracer dose for a 130 kg patient vary between 1.4 and 2.3, as illustrated in Figure 6. 
These differences are most likely due to the variation in methodologies used to 
estimate the photon counts originating from the myocardium. The studies which 
measured the photon counts in the raw-emission images, to eliminate possible 
influences of reconstruction algorithms, all propose correction factors varying 
between 1.4 and 1.6 for a 130 kg patient [5, 9]. However, higher correction factors 
are proposed by the studies which estimated the counts in a region of interest in the 
reconstructed images, resulting in correction factors varying between 1.7 and 2.3 
[4–7]. Yet a part of the variation in correction formulas might also be due to the 
exclusion of patients, for example, patients with perfusion defects [5], three vessel 
disease [6], or who underwent rest imaging [7]. Only three studies, including the 
present study, are known to have validated their correction formula in clinical 
practice [8, 9]. Notghi et al. and van Dijk et al. also demonstrated to obtain a 
constant image quality independent of patients’ physical characteristics. Yet, we are 
the first to demonstrate that a patient-specific formula is also applicable in patients 
weighing less than 100 kg when using a conventional SPECT camera [8]. Moreover, 
it seems that the higher correction factors as derived and proposed in the non-
validated studies, as illustrated in Figure 6, are not necessary. 

There is a large variation in the correction formulas as proposed by our 
study and the other two validated studies. These differences might be explained by 
the use of different fits to describe the relation between image quality and body 
weight, as shown for the present study in Figure 2. Notghi et al. used a linear fit 
instead of power-law fit, despite a similar distribution [5]. This resulted in relatively 
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large differences in the multiplication factor for heavy patients, as illustrated in 
Figure 6. Moreover, they derived their formula in patients weighing less than 110 kg. 
Extrapolation of this formula might therefore result in inaccurate corrections for 
patients over 110 kg. The differences in correction formulas might also be due to 
different scanner specifications, such as collimator design, geometrical detector 
configuration, and moving or stationary detectors. This could explain the difference 
in correction formula between the present study and the study performed on a CZT-
SPECT scanner using a comparable methodology [9].  

 

 
Figure 6. Differences in the proposed correction factors to adjust the tracer dose or scan time for leaner 
and heavier patients, normalized to an average patient of 80 kg. Included studies are Taylor et al. 
differentiating between males and females [6], Verger et al. [7], O’Connor et al. [4], van Dijk et al. (CZT-
SPECT) [9], Notghi et al. [5], and the present study (van Dijk et al., conventional SPECT). 

 
The current study has some limitations. First, a decreasing image quality for heavier 
patients was still found in group B, possibly indicating the limited effect of applying 
the new protocol. Nevertheless, the measured photon counts became independent 
of patients’ size after applying the new protocol. Moreover, the significant relation 
between image quality and photon counts suggests that a constant number of 
photon counts result in a constant image quality, as previously demonstrated using 
a CZT-based camera [9]. The still existing relation between image quality and weight 
in group B might be due to readers being susceptible for perfusion defects in MPI 
SPECT. Patient scans with perfusion defects had a significantly lower image quality, 
and these patients were also significantly heavier in group B, possibly explaining the 
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decreasing image quality for heavier patients [16, 17]. Second, the proposed 
formula corrects for the varying image quality but does not represent the minimal 
tracer dose to administer to obtain an accurate diagnostic image quality, as 
previously performed on a CZT-camera [18, 19]. The proposed formula was based 
on the average photon counts measured in group A. Hence, the mean radiation 
exposure was comparable between group A and B, whereas the radiation 
justification improved in group B, as illustrated in Figure 3. Moreover, four (3%) 
images were scored as poor in group A vs none in group B, and only five (3%) and 
ten (8%), respectively, were scored as excellent. This might indicate that increasing 
or decreasing the tracer dose and scan time product would not be necessary. It 
would lead to either an unacceptable amount of poor images or many excellent 
images, which is considered undesirable. Third, the tracer doses mentioned in this 
study are absolute activities including possible residual activities in the syringes. An 
internal study revealed that 10.6% ± 1.2% Tc-99m tetrofosmin remained in the 
syringe after administration. The small variation indicates the limited influence on 
our results. Finally, the variation in photon counts between patients with 
comparable body weights is still relatively large in group B, as observed in previous  
studies [4–7, 9]. This might be due to the large variation in Tc-99m tetrofosmin 
uptake [16, 17], influence of gastro-intestinal activity despite the cardio-specific 
regions of interests, different body compositions such as varying tissue layer 
between heart and scanner or size of the myocardium, heart function, liver 
excretion, and/or gender differences [6, 9]. 

 
Our present findings demonstrate the added value of applying patient-specific dose 
and scan time protocols in clinical practice for a conventional SPECT camera. This 
protocol can be adopted using different settings and/or type of SPECT camera by 
multiplying the currently applied tracer dose and scan time product for an average 
patient of 80 kg by the correction factor as shown in Figure 6. This formula is based 
on patients with body weights ranging between 60 and 130 kg. Therefore, caution 
should be taken by extrapolating this formula to patients outside this body weight 
range. The patient population we encounter in clinical practice might not be fully 
representative for other institutions encountering even heavier patients with higher 
BMIs. However, we could not include a sufficient number of patients heavier than 
130 kg to be able to further extrapolate the protocol for these patients. Moreover, 
when clinically implementing this formula, it is advised to validate whether the 
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proposed correction formula holds true for the applied settings and type of scanner 
used. 

Conclusions 
The use of a fixed tracer dose of Tc-99m tetrofosmin in MPI using a conventional 
SPECT camera results in a decreasing image quality in heavier patients. Application 
of the derived patient-specific tracer dose and scan time protocol, Aadmin 
(MBq) = 223·body weight (kg)0.65/Tscan (min), resulted in an image quality less 
dependent on weight. This provides a better radiation exposure justification. The 
results are most likely independent of the type of SPECT camera used, and, hence, 
adoption of patient-specific dose and scan time protocols is recommended. 

NEW KNOWLEDGE GAINED 

A constant image quality can be obtained in MPI using conventional SPECT by 
application of a body-weight-dependent activity and scan time protocol. This 
protocol corrects for the higher photon attenuation in heavier patients. It results in 
a number of measured photon counts which is independent of patients’ size. This 
study shows good agreement with the study on a CZT-camera, making these 
observations applicable to all SPECT cameras.  
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Introduction 
Previously, several studies have reported that a decreasing image quality in heavier 
patients in myocardial perfusion imaging (MPI) using single-photon emission 
computed tomography (SPECT) can be compensated by using a body-weight-
dependent tracer activity or scan time [1–3], as illustrated in Figure 1. Although we 
derived and validated a activity-scan-time formula for a conventional SPECT 
scanner, this formula cannot simply be used for all SPECT scanners [1]. Differences 
in detector sensitivity, technical specifications such a collimator design and 
geometrical detector configuration, and acquisition and reconstruction settings 
limit the generalizability of the derived formula. Ideally, a tracer activity-scan-time 
formula should therefore be derived for each SPECT scanner using the method as 
described previously [1]. However, this could be technically challenging and is time 
consuming. In this technical note, we therefore introduce, as a first-order approach, 
an alternative simplified method to obtain a body-weight-dependent protocol, 
which can easily be adopted in every day patient care. 
 

 
Figure 1. Example of constant image quality in MPI SPECT scans of three male patients without any 
perfusion defects with varying body weights. From left to right: 66 kg (22.6 kg·m−2), 85 kg (25.1 kg·m−2), 
and 124 kg (34.0 kg·m−2). The corresponding short, vertical long and horizontal long axes are shown from 
top to bottom. A patient-specific tracer activity was applied (330, 395, and 555 MBq, respectively), using 
a fixed scan time. The image quality of all three sets was scored as ‘good,’ independent of patients’ size. 
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Deriving a Body-Weight-Dependent Protocol 
In cardiac SPECT, the application of a fixed tracer activity and scan-time protocol 
results in a decreasing number of photon counts in heavier patients due to increased 
photon attenuation, as demonstrated earlier [1, 3] and illustrated in Figure 2A, D. 
As image quality primarily depends on the number of measured photon counts, a 
constant number of detected photon counts provides an image quality less 
dependent on patients’ size [1, 3]. 
 

Figure 2. Schematic overview of the transition from a fixed tracer activity and scan-time product (A∙T) to 
a minimized patient-specific A∙T. From left to right: a fixed A∙T (A) resulting in a decreasing number of 
photon counts and image quality for heavier patients (D). Introduction of a patient-specific A∙T (B), 
resulting in a constant number of measured photon counts (E). This allows to perform the final step of 
minimizing the patient-specific A∙T (C) while maintaining the diagnostic accuracy (F). The dots represent 
fictitious data. 

 
A patient-specific protocol will allow obtaining a constant number of detected 
photons independent of patients’ size [1, 3]. A method to derive such a protocol is 
described recently [1]. Ideally, the derivation and validation of a patient-specific 
protocol are performed for each SPECT scanner to account for differences in 
hardware, software, and acquisition and reconstruction settings. However, to limit 
the burden of using this extended method, we hereby introduce an alternative, 
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simplified approach, which can easily be adopted in every day patient care. In this 
approach, we assume that local physicians consider their SPECT image quality of 
patients with average body weight, AVGweight, to be adequate, using the local 
tracer activity and scan-time combination. To convert this to other patients, a 
multiplication factor (MF) can be determined using: 
 
푀퐹 =  .

.  ∙  푏표푑푦 푤푒푖푔ℎ푡 (푘푔) + 1− 0.13 ∙  퐴푉퐺 .   (1a) 

 
This formula is derived from the validated tracer activity and scan-time formula as 
presented in our recent study by normalizing it to an average patient [1]. In a patient 
population with an average body weight of 80 kg, the MF formula can be described 
by 
 
MF = body weight (kg) ∙ 0.0079 + 0.37      (1b) 
  
In the next step, the body-weight-specific tracer activity or scan time can be 
calculated using: 
 
Patient-specific tracer activity (using a fixed scan time) = standard activity ∙ MF  (2a) 
 
Patient-specific scan time (using a fixed tracer activity) = standard scan time ∙ MF  (2b) 

 
As can be seen, MF is 1.0 for a patient of 80 kg when applying Equation 1b. In that 
case, the patient-specific tracer activity (or scan time) is the same as the standard 
administered activity (or scan time). For heavier patients MF is higher than 1, and 
for less heavy patients it is lower than 1. Table 1 shows an example with the outcome 
of these Equations in practice. The suggested MF is only eligible for conventional 
SPECT cameras [1] and patients weighing between 60 and 130 kg, as weights outside 
this range were not used in deriving the formula [1]. One could worry that the 
application of a patient-specific tracer activity or scan-time protocol deviates from 
the current guidelines [4, 5]. However, these guidelines are relatively old and partly 
outdated due to technological advances and revised insights. Motivated deviation 
can therefore be justified. 
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Table 1. Multiplication factors to adjust the tracer dose or scan time per projection angle as a function of 
patient’s weight, using Equation 1b. Furthermore, two examples for introducing either a patient-specific 
tracer activity or scan-time protocol are shown, using a scan time of 20 seconds per projection angle 
(using 32 projections) or a standard tracer activity of 370 MBq, respectively. 

Body 
weight 

Multiplication 
factor 

Patient-specific activity in  
MBq using a fixed  
scan time of 20 seconds (mCi) 

Patient-specific scan time 
 (seconds) using a fixed  
activity of 370 MBq (10 mCi) 

60 0.83 307 (8.3) 17 
70 0.92 340 (9.2) 18 
80 1.00 370 (10.0) 20 
90 1.08 400 (10.8) 22 
100 1.15 426 (11.5) 23 
110 1.23 455 (12.3) 25 
120 1.30 481 (13.0) 26 
130 1.36 503 (13.6) 27 

Beneficial Effect of Patient-Specific Tracer Activities 
Introducing a body-weight-dependent protocol will not only result in image quality 
that depends less on patients’ size, it also allows for a reduction in the administered 
activity and, hence, radiation dose to the patient, as shown in a previous study [6] 
and illustrated in Figure 2C, F. Nowadays, leaner patients are generally administered 
a higher activity than clinically necessary. In heavier patients, the currently applied 
fixed tracer activity is generally low or at best just sufficient. Implementing a patient-
specific protocol will therefore result in a better image quality independent of 
patients’ size. It might even allow an overall tracer activity or scan-time reduction, 
without compromising diagnostic accuracy. 

Logistics of a Patient-Specific Tracer Activity or Scan Time 
A schematic overview of the required planning and actions when applying a patient-
specific tracer activity or scan-time protocol is shown in Figure 3. Two additional 
actions are required as compared to the fixed tracer activity era. First, patients’ body 
weight is always required for planning and should be stated on the requisition or 
asked by telephone when booking appointments. Second, the activity or scan time 
must be calculated or derived from an activity-scan-time table and applied to the 
preparation process of the MPI study.  
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Figure 3. Schematic overview of the required planning and actions to perform when using a patient-
specific tracer activity or scan-time protocol. The additional actions that are required as compared to the 
fixed activity era are indicated in black. The MPI-SPECT referral form including patient’s body weight 
should be checked by a nuclear medicine physician or asked by telephone when booking appointments. 
Next, either a patient-specific activity should be ordered or a patient-specific scan time should be applied. 
Subsequently, physicians interpret the reconstructed study and determine whether additional rest 
imaging is necessary. 

Considerations 
Prior to introducing patient-specific protocols in clinical practice the following must 
be considered. First, when using a one day stress-first protocol, the administered 
activity for rest imaging should be more than 2-3 times the stress activity with a 
delay of 0.5-4 hours between both tracer activity administrations, to allow for 
sufficient decay of myocardial activity [4, 5]. A two-day protocol prevents this 
problem and allows the use of identical patient-specific stress and rest activities 
(when using identical scan times). This will lower the rest activity and, hence, 
radiation dose, for these patients by a factor 2-3. The use of two-day protocols can 
be considered in heavy patients, to reduce the overall radiation dose for both 
patients and staff. Second, a higher correction factor might be beneficial in patients 
weighing over 130 kg. However, due to the low number of patients weighting over 
130 kg, we were unable to reliably extrapolate the given protocol for these patients. 
Third, it may be logistically difficult to obtain a variable patient-specific tracer 
activity for a rest study after the interpretation of the stress scans using a one-day 
stress-first protocol. If obtaining variable tracer activities on short notice is difficult, 
patient-specific scan times (and fixed tracer activity) can be applied alternatively. 
This, however, may slightly interfere with camera time planning. Fourth, as 
mentioned above, the shown formulas are a simplified approach and only eligible 
for conventional SPECT cameras. A different relation between measured photon 
counts and weight was observed using the newest generation cadmium zinc 
telluride based SPECT cameras [3]. Hence, a different activity or scan-time 
correction should be applied for these scanners. 
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Abstract 
Background: SPECT Myocardial perfusion imaging (MPI) is widely used but is 
associated with a relatively high radiation burden and degrading image quality in 
heavier patients. Patient-specific low-activity protocols (PLAPs) are suggested but 
follow-up data is lacking. Our aim was to compare scan outcomes, prognostic value 
and radiation dose between standard fixed-activity protocol (FAP) and a recently 
implemented PLAP in cadmium zinc telluride (CZT)-SPECT MPI. 
Methods: 1255 consecutive patients who underwent stress-optional rest CZT-SPECT 
MPI were retrospectively included. 668 patients were scanned using FAP (370 MBq 
and 500 MBq if >100 kg) and 587 patients using PLAP (2.25 MBq/kg). Scan 
outcomes, one-year follow-up including hard event rates (all-cause death or non-
fatal myocardial infarction) and radiation doses were collected and compared. 
Results: Baseline characteristics did not differ between the two groups. The 
percentage of stress-only scans interpreted as normal was 43.9% for the FAP and 
45.0% for the PLAP group (p=0.69). Similarly, the percentage of all scans interpreted 
as normal did also not differ between the groups and was 67.1% for the FAP and 
69.3% for the PLAP group (p=0.41). Annualized hard event rates in patients with 
scans interpreted as normal were 1.0% in the FAP and 0.6% in the PLAP groups and 
did not differ between the groups (p=0.77). Moreover, the mean radiation dose 
decreased with 22.7% for stress-only MPI from 1.4 mSv (240 MBq) to 1.1 mSv (185 
MBq) after introduction of the PLAP (p<0.001).  
Conclusions: Introduction of a patient-specific low-activity protocol does not affect 
the percentage of scans interpreted as normal or prognosis but significantly lowers 
the radiation dose with 23% for stress CZT-SPECT MPI. 

Introduction 
Single photon emission computed tomography (SPECT) myocardial perfusion 
imaging (MPI) is the most validated noninvasive method to test for ischemia in 
patients with known or suspected of coronary artery disease [1, 2]. Although MPI 
SPECT is widely used, it is also associated with relative high radiation doses, 
contributing for approximately 10% to the cumulative radiation dose of medical 
procedures in the United States [3].  

Multiple attempts have been made to reduce the high dose associated with 
SPECT MPI. Introduction of stress-only protocols reduced the radiation dose with 
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63% [4]. Moreover, applying attenuation correction can further reduce this dose 
with an additional 16% [5–7]. In addition, multiple studies showed that the 
introduction of the new generation cadmium zinc telluride (CZT)-based SPECT 
cameras allows further dose reductions [8–10]. However, these studies did not 
determine the minimal product of tracer activity and scan time (PAST) that did not 
affect the diagnostic outcome in CZT-SPECT MPI. In our previous studies, we 
demonstrated that a body-weight dependent activity not only resulted in an 
improved image quality but also in the possibility to further lower the tracer activity 
[11, 12]. Prognostic evidence that such a low body-weight dependent activity 
protocol with limited scan time does not affect diagnostic outcome is lacking. Hence, 
our aim was to compare the standard fixed-activity protocol (further referred by 
FAP) and patient-specific low-activity protocol (further by PLAP) with regards to 
percentage of scans interpreted as normal, radiation dose, and prognostic value for 
CZT-SPECT MPI. 

Methods 

PATIENT POPULATION 

Patients who underwent clinically indicated CZT-SPECT/computer tomography (CT) 
same-day stress-optional-rest MPI (Discovery NM 570c, GE Healthcare) between 
February and June 2013 or between June and October 2014 were retrospectively 
included. All patients had a low to intermediate pre-test likelihood. Patients 
included in the first period all received a fixed high activity, further referred by FAP. 
Based on the outcomes of our previous studies [11, 13] we changed our standard 
protocol, as shown in Figure 1. Patients included in the second group received the 
patient-specific low-activity protocol, further referred by PLAP.  

This study was retrospective and as all patients received the best clinical 
protocol available at the time of scanning, approval by the medical ethics committee 
was not required. Subjects provided written informed consent for the use of data 
for research purposes. 

CLINICAL INFORMATION 

At the time of examination, all patients completed a questionnaire regarding 
demographic information, prior medical history, cardiac risk factors, and current 
medication use. These data were verified and complemented with demographic and 
clinical information collected from medical records. 
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PATIENT PREPARATION AND IMAGE ACQUISITION 

Patients were instructed to refrain from caffeine-containing beverages for 24 h. 
Pharmacological stress was induced by intravenous adenosine (140 μg/kg min for 
six minutes) or dobutamine (10 μg/kg min increased to a maximum of 50 μg/kg min 
until 85% of the predicted maximum heart rate was reached). Pharmacologic stress 
was used solely due to logistic reasons, in particular the high patient throughput in 
our center [14]. All patients were injected intravenously at peak stress with an 
activity of Tc-99m Tetrofosmin which varied between both groups. Moreover, 
patients in the PLAP group received a 25% lower PAST during stress MPI using a 53% 
lower activity with a 38% longer scan time. The PAST for rest MPI was lowered with 
7% by lowering the activity with 38% and prolonging the scan time with 33%. 

More specific, patients in the FAP group received a fixed activity of 
370 MBq or (500 MBq for patients weighing more than 100 kg). When rest imaging 
was clinically indicated, patients received a fixed activity of 740 MBq Tc-99m 
Tetrofosmin intravenously at least three hours after the stress activity 
administration. Patients in the PLAP group received a weight adjusted activity of 
2.25 MBq/kg prior to stress acquisition [13]. A fixed activity of 460 MBq was 
administered three hours post stress injection when rest imaging was clinically 
indicated. Electrocardiographically-gated SPECT acquisition was performed 
60 minutes post injection with the patient in supine position with arms placed above 
their heads. Prior to scanning, the patient’s heart was positioned in the center of 
the CZT-SPECT scanner using real-time persistence imaging. Stress scans were 
acquired during five minutes in the FAP group and eight minutes in the PLAP group 
using a 20% symmetrical energy window centered at 140 keV. Rest scans were 
acquired using scan times of four minutes in the FAP group and six minutes in the 
PLAP group. After either the stress or rest SPECT acquisitions, an unenhanced low-
dose CT scans during breath-hold was made to provide an attention map of the 
chest (LightSpeed VCT XT; GE Healthcare). These scans were made using a 5.0 mm 
slice thickness, 800 ms rotation time, pitch of 1.0, collimation 64 × 0.625 mm, tube 
voltage of 120 kV, tube current of 20 mA, and an irradiated body length of 24.4 cm. 
Next, an unenhanced electrocardiographically-gated CT scan was obtained 
prospectively to calculate the coronary artery calcification (CAC) score. The CAC scan 
was triggered at 75% of the R-R interval by using the following scanning parameters: 
2.5 mm slice thickness; gantry rotation time, 330 ms; tube voltage, 120 kV; and a 
tube current of 125-250 mA, depending on patients’ size.  
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Subsequently, SPECT data were reconstructed using a dedicated 
reconstruction algorithm (Myovation, GE Healthcare) with and without CT-based 
attenuation correction and displayed in the traditional short, vertical long and 
horizontal long axes. Moreover, post-processing of the CAC-scans was performed 
using dedicated software (SmartScore, Advantage Windows 4.4, GE Healthcare) to 
automatically calculated the CAC score using the Agatston criteria [15]. The average 
radiation dose was calculated for the stress-only and stress-optional rest scans and 
corrected for the prolonged scan time. A conversion factor of 5.8 × 10−3 and 
6.3 × 10−3 mSv/MBq was used to estimate the effective dose for stress and rest MPI, 
respectively [16]. 

 
Figure 1. Line graph demonstrating the product of tracer activity and scan time (PAST) for the fixed-
activity protocol (FAP) and patient-specific low-activity protocol (PLAP). The solid lines represent the PAST 
for stress MPI and the dashed lines represent the PAST for rest MPI. The secondary y-axis shows the 
product of the effective patient dose and scan time. 

CLINICAL FOLLOW-UP 

We recorded one-year follow-up information of all patients by reviewing hospital 
records and performing scripted telephone interviews with patients. Two follow-up 
endpoints were defined, (1) the occurrence of hard events, defined as all-cause 
death or non-fatal myocardial infarction and (2) occurrence of hard cardiac events, 
defined as cardiac or unknown death or non-fatal myocardial infarction. Non-fatal 
myocardial infarction was defined based on the criteria of typical chest pain, 
elevated cardiac enzyme levels, and typical changes on the ECG as defined by 
Thygesen et al [17]. Data were censored at the first event. 
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STATISTICS 

All patient-specific parameters and characteristics were presented as percentages 
or mean ± standard deviation (sd) and compared using the chi-square or t-test 
when appropriate, using Stata software (StataSE 12.0). The percentage of stress-
only scans, percentage of stress-optional rest scans interpreted as normal, 
administered activity and PAST were compared between the FAP and PLAP group 
using a chi-square or a t-test. The annualized event-free survival rates for scans 
interpreted as normal after stress-only or stress optional-rest were analyzed using 
Kaplan-Meier analysis and compared between the FAP and PLAP group using the 
log-rank test. The level of statistical significance was set to 0.05 (two-sided) for all 
statistical analyses. 

Results 
A total of 1255 patients were included in this study. The study population consisted 
of 587 patients who underwent MPI using FAP and 668 patients who underwent 
MPI using the body-weight dependent PLAP. Both groups were comparable 
regarding age, gender, body weight, body mass index (BMI), and cardiac risk factors. 
All baseline characteristics are summarized in Table 1. 
 
Table 1. Baseline characteristics and scan outcomes of all 1255 patients who underwent clinically 
indicated MPI CZT-SPECT. Patients in the FAP group received a high fixed activity and in the PLAP group 
a low body-weight dependent activity. 

Characteristic 
Group FAP 
(n = 668) 

Group PLAP 
(n = 587) 

p value (χ2 /  
t-test) 

Age (years) 64.6 ± 11.6 65.5 ± 11.3 0.17 

Male gender (%) 50.4 51.0 0.84 

Body weight (kg) 81.8 ± 15.9 82.3 ± 15.8 0.57 

BMI (kg/m2) 27.5 ± 4.6 27.6 ± 4.8 0.84 

Current smoking (%) 14.8 14.5 0.91 

Hypertension (%) 62.8 60.3 0.38 

Diabetes (%) 19.7 20.0 0.92 

Dyslipidemia (%) 46.1 46.0 0.99 

Family history (%) 59.0 54.6 0.13 

Normal MPI scan after stress-only 43.9 45.0 0.69 
Normal MPI scan after stress-optional rest (%) 67.1 69.3 0.41 
Ischemic defect (%) 18.3 20.7 0.29 

Irreversible defect (%) 22.0 15.9 0.008 

Data are presented as mean ± sd or percentages 
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IMAGING FINDINGS 

The percentage of images interpreted as normal after stress-only imaging and in 
which no additional rest imaging was required did not differ between the FAP and 
PLAP groups and was 43.9% and 45.0%, respectively (p=0.69), as shown in Figure 2. 
The rest of the patients also underwent rest imaging. The percentage of scans 
interpreted as normal in all patients, after stress-optional rest imaging, was 67.1% 
in the FAP and 69.3% in the PLAP group (p=0.41). The percentage of scans 
interpreted as having ischemic defects did not differ between the two protocols and 
was 18.3% for the FAP and 20.7% for the PLAP group (p=0.29). However, the 
percentage of scans interpreted as having irreversible defects decreased from 22.0% 
in the FAP to 15.9% in the PLAP group (p=0.008).  

 
Figure 2. Bar chart showing the percentage of scan interpreted as normal for both the high fixed-
activity (FAP) and patient-specific low-activity protocol (PLAP) for the (A) stress-only scans and (B) the 
stress-optional rest protocol. 

PAST AND RADIATION DOSE 

The mean administered Tc-99m Tetrofosmin activity for stress-only MPI decreased 
with 52% after introduction of the new PLAP from 383 ± 48 MBq (2.2 mSv) to 185 ± 
37 MBq (1.1 mSv, p<0.001). When correcting for the prolonged scan time in the 
PLAP, this decrease was 22.7% (from 1916 MBq∙min to 1482 MBq∙min, p<0.001), as 
shown in Figure 3.  

The mean activity for rest MPI decreased with 37.5% from 723 ± 60 MBq 
(4.2 mSv) to 452 ± 31 MBq (2.6 mSv, p<0.001). The mean PAST for rest MPI, 
correcting for the difference in scan time, decreased with 6.2% from 2892 MBq∙min 
to 2714 MBq∙min (p<0.001). Overall, the mean administered activity during stress-
optional rest imaging decreased with 44.9% from 789 ± 369 MBq (4.8 mSv) using the 
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FAP to 435 ± 234 MBq (2.6 mSv) using the PLAP (p<0.001). However, when 
correcting for the prolonged scan times, the overall mean effective radiation dose 
reduction for stress-optional rest imaging was 14.9% (p<0.001), as shown in 
Figure_3. 

 
Figure 3. Bar chart showing the administered tracer activity multiplied by scan time of the high fixed 
(FAP) and patient-specific low-activity protocol (PLAP) for the stress-only imaging and stress-optional 
rest imaging protocols. The product of tracer and scan time decreased with 22.7% for stress-only 
imaging and 14.9% for stress-optional rest imaging (p<0.001). 

CLINICAL FOLLOW-UP 

One year follow-up was obtained in 1084 (86%) patients, of whom 591 (88.5%) in 
the FAP and 498 (84.8%) in the PLAP group. Patients whom follow-up could not be 
obtained were excluded from further analysis. Eight patients (0.8%), four in the FAP 
and four in the PLAP group, experienced a non-fatal acute myocardial infarction 
requiring a primary percutaneous intervention during follow-up. Eight other 
patients (0.7%), four in each group, died during one-year follow-up. In the FAP 
group, one died from a cardiac cause and three from a non-cardiac cause. In the 
PLAP group, all four patients died from a non-cardiac cause.  

The annualized hard event rates for the scans interpreted as normal after 
stress-optional rest were 1.0% (4/396) for the FAP and 0.6% (2/323) for the PLAP 
group, as shown in Figure 4. This is a non-statistically difference (p=0.77). The hard 
event rates for stress-only scans interpreted as normal were 1.6% (4/259) for the 
FAP and 0.5% (1/212) for the PLAP group. This difference was also not significant 
(p=0.23). Moreover, the annualized cardiac hard event rates for the scans 
interpreted as normal after stress-optional rest MPI were 0.26% (1/396) for the FAP 
and 0% (0/323) for the PLAP group and did not differ significantly (p=0.92). The 
annualized cardiac hard event rates for the scan interpreted as normal after stress-



Chapter 6 

96 

only MPI were 0.4% (1/259) for the FAP and 0% (0/212) for the PLAP group, also a 
non-significant difference (p=0.35).  

 

 
Figure 4. Kaplan-Meier curves of event-free survival of (A) all-cause death or non-fatal myocardial 
infarction and (B) cardiac or unknown death or non-fatal myocardial infarction of scans interpreted as 
normal. Event free survival rates did not differ significantly between the fixed-activity protocol (FAP) or 
patient-specific low-activity protocol (PLAP) (p>0.77).  

Discussion 
In this study, we have demonstrated that introduction of a patient-specific low-
activity protocol (PLAP) led to a 23% reduction in radiation dose in stress CZT-SPECT 
MPI. Nevertheless, the percentages of scans interpreted as normal did not differ 
between both groups and the prognostic value of these scans did also not 
significantly differ between the two groups.  
 
Since the introduction of the dedicated cardiac CZT-based SPECT cameras, multiple 
studies were performed on the derivation and evaluation of various imaging 
protocols with regard to low activity and acquisition times [10, 13, 18–25]. However, 
only a few studies systematically derived the minimal tracer activity or scan-time for 
these cameras [10, 19–21]. Prognostic data of these minimal activity or scan-time 
protocols is lacking. Moreover, as some studies used extra-long scan times to further 
minimize the radiation activity, protocols should only be compared using the 
product of tracer activities and scan-times (PAST).  

A comparison between the PAST reported by different studies and our PLAP 
has been described in detail in our previous study [13]. In short, multiple studies 
derived PAST protocols with a lower PLAP than used in the present study [10, 20, 
21]. However, in one study they did not assess possible changes in clinical outcomes 
or image quality [20] and the other two studies were only aimed to achieve the same 
image quality as achieved using conventional protocols [10, 21]. Moreover, CZT-
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SPECT-cameras are associated with a higher diagnostic value and image quality 
which might not be achieved when using these low PAST protocols [14, 19]. In 
addition, Einstein et al. showed in a multicenter study that using their protocol 
resulted in excellent outcomes [19]. However, they did not determine a minimum 
PAST and their PAST of 1690 MBq∙min was higher for an average 80 kg patient than 
our PAST of 1440 MBq∙min. Another study by Einstein et al. reported an excellent 
prognostic value of stress-only imaging using a low-activity protocol as they did not 
encounter any hard cardiac event after one year of follow-up [26]. However, they 
only included 69 patients and used a PAST of 2775 MBq∙min by using scan times of 
15 minutes which is extraordinary when using a CZT-based SPECT camera.  
 
The cardiac event rates as encountered in our present study are comparable to 
those as encountered in previous large studies for normally interpreted CZT-SPECT 
MPI scans. A recent study by Songy et al. assessed the prognostic value of a low-
activity protocol in stress-only CZT-SPECT imaging with a follow-up of 38.4 months 
[27]. They reported annualized cardiac event rates including revascularization of 
0.55% in 1400 patients with a scan interpreted as normal using a PAST 18.5 
MBq∙min/kg. This is higher than the hard cardiac event rates we encountered using 
a similar PAST of 18.0 MBq∙min/kg but we did not include revascularizations. In 
addition, Chowdhury et al. described the prognostic data of CZT-based SPECT MPI 
in 830 patients with normally interpreted scans with a mean follow-up of 1.7 years 
[28]. They reported annualized hard cardiac event rates of 0.2%, which is similar to 
the annualized cardiac hard event rates of 0-0.26% as we encountered. However, 
they used a PAST of 2951 MBq∙min, which is more than two times as high as our 
PLAP using the same CZT-SPECT camera. Yokota et al. reported in a recent study 
hard cardiac event rates of 0.28% per annum in 1288 patients who had a normal 
stress-only CZT-SPECT MPI scan [29]. They used the same protocol as the FAP in the 
present study. In addition to the few CZT-SPECT cohort studies, there are multiple 
large cohort studies describing the prognostic value of a normally interpreted SPECT 
MPI. They show annual hard cardiac event rates varying between 0.6-1.3% for 
normally interpreted stress-only scans and 1.2-1.4% for normally interpreted stress-
rest scans [30–33]. These rates seem slightly higher than encountered in the present 
study which could be due to differences in the pre-test likelihood and the use of 
conventional instead of CZT-based SPECT cameras.  
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Several limitations underpinned this study. First, we used a retrospective design. We 
minimized this influence by the consecutive inclusion of a large number of patients. 
In addition, although patients from the two groups were scanned in different time 
periods, acquisition and reconstruction protocols were identical in both periods, 
other than those mentioned in this study. Nevertheless, the percentage of scans 
interpreted as having irreversible defects was lower in the PLAP group without any 
identifiable cause. Secondly, follow-up was not obtained in all patients. Although all 
deaths are registered in the hospital records, these patients may have encountered 
a non-fatal myocardial infarction. We cannot exclude the possibility that this may 
have altered the event rates. Third, the reduction in radiation dose was not solely 
due to the introduction of the PLAP but also due to prolonged scan times. However, 
as activity and scan time are interchangeable up to a certain range [34], using the 
PAST allowed us to determine the radiation dose without prolonged scan times. 
Moreover, the maximal scan time of eight minutes also ensured not to induce 
additional motion artefacts [35]. Fourt, the reduction in radiation dose for stress 
MPI was higher than for rest MPI. The PAST for rest MPI was only lowered by 6% in 
contrast to the 23% for stress MPI. This smaller reduction was due to the use of a 
fixed-activity protocol in our clinic, as patient-specific rest activities are not possible 
due to logistic reasons. However, when using three-times the stress activity for rest 
imaging as recommended by the guidelines, the rest activity will also be reduced by 
23% [36, 37]. Finally, this study was performed on a CZT-based camera instead of a 
more commonly used conventional Anger camera. However, as demonstrated in our 
previous studies, we can safely assume that introduction of patient-specific activity 
or scan-time protocols as derived for conventional SPECT cameras will also allow 
radiation dose reductions without affecting diagnostic outcomes in these cameras 
[12, 38]. 

Conclusion 
Introduction of a low-activity patient-specific stress protocol did not affect the 
percentage of scans interpreted as normal prognostic value in CZT-SPECT MPI and 
can therefore safely be introduced in clinical practice. Moreover, application of the 
2.25 MBq/kg low dose protocol lowered the mean radiation dose by 23% to 1.1 
mSv for stress CZT-SPECT.  
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Abstract 
Background: Recommended Rubidium-82 activities for relative myocardial 
perfusion imaging (MPI) using present generation PET scanners may be 
unnecessarily high. Our aim was to derive the minimum activity for reliable relative 
PET MPI assessment. 
Method: We analyzed 140 scans from 28 consecutive patients who underwent rest-
stress MPI PET (Ingenuity TF, Philips). Scans of 852, 682, 511, and 341MBq were 
simulated from list-mode data and compared to a reference scan using 1023 MBq. 
Differences in summed rest score (SRS), total perfusion deficit (TPD) and image 
quality were obtained between the reference and each of the simulated rest scans. 
Combined stress-rest scans obtained at a selected activity of 682MBq were 
diagnostically interpreted by experts and outcome was compared to the reference 
scan interpretation.  
Results: Differences in SRS ≥3 were found using 682, 511, or 341MBq in two (7%), 
four (14%), and five (18%) patients, respectively. Differences in TPD>7% were only 
found at 341MBq in one patient. Image quality deteriorated significantly only for 
the 341MBq scans (p<0.001). Interpretation of stress-rest scans did not differ 
between the 682MBq and 1023MBq scans. 
Conclusions: A significant reduction of administered Rb-82 activity is feasible in 
relative MPI. An activity of 682 MBq resulted in reliable diagnostic outcomes and 
image quality and can therefore be considered for clinical adoption. 

Introduction 
The use of positron emission tomography with computed tomography (PET/CT) for 
myocardial perfusion imaging (MPI) is increasing [1, 2]. This increase is not only due 
to better temporal and spatial resolution of PET as compared to SPECT but also due 
to the increased availability of PET/CT systems and the introduction of Strontium-
82/Rubidium-82 (Sr-82/Rb-82) generators [3–5]. These generators allow PET MPI 
without a cyclotron, as is required when using Nitrogen-13 ammonia or Oxygen-15 
water.  

PET MPI can be evaluated in two ways. Relatively, by assessing the amount 
of activity for each myocardial region relatively to the perfusion in the rest of the 
myocardium, or quantitatively, by assessing the absolute myocardial blood flow 
(MBF) in the coronary arteries [6]. Ideally, both evaluations complement each other 
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and can be created from one acquisition [7]. While relative perfusion requires a 
minimum activity to result in images with enough count statistics, quantitative 
perfusion is limited by a maximum activity up to which count statistics are reliable 
enough for flow calculations [8]. This is related to dead time effects of the PET 
scanner [7]. It is therefore crucial to identify an activity that is both high enough for 
reliable relative interpretation, and low enough to limit dead time effects 
influencing quantification. 

Several approaches for reducing the activity required for relative PET MPI 
have been studied, including weight-specific protocols [9], encouraging appropriate 
use of MPI [10], stress-only MP [11], hardware advances, and new reconstruction 
protocols [12]. However, the recommended Rb-82 activity to administer has not 
been changed since the first studies in the 80’s and 90’s and both American and 
European guidelines still recommend activities of 1110-1480 MBq for 3D lutetium 
yttrium orthosilicate (LYSO) systems [10, 13–17]. Dilsizian et al. already suggest that 
with advances in PET instrumentation lower activities, starting from 740MBq, may 
be sufficient for accurate MPI but studies confirming this are lacking [6, 17]. Hence, 
our aim was to derive the minimum required Rb-82 activity to administer that allows 
reliable relative MPI assessment. 

Materials and methods 

STUDY POPULATION 

We retrospectively included 28 consecutive patients with suspected coronary artery 
disease who were referred to our hospital for rest-stress MPI using PET/CT 
(Ingenuity TF PET/CT, Philips Healthcare). Analysis were performed retrospectively 
and no approval from the medical ethical committee was therefore required 
according to Dutch law. Nevertheless, all patients provided written informed 
consent for the use of their data for research purposes.  

PATIENT PREPARATION AND ACQUISITION 

Patients were asked to abstain from any caffeine containing food or drink 24 hours 
prior to scanning and to discontinue dipyridamole for 48 hours prior. Prior to MPI, 
patients underwent a low-dose CT scan during free breathing to provide an 
attenuation map of the chest. This scan was made using a 3mm slice thickness, 1.5_s 
rotation time, pitch of 0.825, collimation 40x0.625 mm, tube voltage of 120 kV, tube 
current of 38-87 mA, automatically computed depending on patient’s size and a 
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dose length product of 99±22 mGy∙cm. For the MPI rest scan, an activity of 1023 
MBq Rb-82 was administered at a flow of 50 ml/min (CardioGen-82, Bracco 
Diagnostics Inc.). Ten minutes after the first elution, stress was pharmacologically 
induced with Regadenoson (400 µg in 5 ml saline over 15 sec). After a ten second 
flush with saline, again 1023 MBq Rb-82 was administered. PET list-mode 
acquisitions of seven minutes were acquired following both Rb-82 administrations. 
We reconstructed the relative perfusion images using data acquired between 2:30 
to 7:00 minutes after the start of acquisition. The low-dose CT scan was used for 
attenuation correction. Default PET reconstruction settings were used as 
recommended by the manufacturer: 3D ordered-subset iterative time-of-flight 
(TOF) blob-based reconstruction. The radiation dose was calculated by using an 
effective dose conversion factor of 0.8 mSv/GBq for Rb-82 and a thorax conversion 
factor of 0.017 mSv/mGy/cm for the CT-scans [18, 19]. 

SIMULATING LOWER ACTIVITIES  

We used list-mode data from the rest and stress scans to simulate the use of lower 
activities: 852 MBq (17% reduction), 682 MBq (33% reduction), 511 MBq (50% 
reduction) and 341 MBq (67% reduction). Simulations were created by starting the 
reconstruction of list-mode data later than the reference of 2:30 minutes. This delay 
was proportional to the expected loss in counts when using lower activities. To find 
the proportional delay, we first computed the expected number of counts in the 
reference scan using 1023 MBq (C100%), by applying Equation (1). 
 

퐶 % = ∫ 퐴  ∙  푒
( )  ∙

/ 푑푡_

_
      (1) 

 
Here, tstart_ref, and tend_ref are the start and end time of the list-mode data used for 
image reconstruction, which is 2:30 and 7:00 minutes for the reference scan, 
respectively. Aref is the reference activity of 1023 MBq, and T1/2 is the half-life of Rb-
82 (76 s). Next, we determined time tx to start a reconstruction that simulates lower 
activities A: 852, 682, 511 and 341 MBq. This is described by Equation (2) and the 
times are listed in Table 1.  
 
The reference scan and the four simulated lower activity scans were post-processed 
using AutoQUANT Cardiac Suite (Cedars-Sinai Medical Centre v2013.2). The scans 
were displayed in the traditional short, vertical long and horizontal long axes and in 
a 17-segments bullseye representation with segmental uptake values normalized to 
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     (2) 

the highest pixel value, as shown in Figure 1. To assess the influence of 
reproducibility errors from the manual component of post-processing, data of the 
reference scan were reprocessed in AutoQUANT, resulting in a second reference 
scan, further referred by reproducibility scan. Segmental uptake values, reversibility 
scores, summed stress scores (SSS), summed rest scores (SRS), summed difference 
scores (SDS) and total perfusion deficit (TPD) were automatically derived [20]. 
 
Table 1. Reconstruction times used to simulate lower activities. 

Activity (MBq) Reconstruction times (min) 

1023 (reference scan) 2:30 – 7:00 
852  2:48 – 7:00 
682 3:10 – 7:00 
511  3:37 – 7:00 
341  4:13 – 7:00 

ANALYSIS 

In the first part of this analysis, we determined the lowest activity which did not 
statistically differ from the reproducibility scan and could be considered eligible for 
clinical adoption. Rest scans were used as they are expected to be the most 
sensitive in showing changes when lowering the activity due to the lower 
myocardial activity uptake as compared to stress. First, we compared the semi-
quantitative outcomes: TPD, SRS and segmental uptake values between the 
reference and both the reproducibility and simulated low-activity scans. 
Differences in TPD >7% [21, 22], SRS ≥3 [23] and absolute segmental uptake value 
differences of ≥5% point were considered to possibly influence diagnostic outcome 
[21, 24, 25]. Qualitatively, two expert readers, with overread of a third expert in 
case of discordance, scored the image quality of the simulated and reference scans 
as adequate or inferior to produce an accurate clinical diagnosis. All readers were 
blinded for patient characteristics and activities, and images were presented in 
random order. In addition, the influence of body mass index (BMI) on the image 
quality for all scans was assessed by comparing the image quality between 
different BMI categories (BMI <25 kg/m2, BMI 25-30 kg/m2, and BMI >30 kg/m2 
[26]). 
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Figure 1. Example of Rb-82 activity rest simulations in PET/CT myocardial perfusion imaging of an 86-
year-old female, (95 kg, BMI 33.7 kg/m2). Shown from top to bottom are: a short axis slice, a vertical long 
axis slice, a horizontal long axis slice and a polar plot. Image quality was scored as adequate, except at 
341 MBq where it was considered inferior. 

 
To ensure its eligibility for clinical adaptation, we performed a second more in depth 
analysis using the simulated activity at which the diagnostic outcome did not 
significantly differ from that of the reference scan. Both stress and rest images of 
this simulated activity were compared to the reference scan, considering three  
semi-quantitative parameters. These parameters consisted of TPD for both rest and 
stress images, the SDS and the reversibility scores, also known as segmental 
difference scores. The reversibility scores were based on a pixel-by-pixel comparison 
of the uptake values during the stress and rest scans. Qualitatively, two expert 
readers jointly interpreted the stress and rest images of the reference and simulated 
activity as normal or containing reversible and/or irreversible defects. In case of 
defects, the size (small, medium or large) and location (anterior, inferior, lateral, 
posterior, septal, and/or apical) were assessed. The readers were blinded for patient 
characteristics and activity, and the images were presented in random order. The 
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interpretations of the scans were compared between the simulated and reference 
activity.  

STATISTICS  

Patient characteristics were computed as mean ± standard deviation or percentage 
of total, using SPSS Statistics 22.0 (IBM Corporation). The difference in SRS, TPD, 
segmental uptake values and image quality between the reproducibility scan and 
the simulated lower activity scans were compared using the Wilcoxon signed-rank 
test and McNemar test. The image quality between the different BMI categories 
were compared using the chi-square test. The level of statistical significance was set 
at 0.05. 

Results 
Patient characteristics and scan outcomes of all included patients are summarized 
in Table 2. 
 
Table 2. Patient characteristics of all 28 patients with suspected CAD referred for MPI-PET imaging 
including the scan outcome. Data are presented as percentages or mean ± sd. 

Characteristic  
Male gender (%) 53.6  
Age (years) 70.4 ± 10.3 
Body mass index (kg/m2) 28.6 ± 4.2 
Weight (kg) 83.5 ± 11.5 
Length (cm) 171 ± 10 
Normal scan (%)  67.9  
Irreversible defect (%) 17.9  
Reversible defect (%) 21.4  

ANALYSIS 

The number of patients in whom SRS differed by ≥3 from the reference scans 
increased with lower injected activities from two (7%, p=0.50) using the 682 MBq 
simulated scans to four (14%, p=0.13) using the 511 MBq scans and to five (18%, 
p=0.06) using the 341 MBq simulated scans. We did not encounter any cases with a 
SRS difference of ≥3 comparing the reference with the reproducibility or 852 MBq 
simulated scans. Changes of >7% in TPD only occurred in one scan when comparing 
the reference with the simulated scan of 341 MBq. 
 We found a segmental change ≥5% in three scans comparing the reference 
with the reproducibility or 852 MBq scan. At lower activity simulations, the number 
of scans with segmental changes ≥5% increased to 6 (21%), 13 (46%) and 23 (82%), 
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using the simulated scans of 682, 511 and 341 MBq, respectively. Only the 511 MBq 
and 341 MBq simulations were statistically different from the reproducibility scan 
(p=0.006 and p<0.001, respectively). Results above are summarized in Table 3.  

The image quality of rest scans did not differ between the reference scan, 
the reproducibility scan and the simulated scans of 852 and 682 MBq. However, 
more scans were scored as having inferior quality using simulated activities of 511 
or 341 MBq as compared to the reproducibility scan (p=0.13 and p<0.001, 
respectively). Results are summarized in Figure 2. In addition, the image quality did 
not differ between the BMI groups for the reference or any of the simulated 
activities (p>0.41).  

 
Table 3. Percentage of the patients with differences between the reference and simulated or 
reproducibility scans, possibly influencing the diagnostic outcome in total perfusion deficit (TPD), 
summed rest score (SRS) and segmental uptake values. The asterisks indicate the result of the McNemar 
test comparing the simulated scans with the reproducibility scans. 

 1023 vs. 
1023 MBq 

1023 vs. 
852 MBq 

1023 vs. 
682 MBq 

1023 vs. 
511 MBq 

1023 vs.  
341 MBq 

TPD ∆> 7% 0 0 0 0 4% 
Summed rest score ∆ ≥ 3 0 0 7% 14% 18% 
Segment ∆ ≥ 5% points 11% 11% 21% 46%** 82%*** 

**≤0.01 ***≤0.001 
 

Based on the data above, we identified the simulated activity of 682 MBq to be the 
lowest activity for which the diagnostic outcome did not differ from the reference 
scan and, hence, this simulation was used in a second analysis using both the stress 
and rest scans. The simulated stress and rest scans of 682 MBq did not differ from 
the reference scans when using the criteria TPD >7%. We encountered changes in 
the criteria SDS ≥3 in two scans (SDS difference of 3 and 4), and we encountered 
differences in the reversibility scores ≥5% points in six other scans (varying between 
one and three deviating segments) when comparing the 682 MBq with the reference 
scan. Image results of two patients where differences in these semi-quantitative 
scores were observed are shown in Figure 3. Despite these small differences in semi-
quantitative scores, the overall diagnostic interpretation (normal, reversible and/or 
irreversible) did not change in any of the patients when using the simulated 682 
MBq scans. Yet in 14% a small change in defect size (from small to medium or 
medium to large or vice versa) occurred and in one patient an additional irreversible 
defect was observed in the inferior wall. 
 



Chapter 7 

110 

 
Figure 2. Expert reader assessment of image quality scored as inferior or adequate for the reference and 
four simulated scans. Image quality deteriorated significantly only for the 341MBq scans (p<0.001). 

Discussion 
In this study, we showed that the image quality and diagnostic visual outcome did 
not differ significantly when we lowered the Rb-82 activity from 1023 to a simulated 
activity of 682 MBq in relative MPI using a state-of-the-art PET/CT system. Although 
simulating 682 MBq for both stress and rest scans did reveal small changes in SDS 
and reversibility scores, the diagnostic outcome remained unaffected. An activity of 
682 MBq can therefore be considered for clinical adoption. 
 
Few studies are known that assessed the minimum activity required for relative MPI 
using PET [9, 27]. Hof et al. reported in a recent conference proceeding abstract that 
an activity of 341 MBq still resulted in reliable myocardial blood flow quantification 
on MPI-PET, but the type of scanner was not mentioned [27]. They also reported a 
lower image quality for relative perfusion imaging at this low activity, but did not 
report the effect on diagnostic outcome of the relative perfusion images. Their 
results are in agreement with our study showing a decreased image quality for 
relative MPI when lowering the activity to 341 MBq. Moreover, Tout et al. reduced 
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Figure 3. Example of two Rb-82 stress-rest scans of A) a 69-year-old male (62 kg, BMI 20.9 kg/m2) and B) 
a 72-year-old female (74kg, BMI 27.5 kg/m2) using 1023 MBq and a simulated activity of 682 Mbq. Shown 
from top to bottom are the stress, rest and difference bull`s eye images. In scan A) the reversibility scores 
differed in two segments more than ≥ 5% points as shown in the white circles and in B) a difference in 
summed difference scores (SDS) of 4 was observed. Nevertheless, the diagnostic interpretation was 
identical for the two scans in both patients.  

 
the administered Rb-82 activity in their study to a level at which detector block 
saturation in their scanner (Biograph mCT PET scanner, Siemens Healthcare) was 
absent, which was 1110 MBq. However, they did not derive the minimum activity 
for adequate relative MPI [7]. Finally, Renaud et al. reported in the Rubidium-ARMI 
trial that the image quality was scored as good or better in 76-90% of the patients 
when using a low-activity weight-dependent activity protocol of 10 MBq/kg Rb-82 
[9]. Although the Rb-82 generator we used (CardioGen-82, Bracco Diagnostics Inc.) 
is unable to administer patient-specific activities [9, 28–30], the minimum activity 
recommended for clinical adoption in our study is still 158 MBq lower for an average 
patient of 84 kg than in the Rubidium-ARMI trial.  
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Several assumptions underpinned this study. First, we used a retrospective study 
design with a relatively small sample size. We tried to minimize this influence by a 
consecutive inclusion of all patients and using paired-wise comparisons to limit the 
need for a large cohort. Secondly, we performed this study solely on an Ingenuity TF 
PET system. The sensitivity and TOF performance of a PET system heavily influences 
the minimal activity required which makes the generalizability of the presented 
results to other state-of-the-art PET systems difficult. However, the system 
sensitivity and TOF performance of the Ingenuity TF are comparable to or worse 
than that of other state-of-the art PET systems such as the Discovery 710 (GE 
Healthcare), Discovery IQ (GE Healthcare) or Biograph mCT Flow (Siemens) [31]. 
Hence, we may assume that our results can be adopted on these PET systems. One 
should be cautious when adopting the derived minimal activity on non-TOF systems 
or systems not using LYSO or lutetium oxy-orthosilicate (LSO) crystals, as these have 
a different system performance [17, 32]. Thirdly, we used a reference activity of 
1023 MBq instead of 1110-1480 MBq as currently recommended by the guidelines 
[10, 16]. This might have resulted in a lower reference image quality due to the 
decreased counts statistics. However, as the image quality at activities of 852 and 
682 MBq did not differ from our reference scan, we can safely assume that the use 
of a higher activity does not result in a better image quality. In addition, the six 
patient scans with an inferior image quality at 1023 MBq all had extracardiac 
activity, obscuring the inferior myocardial wall, or had a very poor perfusion, which 
is not expected to be influenced by the amount of activity used. Fourthly, we 
simulated the use of lower activities by delaying the start of the reconstruction 
instead of deleting a certain percentage of the measured coincidences. The used 
data clipping method does not account for possible tracer washout effects or the 
increased myocardium-to-blood contrast ratio. However, washout rates of Rb-82 
are relatively low [33, 34] and are expected to be limited in a reconstruction delay 
of maximal 40s (682 MBq scans). Moreover, the influence of the increasing 
myocardium-to-blood contrast ratio, favoring the lower activity simulations, is 
expected to be limited [18, 35]. The starting delay for the reconstructions was at 
least 150 seconds in which the myocardium-to-blood contrast ratio is already high 
and stabilized, minimizing this influence [3, 7, 10, 36]. Finally, although the 
simulated scans of 682 MBq did not differ significantly from the reference scans, 
possible clinically important differences occurred in the reversibility scores and SDS. 
However, as the clinical interpretation did not change in any of the patients using 
the 683 MBq simulations, we expect that the changes in segmental uptake value 
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and SDS might be too small to be visually observed or be due to reproducibility 
errors. 
 
Clinical adoption of this lower Rb-82 activity has several implications. The effective 
dose from a Rb-82 stress-rest MPI PET will decrease from 1.8 with 33% to 1.2 mSv. 
The total effective dose which includes the CT scan for attenuation correction will 
decrease with 17% from 3.46 ± 0.36 mSv to 2.9 mSv per study when lowering the 
activity from 1023 to 682 MBq. Lowering the activity also reduces count rates which 
prevents detector saturation. Hence, less dead time corrections will be needed, 
potentially resulting in a more reliable myocardial quantification [7, 18, 28, 29]. The 
PET system used in our study has a linear response rate up to a peak singles rate of 
65 Mcps, corresponding to approximately 925 MBq [37]. This means that 682 MBq 
is an activity that is both high enough for reliable relative interpretation, and low 
enough to limit dead time effects. Finally, administration of a lower activity will also 
reduce the elution volume required per scan. This lower elution volume can result 
in a longer use of specific Rb-82 generators (CardioGen-82, Bracco Diagnostics Inc.) 
as the maximum cumulative eluted volume of 17 L is less likely to be exceeded [38].  

Conclusion 
A significant reduction of the currently recommended Rb-82 activity by the 
guidelines is feasible in relative MPI using a state-of-the-art PET/CT system. An 
activity of 682 MBq resulted in reliable diagnostic outcomes and image quality and 
can therefore be considered for clinical adoption. 
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Abstract 
Introduction: To derive and validate a practical patient-specific dose protocol to 
obtain an image quality, expressed by the image noise, independent of patients’ size 
and a better radiation dose justification in CT coronary angiography (CTCA) using 
prospective ECG triggering.  
Methods: 43 patients underwent clinically indicated CTCA. The image noise, defined 
as the standard deviation of pixel attenuation values in a homogeneous region in 
the liver, was determined in all scans. Subsequently, this noise was normalized to 
the radiation exposure. Next, three patient-specific parameters, body weight, body 
mass index and mass per length (MPL), were tested for the best correlation with 
normalized image noise. From these data, a new dose protocol to provide a less 
variable image noise was derived and subsequently validated in 84 new patients. 
Results: The normalized image noise increased for heavier patients for all patients’ 
specific parameters (p < 0.001). MPL correlated best with the normalized image 
noise and was selected for dose protocol optimization. This new protocol resulted 
in image noise levels independent of patients’ MPL (p = 0.28).  
Conclusions: A practical method to obtain CTCA images with noise levels 
independent of patients’ MPL was derived and validated. It results in a less variable 
image quality and better radiation exposure justification and can also be used for CT 
scanners from other vendors. 

Introduction 
For patients with suspected stable coronary artery disease it is recommended to 
perform non-invasive testing prior to invasive coronary angiography [1]. In patients 
with a low to intermediate pre-test probability for coronary artery disease, use of 
computed tomography coronary angiography (CTCA) is advised [1]. To reduce the 
high radiation burden associated with CTCA, prospective ECG-triggering was 
introduced [2]. This technique activates the X-ray tube only in the end-diastolic 
phase rather than throughout the cardiac cycle, resulting in dose reductions up to 
90 % [3, 4]. However, prospective ECG-triggering cannot be used in combination 
with automatic anatomy-based tube-current modulation which corrects for the 
varying patients’ size [4]. This correction ensures a less variable image quality and, 
hence, sufficient diagnostic CTCA image quality with a minimum radiation exposure. 
Only few CT scanners have the possibility to automatically adjust the tube settings 
based on a preceding image, as alternative to anatomy-based tube-current 
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modulation, to correct for the varying patients’ size. Hence, manual adjustment 
prior to imaging is required in most scanners [3–6].  

Multiple CTCA protocols are proposed to adapt for varying patient size to 
obtain a less variable image quality [7–14]. Most of them modify tube settings based 
on image noise found in a preceding scan, for example a bolus scan. Although these 
protocols result in a less variable image noise, it is cumbersome to implement them 
in clinical practice. Consequently, most institutes nowadays use protocols that are 
empirically adjusted, using body mass index (BMI) or weight, not necessarily 
resulting in a constant level of image noise. However, image noise is closely related 
to image quality [7–11]. In particular, a constant image noise will result in a less 
variable image quality. But only few studies describe clinical applicable dose 
protocols for specific CT imaging configurations that result in less variable image 
noise [10–13]. Moreover, a general method to derive these protocols for different 
CT settings or scanners is lacking. Therefore, these methods cannot be enrolled at 
other centers without additional efforts. Hence, the aim of our study was to 
demonstrate how to derive and validate a practical patient-tailored CTCA imaging 
protocol using prospective ECG-triggering in order to obtain an image quality, 
expressed by the image noise, independent of patient’s size and thereby providing 
a better radiation dose justification. 

Materials and methods 

STUDY POPULATION 

All 129 retrospectively included patients underwent clinically indicated prospective 
ECG-triggered CTCA (Discovery NM 570c, GE Healthcare). The first 45 patients were 
consecutively included to derive a patient-tailored dose protocol (further referred 
by group A). For the validation part of this study, 84 additional patients were 
included (further referred by group B), of which 43 patients were included 
consecutively. To obtain a population in the full expected range of body mass per 
body length (MPL) to demonstrate the validity of the protocol an additional 41 
patients were included to obtain at least 10 patients in each of the following MPL 
categories: <40, 40–45, 46–50, 51–55 and >55 kg/m. These patients were 
consecutively included for each category. Multiple patient-specific parameters and 
coronary artery disease risk factors were collected for all patients prior to scanning. 
As this study was set up in a retrospective manner, no approval by the medical ethics 
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committee was required. All patients provided written informed consent for the use 
of their data for research purposes. 

PATIENT PREPARATION AND IMAGE ACQUISITION 

Patients were instructed to remain fasting for 3 h prior to acquisition. Patients with 
heart rates between 49 and 59 or >59 beats per minute were requested to take 50 
or 100 mg metoprolol orally, respectively, 1 h prior to acquisition. Diazepam (10 mg) 
was administered when clinically indicated to calm the patients for additional heart 
rate reduction. 

Patients were scanned in supine position, with arms placed above their 
head. A scout image (120 kV, 10 mA) was acquired prior to the bolus acquisition to 
determine the scan field. Bolus delay was determined by making 10 consecutive 
acquisitions in 20 s (120 kV, 60 mA). Next, patients were administered two puffs 
(2 × 0.4 mg) of nitroglycerine sublingual, unless contraindicated. 

All CT-scans were prospectively ECG-triggered at 75 % of the RR interval 
and were acquired using the following parameters: collimation 64 × 0.625 mm, 
rotation time of 0.35 s and a tube voltage dependent contrast flow of 4 ml/s at 
100 kV, 5 ml/s at 120 kV, and 6 ml/s at 140 kV (Optiraytm, Mallinckrodt). The 
standard applied BMI dependent protocol in our institution, as applied in group A, 
is shown in Table 1. The CT scans were reconstructed using filtered back projection 
with a slice thickness of 0.625 mm, 512 × 512 matrix and a pixel size of 0.35 mm 
(Xeleris software, GE Healthcare). 

DERIVING A PATIENT-SPECIFIC CTCA PROTOCOL 

The image noise, defined as the standard deviation of pixel attenuation values in a 
visually homogeneous region of interest (ROI), was measured in the most cranial 
part of the liver parenchyma in each scan, as illustrated in Figure 1. Next, image 
noise was fitted to multiple patient-specific parameters (P) which were considered 
easy applicable in daily use; body weight, BMI and MPL, to determine a possible 
increase in image noise for heavier patients (see Table 1). 
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Table 1. The applied BMI dependent dose protocol for patients in group A including tube settings and 
estimated radiation dose. 

BMI (kg/m2) Tube current (mA) Tube voltage (kV) CTDI (mGy) Effective dose (mSv) 

<17 360 100 4.4 1.0 

17–19 400 100 4.9 1.1 

19–21 415 100 5.1 1.2 

21–23 440 100 5.3 1.2 

23–24 320 120 6.4 1.5 

25–29 360 120 7.2 1.7 

30–35 465 120 9.3 2.2 

>35 410 135 10.8 2.5 

 
To determine the relation between image noise and patients’ size for a fixed 
radiation dose, the measured image noise was normalized to the squared root of 
the applied computed tomography dose index (CTDI) expressed in mGy. This was 
based on the formula previously used by Menke et al [15]: 
 
CTDI ∙ σ ∝ e  ∙          (1) 

 
Here σ is the measured image noise, µ the mean attenuation coefficient of the 
region at a defined tube voltage (cm−1) and d the axial diameter of the patient (cm). 
Subsequently, for each patient a normalized value of image noise (σnorm) was 
determined using: 
 
σ =  σ ∙  √CTDI       (2) 

 
Next, the relations between the σnorm and multiple patient-specific parameters (P) 
were investigated to find the parameter best explaining the relation between σ and 
P. Therefore, σnorm was fitted using a linear function (σfit): 
 
σ =  a ∙ P +  b        (3) 

 
Here, a and b are fit parameters. 
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Figure 1. Example of axial slices of two CTCA scans, including the regions of interests, demonstrating the 
increase in image noise and decrease in image quality in heavier patients. Both scans are from female 
patients. A) A lean patient of 69 kg, BMI 24.4 kg/m2 and MPL 41.1 kg/m and B) a severe obese patient of 
89 kg, BMI 39.6 kg/m2 and MPL 59.3 kg/m. Images were acquired using the same tube voltage of 120 kV 
and tube current of 400 mA. The measured image noise for the lean patient is 47 HU and for the severe 
obese patient 87 HU. 

PATIENT-SPECIFIC CTDI 

When combining Equations 2 and 3, with σnorm described by the linear function σfit, 
we obtained a new CTDI (CTDIapply): 
 

CTDI =  =  ∙       (4)  

 
Here σC is the desired constant image noise, which was set equal to the average 
image noise measured in all patient scans in this study. Ideally, the noise becomes 
independent of the patient examined when applying the new CTDI using the 
appropriate tube settings (kV and mA). The choice of tube voltages was based on 
tube voltage guidelines using weight and BMI; 100 kV below 90 kg or 30 kg/m2 
corresponding to a MPL of 45 kg/m, 140 kV for severely obese patients 
(MPL > 60 kg/m) and 120 kV for the remainder of the patients [4]. Next, the tube 
currents were derived using these tube voltages to obtain CTDIapply. Yet due to the 
maximum tube current achievable on the CT scanner, a higher tube voltage of 
120 kV was used for MPLs between 45 and 52.5 kg/m to obtain CTDIapply. 

To ensure validity of the protocol, it was derived for patients with a body 
weight between 60 and 130 kg, BMI between 17 and 35 kg/m2 or MPL between 35 
and 60 kg/m. Patients outside this pre-specified range received the minimal or 
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maximal recommended radiation dose, i.e. a patient with a MPL of 30 kg/m received 
the dose corresponding to a patient of 35 kg/m. The effective dose was estimated 
using the mean irradiated body length of 13.7 cm and the thorax conversion factor 
of 0.017 mSv/mGy/cm [16]. 

VALIDATION 

The optimized patient-specific CTCA protocol was implemented as a new routine 
clinical protocol. Next, to examine if the image noise was independent of patients’ 
size using the new protocol, the best explaining parameter P was correlated to the 
image noise for patients within the pre-specified range in groups A and B. 

STATISTICS 

All patient characteristics for groups A and B were presented as mean ± standard 
deviation (sd) and compared using the chi-square and unpaired t tests using Stata 
software (StataSE 12.0). To test if the regression coefficients of the σfit for each 
patient-specific parameter P differed significantly from zero, implying a significant 
correlation between σ and P or σnorm and P, t tests were performed. Coefficients of 
determination, R2, were determined for all fits and compared using the Hotelling–
Williams test. Using the results of R2 and the Hotelling–Williams tests, the patient-
specific parameter best explaining the σnorm was selected for the validation study. 
The level of statistical significance was set to 0.05 for all statistical analyses. 

Results 
The baseline characteristics of all included patients are summarized in Table 2. 

DERIVING A PATIENT-SPECIFIC CTCA PROTOCOL 

The mean measured image noise (σ) and normalized image noise (σnorm) in group A 
was 57 ± 14 HU and 162 ± 52 HU mGy1/2, respectively. Despite the applied BMI 
dependent protocol in group A, an increase in image noise was observed for 
increasing values of all tested patient-specific parameters (p ≤ 0.002), as illustrated 
in Figure 2. 
 
The regression coefficients of the fits describing the σnorm as a function of all three 
patient-specific parameters were also found to be statistically different from zero 
(p < 0.001), as illustrated in Figure 3. The calculated fit parameters a and b for all 
patient-specific parameters are shown in Table 3. MPL had a significantly stronger 
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correlation with the normalized image noise than body weight (p = 0.03) but a 
similar correlation as BMI (p = 0.37). Yet based on its R2 value, MPL was used in the 
validation study. 
 
Table 2. Baseline characteristics of all 129 included patients who underwent clinically indicated 
prospective ECG-triggered CTCA. 

Characteristic Group A (n = 45) Group B (n = 84) p value (χ2/t test) 

Age (years) 60.2 ± 12.2 54.9 ± 12.0 0.02 

Male gender (%) 55.6 56.0 0.97 

Body weight (kg) 82.1 ± 16.1 85.6 ± 18.4 0.28 

BMI (kg/m2) 27.3 ± 5.3 27.9 ± 5.6 0.59 

MPL (kg/m) 47.3 ± 8.7 48.8 ± 9.9 0.39 

CTDI (mGy) 8.2 ± 3.1 9.1 ± 4.2 0.19 

DLP (mGy) 110 ± 44 123 ± 53 0.19 

Effective dose (mSv) 1.9 ± 0.7 2.1 ± 0.9 0.19 

Pulse during scan (BPM) 53.1 ± 7.6 53.6 ± 5.7 0.67 

Data are presented as mean ± SD or percentages 

 
Table 3. Results of the fit parameters a and b including the coefficients of determination (R2) and the 
Hotelling–Williams test to compare the correlations. 

Parameter a  a 95% CI b  b 95 % CI R2 Hotelling–Williams test (p value) 

Body weight (kg) 2.5 1.8–3.1 −42 −96 to 13 0.57 0.03 

BMI (kg/m2) 7.9 6.1–9.8 −55 −105 to −4 0.63 0.37 

MPL (kg/m) 5.0 4.0–6.0 −74 −125 to −24 0.68 – 

 

PATIENT-SPECIFIC CTDI 

Using Equation 4 and the fit parameters a and b, the recommended patient-specific 
radiation dose using MPL can be described by: 
 

CTDI  =  .  ∙ .  = (0.088 ∙ MPL− 1.3)      (5) 

 

The derived radiation dose table describing the proposed CTDIapply is shown in 
Table 4. In comparison to the protocol as applied in group A, a lower CTDI is 
recommended for leaner patients and a higher CTDI for more obese patients, as 
illustrated in Figure 4. 
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Figure 2. Image noise in the cranial liver parenchyma as a function of three patient-specific parameters 
in group A; A) weight, B) BMI and C) MPL. All graphs show the results of the linear regression fits. 
 

 
Figure 3. Image noise in the cranial liver parenchyma normalized to the used CTDI as function of three 
patient-specific parameters in group A; A) weight, B) BMI and C) MPL. All graphs show the results of the 
linear regression fits. The coefficients of determination for each fit are shown in the top right corner. 

VALIDATION 

The mean image noise in group B was 50 ± 12 HU and the normalized image noise, 
σnorm, was 147 ± 57 HU mGy1/2. Different relations between image noise and MPL 
were observed for group A and B, as illustrated in Figure 5. Whereas the slope of the 
regression line differed significantly from zero for group A (p = 0.007), this was not 
the case for group B (p = 0.28). 

Discussion 
The present study demonstrates a method to derive and validate a practical patient-
specific prospective ECG-triggered CTCA protocol to overcome the increasing image 
noise in heavier patients. The protocol is based on the relation between MPL and 
image noise normalized to the radiation exposure and can also easily be adopted on 
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CT scanners from other vendors, independent of the acquisition and reconstruction 
settings used. Hence, it provides a useful alternative to CT scanners which can 
automatically adjust the tube current and voltage based on a preceding scan in 
combination with prospective ECG-triggering. Applying an MPL dependent protocol 
resulted in constant image noise levels, independent of patients’ size. 
 

 
Figure 4. The patient-specific CTDI protocol used for patients in group A (CTDIold) and for the new MPL 
protocol used for patients in group B (CTDIapply), converted to a BMI-protocol to allow comparison. The 
right y-axis shows the corresponding estimated effective dose. 
 
 

 
Figure 5. Image noise in the cranial liver parenchyma as a function of MPL for A) group A and B) group B 
including the linear regression fits. While the slope of the fit differed from zero when using a BMI-
dependent protocol in group A (p = 0.007) this was no longer the case after applying the new protocol in 
group B (p = 0.28). 
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Our findings are in agreement with previous studies proposing patient-specific 
protocols for prospective ECG-triggered CTCA [7–14, 17]. Most of these studies 
propose correction protocols based on the attenuation or image noise in preceding 
scans, for example in a bolus scan. This approach is also used in the newest 
generation of CT scanners which can automatically adjust the tube current and 
voltage based on the scout in combination with prospective ECG-triggering. It could 
result in less variation in image noise than when using a patient-specific parameter 
as we derived [7–9, 18]. However, our method has several major advantages over 
the methods which are based on a preceding scan. It can easily be applied on CT 
scanners from other vendors independent of the acquisition and reconstruction 
methods used and it requires fewer manual interactions during the scan which 
shortens the procedure time. Moreover, it does not require a certain radiation 
exposure of the preceding scans for sufficient noise measurements, lowering the 
cumulative radiation exposure. 

MPL was chosen as the correcting parameter in this study based on its 
stronger correlation with normalized image noise in comparison to BMI (R2=0.68 
and 0.63, respectively). The choice of MPL may be interpreted as arbitrary. However, 
when seeing the body morphology as a cylinder, the mass per length provides an 
estimate of the cross-sectional area of a patient and therefore thickness, intuitively 
making more sense than dividing the mass by a squared length, like at BMI. In the 
study by Li et al. [18] they tried to identify the parameter best explaining the image 
noise in CTCA. They determined that chest circumference at the right coronary 
artery origin level (R2=0.60) was the parameter best correcting for the varying 
patient size. However, they did not test whether this parameter differed significant 
from BMI (R2=0.53). Moreover, they did not include any other parameters that can 
be considered as easily adoptable in clinical practice, such as weight or MPL. 
 
In our study we made several assumptions. First, a more constant image noise level 
was assumed to result in a better image quality in CTCA. Yet image quality in CTCA 
also depends on the heart rate, breath holding, iodine enhancement, and contrast 
timing [6, 19, 20]. A qualitative image quality assessment, purely assessing the effect 
of the obtained constant image noise while excluding the influences of these other 
parameters, was considered as hardly possible. However, obtaining a less variable 
quantitative image noise can be seen as an independent and essential first step 
towards a constant image quality. Second, the image noise was determined in the 
liver instead of in the thoracic region, as the non-uniform contrast enhancement  
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Table 4. Example of a mass per length (MLP) dependent dose table, including tube settings and estimated 
radiation dose, as derived from Equation 5. 

MPL (kg/m) Tube current (mA) Tube voltage (kV) CTDI (mGy) Effective dose (mSv) 

<35 265 100 3.1 0.7 
37.5 330 100 4.0 0.9 
40 410 100 4.9 1.1 
42.5 490 100 5.9 1.4 
45 580 100 7.0 1.6 
47.5 415 120 8.2 1.9 
50 480 120 9.5 2.2 
52.5 550 120 10.9 2.5 
55 620 120 12.4 2.9 
57.5 695 120 14.0 3.3 
>60 585 140 15.7 3.7 

 
makes the definition of homogeneous regions of interest difficult [7]. However, the 
cranial liver parenchyma is typically located on the same axial level of the caudal 
part of the myocardium and was therefore considered representative for cardiac 
image noise measurements. Third, the protocol was only derived for patients within 
a certain body size range (35 kg/m < MPL < 60 kg/m) which might not fully represent 
the clinical practice. Final, no iterative reconstruction was used. Yet application of 
iterative reconstruction instead of filtered back projection results in an evenly 
spread proportional decrease of the image noise which does not compensate for 
the higher image noise in heavier patients [21]. The method as presented in this 
study can be used in combination with iterative reconstructions. Moreover, 
application of iterative reconstructions will allow the use of a lower desired constant 
image noise (σC) which enables the use of a lower CTDI without compromising image 
quality [22]. 

Conclusion 
In conclusion, we have derived a MPL dependent CTCA prospective ECG-triggering 
dose protocol using the proposed method which is also eligible for CT scanners from 
other vendors. Application of this protocol resulted in an image noise independent 
of patient’s size. It provided a less variable image quality and better radiation dose 
justification.  
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Abstract 
Background: Correction of motion has become feasible on cadmium-zinc-telluride 
(CZT)-based SPECT cameras during myocardial perfusion imaging (MPI). Our aim was 
to quantify the motion and to determine the value of automatic correction using 
commercially available software. 
Methods: We retrospectively included 83 consecutive patients who underwent 
stress-rest MPI CZT-SPECT and invasive fractional flow reserve (FFR) measurement. 
Eight-minute stress acquisitions were reformatted into 1.0- and 20-second bins to 
detect respiratory motion (RM) and patient motion (PM), respectively. RM and PM 
were quantified and scans were automatically corrected. Total perfusion deficit 
(TPD) and SPECT interpretation—normal, equivocal, or abnormal—were compared 
between the noncorrected and corrected scans. Scans with a changed SPECT 
interpretation were compared with FFR, the reference standard.  
Results: Average RM was 2.5 ± 0.4 mm and maximal PM was 4.5 ± 1.3 mm. RM 
correction influenced the diagnostic outcomes in two patients based on TPD 
changes ≥7% and in nine patients based on changed visual interpretation. In only 
four of these patients the changed SPECT interpretation corresponded with FFR 
measurements. Correction for PM did not influence the diagnostic outcomes. 
Conclusions: Respiratory motion and patient motion were small. Motion correction 
did not appear to improve the diagnostic outcome and, hence, the added value 
seems limited in MPI using CZT-based SPECT cameras. 
 
Supplementary material: This article contains supplementary material which is 
located in Appendix I. 

Introduction 
Myocardial perfusion imaging (MPI) is known as one of the best validated 
noninvasive methods to test for ischemia [1], although artefacts negatively 
influence the clinical accuracy. Introduction of patient-specific activities and CT-
based attenuation correction have limited this influence [2–4]. However, artefacts 
still occur and may mainly be the result of motion [5, 6]. Artefacts resulting from 
patient movement, respiration, and myocardial contraction are difficult to 
distinguish from real perfusion defects and can lead to false positive studies [6–10]. 
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Several types of motion tracking and techniques to correct for overall 
patient motion (PM) on conventional SPECT cameras have been introduced and 
validated [9, 11, 12]. However, these techniques cannot be applied in SPECT 
cameras equipped with stationary cadmium zinc telluride (CZT) detectors with 
pinhole collimators. Two recent studies showed that motion detection and 
correction seems feasible on a CZT-based SPECT camera [8, 13]. However, they did 
not compare their motion correction to a reference standard. It is therefore 
unknown whether the corrections improved the diagnostic outcomes. 

Commercially available automatic motion detection and correction 
software has become available which can detect and correct for both respiratory 
motion (RM) and PM in all directions using a CZT-based SPECT camera. This program 
(MCD for Alcyone, GE Healthcare) has—to the best of our knowledge—not been 
described or validated in clinical practice before. Hence, the aim of our study was to 
quantify the motion and to determine the value of automatic correction using 
commercially available software. 

Materials and Methods 

STUDY POPULATION 

We retrospectively included 83 consecutive patients in this study who underwent 
clinically indicated elective FFR measurement of intermediate anatomical coronary 
lesions demonstrated by recent invasive angiography between January 2011 and 
July 2014 [14]. One day after the FFR measurement, patients underwent CZT-
SPECT/CT one-day stress-rest MPI (Discovery NM/CT 570c, GE Healthcare). All 
patients provided written informed consent for the use of their data for research 
purposes. Inclusion criteria were referral for elective FFR measurement of target 
lesions with a reduction in diameter of 40% to 80% as determined during previous 
coronary angiography, conform a previous study using the same population [14]. 
Patients with concomitant severe coronary stenosis (>80%), serial coronary 
stenosis, and prior myocardial infarction in the territory of the target lesion or for 
whom list mode data were missing were excluded. 

CZT-SPECT DATA ACQUISITION 

Patients were instructed not to use any nicotine or caffeine containing beverages 
for 24 hours and to discontinue Persantin for 48 hours prior to scanning. 
Pharmacological stress was induced by intravenous adenosine (140 μg·kg−1·minute−1 
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for 6 minutes) or dobutamine (starting from 10 μg·kg−1·minute−1, increased along 
three minute intervals to a maximum of 50 μg·kg−1·minute−1 until 85% of the 
predicted maximum heart rate was reached). Only pharmacologic stress was used 
due to logistic reasons, in particular the high patient throughput in our center [15]. 
At peak stress, patients were injected intravenously with 370 MBq (10 mCi) Tc-99m 
tetrofosmin (500 MBq (13.5 mCi) for patients with a body weight of more than 100 
kg). Rest imaging was performed on the same day using 740 MBq (20mCi) Tc-99m 
tetrofosmin. 
 Patients were scanned in supine position, with arms placed above their 
head using a fixed scan time of 8 minutes for the stress acquisition. The patient’s 
chest was positioned close to the SPECT detectors, with the heart in the center of 
the field of view, assisted by using real-time persistence imaging. Both stress and 
rest acquisitions were performed 45-60 minutes post injection using a 20% 
symmetrical energy window centered at 140 keV. Data were acquired in list mode. 
Attenuation correction was not used in this study to prevent reproducibility errors 
[16]. A full description of the CZT detector system used in this study is described in 
several studies [15, 17–19]. In short, the scans were acquired using 19 stationary 
pinhole detectors, each containing 32 × 32 pixelated (2.46 × 2.46 mm) CZT 
elements, all focused on the myocardium. 

MOTION DETECTION AND CORRECTION 

All emission data were reformatted into 1.0- and 20-second time bins for RM and 
PM detection and correction, respectively. Next, a volume of interest was drawn 
manually around the myocardium to exclude extra cardiac activity. Motion was 
tracked by commercially available software (MDC for Alcyone, Xeleris 3.1, GE 
Healthcare). In short, the algorithm determines the center of mass in the detected 
counts for five pinhole projections in the user-defined volume of interest. Next, five 
virtual lines originating from these center of mass’ are drawn through these 
pinholes, and the point (x,y,z) with the smallest distance from these lines is 
calculated. This process is repeated for each time bin, and afterwards all points are 
compared to identify motion. The magnitude of RM was only assessed in the z-
direction, caudal-cranial, as this is the main contributor to respiratory motion [8]. 
PM was assessed in all three directions: lateral motion, ventral-dorsal motion, and 
cranial-caudal motion. Overall PM was estimated by calculating the square root of 
the summed squared motions in all three directions for each time bin. All motions 
were automatically corrected using the same software by generating a system 
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matrix that incorporated the identified motion which was then used to reconstruct 
the images from the original projections. 

CZT-SPECT RECONSTRUCTION 

The noncorrected and motion-corrected images were reconstructed by applying an 
iterative dedicated reconstruction algorithm with maximum-likelihood expectation 
maximization (Myovation, Xeleris 3.1, GE Healthcare). The use of dedicated 
software (Make SA and Fil3DBatch, Xeleris 3.1, GE healthcare) allowed to 
reconstruct both the noncorrected and motion-corrected images using the exact 
same alignment and masking, excluding possible reproducibility errors [16]. 

Each image was automatically normalized to the maximum peak activity 
and the 17-segmental uptake values were presented as the percentage of the 
maximum myocardial regional uptake. Total perfusion deficit (TPD) was 
automatically calculated for all scans (Quantitative Perfusion SPECT (QPS) 2009, 
Sedar Senai). TPD is defined as the percentage of segments below the predefined 
uniform average deviation threshold, as explained in detail by Berman et al. [20]. 
Scans were displayed in the traditional short, vertical long, and horizontal long axes 
and reviewed using a color scale. 

FFR MEASUREMENTS 

FFR measurements were derived in the same way as previously described [14]. In 
short, we introduced a pressure monitoring wire (PressureWire®; RADI Medical 
Systems) into the coronary artery and positioned the pressure wire distal to the 
stenosis. Adenosine (140 μg·kg−1·minute−1) was infused continuously to obtain a 
maximal coronary blood flow. The FFR was calculated by dividing the mean distal 
intracoronary pressure by the mean arterial pressure proximal of the possible 
stenosis. FFR ratios <0.80 were considered positive for ischemia and FFR ratios ≥0.80 
were considered negative for ischemia [21]. 

ADDED VALUE OF MOTION CORRECTION 

The mean and maximum RM and PM were derived from all time bins. The mean RM 
and PM across all patients during the scan were assessed to determine a possible 
increase in motion with longer scan times. Next, the noncorrected scans were 
compared with the RM-corrected scans and also with the PM-corrected scans to 
determine the possible change in diagnostic outcome. 

In the qualitative evaluation, two experienced readers interpreted in 
consensus whether there was a change in diagnostic outcome (categorized as 
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normal, equivocal, or abnormal) between the noncorrected and motion-corrected 
scans. Readers were aware which series were noncorrected or motion-corrected but 
they had no knowledge of patients’ history or other clinical findings. In the 
quantitative evaluation, the differences in TPD and segmental uptake values were 
determined between the noncorrected and corrected scans. A difference in TPD of 
≥7% was considered to result in a change in diagnostic outcome, as previously 
described by Berman et al and Iskandrian et al. [20, 22]. A difference of ≥5% in at 
least one segment was also considered to affect the diagnostic outcomes as it is 
associated with mild to severe ischemia [23, 24]. 

Next, we compared the conclusion of the scans in which the diagnostic 
outcome was changed after motion correction with the FFR measurements to 
determine whether motion correction resulted in a better correspondence with FFR. 
Concordance with SPECT interpretation was determined on a per-vessel basis by 
comparing the changed perfusion in the area supplied by the vessel with the FFR 
measurement performed in that vessel. 

STATISTICS 

Patient-specific parameters and characteristics were determined as mean ± SD 
using Stata (StataSE, version 12.0). The correlation between the amount of 
movement and scan time was assessed using the Pearson correlation coefficient. 
Correlations between the detected motion and change in visual SPECT 
interpretation and number of segments differing ≥5% were tested using the 
Spearman rank correlation coefficient. The correlation between the amount of 
motion and change in TPD was assessed using the Pearson correlation coefficient. 
The level of statistical significance was set to .05 for all statistical analyses. 
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Results 
The baseline characteristics of all included patients are summarized in Table 1. 
 
Table 1. Baseline characteristics and scan outcomes of all patients who underwent clinically indicated 
MPI SPECT. Data are presented as mean ± SD or percentages. 

Characteristic (n=83)  
Age (years) 66.6 ± 10.5  
Male gender (%) 41.0  
Body weight (kg) 85.3 ± 14.5  
Height (cm) 174.0 ± 8.7  
BMI (kg/m2) 28.2 ± 4.4  
Current smoking (%) 18.1  
Hypertension (%) 65.1  
Diabetes (%) 21.7  
Dyslipidemia (%) 63.9  
Family history (%) 59.0  
Normal MPI scan (%) 71.2  
Ischemic defect on MPI (%) 20.5  
Non reversible defect on MPI (%) 19.3  
Summed stress score 4.1 ± 8.1  
Total perfusion deficit (%) 4.3 ± 7.9  

MOTION DETECTION  

RM and PM were observed in all 83 patients. The mean RM, in cranial-caudal 
direction only, was 2.5 ± 0.4 mm, as shown in Table 2. The maximum PM across all 
patients in all three directions were 2.4 ± 0.8 mm, 2.8 ± 0.9, and 3.4 ± 1.5 mm in the 
lateral, ventral-dorsal, and cranial-caudal direction, respectively. 

The mean RM across all patients decreased significantly during the scan 
(p=0.01). Especially in the first two minutes the RM decreased and seemed to 
stabilize or slightly increase again after four minutes, as shown in Figure 1. A similar 
trend was observed for the mean PM, although this was not significant (p=0.06). 

DIAGNOSTIC VALUE OF RESPIRATORY MOTION CORRECTION 

The visual SPECT interpretation remained unchanged after RM correction in 74 
patients (89%) but changed in nine patients (11%) after applying RM correction, as 
shown in Figure 2A. These changes were in correspondence with FFR in only four of 
these nine patients: the SPECT interpretation changed from normal to equivocal in 
six patients (7%) corresponding with FFR in two. So, in these two patients the SPECT 
result was closer to the reference standard and the motion correction could 
therefore be considered a slight improvement. However, in four out of these six 
patients, the change could be considered a deterioration. The SPECT interpretation 
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changed from abnormal to equivocal in two of the nine patients. In these two 
patients, a positive FFR was measured in one (0.65)—considered a deterioration—
and a negative FFR was measured in the other patient (0.85), considered an 
improvement. In the remaining patients, the SPECT interpretation changed from 
equivocal to normal, which was an improvement as it corresponded with the 
negative FFR measurement (0.88). In summary, motion correction produced a total 
of four improvements and five deteriorations in the overall diagnostic outcome of 
the SPECT study based on visual interpretation. 
 
Table 2. Mean and maximal respiratory motion and patient motion in MPI CZT-SPECT for all included 
patients (n= 83). Data are presented as mean ± SD and the ranges are shown between parenthesis. 

Characteristic Mean motion  Maximum motion 
Absolute respiratory motion   
 Cranial caudal (mm) 2.5 ± 0.4 (1.7-3.7) 10 ± 2.0 (6.0–15.3) 
Absolute patient movement    
 Lateral (mm) 0.9 ± 0.2 (0.3-1.5) 2.4 ± 0.8 (0.9-5.4) 
 Ventral dorsal (mm) 1.0 ± 0.2 (0.0-1.8) 2.8 ± 0.9 (0.0-5.7) 
 Cranial caudal (mm) 1.2 ± 0.5 (0.5-2.5) 3.4 ± 1.5 (1.1-8.9) 
 Overall (mm) 2.1 ± 0.4 (1.2-3.2) 4.5 ± 1.3 (2.6-9.3) 

 
 

Figure 1. The mean (A) respiratory motion in the cranial-caudal direction and (B) patient motion in all 
three directions and the overall patient motion as function of scan time. The respiratory motion 
decreased significantly during the 8-minute acquisition (p=0.01), whereas this was nearly significant for 
the overall patient motion (p=0.06). 
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Figure 2. Relation between both respiratory (top row) and patient motion (bottom row) and the 
differences between the noncorrected and motion-corrected scans in (A, D) the visual SPECT 
interpretation, (B, E) the total perfusion deficit, and (C, F) the number of changed segments ≥5%. Neither 
patient motion nor respiratory motion correlated with the differences in one of the three endpoints 
(p>0.26). Note that no changes in SPECT interpretation were found after correction for patient motion 
(D). The dashed lines represent the thresholds for which the diagnostic outcome was considered to be 
influenced. 

 
By analyzing the impact of RM correction using TPD as a semiquantitative 
parameter, we found a ≥7% change in TPD after RM correction in only two patients 
(3% of the whole group), as shown in Figure 3A. In one patient, the TPD increased 
from 1% to 9% which was considered an improvement as the FFR was positive (0.77). 
In the other patient, the TPD decreased from 21% to 12% which was considered a 
deterioration as the FFR was positive (0.65). So, RM correction resulted in one 
improvement and one deterioration in the overall diagnostic outcome based on 
TPD. 
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Figure 3. Bland Altman plots of the noncorrected and motion-corrected images for (A, B) the respiratory 
motion (RM) and (C, D) the patient motion (PM). The left images (A, C) show the differences in total 
perfusion deficit (TPD) and the right images (B, D) show the differences in segmental uptake values of all 
17 segments of all patients. The shaded areas represent the 95% confidence interval limits and the long 
dashed lines represent the thresholds for which the diagnostic outcome was considered to be influenced. 

 
By analyzing the impact of RM correction using the segmental uptake values as 
semiquantitative parameter, we observed a change of ≥5% in uptake value in one 
or more segments in 57 patients (69%). The mean difference in segmental uptake 
values varied between −2.0%-points and 2.1%-points and seemed unrelated to 
territorial areas. The difference between the segmental uptake values of both 
noncorrected and RM-corrected scans seems to increase for lower average 
segmental uptake values, as shown in Figure 3B. Corrections in segments that 
already show perfusion defects can be considered as less important than segments 
which are corrected from or to normal which occurred less frequently. The ≥5% 
segmental uptake changes corresponded with FFR in 30 patients but were in 
discordance with 15 patients and remained unknown in 12 patients, in whom 
segmental defects both appeared and disappeared after RM correction. One or 
more segments were positively corrected with an uptake value of ≥5% in 23 
patients, indicating a correction of a possible defect. In 17 of these 23 patients a 
negative FFR was found, which can be considered as an improvement but in the 
other six patients the correction was considered a deterioration. In 22 patients, the 
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changed segments were corrected negatively, indicating the existence of a possible 
defect. In these 22 patients, a positive FFR was found in 13 patients. However, in the 
other nine of these 22 patients, a negative FFR was found, possibly indicating a 
deterioration after RM correction. In the twelve (14%) remaining patients, both 
positive and negative segmental uptake corrections of ≥5% were observed. So the 
correction resulted in the disappearance of one or more defects but in the 
originating of other defects. In eight of these 12 patients, a negative FFR was found 
and in four a positive FFR but it is unknown whether this was an improvement or 
deterioration. So, RM correction resulted in 30 improvements but also in 15 
deteriorations in the overall diagnostic outcomes of these scans based on segmental 
uptake values. 

DIAGNOSTIC VALUE OF RESPIRATORY MOTION CORRECTION 

Applying PM correction resulted in less differences between the noncorrected and 
corrected scans. The diagnostic outcomes did not change in any of the patients 
based on SPECT interpretation or TPD after PM correction, as shown in Figures 2D 
and 3C. However, the diagnostic outcome was influenced in seven patients (8%) 
based on a ≥5% change in segmental uptake values, as shown in Figure 3D. The 
segmental uptake values were corrected positively for all seven patients, indicating 
possible corrections of defects. However, in only four patients a negative FFR was 
found, considered an improvement. In the other three patients, a positive FFR was 
found, indicating a deterioration of the diagnostic outcomes. 

RELATION BETWEEN MOTION DETECTION AND CORRECTION 

The amount of motion correction and the mean RM or PM did not to correlate, as 
shown in Figure 2. The correlation between the mean RM and differences in SPECT 
interpretation, TPD or segmental uptake were not significant (p=0.26, p=0.65, and 
p=0.27, respectively). This was also the case for mean PM and number of deviating 
segments (p=0.13). As PM correction did not influence the diagnostic outcomes for 
SPECT interpretation or TPD, the correlation between PM and these variables was 
not derived. 

Discussion 
In this study, we have shown that patients undergoing an eight minute CZT-SPECT 
scan barely move, as both respiratory motion and patient motion were limited. 
Nevertheless, applying automatic motion correction changed the SPECT 
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interpretation in 11% of the stress scans. However, these changes were both 
deteriorations and improvements which led us to conclude that motion correction 
did not seem to improve the overall diagnostic outcomes of CZT-SPECT. Moreover, 
motion correction also changed semiquantitative outcome parameters, such as TPD 
and segmental uptake values, but neither these changes could be considered an 
overall improvement, as compared to the FFR measurements. 
 
Both the RM and PM measured in this study were smaller than reported in previous 
studies using the same CZT-based SPECT camera [8, 13]. Ko et al reported a mean 
RM of 10.5 mm in the cranial-caudal direction using a pharmaceutical stress agent, 
which is much larger than the mean RM of 2.5 mm as we encountered in the present 
study [8]. The smaller motion in our study might be due to the following reasons: 
the use of longer timing bins in our study (1.0 second instead of 0.5 second); higher 
myocardial count rates due to the use of 99m-Technicium instead of Thallium-201, 
which decreases noise and increases the count statistics and resolution, and the 
exclusion of reproducibility errors in the masking and manual alignment prior to 
reconstruction. Although they performed a phantom study demonstrating the 
correctness of their motion tracking program, they filled their cardiac phantom with 
a fifth of the activity administered to their patients. Hence, they had far more count 
statistics during their phantom study than encountered in their patient studies. This 
might indicate that they detected more noise during their patient studies, possibly 
explaining the larger detected RM. They reported, based on their phantom study, 
that a RM larger than 15 mm could cause visual and quantitative image 
deterioration. However, this RM threshold was never reached in our study. 
Nevertheless, we applied RM correction in all patients, resulting in a changed SPECT 
interpretation in 11% of our scans. As we did not find a correlation between RM 
correction and changes in SPECT interpretation, TPD or segmental values, the 
changes we observed were possibly due to overcorrections by the automatic 
software because of inadequate count statistics. This is in agreement with a 
phantom study we performed in which we validated the motion detection software 
(this phantom study is described in more detail in the supplementary materials). A 
manually induced motion was detected within an uncertainty of typically 2 mm 
using 1-second time bins (corresponding to RM) and 1 mm using 20-second time 
bins (corresponding to PM). The maximum detection error was in the order of 8 mm 
for RM. Correction of the limited motion, within the margin of error, is therefore not 
expected to result in an improvement in the scan in relation to the diagnostic 
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outcome. It may even lead to a deterioration of image quality. Hence, due to the 
limited detected motion, it is likely that RM correction is not useful in our patient 
population and application only resulted in overcorrections. 

In contrast to the limited effect of correcting for respiratory motion in our 
study, a recent study by Clerc et al suggested that deleting respiratory motion by 
deep inspiration breath holding during MPI CZT-SPECT acquisition was beneficial 
[25]. Breath holding resulted in 12.5% more normal scans in their 40 patients when 
also using attenuation correction. Acquisition during breath holding causes a caudal 
shift of the abdominal structures which may prevent inferior wall artefacts and 
improve co-registration with the inspiration breath-hold CT used for attenuation 
correction. However, the reported results have not been compared with a reference 
standard. In addition, starting and stopping the acquisition after each breath hold 
should be perfectly timed by the operators and be available on the SPECT system. 
Repeated long breath holding can also be quite difficult for patients and it may even 
require the administration of higher tracer activities in order to limit the length of 
total acquisition, which in turn raises radiation dose again [26, 27].  

The detected PM in the present study was also lower than the PM reported 
by Redgate et al, who even used a shorter acquisition time of 6 minutes [13]. Using 
data of 40 patients, they recently reported a mean PM of 0-4, 4-8, and ≥8 mm in 
62%, 35%, and 3%, respectively. However, none of the 83 patients in our study had 
a mean PM larger than 4 mm. We only encountered a maximum PM of ≥8 mm in 2% 
(2) of the patients, in contrast to the 10% they reported. The lower PM in our study 
could be due to exclusion of reproducibility errors in the present study and the 
comfortable patient environment in combination with extensive patient 
preparation to calm the patients. Redgate et al concluded from their phantom study 
that PM should be corrected when it exceeds 10 mm for more than 60 seconds. The 
maximum PM encountered in this study was 8.9 mm in one time bin of 20 seconds 
and PM correction did not result in changed SPECT interpretation. Hence, these 
figures seem to confirm our finding that, similar to RM, PM correction is not 
necessary in our patient population. 
 
Several assumptions underpinned this study. First, we used a retrospective cohort 
of patients; all referred for elective FFR measurements after invasive coronary 
angiography. The incidence of ischemia and irreversible defects was 4% and 11% 
higher in the present study, respectively, in comparison to what we commonly 
encounter in our population eligible for MPI CZT-SPECT [28]. Although the incidence 
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of perfusion defects was not expected to influence RM or PM, it induces lower count 
statistics, possibly resulting in a higher tracking—and therefore also correction—
error. 

Second, we used FFR as a reference standard to assess the added value of 
motion correction on the diagnostic outcome. Although the accuracy of FFR is 
limited in patients with collateral circulation or serial stenosis [29], it is nowadays 
considered as one of the most accurate tests to detect ischemia. We only compared 
the motion-corrected stress acquisitions with FFR, eliminating the possibility to 
distinguish reversible (ischemic) from irreversible defects as would have been 
possible when using both stress and rest acquisitions. Although occluded vessels 
were also interpreted as positive FFR, this might have led to a slight underestimation 
of the correspondence with FFR for negative motion corrections (normal scans 
corrected to equivocal or abnormal, or an increasing TPD or decreasing segmental 
values) and overestimation of positive motion corrections. Moreover, co-
registration of MPI with coronary CT angiography was not performed. Therefore 
some of the changes in perfusion after RM correction may have occurred in a 
different coronary territory than the territory supplied by the vessel in which FFR 
measurement was done [30]. Nevertheless, the discrepancies between FFR and MPI 
were considered to be too limited to influence the outcomes of this study. 

Third, we only compared the motion-corrected scans with nonattenuation 
corrected scans. It was not possible to apply motion correction to attenuation 
corrected scans and as attenuation correction is not expected to compensate for 
motion, it would not have contributed to our aim. 

Fourth, the percentage of patients in which motion correction changed the 
diagnostic outcomes differed between the three endpoints: SPECT interpretation, 
TPD, and segmental uptake values. Although the influence of motion correction 
seemed limited for all three endpoints, one should be cautious in future studies 
when using only one of these semiquantitative endpoints. It appears that a 
segmental uptake difference of 5% is a very sensitive parameter for a change in 
defects but not a very specific one in comparison to the SPECT interpretation, which 
is still the reference standard in most institutions. Moreover, using a TPD difference 
of 7% appears not sensitive enough in detecting change in perfusion deficits in 
comparison to the visual SPECT interpretation. 

Finally, there is a current trend towards lower activities and patient-specific 
dose protocols [31, 32]. Reducing the activity can easily be achieved by enlarging 
the scan time, as both are interchangeable within a certain range. In this study, we 
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showed that a scan time up to eight minutes does not introduce significant motion. 
The motion even decreased in the first minutes. Using longer scan times in 
combination with lower activities might therefore even decrease the influence of 
the higher motion in the first minutes of the acquisition. However, one should be 
aware that correction of observed motion will be harder with lower count statistics 
and that acquisitions should be repeated instead of corrected. The amount of 
motion depends on the calmness and relaxedness of the patients. We think it is of 
great importance to create a comfortable patient environment, provide clear 
instructions and to provide extensive patient information prior to MPI to reduce 
motion. 

Conclusion 
Both respiratory motion and patient motion were small in patients undergoing an 
eight minute MPI acquisition on a CZT-based SPECT camera. Correction of this small 
motion did not appear to improve the diagnostic outcomes. Hence, the value of 
applying motion correction seems limited in MPI using a CZT-based SPECT camera. 

NEW KNOWLEDGE GAINED 

The respiratory motion and patient motion detected in this study by commercial 
software are lower than reported by previous studies using self-developed tracking 
algorithms. Correction of small motion did not appear to improve the diagnostic 
outcomes and, hence, the added value seems limited in 8-minute MPI acquisitions 
using a CZT-based SPECT camera. 
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The authors received a research grant by GE Healthcare to validate the MCD 
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Abstract 
Background: Attenuation correction (AC) improves the diagnostic outcome of 
stress-only myocardial perfusion imaging (MPI) using conventional SPECT. Our aim 
was to determine the value of AC using a cadmium zinc telluride-based (CZT)-SPECT 
camera. 
Methods: We retrospectively included 107 consecutive patients who underwent 
stress-optional rest MPI CZT-SPECT/CT. Next, we created three types of images for 
each patient; (1) only displaying reconstructed data without the CT-based AC (NC), 
(2) only displaying AC, and (3) with both NC and AC (NC + AC). Next, two experienced 
physicians visually interpreted these 321 randomized images as normal, equivocal, 
or abnormal.  
Results: Image outcome was compared with all hard events over a mean follow-up 
time of 47.7 ± 9.8 months. The percentage of images interpreted as normal 
increased from 45% using the NC images to 72% using AC and to 67% using NC + AC 
images (p<0.001). Hard event hazard ratios for images interpreted as normal were 
not different between using NC and AC (1.01, p=0.99), or NC and NC + AC images 
(0.97, p=0.97). 
Conclusions: AC lowers the need for additional rest imaging in stress-first MPI using 
CZT-SPECT, while long-term patient outcome remained identical. Use of AC reduces 
the need for additional rest imaging, decreasing the mean effective dose by up to 
1.2 mSv. 

Introduction 
Myocardial perfusion imaging (MPI) using single photon emission computed 
tomography (SPECT) is a well validated and frequently used non-invasive method in 
the evaluation of known or suspected coronary artery disease (CAD) [1, 2]. Stress-
only MPI is recommended by both European and American guidelines in 
appropriately selected patients to reduce radiation dose and improve laboratory 
efficiency [3, 4]. However, attenuation artifacts are common and result in a higher 
necessity for additional rest imaging and in a lower diagnostic accuracy [4]. 
Additional use of attenuation correction (AC) improves the specificity and reduces 
the necessity for additional rest imaging [5–8], and is therefore recommend by the 
international guidelines [3, 4].  
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The recently introduced ultrafast cardiac SPECT cameras with cadmium zinc 
telluride-based (CZT) detectors provide superior image quality, resulting in shorter 
acquisition times, lower radiation doses, and less equivocal scans, facilitating stress-
only imaging [9, 10]. However, it is unknown whether this superior image quality 
obviates the use of AC for such cameras. The aim of this study was therefore to 
determine the added value of AC in stress-only MPI using a CZT-SPECT camera. 

Materials and methods 

STUDY POPULATION 

We retrospectively included 107 consecutive low to intermediate risk patients with 
suspected CAD referred to our hospital for a clinically indicated CZT-SPECT stress 
MPI including CT-based attenuation correction (Discovery NM/CT 570c, GE 
Healthcare) [11]. The pretest likelihood of CAD was assigned according to the criteria 
of Diamond and Forrester, with a risk threshold of <13.4% for low risk, between 
13.4% and 87.2% for intermediate risk, and >87.2% for high risk [12]. All patients 
were scanned in July and August 2010 allowing to obtain a long-term follow-up. All 
patients provided written informed consent for the use of their data for research 
purposes. 

CLINICAL INFORMATION 

At the time of examination, all patients completed a questionnaire regarding 
demographic information, prior medical history, cardiac risk factors, and current 
medication use. These data were verified and complemented with demographic and 
clinical information collected from medical records. 

PATIENT PREPARATION ANDS IMAGE ACQUISITION 

Patients were instructed to refrain from caffeine-containing beverages for 24 h. 
Pharmacological stress was induced by intravenous adenosine (140 μg/kg min for 
6 minutes) or dobutamine (10 μg/kg min increased to a maximum of 50 μg/kg min 
until 85% of the predicted maximum heart rate was reached). Only pharmacologic 
stress was used due to logistic reasons, in particular the high patient throughput in 
our center [9]. Patients were injected intravenously at peak stress with a fixed dose 
of 370 MBq (10 mCi) Tc-99 m tetrofosmin (500 MBq (13.5 mCi) for patients with a 
body weight of more than 100 kg). When optional rest imaging was clinically 
indicated, patients received 3 hours after the stress activity injection intravenously 
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a fixed dose of 740 MBq (20 mCi) Tc-99 m tetrofosmin (1000 MBq (27 mCi) for 
patients >100 kg). 

ECG-gated SPECT acquisition was performed 60 minutes post-injection 
according to the guidelines with the patient in supine position with arms placed 
above their heads [3, 13]. Prior to scanning, the patient’s heart was positioned in 
the center of the CZT-SPECT scanner using real-time persistence imaging. Scans 
were acquired during 5 minutes using a 20% symmetrical energy window centered 
at 140 keV. Post SPECT acquisition, an unenhanced low-dose CT scan during a 
breath-hold was made to provide the attention map of the chest. This scan was 
made using a 5.0 mm slice thickness, 800 ms rotation time, pitch of 1.0, collimation 
64 × 0.625 mm, tube voltage of 120 kV, tube current of 20 mA, and an irradiated 
body length of 24.4 cm. The dedicated heart CZT-SPECT system that we used has 
been described repeatedly in the literature [9, 10, 14, 15]. In short, the scanner uses 
19 pinhole detectors centered around the myocardium each containing 32 × 32 
pixelated (2.46 × 2.46 mm2) high-sensitive CZT-elements. 

SPECT data were reconstructed without and with CT-based AC by applying 
an iterative dedicated reconstruction algorithm with maximum-likelihood 
expectation maximization for both NC and AC scans (Xeleris software, GE 
Healthcare). Next, the scans were displayed in the traditional short, vertical long, 
and horizontal long axes, as illustrated in Figure 1. 

IMAGE INTERPRETATION 

Three types of image sets were created for interpretation from each MPI stress 
acquisition; (1) reconstructed data without AC (NC), (2) with AC only, and (3) with 
both NC and AC (NC + AC). Next, two experienced readers interpreted in consensus 
the total of 321 randomized and blinded images as normal; no evidence of perfusion 
deficits, equivocal; possible perfusion deficits, or abnormal; most likely perfusion 
deficits. All images interpreted as equivocal or abnormal were considered to require 
rest imaging in this study, in accordance with international guidelines [3, 4]. Readers 
were unaware of the patients’ history or other clinical findings. In addition, the mean 
radiation dose was calculated for the NC and AC stress-only approach, correcting for 
the possible decrease in the percentage of rest scans required. To estimate the 
radiation dose, an effective dose conversion factor of 6.9 × 10−3 mSv/MBq was used 
for Tc-99 m tetrofosmin and a thorax conversion factor of 0.017 mSv/mGy cm for 
the CT-scans [16, 17]. 
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Figure 1. Key images from a stress MPI CZT-SPECT scan reconstructed without (top row) and with 
attenuation correction (bottom row), where a possible inferior defect in the non-corrected images is 
corrected using attenuation correction. The images are from a typical patient (72-year-old male, 67 kg, 
BMI 22 kg/m2). Corresponding short, vertical, horizontal axis and a parametric bull’s eye plot are shown 
from left to right. 

CLINICAL FOLLOW-UP 

We recorded follow-up information of all patients by reviewing hospital records, 
performing scripted telephone interviews with patients and by contacting general 
practitioners. The interval between the MPI acquisition and the date of the latest 
consultation or examination was used to determine follow-up length. Two follow-
up endpoints were defined, (1) the occurrence of hard events, defined as all-cause 
death or non-fatal myocardial infarction and (2) occurrence of hard cardiac events, 
defined as cardiac or unknown death or non-fatal myocardial infarction. Non-fatal 
myocardial infarction was defined based on the criteria of typical chest pain, 
elevated cardiac enzyme levels, and typical changes on the ECG as defined by 
Thygesen et al [18]. Data were censored at the first cardiac event. 

STATISTICAL ANALYSIS 

Baseline characteristics were analyzed using Stata (StataSE 12.0) and expressed as 
mean ± standard deviation (SD). Pretest likelihood was determined using the 
updated clinical prediction model by Genders et al [19]. The diagnostic confidence, 
defined as the percentage of definite MPI interpretations (either normal or 
abnormal), was compared between the three image types (NC, AC, or NC + AC) using 
the Cochran’s Q test. The same test was used to compare the number of images 
interpreted as equivocal or abnormal, where rest imaging was considered 
necessary, between the three image types (NC, AC, or NC + AC). The influence of 
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gender on the diagnostic confidence and necessity for rest imaging was tested for 
each image type using the Fisher’s exact test. The influence of BMI on both these 
outcomes was tested using an unpaired t test for all three image types. 

The hazard ratios for using only AC or NC + AC instead of NC were 
calculated for the images interpreted as normal and compared using the Cox-
regression model with a shared frailty to account for the paired data. In addition, 
the annualized event rates were calculated and compared between the patients for 
whom the scans were interpreted as normal and scans which were interpreted as 
equivocal or abnormal for the three image types using the Cox-regression model. 
The level of statistical significance was set to 0.05 (two-sided) for all statistical 
analyses. 

Results 
The baseline characteristics are summarized in Table 1. 
 
Table 1 Baseline characteristics of all 107 patients with suspected CAD referred for CZT-SPECT imaging. 

Characteristic   

Age (years) 60.2 ± 12.4 
Male gender (%) 43.0 
Body weight (kg) 83.8 ± 16.0 
BMI (kg/m2) 28.1 ± 4.7 
Diabetes (%) 9.3 
Hypercholesterolemia (%) 43.0 
Hypertension (%) 64.5 
Current smoking (%) 23.4 
Family history of CAD (%) 36.4 
Adenosine induced stress (%) 96.0 
Pretest likelihood (%) 37.7 

Data are presented as percentages or mean ± SD. 

IMAGE INTERPRETATION 

The impact of attenuation correction on the interpretation of the stress-only scans 
is illustrated in Figure 2. The percentage of scans interpreted as normal, indicating 
the percentage of stress-only scans, increased from 45% (n = 48) for the NC images 
to 72% (n = 77) using AC only and to 67% (n = 72) using the NC + AC images 
(p<0.001). In addition, the diagnostic confidence, scans interpreted as either normal 
or abnormal, increased from 57% using the NC images to 80% when using only the 
AC images and to 76% using the NC + AC images, (p<0.001). No influence of gender 
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or BMI was observed for all three image types for the need for rest imaging (p>0.07 
and p>0.21, respectively) or diagnostic confidence (both p>0.11). 
 

 
Figure 2. Bar graph showing the scan outcomes (normal, equivocal, or abnormal) for all 107 stress MPI 
studies using only non-attenuation corrected (NC), only attenuation corrected (AC), or both NC and AC 
images (NC + AC). The number of equivocal and abnormal interpreted scans and, hence, the perceived 
necessity for rest imaging were higher when only using the NC images (p<0.001). 
 
 

 
Figure 3. Kaplan-Meier curves of event-free survival of (A) all-cause death or non-fatal myocardial 
infarction and (B) cardiac or unknown death or non-fatal myocardial infarction, based on the three 
different image types: non-attenuation corrected (NC), only attenuation corrected (AC) or both NC and 
AC images. 
 

The mean radiation doses for stress MPI, rest MPI, and the unenhanced CT-scan 
were 2.7, 5.4, and 0.29 mSv, respectively. Without applying AC, 55% of the patients 
would have underwent rest imaging, resulting in a mean effective dose of 5.7 mSv. 
When applying AC on the stress images, 28% or 33% of the patients would have 
underwent additional rest imaging—depending on the use of AC or NC + AC 
images—reducing the mean effective dose to 4.5 or 4.8 mSv including the additional 
AC CT-scan. 
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CLINICAL FOLLOW-UP 

Follow-up was obtained for all patients. The mean follow-up duration was 
47.7 ± 9.8 months (median 51.8 months, interquartile range 45.5-53.8 months). 
During follow-up, one patient experienced a non-fatal acute myocardial infarction 
requiring a primary percutaneous intervention and seven patients (6.5%) died 
during follow-up. One died from a cardiac cause, one from an unknown cause, and 
the other five from non-cardiac causes. 

Despite the higher number of scans interpreted as normal when using the 
AC only or NC + AC images as compared to the NC images, the hazard ratios were 
not statistically different between these three groups (p>0.93). The hazard ratios for 
the normally interpreted images varied for the hard events between 0.97 and 0.99 
and for the cardiac hard events between 0.88 and 1.01 for the three image types, as 
shown in Figure 3. 

 
Table 2. Hard event and hard cardiac event rates for the three image types (NC, AC, or NC + AC) for scans 
interpreted as normal and as equivocal or abnormal, including the 95% confidence intervals. 

    NC   AC   NC + AC 

All-cause mortality or myocardial infarction 
 Normal 1.60% (0.5%–4.8%) 0.97% (0.31%–3.0%) 1.40% (0.5%–3.8%) 
 Equivocal or abnormal 2.20% (0.9%–5.2%) 4.29% (1.8%–10.3%) 2.80% (1.1%–7.5%) 
Cardiac or unknown mortality or myocardial infarction 
 Normal 0.50% (0.07%–3.7%) 0.65% (0.2%–2.6%) 0.35% (0.05%–2.5%) 
 Abnormal 0.86% (0.22%–3.5%) 0.86% (0.12%–6.1%) 1.44% (0.3%–5.8%) 

 
The annualized hard event rates for the NC images did not differ between the 
images interpreted as normal (1.60%) and equivocal or abnormal (2.20%, p=0.30), 
as shown in Table 2. These event rates did also not differ between the images 
interpreted as normal (1.40%) and equivocal or abnormal (2.80%) for the NC + AC 
images (p=0.30). However, the annualized hard event rate was significantly lower in 
patients in whom the scans were interpreted as normal (0.97%) as compared to 
patients with equivocal or abnormal stress SPECT results (4.29%) using the AC 
images (p=0.04). The annualized cardiac hard event rates varied between 0.35% and 
0.65% for the normally interpreted images and between 0.86% and 1.44% for 
images interpreted as equivocal or abnormal and did not differ for the NC, AC, and 
NC + AC images between the images interpreted as normal or as equivocal or 
abnormal (p>0.23). 
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The annualized event rates for the scans interpreted as normal did not 
differ between the three different image types for both hard events and hard 
cardiac events (p>0.97 and p>0.88, respectively). 

Discussion 
In this study, we have demonstrated the value of AC in stress CZT-SPECT 
interpretation. The use of AC in CZT-SPECT imaging increased the certainty of 
interpretation with more scans interpreted as normal and less equivocal scans that 
could improve stress-only imaging without compromising its prognostic value as 
now demonstrated by our results. 
 
Since the introduction of cardiac CZT gamma cameras with stationary multi-pinhole 
collimators, several studies have evaluated various imaging protocols with regard to 
acquisition time, image quality, radiation dose, and diagnostic accuracy [9, 10, 20–
23]. However, studies assessing the clinical value of AC in CZT-SPECT imaging are 
limited and have not yet been studied in stress-only protocols and prognostic 
studies [24]. We compared the added value of AC for stress-only imaging with CZT 
SPECT in stable patients with a suspicion of CAD. In addition, we also studied the 
incidence of hard events to assess the prognostic implications of AC. We found a 
significant improvement in diagnostic confidence with less equivocal findings 
enhancing stress-only imaging. More importantly, the incidence of events in 
patients with normal stress-only findings based on attenuation corrected images did 
not exceed that encountered in patients with normal stress SPECT findings based on 
non-corrected SPECT findings. 
 
Our results correspond well with previous studies using conventional SPECT cameras 
reporting reductions in the necessity for rest imaging varying between 17 and 48% 
[5–8]. Yet, the necessity for rest imaging varied between those studies which is most 
likely due to different study designs and populations. Heller et al reported a reduced 
necessity for additional rest imaging from 77% to 43% [6], which is in agreement 
with the study by Trägårdh et al showing a decrease from 49% to 32% when using 
AC [7]. The latter study shows similar results to our study, although we used a more 
sensitive CZT-based camera associated with a lower need for rest imaging with 
similar follow-up [9]. However, due to the lack of prognostic data in the study by 
Trägårdh et al, the prognostic value of using solely stress-only imaging in this 
relatively large group is unknown. Moreover, Mathur et al, reported an even higher 
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reduction in the need for rest imaging from 58% to 10% when using AC [8]. They 
reported similar or slightly higher annualized hard cardiac event rates for patients 
with scans interpreted as normal as compared to patients with abnormal scans. 
However, the scans of only two of the 14 patients who encountered a hard cardiac 
event in the follow-up period were interpreted as abnormal in their study, possibly 
indicating a loss in sensitivity. Although the possible increase of false negative scans 
is one of the major concerns when solely using AC images, several large studies have 
reported an increase in prognostic value when using AC [25–28]. This is in line with 
the present study, showing a comparable hazard ratio for the occurrence of cardiac 
events when the scans were interpreted as normal when using AC. 

The use of AC resulted in a not significantly lower number of equivocal 
scans and a lower, but also not statistically different, hazard ratio for the normally 
interpreted scans in comparison to using both AC + NC images. Due to possible 
errors introduced by the manual alignment of the AC map to the NC images and to 
distinguish overcorrection by AC, we recommend to use AC images in combination 
with NC images in routine clinical practice, as suggested by current guidelines [3, 4].  

 
Several assumptions were made in this study. First, no clinical information, i.e., ECG, 
gender, or age, were available when interpreting the images to ensure proper 
blinding and to prevent additional influences, which could have limited the 
generalizability. Yet, the necessity for rest imaging using NC + AC in the present 
study (33%) was found to be similar to a previous retrospective clinical study in our 
center (35%) using a comparable patient population. Hence, the influence of the 
absence of clinical information was considered to be limited [9]. Second, the 
influence of ECG-gating on the interpreter confidence and perceived necessity for 
rest imaging was not taken into account in this study. However, ECG-gated 
acquisition is already applied routinely, and the influence was considered to be 
limited, as previously demonstrated by Heller et al. [6]. Third, the differences in 
hazard ratios were compared between the three image types using follow-up data 
of a relatively small group, while diagnostic outcomes were not assessed. However, 
assessing the diagnostic accuracy was beyond the scope of our study. In addition, 
this study may have been underpowered for prognostic outcome comparisons. 
Finally, the additional use of prone imaging in addition to AC was not taken into 
account in this study. Yet, Malkerner et al reported a higher decrease in the number 
of equivocal scans when using supine imaging with AC as compared to using both 
prone and supine imaging without AC [29]. Moreover, using prone imaging with AC 
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in addition to supine imaging with AC did not reveal any improved results and 
therefore they suggested that additional prone imaging can be used as an 
alternative when AC is not available. In addition, one should realize that although 
AC improves the scanner capacity due to the lower number of rest examinations 
necessary, this improved laboratory efficiency is partly compromised by the longer 
time patients lie in the scanner. Moreover, the additional post-processing activities 
required for AC do also increase the workload for the technologist, taking up to 
five minutes extra per patient. 

Conclusion 
The use of attenuation correction in stress-only imaging using a CZT-based SPECT 
camera generates more normal and fewer equivocal scans and therefore increases 
diagnostic confidence. Although we did not assess the diagnostic accuracy, long-
term patient outcome was identical between NC- and AC-based interpretations. Use 
of AC reduces the need for additional rest imaging and, hence, helps in decreasing 
the mean effective dose and improve laboratory efficiency. 

NEW KNOWLEDGE GAINED 

The need for rest imaging after stress-first MPI using CZT-SPECT can be lowered 
when using CT-based attenuation correction while maintaining the high diagnostic 
accuracy. Hence, this study shows that the findings of previous studies —
demonstrating the beneficial effect of applying attenuation correction in MPI using 
conventional SPECT cameras — seem to hold for CZT-based SPECT cameras.  
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Abstract  
Purpose: New X-ray technology providing new image processing techniques may 
reduce radiation exposure. The aim of this study was to quantify this radiation exposure 
reduction for patients during pacemakers and implantable cardioverter defibrillators 
(ICD) implantation.  
Methods: In this retrospective study, 1185 consecutive patients who had undergo de 
novo pacemaker or ICD implantation during a two-year period were included. All 
implantations in the first year were performed using the reference technology (Allura 
Xper), whereas in the second year the new X-ray technology (Allura Clarity) was used. 
Radiation exposure, expressed as the dose-area-product (DAP), was compared between 
the two time periods to determine the radiation exposure reduction for pacemaker and 
ICD implantations without cardiac resynchronization therapy (CRT) and with CRT. 
Procedure duration and contrast volume were used as measures to compare complexity 
and image quality.  
Results: The study population consisted of 591 patients who had undergone an 
implantation using the reference technology, and 594 patients with the new X-ray 
technology. The two groups did not differ in age, gender or body mass index. The DAP 
decreased with 69% from 16.4±18.5 to 5.2±6.6 Gy∙cm2 for the non-CRT implantations 
(p<0.001). The DAP decreased with 75% from 72.1±60.0 to 17.8±17.4 Gy∙cm2 for the 
CRT implantations (p<0.001). Nevertheless, procedure duration and contrast volume 
did not differ when using the new technology (p=0.09 and p=0.20, respectively).  
Conclusions: Introduction of new X-ray technology resulted in a radiation exposure 
reduction of more than 69% for patients during pacemaker and ICD implantation while 
image quality was unaffected.  

Introduction 
The use of pacemakers and implantable cardioverter defibrillators (ICD) has increased 
sharply over the past decade [1]. This increase has led to concerns about the long-term 
health consequences of the radiation exposure during the implantation of these devices 
[2]. Patients and in particular staff can be exposed to high cumulative doses due to the 
increasing complexity and high number of pacemakers and ICDs implantations. 
Minimizing the radiation exposure while maintaining an acceptable image quality is 
therefore essential, especially for staff performing many procedures every year [3, 4]. 
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New imaging technologies have the potential to decrease radiation exposure 
while maintaining image quality. This is mainly due to ongoing developments in both 
computational power and software algorithms [5]. A new X-ray imaging technology 
(AlluraClarity), commercially introduced during in mid-2012, is equipped with the latest 
image processing techniques, showed in pre-clinical setting radiation exposure 
decreases of between 50% and 85% [5]. These results were confirmed for coronary 
angiography and electrophysiology procedures in clinical practice [6–8]. However, these 
results have not been confirmed for pacemaker and ICD implantation where different 
image processing settings and projection angles are used compared to coronary 
angiography or electrophysiological procedures. The aim of this study was to quantify 
the reduction in radiation exposure for patients during pacemaker or ICD implantation 
using the new AlluraClarity X-ray technology, and to assess whether image quality was 
comparable to that achieved previously. 

Materials and Methods 

STUDY POPULATION  

This was a retrospective cohort study. All patients who underwent de novo implantation 
of a pacemaker or ICD in our institution between August 16, 2012 and August 16, 2014 
were included. The standard acquisition chain and image processing (hereafter referred 
by reference technology, Allura Xper FD10, Philips Healthcare) were used during all 
implantations performed in the first year (< August 16, 2013). A new X-ray technology 
(hereafter referred by new technology, Allura Clarity FD10, Philips Healthcare), was 
used in all implantations performed in the second year. The new X-ray equipment has 
more computational power than conventional X-ray equipment and therefore features 
real-time automatic motion compensation to align moving structures before averaging. 
This correction allows averaging over more consecutive images resulting in an increased 
temporal noise reduction. Moreover, the new hardware also allows to average the 
intensity of more neighborhood pixels in a single frame than the conventional systems, 
improving the spatial noise reduction. Finally, new imaging algorithms also improves 
brightness control and edge and contrast enhancement. 

PROCEDURE  

The indication for a pacemaker or ICD implantation was determined according to the 
European guidelines at the time of implantation [9, 10]. Pacemaker and ICD devices 
from any of the five major manufacturers (Medtronic Inc, St Jude Medical, Boston-
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Scientific, Biotronik and Sorin Group) were implanted. All implants were inserted 
through a pectoral incision and the leads were inserted through the subclavian vein. The 
majority of coronary sinus leads were bipolar and were positioned in the lateral, 
posterolateral or posterior region wherever possible, whereas the anterior and 
anterolateral positions were considered suboptimal and avoided if possible. 
Fluoroscopic guidance was used to ensure accurate tip placement. The standard image 
processing settings for pacemaker and ICD implantation were used for both reference 
and new X-ray technologies, as advised by the vendor and are shown in Table 1. This 
also included the lower radiation exposure settings when using the new technology. All 
procedures were started using the default ‘low’ fluoroscopy dose setting and were 
increased by the cardiologist from a ‘low’ to ‘medium’ and from a ‘medium’ to ‘high’ 
exposure rate when clinically indicated. 
 
The dose area product (DAP) was measured by the ionization chambers inside the X-ray 
systems and the cumulative DAP was derived for each procedure. We distinguished 
between two types of implantations: the standard pacemaker or ICD devices and the 
implantations with cardiac resynchronization therapy (CRT), all with biventricular lead 
placements. The latter procedure is generally associated with a higher radiation 
exposure and use of contrast fluids, possibly influencing the radiation exposure 
reduction when introducing the new technology. The mean DAP was compared 
between the two X-ray technologies for both groups to determine differences in 
radiation exposure. In addition, the procedure time and contrast volume were also 
compared between the two technologies for both type of implantations as measures of 
image quality and procedural complexity. Procedure time was defined as the total 
occupation time of the operating room, including room preparation and the time-out 
procedure. Influence of operator experience on the radiation exposure reduction was 
assessed. An experienced operator was defined as an operator performing more than 
80 procedures in the two-year period. In addition, we assessed a possible learning curve 
for using the new technology by comparing the mean DAP in the first three months after 
installation of the new technology with the mean DAP in the last three months. 
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Table 1. Standard fluoroscopic and cinematographic imaging settings, including an example of the tube 
settings for a typical patient corresponding to a 20-cm equivalent water thickness (with a constant source-to-
image receptor distance of 87cm, field size of 25mm without magnification), for both the reference 
technology (Alura Xper) and new X-ray technology (Allura Clarity). 

Setting 
Reference technology  New technology 

low medium high  low medium high 

Cu filtering (mm) 0.9 0.9 0.4  0.4 0.4 0.1 
Al- filtering (mm) 1.0 1.0 1.0  1.0 1.0 1.0 
Detector dose rate nGy/s 310 660 720  100 200 230 
Entrance Dose Limitation μGy/s 140 349 697  75 145 365 
Framerates         
 Fluoroscopy (frames/second) 15 15 15  7.5 7.5 7.5 
 Cineangiography (frames/second) 3.75 7.5 15  3.75 7.5 15 
Fluoroscopy (20-cm water equivalent)        
 Tube voltage (kV) 96 93 83  84 85 76 
 Tube current (mA) 2.6 6.9 7.2  0.9 1.8 4.0 

 

STATISTICS 

All patient-specific parameters and characteristics for both groups were presented as 
percentages or mean ± standard deviation (sd), and compared using the chi-square or 
unpaired t-tests as appropriate, using Stata software (StataSE 12.0). The radiation 
exposure, expressed as the DAP, and procedure time were compared between the two 
technologies using a t-test, for both the non-CRT devices and CRT devices. The same test 
was used to test for difference in contrast volume for the CRT devices between both 
technologies. Percentage of procedures performed by experienced operators were 
compared between the two technologies using a t-test. Influence of operator 
experience on the reduction in radiation exposure was tested using a two-way ANOVA 
for non-CRT and CRT implantations. The mean radiation exposure in the first three 
months was compared with the last three months for the new technology by using a t-
test. The level of statistical significance was set to 0.05 for all statistical analyses. 
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Results 
A total of 1185 patients were included in this study. The baseline characteristics are 
summarized in Table 2. The study population consisted of 591 patients who underwent 
implantation using the reference technology, and 594 patients on whom the new X-ray 
technology was used. Both groups were comparable regarding age, gender, body 
weight, body mass index and percentage of ICD implantations. 
 
Table 2. Demographics of all patients included in the study who underwent pacemaker or ICD implantation 
using either the reference or the new X-ray technology. Data are presented as mean ± standard deviation, or 
as percentages. 

Characteristic 
Reference technology 
(n=591) 

New technology  
(n=594) 

p value 
 

Age (years) 70.2 ± 12.1 69.9 ± 11.9 0.61  
Male gender (%) 66.2 65.4 0.72  
Body mass (kg) 84.8 ± 17.0 84.3 ± 15.1 0.69  
Height (cm) 174 ± 9.0 174 ± 9.5 0.77  
BMI (kg/m2) 27.8 ± 4.9 27.8 ± 4.6 0.92  
ICD (%) 50.4 55.2 0.09  

 

The percentage of CRT implantations differed between the two patient groups. The 
percentage of patients who received a CRT device was 31% (183) using the reference 
technology versus 39% (230) using the new technology (p=0.005). For the non-CRT 
implantations, the mean cumulative radiation exposure reduction was 69% when using 
the new X-ray technology, as shown in Figure 1. The mean DAP decreased during these 
procedures from 16.4 ± 18.5 to 5.2 ± 6.6 Gy∙cm2 (p<0.001). The radiation exposure 
reduction when implanting CRT devices was 75%. The mean DAP decreased from 72.1 
± 60.0 to 17.8 ± 17.4 Gy∙cm2 for these implantations (p<0.001).  

Despite these reductions, the procedure time did not differ between using the 
reference technology (96.6 ± 47 min and 162.6 ± 52.7 min for CRT implantations) or the 
new technology (98.0 ± 47.3 min and 154.2 ± 47.2 min for CRT implantations), for both 
the non-CRT and CRT implantations (p=0.68 and p=0.09, respectively), as shown in 
Figure 2. The mean volume of contrast injected during the CRT procedures did not differ 
between using the reference technology (75 ± 56 ml) or the new X-ray technology (83 ± 
52 ml, p=0.20), as shown in Figure 3.  
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Figure 1. Boxplot showing the radiation exposure – expressed as the dose area product – during pacemaker 
or ICD implantation for (A) non-cardiac resynchronization therapy devices (CRT) and (B) CRT devices when 
using either the reference (n=591) or new X-ray technology (n=594). Radiation exposure decreased with 69% 
for non-CRT and 75% for CRT implantations (p<0.001). Outlier values, defined as 1.5 times the interquartile 
range, are not shown. 

 
 

 
Figure 2. Boxplots showing the procedure time for (A) non- cardiac resynchronization therapy (CRT) devices 
(p=0.68) and (B) CRT devices (p=0.09) when using the reference or the new X-ray technology. Outlier values, 
defined as 1.5 times the interquartile range, are not shown. 

 
The percentage of procedures performed by experienced operators did not differ 
between the two groups. The non-CRT implantations were performed by experienced 
operators using the reference and new technology in 48% and 46% of the cases 
(p=0.71). The percentage of CRT procedures performed by experienced physician was 
higher: 60% and 54% using the reference en new technology (p=0.24). Operator 
experience did not influence the reduction in radiation exposure for non-CRT 
implantations (p=0.87) or for CRT implantations (p=0.08).  
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A learning curve using the new technology was absent comparing the mean 
radiation exposure in the first three months and the last three months for non-CRT 
implantations (p=0.15). However, the radiation exposure decreased from 18.1 ± 16.8 to 
12.7 ± 10.5 Gy∙cm2 for the CRT implantations after nine months (p=0.04). 

 

 
Figure 3. Boxplot showing the volume of injected contrast used during implantation of CRT devices when using 
the reference or the new X-ray technology (p=0.20). Outlier values, defined as 1.5 times the interquartile 
range, are not shown. 

Discussion 
In this study, we have shown that the use of the new X-ray technology, with its new 
processing-algorithms and hardware, reduces the average used radiation exposure for 
patients by over 69% during both pacemaker and ICD implantation. Despite this radical 
reduction, the procedure time and used contrast volume, both indirect measures of 
image quality, did not change. 
 
The observed reduction in radiation exposure is in the same range as the reductions 
reported by previous studies. One study assessing the exposure reduction in complex 
electrophysiologic procedures reported a dose reduction of 40% without compromising 
image quality [8]. Another study reported an exposure reduction of 75% in coronary 
angiography procedures while maintaining image quality [7]. In addition, a large 
retrospective study reported an exposure reduction of 66% when using fluoroscopy and 
cineangiography in coronary angiography and percutaneous interventions [6]. 
Moreover, Söderman et al. reported a exposure reduction of 60% in neuroradiology and 
interventional neuroradiology when using both fluoroscopy and digital subtraction 
angiography [11]. However, the same group reported a reduction of 75% when only 
using digital subtraction angiography, indicating a smaller reduction when using only 
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fluoroscopy [12]. This is in agreement with the reported exposure reduction of 83% in 
iliac artery digital subtraction angiography procedures [13].  

It seems that in these studies the reported radiation exposure reduction is 
higher using digital subtraction angiography in comparison to that achieved with 
fluoroscopy and/or cinematography. The variation in the radiation exposure reduction 
using fluoroscopy and/or cineangiography is probably mainly due to the variation in 
image processing settings. For each procedure, the optimal combination of the four 
main image processing technologies incorporated in the new technology is used: real-
time pixel shift, motion compensation, noise reduction and image enhancement [5]. 
This should provide the optimal image quality for each procedure and these different 
settings will most probably influence the reduction in radiation exposure, explaining the 
differences between studies.  

The mean DAP measured in this study using the reference technology are 
comparable to typical values in literature. The DAP for non-CRT devices in this study, 
16.4 Gy∙cm2, was even lower than the typical value as reported by Heidbuchel et al.: 4 
mSv, corresponding to a DAP of 20 Gy∙cm2 [14]. The same tendency was observed for 
CRT-devices with a mean DAP of 72.1 Gy∙cm2 in this study in comparison to the typical 
values of 110 Gy∙cm2 (22 mSv) as mentioned in the practical guide to reduce radiation 
dose [14]. 
 
Beside the AlluraClarity system (Philips Healthcare) which is described in this study, the 
other major vendors also introduced new angiographic systems last years, focussed on 
dose reduction while maintaining or increasing image quality (GE Healthcare, IGS 730 
and IGS 740; Siemens, Artis Q.zen; and Toshiba, Infinix Elite). However, only one 
conference proceeding has been published so far describing a dose reduction in clinical 
practice. They reported a radiation exposure reduction of 55% using Artis Q.zen 
technology [15]. Moreover, Christopoulos et al performed a bench test with an 
anthropomorphic phantom comparing the radiation dose of the new AlluraClarity 
system with three other fluoroscopy systems [16]. They compared the DAP and showed 
that the new technique resulted DAP reductions of 74%, 69% and 48% in comparison to 
the Innova IGS (GE Healthcare), Artis One (Siemens) and Integris Allura FD20 (Philips), 
respectively. Yet their study did not include the new techniques from the other two 
main vendors. It is therefore still unknown how the new technologies of the other 
vendors compare in cardiac procedures to the technology evaluated in this study. 
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Introduction of the new technology improves the radiation safety for both patients and 
staff in the operating rooms. Despite the relatively low radiation exposure associated 
with ICD and pacemaker implantation using the new technology, procedures still should 
be performed in accordance with the ‘As Low As Reasonable Achievable’ (ALARA) 
principle and should be in compliance with the latest procedure indications as stated in 
the guidelines. Further refinement of standard procedure settings, such as: decreasing 
fluoroscopy framerates or cine acquisitions; introduction of body-weight dependent 
exposure protocols; and increasing the awareness of the patients’ dose associated with 
the various projection angles, could help in further minimizing the required radiation 
exposure [14]. Moreover, introduction non-fluoroscopic mapping systems using 
electromagnetic guidance could result in additional dose reductions [14].  
 
Several assumptions underpinned this study. First, we used a retrospective study 
design. However, we expect this influence to be minimal due to the consecutive nature 
of the inclusion, the large number of patients as well as the fact that no additional 
radiation exposure reduction measures were introduced during the inclusion period. 
Second, only indirect measures of image quality – procedure time and contrast volume 
– were assessed. Yet both indirect measures were identical between both technologies 
for the non-CRT and CRT implantations. In addition, operators were able to manually 
increase the fluoroscopy dose setting to ensure that a sufficient image quality was 
obtained for all patients. Third, the observed radiation exposure reduction is not only 
due to the new image processing technologies. The new technology also allows storage 
of the fluoroscopy and cineangiography acquisitions. The ability to replay these 
acquisitions during the procedures obviates the need to subject the patient to additional 
radiation. Although we were not able to quantify the possible decrease in fluoroscopy 
time or cineangiography acquisitions as these are not routinely recorded, we can 
reasonably assume this storage function also contributed to the observed radiation 
exposure reduction. Fourth, regional hospitals refer patients with complex anatomy and 
pathology to our tertiary referral hospital. This higher patient complexity results in the 
use of higher volumes of contrast fluids and increased procedure times. However, used 
contrast volume and procedure complexity were comparable between the two periods 
and the higher procedure complexity was therefore not expected to influence the 
outcomes. Final, the effect of the new X-ray technology on the staff radiation dose was 
not assessed as no additional dosage or exposure measurements were registered for 
individual procedures directly at the staff. However, it can reasonably be assumed that 
the staff radiation dose, caused by scattered radiation, is proportional to the patient 
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dose, as shown previously [8]. Hence, we can assume that the lower patient radiation 
exposure will also result in a comparable dose reduction for the staff. 

Conclusion 
Introduction of new X-ray technology resulted in radiation exposure reductions of 69% 
in non-cardiac resynchronization therapeutic cardiac pacemaker and ICD implantations 
and 75% in cardiac resynchronization therapeutic device implantations while image 
quality was unaffected.  
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Abstract 
Introduction: Presence of extensive coronary artery calcifications (CAC) influence 
treatment decisions, particularly for revascularization. However, important CAC might 
be missed with invasive coronary angiography (ICA). Our aim was to determine the 
accuracy of ICA in the identification of CAC using CT as reference standard. 
Methods: 349 consecutive patients who underwent both CT-based CAC-scoring and 
invasive coronary angiography within 60 days were retrospectively included. Two 
experienced operators classified CAC on ICA, without knowledge of CT-based CAC 
scoring, for each of the four main vessels as (0) absent, (1) mild, (2) moderate or (3) 
dense calcifications. These scores were correlated with the CT-based Agatston CAC-
scores, the non-invasive reference standard. Sensitivity, specificity and accuracy of 
identified CAC using ICA were derived. Calcified lesions identified as moderate or dense 
on ICA or with a vessel based Agatston score of >100 were considered important. 
Results: CT classified 671 (48%) of the 1396 vessels as having moderate or dense 
calcified lesions (Agatston score >100) whereas this was 137 (9.8%) using ICA (p<0.001). 
A significant correlation was found between the CT-based and ICA-based CAC scores for 
all vessels (p<0.001). The sensitivity in detecting any CAC by ICA was 43% with a 
specificity of 92% and an accuracy of 55%. The sensitivity of important CAC identification 
by ICA was 19%, the specificity 99% and the accuracy 61%. 
Conclusions: The accuracy of ICA for identification of calcifications is very low as only 
19% of the relevant calcifications was identified. Pre-procedural assessment of CAC with 
CT could be considered to improve the treatment approach 

Introduction 
The presence of extensive coronary artery calcifications (CAC) is associated with a worse 
prognosis [1–4], a higher percutaneous coronary intervention (PCI) complexity [5, 6], 
and lower PCI success rate [7–9]. Extensive CAC makes the delivery of a stent more 
difficult and may cause inaccurate deployment. Buddy wires, high pressure, or cutting 
balloons are often necessary to ensure accurate stent placement [10]. Usage of 
rotational atherectomy prior to PCI can also be considered in patients with extensive 
calcifications [11]. Calcium deposits overlooked prior to stent placement may result in 
incomplete deployment, increasing the risk of stent thrombosis and the persistence of 
a stenosis [12]. Identifying CAC prior to an intervention can change the treatment 
approach.  
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The decision to perform revascularization is commonly based on invasive 
coronary angiography (ICA). However, CAC is often not visible on ICA and can therefore 
easily be overlooked prior to PCI [13, 14]. Two studies reported sensitivities of detecting 
CAC with ICA of 45 and 48%, but these studies were performed more than two decades 
ago and used intravascular ultrasound (IVUS) as reference. Since then, invasive cine-
angiography techniques have improved considerably [13–15]. In addition, computed 
tomography (CT) without contrast enhancement has been shown to be very accurate in 
identifying these calcified lesions and has become the non-invasive reference standard 
for quantifying the extent of CAC [16]. Hence, the aim of this study was to determine 
the current accuracy of the identification of calcified lesions by ICA in comparison to CT 
based CAC-identification. 

Methods  

STUDY POPULATION 

We retrospectively included 349 consecutive patients with suspected coronary artery 
disease who underwent both clinically indicated CT-based CAC-scoring and clinically 
indicated ICA within 60 days [17]. All patients were scanned between August 2013 and 
September 2015 in our tertiary referral hospital and provided written informed consent 
for the use of their data for research purposes. As this study was set up in a retrospective 
manner, no approval by the medical ethics committee was required according to Dutch 
law. 

INVASIVE CORONARY ANGIOGRAPHY 

ICA was performed with the standard Judkins or radial approach. One hour prior to the 
procedure, patients were premedicated with 5mg oral diazepam for sedation. After 
administration of 10ml Saline mixed with 0.5 mg nitroglycerine and 5 mg verapamil, 
5000 units heparine were administered. All four main vessels, left main artery (LM), left 
anterior descending (LAD), left circumflex (LCX), and right coronary artery (RCA), were 
imaged from the standard angles: left and right anterior oblique; right anterior oblique 
caudal and cranial; lateral; and left anterior oblique cranial and caudal. All cine-
angiography acquisitions were stored for later assessment of the possible stenosis and 
deviating anatomy and for treatment planning by the Heart Team.  
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CT CAC SCAN ACQUISITION AND CALCULATION 

The CT-based CAC-score (CT-CAC) scans were performed using a 64-slice CT scanner 
(LightSpeed VCT XT; GE Healthcare). An unenhanced electrocardiographically-gated 
scan was obtained prospectively, triggered at 75% of the R-R interval by using the 
following scanning parameters: 2.5 mm slice thickness; gantry rotation time, 330 ms; 
tube voltage, 120 kV; and a tube current of 125-250 mA, depending on patients’ size.  

Dedicated software (SmartScore, Advantage Windows 4.4, GE Healthcare) 
automatically calculated the CT-CAC score as introduced by Agatston et al [16], in which 
the area of calcified lesion (in mm2) of pixels with an intensity larger than 130 HU is 
multiplied with a factor between 1 and 4 depending on density. The cumulative value 
of all calcifications provides the Agatston CT-CAC score (further referred by CT-CAC 
score). Experienced operators manually assigned the calcified lesions to the vessels to 
ensure inclusion of all calcified regions, accurate allocation of the coronary arteries and 
to exclude calcium deposits outside the coronary arteries. The CT-CAC score was derived 
per vessel and divided into four categories; (0) absent (CT-CAC=0), (1) mild (1-99), (2) 
moderate (100-399) and (3) severe (≥400) [18–20].  

IMAGE INTERPRETATION AND ANALYSIS 

Two experienced cardiologists retrospectively assessed by consensus all ICAs to identify 
CAC. They visually assessed the four main coronary arteries, LM, LAD, LCX, and RCA, 
without knowledge of either the CT-based CAC score or clinical characteristics, including 
age or gender. All arteries were assessed in all available projections to categorize the 
maximum ICA-CAC-score based on all lesions in the vessel: (0) absent: no calcification, 
(1) mild: barely visible calcification on close examination, (2) moderate: readily visible 
but mild degree, and (3) dense: obvious heavy calcification [14, 21].  

The sensitivity, specificity and accuracy of detecting any calcified lesions, 
defined as a CT-CAC score of ≥1 and a mild, moderate or dense ICA-CAC score, was 
calculated per vessel for ICA by using CT-CAC as the reference standard. Next, 
sensitivity, specificity and accuracy of correctly identified lesions with calcifications 
considered to influence percutaneous treatments success, were calculated per vessel 
for ICA. Vessels with a CT-CAC score of >100 or vessels categorized as having moderate 
or dense CAC using ICA were considered to possibly influence PCI complexity and 
thereby treatment success [5, 22, 23], further referred by important CAC. 
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Figure 1. Coronary angiography of a typical patient (male, 73 years old, BMI 24.8 kg/m2) with (A) the right 
coronary artery filled with contrast fluid and (B) without contrast. The CT-CAC scan in (C) and (D) show 
severe calcifications in the right coronary artery. Although no calcifications are visible on this coronary 
angiography, the CT-based CAC score of this vessel was 623. 

STATISTICAL ANALYSIS 

All patient-specific parameters and characteristics were presented as percentages or 
mean ± standard deviation (sd) using Stata software (StataSE 12.0). The presence of CAC 
was compared between CT and ICA using a chi-square test. The sensitivity and specificity 
in the detection of CAC by ICA were compared between vessels using the Fisher’s exact 
test. Spearman’s correlation analysis was used to correlate CT-CAC with ICA-CAC scores. 
The Spearman’s correlation coefficients were compared between the vessels using the 
Hotelling-Williams test. The level of statistical significance was set to 0.05 for all 
statistical analyses. 
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Results  
A total of 349 patients were included in this study. The baseline characteristics are 
summarized in Table 1. In short, the mean age was 66.3 ± 13.3 and 60.2% was male. The 
mean time between the CT-CAC scan and ICA was 28 ± 16 days. 
 
Table 1. Baseline characteristics of all 349 patients with suspected coronary artery disease referred for CT-
based CAC-score and invasive coronary angiography. 

Characteristic   

Age (years) 66.3 ± 13.3 
Male gender (%) 60.2 
Body weight (kg) 86.3 ± 16.8 
BMI (kg/m2) 28.4 ± 5.5 
Diabetes (%) 24.0 
Hypercholesterolemia (%) 53.5 
Hypertension (%) 67.0 
Current smoking (%) 18.4 
Family history of CAD (%) 59.6 

Data are presented as percentages or mean ± SD 

CAC-SCORES 
The CT-CAC score was zero in 331 (24%) vessels. Of the 1065 vessels with a CT-CAC score 
≥ 1, 394 were classified as mild (CT-CAC 1-99), 368 as moderate (CT-CAC 100-399) and 
303 as having dense lesions (CT-CAC ≥400), as shown in Table 2. In contrast to CT, 
absence of coronary calcification was observed in 914 (65%) of the vessels by ICA 
(p<0.001). Of the 482 calcified vessels, 345 vessels were classified as having mild 
calcifications, 105 as moderate and 32 as dense. An example of a patient with extensive 
calcification on CT which were not visible on ICA is shown in Figure 1. Despite the 
differences between both modalities in classifying CAC, significant correlations were 
found between CT-CAC and ICA-CAC scores for all vessels (p<0.001), as shown Figure 2 
and Table 2. These correlations were significantly weaker for the LM (p<0.001), LCX 
(p=0.004) and RCA (p=0.028) in comparison to the LAD.  

The sensitivity of detecting any CAC with ICA varied between the four vessels 
from 32% to 60% with a specificity varying from 88% to 100%, as shown in detail in Table 
3. The sensitivity in detecting any CAC was higher in the LAD than in the other vessels 
(p<0.001). The specificity of the LM and LAD was lower than in the RCA (p=0.001 and 
p=0.03, respectively). When combining the four vessels, the overall sensitivity was 43%, 
the specificity 92% and the accuracy 55%.  
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Table 2. Percentage of calcified coronary arteries as assessed by either CT or invasive coronary angiography 
(ICA) in 349 patients with suspected coronary artery disease. Also shown are the Spearman’s correlation 
coefficients showing the correlating between the CT-CAC and ICA-CAC scores per vessel, which were all 
significant (p<0.001). These coefficients were compared between the vessels using the Hotelling–Williams, by 
taking the vessel with the highest correlation (LAD) as reference.  

 CT-based CAC-score  ICA-based CAC-score  Correlation  Hotelling- 

 
Absent 

(0) 
Mild 

(1-99) 
Moderate 
(100-399) 

Severe 
(≥400) 

 Absent Mild Moderate Dense  coefficient 
Williams  
p-value 

LM 47 32 20 1  73 20 6 1  0.40 <0.001 
LAD 8 21 32 38  44 38 14 4  0.70 Reference 
LCX 22 33 28 17  75 20 4 1  0.57 0.004 
RCA 18 27 25 30  70 21 6 3  0.61 0.028 

All vessels 
combined 

24 28 26 22  65 25 8 2  0.58 - 

LM: left main artery, LAD: left anterior descending, LCX: left circumflex, RCA: right coronary artery  
 
Table 3. Sensitivity, specificity and accuracy to identify any calcified lesions (scenario 1) and possibly important 
calcified lesions (scenario 2) for percutaneous treatment success by coronary angiography (CA). Lesions were 
categorized as having possibly important calcifications in case of a CT-based CAC-score >100 or an interpreted 
ICA-CAC as moderate or dense. The asterisks indicate the result of the Fisher’s exact test comparing the 
sensitivity or specificity of the vessel with the highest sensitivity or specificity, the reference (ref), with the 
other vessels. 

Characteristic 
Scenario 1: all calcifications  Scenario 2: important calcified lesions 

Sensitivity Specificity Accuracy  Sensitivity Specificity Accuracy 

LM 40%*** 88%** 63%  26% ref 98% 83% 

LAD 60% ref 90%* 62%  25% 99% 47% 

LCX 32%***  97% 46%  11% ** 100% 60% 

RCA 36%*** 100% ref 48%   16%* 100% ref 53% 

All vessels combined 43% 92% 55%   19% 99% 61% 

*<0.05 **≤0.01 ***≤0.001, LM: left main artery, LAD: left anterior descending, LCX: left circumflex, RCA: right 
coronary artery  
 

Important calcified lesions, defined as a CT-CAC score of ≥100, were observed in 48% of 
the vessels using CT. However, the percentage of vessels classified as having important 
CAC, moderate or dense CAC on ICA, was only 10% (p<0.001), as shown in Table 2. The 
sensitivities for the correct identification of important CAC by ICA were lower than for 
the identification of any CAC, although specificities increased, as shown in Table 3. The 
sensitivity of identifying important CAC using ICA ranged between 11% and 26% for the 
four main vessels. Furthermore, we found specificities of 98% or higher for all four 
vessels. When combining the four main vessels, the overall sensitivity in correctly 
identifying important calcified vessels was 19% with a specificity of 99% and accuracy of 
61%.  
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Discussion 
In this study, we demonstrated that the sensitivity of invasive coronary angiography in 
the detection of CAC was 32-60% varying between the four coronary arteries. The 
sensitivity of identifying important CAC, which might influence PCI complexity and 
thereby treatment success, was only 19% with a specificity of 99%. So, important CAC, 
which may influence treatment decisions and approaches, was not correctly identified 
in 81% of the extensive calcified vessels.  

 
Figure 2. Relation between the invasive coronary angiography (ICA) based CAC-score and the CT-based 
Agatston CAC-score for (A) LM, (B) LAD, (C) LCX and (D) RCA. Significant correlations between both CAC-scores 
were observed for all vessels (p<0.001).  
 
The sensitivity of ICA in the identification of any CAC as observed in this study, is in fair 
agreement with prior studies. Mintz et al. and Tuzcu et al. both derived the sensitivity 
of ICA in the detection of CAC in comparison with intravascular ultra sound (IVUS) [13, 
14]. They reported overall sensitivities of detecting CAC by ICA of 45% and 48% 
respectively. The high agreement of these two studies with the present study – showing 
48% sensitivity for any CAC and 19% for important CAC – seems remarkable, as the 
studies were performed two decades ago with equipment available at that time while 
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using a different reference standard. Although new technologies with increased 
resolutions have been introduced [15], this effect might have been compromised by the 
trend towards lower radiation exposure. 

Alexopoulos et al. reported that one plain cine-angiography (45⁰ left anterior 
oblique and 15⁰ cranial projection) without catheterization correlated well with CT-
based CAC-score on a patient level basis [24]. They reported a sensitivity of 69% in the 
detection of any CAC, in contrast to the vessel based sensitivity of 48% we found in this 
study. However, they obtained a 100% sensitivity and 100% specificity in the detection 
of important calcified lesions with a CT-based CAC-score >100. These results are 
remarkable as they only used one projection instead of cine-angiographic videos from 
all angles and were therefore not able to identify vessel positions by contrast 
enhancement – due to lack of catheterization – making it very hard to identify mild or 
moderate calcium deposits in the lumen. Although their high accuracy can partly be 
explained by using a patient- instead of vessel-based scoring, these percentages are far 
higher than reported by present and previous studies[13, 14]. It remains unclear how 
they distinguished CAC from other dense tissue and whether they used CT-CAC scans as 
a reference guide to identify lesion location, already suggesting the existence of calcified 
lesions, as this may have influenced their results.  
 
Several assumptions underpinned this study. First, we used a retrospective study 
design. We expect this influence to be minimal, due to the consecutive nature of the 
inclusion, the large number of patients and therefore the representative population for 
an ICA. Yet the included patients all underwent CAC-CT scoring prior to ICA which might 
have influenced the decision to refer for ICA. The included population might therefore 
have a slightly higher CAC score as compared to other patients referred for ICA. Second, 
CT was used as reference standard instead of IVUS or optical coherence tomography 
(OCT), the current invasive reference standards [25]. However, CT-CAC is the current 
non-invasive reference standard for the existence of calcification in the coronary 
arteries [2, 4]. The non-invasive aspect of this modality allows detection of all calcium 
deposits, independent of size and location and might therefore be more sensitive in the 
detection of vessel-based calcified lesions than IVUS or OCT. Furthermore, the CT-CAC 
score is independent of the operator. However, CT-CAC might overestimate the extent 
of calcifications, as it takes into account all calcifications in the vessel instead of only the 
possibly important calcifications in the stenosis or in the proximal part of vessels that 
are mainly parts treatable by PCI. Third, although the threshold of important 
calcifications might be somewhat arbitrary, the presence and extent of CAC influences 
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PCI complexity and therefore also treatment approach [10, 11]. In the present study, we 
used a vessel-based Agatston score >100 which is in correspondence with the study by 
Stähli et al. who reported a median Agatston CAC-score of 130 in patient with complex 
PCIs versus a score of 29 in patient without complex PCI [5]. Moderate or dense calcified 
lesions on ICA were also considered to be important, which is in correspondence with 
clinical practice [22, 23]. Applying a higher CT-CAC threshold (>100) to classify important 
CAC will increase the sensitivity of ICA while decreasing the specificity in correctly 
identifying CAC. Final, correct classification of the LM and the proximal trajectories of 
the LCX and LAD were experienced as difficult on the low-dose unenhanced CT scans. 
Distinguishing the origin of the LCX and LAD from the LM on the low-dose unenhanced 
CT scans was sometimes experienced as difficult by the operators and errors might have 
been introduced in patients with aberrant anatomy. Incorrect vessel classification may 
therefore have influenced the reported vessel-based accuracies.  
 
Despite introduction of newer techniques, important CAC were still incorrectly 
identified in more than 80% of the vessels during ICA in the present study. Although 
IVUS and OCT are very sensitivity in the detection of CAC, they are too time consuming 
to perform in each patient prior to PCI [13, 14, 25]. Moreover, interpretation may be 
difficult and depend on the experience of the operator. Nevertheless, it is important to 
detect CAC prior to PCI, because it can influence treatment decisions [5–9]. A non-
invasive CAC assessment prior to treatment could be achieved by performing a low-dose 
unenhanced CT-scan in these elective patients. IVUS or OCT might then be used 
complementary to confirm the presence of important CAC. An invasive alternative, 
which could also be applied in acute patients, would be to introduce a dedicated ECG-
gated subtraction angiography option or rotational angiography on the fluoroscopy 
system. Subtraction angiography for imaging the coronary arteries has successfully been 
described two decades ago [26] but this option in combination with ECG-triggering 
seems unavailable on most angiography systems. Moreover, rotational angiography is 
a clinical alternative that is already available but is not ye suitable for dedicated intra-
procedural CAC-detection. In addition, knowledge of CAC is not only important prior to 
PCI, but also after PCI. Patients with severe CAC have a worse prognosis after PCI or 
coronary bypass grafting due to the increased risk on major cardiac events or death [27–
29]. Hence, these patients should receive a more tight follow-up [6]. 
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Conclusion 
Invasive coronary angiography has a low sensitivity in the detection of CAC. The 
presence of moderate or dense CAC can influence treatment decisions but these 
calcifications were identified in only 19% of the vessels using ICA. Pre-procedural 
assessment of CAC with CT could be considered to improve the treatment approach. 
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Introduction and aim 
The cumulative radiation exposure from medical imaging to the general population has 
increased three-fold between 1980 and 2006 [1]. A substantial part of the radiation dose 
from medical imaging is due to cardiac imaging [2–4]. Interventional procedures involving 
fluoroscopy, such as invasive coronary angiography (ICA) and percutaneous interventions 
(PCI), account for the largest part of this burden, whereas single photon emission computed 
tomography (SPECT) myocardial perfusion imaging (MPI) is second, accounting for 10-22% 
of this total radiation burden [2, 4]. All radiation exposure is considered potentially harmful 
as it increases the chance on the occurrence of cancer or hereditary disorders [5–7]. This 
chance is roughly 0.5% for a cumulative dose of 100 mSv [8]. To provide context, the 
radiation dose of an average SPECT MPI is 9.7 mSv whereas the natural background dose in 
the Netherlands is 2.5 mSv per year [9, 10]. The trend of the growing cumulative radiation 
dose by medical imaging has raised public awareness in the last decade, leading to a widely 
shared incentive to optimize and revise protocols as well as develop criteria for the 
appropriateness of imaging [11, 12]. 

In general, the medical need for a diagnostic test should always justify the 
associated harms, in our case the radiation dose. Lowering this radiation dose without 
affecting the diagnostic information will therefore improve the radiation justification in 
agreement with the as-low-as-reasonable-achievable (ALARA) principle. However, the 
radiation dose from cardiac procedures remains relatively high and differs considerably 
between imaging centers due to for example differences in equipment [13–15]. In addition, 
guidelines exist but these are sometimes outdated and activity protocols may have gone 
unchanged for decades. For example, the European guidelines still prescribe fixed tracer 
activities for MPI SPECT while image quality decreases in heavier patients [16, 17]. 
Moreover, recommended activities have also remained unchanged for decades despite 
advancements in both hard- and software [18]. Better adoption and further refinement of 
best practices and new techniques, such as patient tailored low-activity protocols or new X-
ray equipment, can therefore contribute to reducing the cumulative radiation dose from 
medical imaging while maintaining or even improving image quality. 

The central aim of this thesis was therefore to optimize the radiation dose of non-
invasive and invasive cardiac imaging while maintaining or improving image quality. For this 
purpose, we refined acquisition protocols by tailoring them to the individual patient and by 
minimizing the radiation dose and we evaluated the value of several cardiac techniques. 
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Thesis overview 

PART I: REFINING IMAGING PROTOCOLS 

Part one of this thesis covers the optimization and introduction of patient-specific protocols 
in SPECT and positron emission tomography (PET) MPI and in computed tomography 
coronary angiography (CTCA). A constant image quality across patients is highly desirable in 
MPI and CTCA. The image quality in SPECT MPI is directly related to the number of detected 
photons and, so, to the product of the scan-time and tracer activity [19]. Photon attenuation 
increases for heavier patients. As attenuated photons do not contribute to image formation, 
it is hypothesized that a constant image quality across patients can only be obtained by 
introducing a patient-specific scan-time activity protocol. Yet fixed activity protocols are still 
recommended for SPECT or PET MPI by the European guidelines [17]. In Chapter 2 we 
showed that administration of fixed activities of Technetium-99m (Tc-99m) tetrofosmin in 
MPI SPECT resulted in a degraded image quality in heavier patients using a new generation 
cadmium zinc telluride (CZT)-based SPECT camera (Discovery NM 570c, GE Healthcare, 
p<0.001). We therefore derived and validated a patient-specific scan-time activity protocol 
for CZT-based SPECT MPI. The mean radiation dose did not differ between applying the 
derived body-weight dependent scan-time activity product of 24 MBq Tc-99m∙kg/min and 
the recommended fixed activities of 250-444 MBq [17, 18]. However, the correlation 
between body weight and image quality was not present anymore when applying the new 
activity protocol. In other words, a more constant image quality at all weight levels was 
achieved. In addition, this protocol led even to a better overall image quality (p=0.002). 
Hence, the use of a body-weight dependent scan-time activity protocol resulted in a better 
image quality and a better radiation exposure justification. 
 The conventional fixed activity protocol already resulted in a sufficient image 
quality and diagnostic accuracy. As the overall image quality even improved after 
introduction of the patient-specific protocol, we hypothesized that this increase in image 
quality may not be required and did not improve the diagnostic accuracy. We therefore 
studied in Chapter 3 if we could further reduce the product of tracer activity and scan-time, 
as derived in Chapter 2, without affecting diagnostic outcome. We tested various scan times 
and compared image quality to reference scans of 8 minutes. It appeared that a two-
minutes scan time significantly altered the segmental uptake values, ejection fractions and 
end-diastolic volumes (p<0.04). Although a scan time of four-minutes did not result in 
differences in ejection fractions and end diastolic volumes, the image quality as scored by 
three expert readers was significantly lower than for the six or eight-minutes scans (p<0.05). 
Lowering the scan time from eight to six minutes did not affect diagnostic outcome or image 
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quality. Hence, the scan-time activity product could safely be reduced with 25% from 24 to 
18 MBq Tc-99m∙min/kg.  
 As conventional sodium iodide (NaI)-based SPECT cameras are more commonly 
used than CZT-based SPECT cameras, we also derived and validated the patient-specific 
scan-time activity protocol for a conventional SPECT camera (Ventri, GE Healthcare) in 
Chapter 4. For this camera we derived a body-weight dependent formula: 
223_(MBq∙min)_·_body_weight_(kg)0.65, to calculate the product of Tc-99m tetrofosmin 
activity and scan-time. This protocol compensated for the decrease in photon counts in 
heavier patients (p<0.001), and also led to constant image quality across patients. This study 
is in agreement with the previous study using a CZT-based SPECT camera, as described in 
Chapter 2. This agreement indicates that the effects of patient-tailored protocols apply to 
both conventional and CTZ -based SPECT cameras. 
 Currently used conventional SPECT systems still differ in detector sensitivity, 
collimator design and geometrical detector configuration, while acquisition and 
reconstruction settings may also vary considerably. Hence, the generalizability of the 
formulas derived in Chapter 2 and 4 are limited. In Chapter 5 we therefore derived an easy 
to apply hands-on formula that enables the conversion of a fixed activity protocol into a 
patient-specific scan-time or activity protocol for any SPECT system. The formula describes 
a body-weight dependent multiplication factor and offset that can be applied to adjust the 
fixed tracer activity or scan-time: body_weight_[kg] ·_0.0079_+_0.37. This formula 
indicates that for patients >80kg the activity or scan-time needs to be increased, while a 
lower activity or shorter scan-time can be applied for leaner patients. Adoption of this 
formula will result in a more constant image quality across patients without affecting the 
cumulative radiation dose and is applicable to any SPECT system. 

As outlined in Chapter 2 and 3, we derived a body-weight dependent low activity 
scan-time protocol for MPI using a CZT-SPECT to overcome the varying image quality and to 
reduce the radiation dose without affecting diagnostic outcome. However, the effect of 
implementing a patient-specific protocol on the overall diagnostic outcome of MPI CZT-
SPECT was still unknown. In Chapter 6 we compared the diagnostic outcomes of a patient 
cohort scanned using a fixed activity protocol with a second cohort scanned with the new 
body-weight dependent low activity scan-time protocol. The new protocol for stress MPI 
resulted in a mean radiation dose reduction of 23% (p<0.001). The reduction in radiation 
dose did not result in more abnormal scans as the percentage of scans interpreted as normal 
MPI did not differ between the cohorts (p>0.41). Moreover, the annualized hard event rates 
in patients with MPI scans interpreted as normal did not differ between both cohorts 
(p>0.23). Hence, introduction of the low activity body-weight dependent protocol did not 
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affect the diagnostic outcome or the prognostic value but significantly lowered the radiation 
dose with 23% in stress CZT-SPECT MPI. 

While MPI SPECT is still widely used, MPI using Rubidium-82 (Rb-82) PET is growing 
rapidly in use due to the higher diagnostic accuracy [20]. However, also in PET MPI, the 
recommended activity to administer has remained unchanged for decades despite 
technologic advancements [17, 21]. In Chapter 7 we set out to determine the minimal Rb-
82 activity to administer using a current generation PET/CT-system (Ingenuity TF, Philips) 
for visual (relative) interpretation as full quantification was not yet possible. We tested 
various simulated activities and compared the image quality and quantitative outcomes 
with a reference scan based on 1023 MBq. Simulations of tracer activities of 511 MBq or 
lower resulted in a decreased image quality and differences in semi-quantitative 
parameters influencing the diagnostic outcome (p<0.05). However, usage of 682 MBq did 
not affect image quality or the diagnostic outcome in comparison to 1023 MBq. Hence, the 
Rb-82 activity can safely be reduced with 33% in relative PET MPI when using the state-of-
the-art Ingenuity TF PET scanner. This adjustment lowers the total effective radiation dose 
for PET MPI including the attenuation CT with 17% from 3.5 to 2.9 mSv. 

Another important imaging modality in the detection of coronary artery disease 
(CAD) is CTCA. Prospective ECG-triggered CTCA is recommended for complementary 
anatomical examination and is mainly used in our center (Isala hospital, Zwolle, the 
Netherlands) in patients with abnormal or equivocal SPECT or PET MPI [22]. Similar as 
desirable for SPECT and PET MPI, a constant image quality is desirable in CTCA. However, 
the normalized image noise, an indirect indicator of image quality, increased for heavier 
patients in our clinical practice (p<0.001). In Chapter 8 we derived and validated a radiation 
exposure formula, based on body-weight per length, to adjust the CT dose index (CTDI): 

CTDI (mGy) = 0.088 ∙  ( )
 ( ) − 1.3 . Application of this formula resulted in image noise 

levels independent of patients’ size (p=0.28). Hence, introduction of this practical method 
results in a less variable image quality and better radiation exposure justification and can 
also be used for CT scanners from other vendors. 

PART II: VALUE OF NON-INVASIVE IMAGING TECHNIQUES 

In part two of this thesis we shifted our focus from refining activity scan-time or exposure 
protocols to the evaluation of non-invasive imaging techniques to determine their value in 
reducing the radiation dose or improve the image quality.  

Automatic respiratory and patient motion detection and correction software for 
MPI has become commercially available for CZT-based SPECT cameras but its clinical value 
was unknown. In Chapter 9, we evaluated the value of motion detection and correction 
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software in 83 patients during CZT-SPECT MPI by either correcting for patient or respiratory 
motion. The mean detected maximal patient motion and respiratory motion was only 
4.5 ± 1.3 mm and 2.5 ± 0.4 mm, respectively. Moreover, patient motion correction did not 
influence the diagnostic outcomes in any of the patient scans, whereas the respiratory 
motion correction influenced the diagnostic outcome in nine patients based on visual 
interpretation. However, in only four of these patients the changed SPECT interpretation 
corresponded with fractional flow reserve measurements, the reference standard. We 
concluded that motion correction did not appear to improve the diagnostic outcome in our 
clinical setting and the added value seems therefore limited in CZT-based SPECT MPI. 

CT-based attenuation correction (AC) is a technique which is known to increase the 
diagnostic accuracy of conventional SPECT MPI [23–25]. However, it was unknown whether 
this observation also held with CZT-based SPECT cameras, as these cameras are already 
associated with a higher diagnostic accuracy [26]. In Chapter 10 we demonstrated that 
adding AC to the 107 stress-only CZT-SPECT MPI scans increased the percentage of scans 
interpreted as normal from 45% to 67%. The percentage of scans interpreted as equivocal 
decreased from 43% to 24%. Despite this increase, the hard event hazard ratio for patients 
with their scans interpreted as normal did not differ between using only the non-corrected 
or AC and non-corrected scans (0.97, p=0.97). Hence, AC lowered the need for additional 
rest imaging in stress-first CZT-SPECT MPI, while long-term patient outcome remained 
identical. This adjustment lowers the mean effective radiation dose by 16% for stress-
optional rest CZT-SPECT MPI. 

PART III: VALUE OF INVASIVE IMAGING TECHNIQUES  

The final part of this thesis focused on invasive cardiac imaging procedures in heart 
catheterization laboratories, where new techniques lead to changes in radiation dose and 
possibly image quality. New imaging equipment (Allura Clarity FD10, Philips) which has 
recently been installed in our heart catheterization laboratories (Isala hospital, Zwolle, the 
Netherlands), are advertised to generate major dose reductions in comparison to the 
conventional X-ray technique (Allura Xper FD10, Philips) [27]. We quantified this radiation 
dose reduction for pacemaker and implantable cardioverter defibrillator (ICD) 
implantations and evaluated the effect on image quality in Chapter 11. The mean radiation 
exposure, expressed as dose area product, decreased with 69% from 16.4 to 5.2 Gy∙cm2 for 
pacemakers or ICD implantation procedures and with 75% from 72.1 to 17.8 Gy∙cm2 for the 
implantation of cardiac resynchronization therapeutic pacemakers or ICD (p<0.001). The 
procedure duration and the contrast volume did not differ between the old and new 
technology (p=0.09 and p=0.20, respectively). Hence, introduction of the new technique 
indeed allowed a significant reduction in radiation exposure while image quality seemed 
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unaffected. Moreover, the equipment renewal lowered the estimated effective radiation 
doses for patients from 3.3 to 1.0 mSv for pacemaker and ICD implantation and from 14.4 
to 3.6 mSv for cardiac resynchronization therapeutic devices.  

Good image quality is essential during PCI, as visibility of coronary artery 
calcifications (CAC) is an important predictor of procedure success [28–30]. Being unaware 
of CAC at the time of a PCI procedure can result in incomplete stent deployment, increasing 
the chance of stent thrombosis and in-stent restenosis [31]. In Chapter 12, we 
demonstrated that the sensitivity of ICA in detecting any CAC was only 43% with a specificity 
of 92%. Moreover, the visibility of extensive CAC (defined as CT-based Agatston CAC score 
>100 or moderate or dense classification on ICA) was only 19% with a specificity of 99%. 
Hence, possibly important calcifications are visible in 19% of the coronary arteries during 
ICA. Pre-operative assessment of calcium deposits by CT prior to PCI could be considered to 
improve the treatment approach.  

Future perspectives  
The studies described in this thesis show how acquisition protocols can systematically be 
refined by tailoring them to the individual patient and by applying new technical 
possibilities. This thesis has several direct clinical implications and multiple possibilities exist 
in extending this work. 

MORE STANDARDIZATION 

Despite the growing incentive to optimize and revise protocols in the last decade, a high 
variability in non-invasive protocols still exists between centers [10]. Standardization of 
acquisition and reconstruction protocols and quicker adoption of new insights in the 
guidelines would contribute in lowering this variability. The European Associated of Nuclear 
Medicine (EANM) recently introduced a standardized imaging procedure for 
fluorodeoxyglucose (FDG) imaging with PET to reduce the variability in image quality and 
quantitative outcome parameters [32]. A quality control test with a standardized phantom 
guarantees comparability of those two parameters between scanners and centers. Such a 
standardization is still lacking for cardiac imaging. However, it would allow to easily 
determine the minimal activity which still results in an accurate image quality and produces 
reproducible quantitative outcomes. It can therefore prevent the usage of unnecessary high 
activities and allow faster and easier adoption of new techniques and equipment in clinical 
practice.  
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IMPROVING ATTENUATION AND MOTION CORRECTION 

Other research topics which still require attention are the techniques in non-invasive 
imaging. Although AC increases the diagnostic accuracy in SPECT MPI, the effect is 
somewhat limited due to the occurrence of artifactual defects that are related to 
reconstruction problems [21]. These errors might occur after misalignment of the AC-CT 
and the SPECT MPI images or are due to errors in the AC-map, for example metal artefacts. 
Further research is required to be able to identify these errors and to determine in which 
subgroup of scans it is wise to rely primarily on the non-corrected images instead of the AC 
images to further improve the diagnostic accuracy.  

We also showed in this thesis that automatic motion detection and correction had 
limited value in SPECT MPI due to the small patient motion and insufficient count statistics. 
However, as there is a current trend to shift from SPECT to PET MPI, it would be interesting 
to determine the value of motion correction in PET MPI. Pharmacologic stress is induced 
during stress PET acquisition, increasing the chance on motion artefacts. Future studies are 
therefore recommended to modify the software for usage on PET systems and to evaluate 
their value in clinical practice.  

CAC ASSESSMENT PRIOR TO PCI 

Another research topic which still requires attention is improving the detection of CAC 
during ICA and PCI to lower the probability on treatment failure. We encountered a high 
percentage of missed CAC during ICA and PCI which might imply to use additional 
techniques to improve the visualization of CAC. One approach could be to obtain pre-
operative CT-based CAC scans in all elective PCI patients to visualize the CAC prior to 
invasive procedures. An alternative approach, which could also be applied in acute patients, 
would be to use ECG-triggered rotational angiography to create a 3-dimensional intra-
operative CAC scan. Such a software module dedicated for CAC is yet unavailable on X-ray 
equipment but could potentially boost treatment success. If a validated module becomes 
available in the future, additional research should be focused on how to classify the extent 
of CAC in these intra-operative images and how this classification can guide in choosing the 
best CAC removing strategy.  

IMPROVED PATIENT SELECTION 

Despite improvements in acquisition protocols and the increasing availability of low-dose 
imaging tests, the provided diagnostic information should still be clinically required. The 
importance and role of accurate patient selection and screening is therefore growing. 
Patient selection for non-invasive cardiac imaging could for example be improved by using 
the CAC-CT as gatekeeper for additional functional imaging or even as screening method as 
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the absence of CAC implies an excellent cardiac prognosis [33–35]. Using such a gatekeeper 
can greatly enhance the diagnostic power as the probability of finding positive scans will 
increase while the percentage of negative scans will decrease.  
 Final, combining both functional and anatomical imaging, better known as hybrid 
imaging, has become the standard of care. However, the order in which these type of tests 
take place still varies between centers. Hard evidence on which sequence is best for which 
type of patients (known CAD or low, intermediate or high pre-test likelihood on CAD) is still 
lacking. Future large register studies and trials could play a major role in determining the 
optimal pathways to further work towards the goal of an excellent overall diagnostic 
accuracy of cardiac imaging with a minimal radiation dose.  
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Inleiding en doel 
De cumulatieve stralingsdosis die patiënten door medische onderzoeken ontvangen is 
tussen 1980 en 2006 verdrievoudigd [1]. Een substantieel deel van deze stralingsbelasting 
komt door cardiale beeldvorming [2–4]. Zo is myocardperfusie onderzoek (MPI) met 
enkelvoudige fotonemissie computertomografie (SPECT) verantwoordelijk voor 10-22% van 
de totale stralingsbelasting in de Verenigde Staten [2, 4]. Alle ioniserende straling wordt als 
schadelijk gezien omdat het de kans op het ontwikkelen van celafwijkingen die kunnen 
leiden tot kanker verhoogd [5–7]. De effectieve dosis die een patiënt ontvangt wordt 
uitgedrukt in de eenheid millisievert (mSv). Een veel gebruikte aanname is dat de kans op 
het ontwikkelen van straling geïnduceerde afwijkingen ongeveer gelijk is aan 0.5% per 100 
mSv cumulatief ontvangen effectieve dosis [8]. Om deze hoeveelheid straling in een context 
te plaatsen: de stralingsdosis van een gemiddelde SPECT MPI is 9.7 mSv terwijl de 
natuurlijke achtergrondstraling in Nederland gemiddeld 2.5 mSv per jaar is [9, 10]. De 
stralingsbelasting, en daarmee het risico op de ontwikkeling van celafwijkingen bij één 
onderzoek is dus relatief klein. Desondanks zou dit wereldwijd kunnen leiden tot vele 
stralingsgeïnduceerde kankerpatiënten per jaar [5]. 

De toename in de cumulatieve stralingsdosis heeft het ‘stralingsbewustzijn’ enorm 
laten toenemen. Dit heeft het afgelopen decennium geleid tot allerlei initiatieven: van het 
optimaliseren en verfijnen van protocollen tot het ontwikkelen van geschiktheidscriteria 
voor het uitvoeren van een medisch onderzoek [11, 12]. Ondanks deze initiatieven en de 
groei van het stralingsbewustzijn is de stralingsdosis van cardiale beeldvormende 
onderzoeken nog steeds relatief hoog. Daarbij verschillen acquisitieprotocollen tussen 
ziekenhuizen aanzienlijk. Dat is deels te wijden aan verschillen in apparatuur maar ook aan 
het gebrek van systematisch onderzoek [13–15]. Richtlijnen zijn er wel maar deze zijn soms 
verouderd en op bepaalde punten al decennia ongewijzigd, ondanks de voortschrijdende 
technologische ontwikkelingen [16]. De Europese richtlijnen bevelen bijvoorbeeld nog 
steeds aan om een vaste radioactieve tracerdosering te gebruiken bij SPECT MPI terwijl er 
is aangetoond dat de beeldkwaliteit dan afneemt bij zwaardere patiënten [17, 18]. Snellere 
toepassing van nieuwe inzichten en apparatuur en introductie of verfijning van patiënt-
specifieke doseringsprotocollen kunnen leiden tot een lagere stralingsdosis met behoud en 
mogelijk zelfs verbetering van de beeldkwaliteit.  

Het centrale doel van dit proefschrift was daarom het optimaliseren van de 
stralingsdosis bij cardiale beeldvorming met behoud of verbetering van de beeldkwaliteit.  
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Proefschrift overzicht 

DEEL I: VERFIJNING BEELDVORMENDE PROTOCOLLEN  

In het eerste deel van dit proefschrift wordt stil gestaan bij het introduceren en 
optimaliseren van patiënt-specifieke protocollen voor non-invasieve cardiale beeldvorming 
met SPECT, positronemissietomografie (PET) en computertomografie (CT). Bij deze non-
invasieve onderzoeken wordt een constante beeldkwaliteit in alle patiënten verlangd. De 
beeldkwaliteit van deze onderzoeken kan direct gerelateerd worden aan het aantal 
gemeten fotonen en daarom aan het product van de tracerdosering en scantijd [19]. 
Tracerdosering en scantijd zijn daardoor, binnen bepaalde grenzen, uitwisselbaar. In 
Hoofdstuk 2 toonden we aan dat bij zwaardere patiënten de beeldkwaliteit afneemt bij het 
gebruik van een vaste tracerdosering (p<0.001). De fotonattenuatie neemt toe bij 
zwaardere patiënten en het aantal opgevangen fotonen neemt daardoor af. Ondanks 
bovenstaande bevinding schrijven de Europese richtlijnen nog steeds een vaste scantijd en 
tracerdosering voor, onafhankelijk van patiënt-specifieke karakteristieken zoals 
lichaamsgewicht [18]. Het doel van Hoofdstuk 2 was het afleiden en testen van een patiënt-
specifieke tracerdosering in SPECT MPI. Hierbij gebruikten we de nieuwste generatie SPECT-
scanner met cadmium-zink-telluride (CZT) detectoren. Toepassing van het afgeleide 
gewichtsafhankelijke acquisitieprotocol (24 MBq/kg/min Technetium (Tc)-99m 
tetrofosmin) leidde tot een beeldkwaliteit die onafhankelijk van het patiëntgewicht is. 
Verder verbeterde ook de algehele beeldkwaliteit (p=0.002) ondanks dat de gemiddelde 
stralingsdosis gelijk bleef. Het patiënt-specifieke protocol leidde ook tot een betere 
stralingsjustificatie omdat lichtere patiënten minder straling ontvingen terwijl zwaardere 
patiënten de benodigde hogere dosering ontvingen.  

Omdat de algehele beeldkwaliteit toenam was onze hypothese dat een algehele 
verlaging van de radioactieve tracerdosis en/of scantijd met behoud van de diagnostische 
kwaliteit mogelijk moest zijn. Deze hypothese werd getoetst in Hoofdstuk 3. In deze studie 
werd gekeken naar zowel de beeldkwaliteit (homogeniteit van de scans) en diagnostische 
kwaliteit (effect op scanuitkomst). De CZT-SPECT MPI-scans van 24 patiënten werden 
retrospectief met verschillende scantijden gereconstrueerd. Het verminderen van de 
scantijd van acht minuten naar twee minuten leidde tot veranderingen in het 17-segmenten 
model, de ejectiefractie en het eind-diastolisch volume (p<0.04). Een reductie van acht naar 
vier minuten resulteerde niet in verschillen voor bovengenoemde parameters maar wel tot 
een verminderde beeldkwaliteit (p<0.05). De zes minuten scan week niet af van de acht 
minuten scan en werd geschikt bevonden voor klinisch gebruik. De toegediende patiënt-
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specifieke tracer activiteit of scantijd kon met 25% worden gereduceerd van 24 naar 18 
MBq/kg/min Tc-99m tetrofosmin.  
 Weinig ziekenhuizen beschikken over een CZT-SPECT-scanner en daarom is de in 
Hoofdstuk 2 en 3 afgeleide doseringsformule maar beperkt toepasbaar. Het doel van 
Hoofdstuk 4 was het afleiden en valideren van een patiënt-specifiek protocol voor een 
conventionele SPECT-scanner gebaseerd op natriumjodide detectoren. Het toepassen van 
de afgeleide formule: 223 · gewicht (kg)0.65 MBq Tc-99m/min, compenseerde voor de 
hogere fotonattenuatie in zwaardere patiënten (p<0.001). Deze studie laat daarmee 
overeenkomstige resultaten zien met de studie beschreven in Hoofdstuk 2. Het nieuwe 
protocol leidde tot een minder variabele beeldkwaliteit en een betere stralingsjustificatie.  
 Ondanks dat patiënt-specifieke protocollen toegepast kunnen worden op 
verschillende SPECT-scanners zal de exacte doseringsformule variëren door verschillen in 
de beschikbare apparatuur en software. Verschillen in technische specificaties, zoals de 
sensitiviteit van de detectoren, type collimator en verschillen in reconstructiesoftware en 
de daarbij gebruikte instellingen, limiteren de toepasbaarheid van de afgeleide formules uit 
Hoofdstuk 2 en 4. Het doel van Hoofdstuk 5 was het introduceren van een methode om een 
vaste tracerdosering eenvoudig te converteren naar een patiënt-specifieke dosering voor 
een willekeurige SPECT-scanner. Hiervoor werd een gewichtsafhankelijke conversiefactor 
(gewicht_[kg]_×_0.0079_+_0.37) afgeleid waarmee een oorspronkelijke vaste scantijd of 
dosering aangepast kan worden. Met deze conversiefactor verandert de dosering of scantijd 
niet voor patiënten van 80 kg. Bij lichtere patiënten zal echter een lagere dosering of kortere 
scantijd gehanteerd worden terwijl bij zwaardere patiënten juist een hogere dosering of 
langere scantijd zal worden toegepast. Toepassing van deze conversiefactor zal leiden tot 
een minder variabele beeldkwaliteit terwijl de gemiddelde stralingsdosis niet of nauwelijks 
zal veranderen. 

Toepassing van een patiënt-specifiek tracerdoseringsprotocol leidde in Hoofdstuk 
2 en 3 tot een minder variabele beeldkwaliteit en een lagere stralingsdosis. Het effect 
hiervan op de diagnostische kwaliteit was echter nog onbekend. In Hoofdstuk 6 vergeleken 
we de diagnostische uitkomsten van twee cohorten: de eerste gescand met een vast 
doseringsprotocol en de tweede met het nieuwe patiënt-specifieke doseringsprotocol. 
Invoering van het nieuwe protocol resulteerde in een gemiddelde stralingsdosisreductie van 
23% voor CZT-SPECT MPI (p<0.001). Ondanks deze dosisreductie was het percentage scans 
dat geïnterpreteerd werd als normaal niet verschillend tussen beide cohorten (p>0.41). Ook 
verschilde de kans op een hartinfarct of overlijden van de scans die als normaal 
geïnterpreteerd werden niet tussen de cohorten (p>0.23). De invoering van het patiënt-



Chapter 14  

214 

specifieke protocol had derhalve geen aantoonbaar effect op de diagnostische uitkomst en 
prognostische waarde maar verlaagde wel de stralingsdosis bij CZT-SPECT MPI. 

MPI kan ook worden verricht met een PET-scanner. Het gebruik hiervan is de 
laatste jaren enorm toegenomen. Dit komt door de hogere diagnostische accuratesse en de 
groeiende beschikbaarheid van zowel PET-scanners als Rubidium-82 (Rb-82) generatoren in 
ziekenhuizen [20]. De aanbevolen Rb-82 tracerdoseringen voor hartperfusie onderzoek met 
PET lijken erg hoog [18, 21]. Het doel van Hoofdstuk 7 was het minimaliseren van deze 
dosering. Gesimuleerde activiteiten van 511 MBq of lager leidden tot significant 
verschillende diagnostische uitkomsten in vergelijking met de standard dosering van 1023 
MBq (p<0.05). Het gebruik van 682 MBq resulteerde echter in eenzelfde beeldkwaliteit en 
diagnostische uitkomsten. De aanbevolen dosis voor relatieve PET MPI onderzoek lijkt 
daardoor verlaagd te kunnen worden met 33% naar 682 MBq Rb-82 bij gebruik van een 
state-of-the-art PET-scanner. Deze aanpassing verlaagde de totale stralingsdosis van een 
inspanning-rust PET MPI inclusief attenuatie CT-scan met 17% van 3.5 naar 2.9 mSv. 
 Indien er afwijkende bevindingen worden gevonden bij MPI-scans, ondergaan 
patiënten in ons instituut (Isala, Zwolle) ook vaak een complementair CT coronair 
angiografie (CTCA) onderzoek [22]. Hiermee kan de exacte locatie en ernst van de mogelijke 
stenose in de coronair arteriën bepaald worden. In de klinische praktijk zagen we dat het 
genormaliseerd ruisniveau, een indirecte indicator van beeldkwaliteit, tijdens CTCA afnam 
bij zwaardere patiënten door de sterkere fotonattenuatie (p<0.001). Hoofdstuk 8 richtte 
zich daarom op het afleiden van een patiënt-specifiek doseringsprotocol gebaseerd op 

gewicht per lengte: CTDI = 0.088 ∙  ( )
 ( )

− 1.3 . Toepassing van dit protocol 

resulteerde in ruisniveaus die onafhankelijk waren van gewicht per lengte (p=0.28). Met 
andere woorden, toepassing van dit patiënt-specifieke protocol leidde tot een minder 
variabele beeldkwaliteit en tot een betere stralingsjustificatie.  

DEEL II: NIET-INVASIEVE BEELDVORMING: NIEUWE TECHNIEKEN 

In deel twee van dit proefschrift richtten we ons op de beschikbare technieken die de 
diagnostische kwaliteit van SPECT MPI nog verder kunnen verbeteren. Hiervoor werd de 
toegevoegde waarde van twee commercieel beschikbare technieken voor CZT-SPECT-
scanners bepaald: bewegingscorrectie en attenuatiecorrectie. 

Automatische patiënt- en ademhalingsbewegingsdetectie en -correctie software is 
onlangs commercieel geïntroduceerd voor CZT-SPECT-scanners, maar de klinische waarde 
hiervan was nog onbekend. In Hoofdstuk 9 hebben we de waarde van deze software 
bepaald door voor 83 patiënten de effecten van deze bewegingscorrectie te evalueren. De 
maximaal gedetecteerde patiëntbeweging en ademhalingsbeweging waren respectievelijk 
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gemiddeld 4.5 ± 1.3 mm en 2.5 ± 0.4 mm. De diagnostische uitkomst veranderde in geen 
enkele SPECT-scan na het toepassen van de patiëntbewegingscorrectie. Correctie voor de 
gedetecteerde ademhalingsbeweging resulteerde in een gewijzigde diagnostische scan 
uitkomst in negen patiënten. Deze gewijzigde scan uitkomsten konden echter maar in vier 
gevallen beschouwd worden als een verbetering omdat alleen deze vier overeenkwamen 
met de fractional flow reserve uitkomsten, de referentiestandaard. De klinische waarde van 
automatische bewegingscorrectie bij CZT-SPECT MPI lijkt daardoor gelimiteerd. 

CT-gebaseerde attenuatiecorrectie verhoogt de diagnostische accuratesse bij 
conventionele SPECT-scanners [23–25]. Het was echter nog onbekend of dit principe ook 
gold voor CZT-SPECT scanners die al gekenmerkt worden door een hogere diagnostische 
accuratesse [26]. In Hoofdstuk 10 lieten we zien dat het toepassen van attenuatiescorrectie 
bij een CZT-SPECT-scanner leidde tot een stijging van 45% naar 67% van het percentage 
scans dat afgegeven werd als normaal. Het percentage scans dat werd afgegeven als 
mogelijk afwijkend daalde daarbij van 43% naar 24%. Ondanks deze grote verschillen bleef 
de kans op een hartinfarct of overlijden gelijk in de scans die werden afgegeven als normaal 
(hazardratio 0.97, p=0.97). Door het toepassen van attenuatiecorrectie was minder 
aanvullend onderzoek nodig terwijl de patiëntuitkomsten op lange termijn gelijk lijken te 
blijven. Dit verlaagde de gemiddelde stralingsdosis voor CZT-SPECT MPI met 16%. 

DEEL III: INVASIEVE BEELDVORMING: NIEUWE TECHNIEKEN 

Patiënten met een hoge verdenking op coronair lijden, met aangetoond coronair lijden of 
patiënten met acuut obstructief coronair lijden komen in aanmerking voor een 
hartkatheterisatie. Soms wordt deze procedure gelijk gevolgd door een dotterprocedure, 
waarbij de vernauwing wordt verholpen en er eventueel een stent geplaatst kan worden 
om het vat open te houden. Bij deze invasieve cardiale procedures is een goede 
beeldkwaliteit noodzakelijk om te voorkomen dat mogelijke afwijkingen zoals 
vernauwingen en verkalkingen gemist worden. Deze hoge beeldkwaliteit gaat echter 
gepaard met relatief veel straling en daarmee een relatief hoge stralingsdosis voor zowel 
patiënten als medewerkers. In het laatste deel van dit proefschrift richtten we ons op 
invasieve cardiale onderzoeken en behandelingen in de hartkatheterisatiekamers, waar 
nieuwe technieken mogelijk leidden tot veranderingen in stralingsdosis en beeldkwaliteit.  

Nieuwe doorlichtingsapparatuur (Allura Clarity FD10, Philips) die recentelijk 
geïnstalleerd zijn in onze hartkatheterisatiekamers (Isala, Zwolle) leveren in potentie een 
significante dosisreductie op in vergelijking met conventionele doorlichtingsapparatuur 
(Allura Xper FD10, Philips) [27]. In Hoofdstuk 11 kwantificeerden en vergeleken wij de 
stralingsdosis tijdens de implantatie van pacemakers en inwendige defibrillatoren (ICD) 
tussen de twee hierboven genoemde apparaten. Bij gebruik van de nieuwe 
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doorlichtingsapparatuur nam de gemiddelde stralingsdosis, uitgedrukt als dosis-
oppervlakte-product, af met 69% van 16.4 naar 5.2 Gy∙cm2 voor pacemaker en ICD-
implantaties en met 74% van 72.1 naar 17.8 Gy∙cm2 voor de implantatie van pacemakers en 
ICDs voor cardiale resynchronisatietherapie (p<0.001). Ondanks deze reductie waren het 
gebruikte volume aan contrastvloeistof en de tijdsduur van de procedures, beiden indirecte 
parameters voor beeldkwaliteit, vergelijkbaar (respectievelijk p=0.09 en p=0.20). De 
geschatte effectieve dosis voor patiënten daalde door de introductie van de nieuwe 
röntgenapparatuur van 3.3 naar 1.0 mSv voor pacemakers en ICD implantaties en van 14.4 
naar 3.6 mSv voor resynchronisatietherapie terwijl de beeldkwaliteit onveranderd bleef.  
 Een goede beeldkwaliteit is essentieel tijdens dotterprocedures en 
stentplaatsingen omdat het missen van verkalkingen de kans op een succesvolle 
behandeling reduceert en de kans op complicaties vergroot [28–30]. Dit komt omdat stents 
bij kalkafzettingen niet altijd volledige kunnen uitvouwen wat de kans op stenttrombose en 
terugkerende vernauwingen vergroot [31]. In Hoofdstuk 12 lieten we zien dat de 
sensitiviteit om kalk te detecteren 43% was tijdens hartkatheterisaties met een specificiteit 
van 92% in vergelijking tot een CT-kalkscan, de referentie standaard. De sensitiviteit in de 
zichtbaarheid van ernstige verkalkingen (Agatston kalk-score >100 of matig of ernstige kalk 
op invasieve coronair angiografie) was 19% met een specificiteit van 99%. Mogelijk ernstige 
verkalkingen van de coronair arteriën zijn dus maar zichtbaar in 19% van de vaten tijdens 
hartkatheterisaties. Preoperatieve beoordeling van kalk middels een CT-kalkscan zou 
kunnen worden overwogen om de behandelingsstrategie keuze te verbeteren. 

Toekomstperspectieven 
De in dit proefschrift beschreven studies laten zien hoe acquisitieprotocollen systematisch 
kunnen worden verfijnd door deze af te stemmen op de individuele patiënt. Tevens hebben 
we de waarde bepaald van nieuw beschikbare technieken met betrekking tot de 
stralingsdosis en beeldkwaliteit. Dit proefschrift heeft een aantal directe klinische 
implicaties die hierboven al aan bod zijn gekomen, maar er zijn meerdere mogelijkheden 
om dit werk uit te breiden.  

MEER STANDAARDISATIE 

Het laatste decennium is er een groeiende stimulans om protocollen te optimaliseren en te 
herzien. Echter variëren SPECT, PET en CT-doseringsprotocollen nog sterk tussen 
verschillende centra [7]. Standaardisatie van acquisitie- en reconstructieprotocollen, 
alsmede snellere adoptie van nieuwe inzichten in richtlijnen kunnen deze variatie 
verminderen. De Europese vereniging voor nucleaire geneeskunde (EANM) heeft recentelijk 
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een gestandaardiseerd beeldvormingsprotocol geïntroduceerd voor fluorodeoxyglucose 
(FDG) PET om de variabiliteit in kwantitatieve uitkomsten en beeldkwaliteit te reduceren 
[32]. Een kwaliteitscontrole met een gestandaardiseerd fantoom reduceert de variatie in 
kwantitatieve uitkomsten en beeldkwaliteit tussen verschillende scanners en centra. Een 
dergelijk standaardisatiefantoom ontbreekt nog in de cardiale beeldvorming. Echter zou zo 
een fantoom gebruikt kunnen worden voor het bepalen van de minimaal dosis die 
resulteert in accurate kwantitatieve waarden en een voldoende beeldkwaliteit. Dit kan het 
gebruik van onnodig hoge stralingsdoses voorkomen terwijl het de aanpassing van 
doseringsprotocollen na introductie van nieuwe technieken en apparatuur kan 
bespoedigen.  

VERBETEREN ATTENUATIE EN BEWEGINGSCORRECTIE 

De diagnostische kwaliteit van MPI met SPECT of PET zou mogelijk verder verbeterd kunnen 
worden door correctietechnieken beter toe te passen. Hoewel attenuatiecorrectie de 
diagnostische accuratesse van SPECT MPI verhoogt, wordt dit effect enigszins gelimiteerd 
door het optreden van reconstructieartefacten [17]. Deze artefacten kunnen ontstaan bij 
onjuiste co-registratie van de attenuatiecorrectie CT-scan met de SPECT MPI-scan of als er 
fouten in de CT-scan zitten die bijvoorbeeld kunnen ontstaan bij patiënten met metalen 
implantaten. Aanvullend onderzoek is nodig om deze fouten te identificeren en te kunnen 
bepalen in welke patiëntencategorieën het beter is om de diagnose te baseren op de niet-
gecorrigeerde beelden om de diagnostische accuratesse nog verder te verbeteren.  

In dit proefschrift laten we zien dat de waarde van automatische 
bewegingsdetectie en correctie gelimiteerd was bij CZT-SPECT MPI doordat patiënten goed 
stil kunnen liggen tijdens deze relatief korte scans. Omdat een verschuiving plaats vindt van 
SPECT MPI naar PET MPI is het nuttig om de waarde van de bewegingscorrectie bij PET te 
bepalen. Bij PET MPI wordt namelijk farmacologische inspanning geïnduceerd tijdens het 
scannen, waardoor de kans op bewegingsartefacten toeneemt. Aanvullend onderzoek is 
nodig om de reeds bestaande software geschikt te maken voor gebruik op PET-scanners en 
om vervolgens de klinische waarde hiervan te evalueren. 

KALKDETECTIE VOORAFGAAND AAN PCI 

In dit proefschrift laten we ook zien dat de detectie van slagaderverkalkingen bij 
hartkatheterisatie voorafgaand aan een dotterbehandeling nog extra aandacht behoeft. 
Een groot deel van de mogelijk belangrijke slagaderverkalkingen is namelijk niet als zodanig 
zichtbaar tijdens hartkatheterisaties. Een accurate detectie kan helpen in de 
behandelingskeuzen en het succes van een stentplaatsingsprocedure mogelijk vergroten. 
Een oplossing om deze detectie te verbeteren is het maken van een CT-kalkscan bij alle 
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electieve dotterpatiënten om zo de mogelijke verkalkingen preoperatief te visualiseren. Een 
alternatieve oplossing, die ook bij acute patiënten kan worden toegepast, is met ECG-
getriggerde rotatieangiografie een driedimensionale intra-operatieve kalkscan te maken. 
Een dergelijke softwaremodule voor kalkdetectie is nog niet beschikbaar op de huidige 
röntgenapparatuur. Wanneer echter een gevalideerde softwaremodule hiervoor in de 
toekomst beschikbaar komt, zal aanvullend onderzoek moeten uitwijzen hoe de ernst van 
de verkalking daarop geclassificeerd kan worden en welke kalkverwijderingsstrategie dit 
zou moeten induceren voorafgaand aan stentplaatsing.  

BETERE PATIËNTSELECTIE 

Door de toenemende beschikbaarheid van diagnostische modaliteiten die weinig straling 
gebruiken alsook door maatschappelijke veranderingen zoals vergrijzing, neemt het belang 
van nauwkeurige patiëntselectie en -screening toe. Zo kan mogelijk de patiëntselectie voor 
MPI worden verbeterd door de CT-kalk-scan te gebruiken als poortwachter voor additionele 
beeldvorming of als screeningsmethode voor patiënten met een lage vooraf-kans op 
afwijkingen. Het ontbreken van kalk in de coronair arteriën impliceert namelijk een 
uitstekende cardiale prognose waarbij additioneel onderzoek weinig meerwaarde lijkt te 
hebben [33–35]. Het gebruik van een dergelijke screeningssystematiek kan de diagnostische 
waarde van aanvullend onderzoek laten toenemen omdat het percentage positieve scans 
zal stijgen terwijl het percentage negatieve scans zal dalen.  

Het combineren van functionele en anatomische beeldvorming, beter bekend als 
hybride beeldvorming, is bij patiënten met verdenking op coronair lijden uitgegroeid tot de 
standaard. De volgorde waarin beide technieken worden ingezet varieert echter tussen 
ziekenhuizen. Wetenschappelijk bewijs over welke volgorde het beste is voor welke patiënt 
ontbreekt. Grote registerstudies zullen in de toekomst moeten uitwijzen wat de beste 
volgorde van cardiale beeldvorming is om een zo hoog mogelijke diagnostische accuratesse 
met een zo laag mogelijke patiëntbelasting te verkrijgen.  
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Korte Nederlandse samenvatting voor niet-ingewijden 
Vernauwing van de kransslagaders (kransslagaderlijden) is de hoofdoorzaak van acht 
procent van alle overlijdensgevallen in Nederland. Deze vernauwingen kunnen echter al in 
een vroeg stadium worden opgespoord met verschillende scanapparatuur. Zo kan de 
doorbloeding van het hart in beeld worden gebracht met SPECT en PET en kunnen 
vernauwingen in de kransslagaders worden gevisualiseerd met CT. Bij deze onderzoeken 
wordt ioniserende straling gebruikt die in potentie schadelijk is voor de patiënt. Deze 
stralingsdosis is relatief hoog bij beeldvorming van het hart. Zo zijn SPECT-
hartspierdoorbloedingsscans verantwoordelijk voor 10 tot 22% van de totale stralingsdosis 
die patiënten oplopen door medische onderzoeken in de Verenigde Staten. Ondanks het 
toenemende stralingsbewustzijn in het laatste decennium verschillen scan- en 
doseringsprotocollen nog aanzienlijk tussen ziekenhuizen, waarbij sommige doseringen 
onnodig hoog zijn. Dit komt voornamelijk door het gebrek aan systematisch onderzoek, 
gebruik van verschillende apparatuur en verouderde richtlijnen ondanks voortschrijdende 
technologische ontwikkelingen. In dit proefschrift hebben wij de doseringsprotocollen van 
bovengenoemde hartonderzoeken systematisch geoptimaliseerd, waarbij we gepoogd 
hebben de stralingsdosis te minimaliseren en de beeldkwaliteit te behouden of zelfs te 
verbeteren. Tevens hebben we de waarde van nieuwe technieken in de cardiologische 
beeldvorming geëvalueerd. 
 
In dit proefschrift laten we zien dat het afleiden en toepassen van patiënt-specifieke 
doseringsprotocollen bij SPECT-hartspierdoorbloedingsonderzoek resulteert in een 
stabielere en betere beeldkwaliteit. Door deze betere beeldkwaliteit was het zelfs mogelijk 
de dosis met 25% te verlagen zonder dat het invloed had op de diagnose of prognose van 
de patiënten. Bovenstaande onderzoeken zijn uitgevoerd met de nieuwste generatie 
SPECT-camera met cadmium-zink-telluride (CZT-SPECT) detectoren. Echter hebben we ook 
aangetoond dat patiënt-specifieke protocollen de beeldkwaliteit verbeteren bij gebruik van 
een conventionele SPECT-camera. Omdat het afleiden van een patiënt-specifiek protocol 
complex is en veel tijd kost, hebben we een formule geïntroduceerd om een vaste dosering 
eenvoudig patiënt-specifiek te maken. Hierdoor wordt de beeldkwaliteit verbeterd terwijl 
de gemiddelde stralingsdosis gelijk blijft. In dit proefschrift laten we ook zien dat de 
stralingsdosis bij hartspierdoorbloedingsonderzoek met PET gereduceerd kan worden met 
17% zonder kwaliteitsverlies. Het afleiden en toepassen van een patiënt-specifiek protocol 
bij CT’s van de kransslagaders leidde ook tot een betere beeldkwaliteit bij eenzelfde 
stralingsdosis.  
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Naast het afleiden en toepassen van minimale patiënt-specifieke doseringsprotocollen 
hebben we in dit proefschrift ook de toegevoegde waarde van (nieuwe) technieken in de 
cardiologische beeldvorming bepaald. Eén van deze technieken is 
fotonverzwakkingcorrectie bij CZT-SPECT hartspierdoorbloedings-onderzoek. Met deze 
techniek wordt er gecorrigeerd voor kunstmatige defecten die kunnen ontstaan door de 
verzwakking van straling. Bij het toepassen van deze techniek steeg het aantal scans 
geïnterpreteerde als niet-afwijkend met 22%. De kans op een hartaanval of overlijden bleef 
echter gelijk. Een andere nieuwe techniek is bewegingscorrectie bij CTZ-SPECT 
hardspierdoorbloedings-onderzoek. De klinische waarde hiervan bleek echter gelimiteerd 
door de minimale patiëntbeweging tijdens het onderzoek. Daarnaast laten we zien dat 
nieuwe röntgendoorlichtingsapparatuur op de hartkatheterisatiekamers bij pacemaker en 
implanteerbare cardioverter defibrillator implantaties resulteerde in een 
dosisvermindering van 69 tot 74% bij een gelijkblijvende beeldkwaliteit. Ten slotte toonden 
we aan dat 81% van de matig tot ernstige kransslagaderverkalkingen niet als zodanig 
herkend wordt tijdens hartkatheterisaties. Omdat de aanwezigheid en de mate van 
verkalkingen de behandelingskeuze kan beïnvloeden, zou kalkbeoordeling middels CT 
voorafgaand aan een hartkatheterisatie kunnen worden overwogen. 
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Accuracy of motion detection and correction software: a 
phantom study 
 

The following supplementary material relates to Chapter 10: ‘Value of automatic 
patient motion detection and correction in myocardial perfusion imaging using a 
CZT-based SPECT camera’. 

AIM 

The aim was to determine the accuracy of automatic motion detection and 
correction software (MCD for Alcyone, GE Healthcare) using a phantom study. 

METHODS AND MATERIALS 

A phantom simulating the ventricular wall (Cardiac InsertTM ) was filled with 20 MBq 
Tc-99m Tetrofosmin. Next, we placed this phantom in a larger phantom filled with 
water (Jaszczak Phantom™) to simulate attenuation. The phantom was placed in the 
CZT-SPECT camera (Discovery NM/CT 570c, GE Healthcare) and positioned in the 
center of the field of view, assisted by using real-time persistence imaging. Data 
were acquired in list mode for 180 s using a 20% symmetrical energy window 
centered at 140 keV. Every 20 s, the table was moved into another position to induce 
motion, as shown in Table 1. Acquisition was paused during table movements.  
  

Table 1. Table positions during the phantom acquisitions to simulate motion. Motion was simulated in 
the cranial-caudal direction (z) and the anterior posterior direction (y).  

Time Induced motion 
0-20s 0 mm (z) 
21-40s -15 mm (z) 
41-60s -10 mm (z) 
61-80s -5 mm (z) 
81-100s +5 mm (z) 
101-120s +10 mm (z) 
121-140s +15 mm (z) 
141-160s +5 mm (z) -5mm y 
161-180s -5 mm (z) +5mm y 

RESULTS  

The count rates in this phantom study were similar to those encountered in clinical 
practice. The average deviation between the measured motion and the induced 
motion was -0.9 ± 2.4 mm when using 1s time bins (corresponding to respiratory 
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motion (RM) detection), as shown in Figure 1. Hence, a systematic error of the MDC 
software to detect motion is within 1 mm. However, the average absolute deviation 
between the detected motion and induced motion was 2.1 ± 1.6 mm (range: 0.0-
8.4mm) in the cranial-caudal direction for 1s time bins. This higher absolute error is 
due to the noise as a result of statistical variation when using shorter time bins with 
limited count statistics, as shown in Figure 1. The MDC software corrects for motion 
in each time bin. Outliers as a result of noise are therefore also corrected, possibly 
explaining the deterioration of image quality after applying motion correction in our 
patient study.  
 

The average deviation between the detected motion and induced motion was -1.1 
± 0.8, 0.9 ± 0.9 and 0.0 ± 1.0 mm for the lateral, anterior-posterior and cranial-caudal 
motion, respectively, when using 20s time bins, as shown in Figure 2. This indicates 
a possible systematic bias of 1.1 mm. The average absolute deviation was 1.1 ± 0.8 
mm, 1.1 ± 0.8 mm and 0.8 ± 0.6 mm for the lateral, anterior-posterior and cranial-
caudal motion, respectively. This absolute deviation is lower than when using 1s 
time bins due to the 20-fold larger bin size resulting in increased count statistics and 
consequently decreased statistical fluctuations. Due to the limited statistical error 
component using 20s bins, correction of limited motion is more appropriate than 
when using the 1s bins. These findings support the results of our patient study, 
demonstrating the limited effect on the diagnostic outcome of applying PM 
correction in case of limited motion. 
 

 

 
Figure 1. The induced cranial caudal motion (blue area) and the detected motion by the MDC software 
using 1s time bins (blue line). The dotted line represents the average detected motion for each table 
position (averaged over 20s). In the ideal situation, the blue line would exactly describe the edges of the 
shaded area. 
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Figure 2. The induced cranial-caudal motion (blue area) and anterior-posterior motion (orange area) and 
the detected motion using 20s time bins in the x (lateral), y (anterior-posterior) and z (cranial-caudal) 
directions by the MDC software, represented by the green, orange and blue lines, respectively.  
 

CONCLUSION 

MDC software can accurately detect a mean respiratory motion larger than typically 
2mm. The software is able to detected patient motion larger than typically 1mm. 
Limited detected motion can be the result of a statistical error, due to insufficient 
count statistics. Correction of this non-existing motion, especially when using 
smaller time bins with less count statistics, might result in a deterioration of the 
image quality. Hence, although the software is able identify respiratory motion and 
patient motion larger than 2 or 1 mm, respectively, correction of limited motion may 
result in deterioration of image quality. 
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List of abbreviations 
AC  Attenuation correction 
ALARA As-low-as-reasonable-

achievable 
BMI  Body mass index 
CABG  Coronary artery bypass grafting 
CAC  Coronary artery calcification 
CAD  Coronary artery disease 
CO  Cardiac output 
CT  Computed tomography 
CTCA Computed tomography 

coronary angiography 
CT-CAC  CT-based CAC-score 
CTDI Computed tomography dose 

index 
CRT Cardiac resynchronization 

therapy 
CZT  Cadmium zinc telluride 
DAP  Dose area product 
ECG  Electrocardiography 
EDV  End-diastolic volume 
EF  Ejection fraction 
FAP  Fixed-activity protocol 
FFR  Fractional flow reserve 
FOV  Field of view 
ICA  Invasive coronary angiography 
ICD Implantable cardioverter 

defibrillator 
IVUS  Intravascular ultrasound 
LAD  Left anterior artery 
LBM  Lean body mass  
LCX  Left circumflex 
LM  Left main artery 

LSO  Lutetium oxy-orthosilicate 
LYSO Lutetium yttrium orthosilicate 
MBF  Myocardial blood flow 
MPI  Myocardial perfusion imaging 
MPL  Mass per length  
NaI  Sodium iodide 
NC  Non-attenuation corrected 
NC + AC  Non-attenuation corrected and 

attenuation corrected. 
OCT  Optical coherence tomography 
PAST Product of tracer activity and 

scan time  
PCI Percutaneous coronary 

intervention 
PET  Positron emission tomography 
PLAP Patient-specific low-activity 

protocol 
PM  Patient motion 
Rb-82 Rubidium-82 
RCA  Right coronary artery 
RM  Respiratory motion 
ROI  Region of interest 
SD  Standard deviation 
SDS  Summed difference score 
SPECT  Single photon emission 

computed tomography 
SRS  Summed rest score 
SSS  Summed stress score 
Tc-99m Technetium-99m  
TOF  Time-of-flight 
TPD  Total perfusion deficit 
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Curriculum vitae        
 Joris van Dijk was born on February 21st, 1988 in 
Heemstede, the Netherlands. He finished secondary 
school (VWO) in 2006 at Atheneum College Hageveld, 
Heemstede.  

After a year of backpacking he moved to 
Enschede to start the bachelor Technical Medicine 
(Technische Geneeskunde), from which he received his 
undergraduate degree in 2010. Next, he started the 
master Technical Medicine. In addition, he also started 
the master Health Sciences in 2011 from which he graduated cum laude one year 
later. His graduate research project, in which he compared the outcomes of multiple 
patient preferences methods, was assessed with a 10 and awarded with the prize 
‘Best master thesis of the faculty Management and Governance 2013’ (supervisor: 
prof. dr. Maarten J. IJzerman).  

Next, Joris completed his Technical Medicine internships (rotations) at the 
departments of rheumatology at Ziekenhuisgroep Twente, neurosurgery at Medisch 
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one of the most clinically relevant projects in 2014 for which he was nominated for 
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the foundation of this PhD thesis.  
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Dankwoord  
Voor iemand die tijdens zijn studententijd altijd riep: ‘ik ga nooit promoveren, dat is niets 
voor mij’ is dit proefschrift het bewijs dat de omstandigheden en invloed van anderen 
zeer bepalend kunnen zijn op zowel de keuze voor een promotie als ook het 
promotieproces zelf. Want ondanks dat een proefschrift geacht wordt een individuele 
prestatie te zijn, is dit (ook) in mijn geval niet geheel waar. Zonder jullie, collega`s, 
vrienden en familie, was dit proefschrift nimmer tot stand gekomen. Daarom wil ik jullie 
allen graag hartelijk bedanken voor jullie steun, geduld en bijdragen. Graag zou ik nog 
een paar mensen specifiek willen bedanken. 
 
Allereerst wil ik de gehele afdeling nucleaire geneeskunde van Isala bedanken voor de 
prettige werksfeer, betrokkenheid in zowel persoonlijke als promotionele sfeer en voor 
jullie flexibiliteit als ik tussendoor weer moest uitwerken of vragen had. Daarnaast wil ik 
de studenten Technische Geneeskunde die op onze afdeling stage hebben gelopen 
bedanken voor hun inzet, enthousiasme en gezelligheid in onze werkkamer. In het 
bijzonder wil ik Eline Huizing MSc. bedanken voor het oppakken van een van mijn 
onderzoeken als onderdeel van haar afstuderen. Met jouw hulp hebben we de eerste 
stappen kunnen zetten in het optimaliseren van het PET-Rubidium protocol. Ook zou ik 
mijn collega-onderzoekers vanuit de radiologie, cardiologie en klinische fysica, in het 
bijzonder drs. Martijn Boomsma, dr. Jorik Timmer en ir. Jochen van Osch, graag willen 
bedanken voor hun enthousiasme en input tijdens de wekelijkse research besprekingen. 
 
De leden van mijn promotiecommissie: prof. dr. P.M.G. Apers, prof. dr. L. de Geus-Oei, 
prof. dr. M. Maas, prof. dr. M.J. de Boer en prof. dr. M.J. IJzerman wil ik graag bedanken 
voor hun kritische beoordeling van dit proefschrift en hun bereidheid om zitting te 
nemen.  
 
De nucleair geneeskundigen drs. Ad Oostdijk, drs. Hester Arkies, drs. Rowena 
Oemrawsingh, dr. Jaep de Boer en dr. Henk Stevens wil ik bedanken voor de hulp bij mijn 
onderzoeken, de eindeloze reeks scans die zij ‘mochten’ beoordelen en het ontlasten 
van mijn promotor prof. dr. Piet Jager. In het bijzonder wil ik dr. Siert Knollema bedanken 
voor het financieel meedenken en mogelijk maken van deze eerste Technische 
Geneeskunde promotieplek in Isala en het aanbieden van de extra uitdagingen op het 
management vlak. In het begin vond ik soms lastige momenten maar ik ben blij zoveel 
van jou geleerd te hebben en hoop dit in de toekomst voort te kunnen zetten.  
Mijn collega-onderzoekers wil ik ook bedanken: drs. Elsemiek Engbers en dr. Mohamed 
Mouden. Dat ik gebruik heb kunnen maken van de data uit de door jullie mede opgezette 
en onderhouden database heeft mij een vliegende start van mijn promotie opgeleverd. 
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Mohamed, ik heb veel gehad aan jouw klinische aanvullingen in het finetunen van mijn 
soms nog premature onderzoek ideeën en hoop dat wij elkaar in de toekomst nog 
veelvuldig kunnen aanvullen. Tevens wil ik mijn collega technisch geneeskundig 
onderzoekers Ruud Wellenberg MSc. en Daniëlle Koopman MSc. bedanken voor de 
gezellige lunches en input tijdens de research besprekingen. Ik wens jullie beiden veel 
succes met het afronden van jullie promotietrajecten. 
 
Mijn (co)-promotoren wil ik ook graag bedanken. Prof. dr. C.H. Slump, beste Kees, 
bedankt voor de begeleiding en het mogelijk maken van deze promotie. Met het 
onderwijs, de stage- en afstudeerbegeleiding en begeleiding als promotor heb jij een 
grote bijdrage geleverd aan mijn ontwikkeling en de totstandkoming van dit proefschrift. 
Dr. J.P. Ottervanger, dr. J.A. van Dalen en prof. dr. P.L. Jager, beste Jan Paul, Jorn en Piet, 
zonder jullie was dit proefschrift nimmer tot stand gekomen en was ik waarschijnlijkheid 
nooit zo geïnteresseerd geraakt in de wetenschap. Ondanks dat jullie als begeleiders 
drietal helaas niet op papier als (co)promotoren mochten fungeren, heb ik dit wel zo 
ervaren. Ik voel mij bevoorrecht dat ik zoveel van jullie heb mogen leren en dat ik 
gaandeweg mijn promotie de vrijheid heb gekregen om mijn eigen koers uit te zetten. 
Het enthousiasme dat jullie hebben voor de wetenschap en voor het roodkleuren van 
concept artikelen heb ik volledige overgenomen en ik denk graag terug aan de 
interessante discussies (overigens niet altijd promotie gerelateerd), de 
onderzoekavonden en de wekelijkse researchbesprekingen. Ik hoop van harte dat we 
deze vruchtbare en fijne samenwerking nog lang kunnen voortzetten. 
 
Naomi en Judith, bedankt voor jullie hulp bij het ontwerpen van de omslag van dit 
proefschrift.  

Barbara, Marjolein & Ivar, Jessica & Matthijs. Door de jaren heen hebben wij in 
huize Spiderman een bijzondere band opgebouwd die nog steeds onveranderd is. Ik denk 
met genoegen terug aan de legendarische kerstdiners, de stampotavonden, 
huisgenootjes die het vuilnis niet wegbrengen in de vakantie met als gevolg een maden 
en vliegenplaag en geniet nog steeds van de spelletjesavonden en discussies over de 
nieuwste (politieke) ontwikkelingen in de zorg. Uiteraard kijk ik reikhalzend uit naar ons 
volgende kerstdiner (dit keer weer in de zomer?).  
Hester, al meer dan mijn halve leven geniet ik van onze bijzondere vriendschap en ik 
hoop dat wij deze speciale band nog lang kunnen voortzetten. Bedankt voor jouw 
support op de moeilijke momenten en het hebben van zo`n leuke vriendin! 
  Rick, Houdijn, Jens en Lex, onze jaarclub ontstond aan het begin van mijn 
studentenperiode en er volgde vele borrels, feestjes, uitjes en vakanties met 
onvergetelijk hoogte- en dieptepunten. Eén van de ‘hoogtepunten’ was uiteraard de 
enige heuvel in Menorca op sjezen in een Ford Ka met een kokende motor als gevolg, 
één van de ‘dieptepunten’ het bekijken van de onderwaterwereld in Nederland. Ik ben 
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erg blij dat onze band in al die jaren alleen maar beter is geworden en kijk ernaar uit om 
na mijn promotie nog één keer officieel de proost in te mogen zetten!  
 
Lex en Wouter, ik kan mij geen betere mensen voorstellen om vandaag als paranimfen 
naast mij hebben. Lex, nog voor het eerste studiejaar zijn wij bevriend geraakt en als 
studiemaatje, JC-genoot en tijdelijke huisgenoot, ben jij betrokken geweest bij de vele 
studieperikelen (en afleidingen daarvan) en vind het dan ook bijzonder dat jij hier na 
meer dan 9 jaar nog steeds naast mij staat. Wouter, afgelopen jaar hebben wij samen al 
een fantastisch moment gehad door beiden onze sportdroom waar te maken en een 
volledige triatlon te voltooien – voor de niet ingewijden: 3.8km zwemmen, 180km 
fietsen en 42km lopen — en ik vind het een groot genoegen dat jij vandaag ook weer 
aan mijn zijde staat. 
 
Mijn schoonfamilie wil ik bedanken voor hun interesse, betrokkenheid en vooral het 
hartelijke welkom in jullie familie. Gerwin & Hannah, Sebastiaan, Arnoud & Anne Jet, het 
is een genot om jullie als nieuwe familie erbij te hebben gekregen. Anet & Wim, zonder 
jullie prachtige dochter was ik nooit zo gelukkig geweest, bedankt! 
 
Marieke, Matthias, Moritz en Pepijn, wat ontzettend fijn om jullie in ons gezin te hebben 
mogen verwelkomen! Jullie zijn, ieder voor zich, niet meer weg te denken uit onze 
familie en het doet mij ontzettend veel hoeveel vreugde en gezelligheid jullie aan ons 
gezin toevoegen. 

Wouter en Marjolijn, ik kan mij geen beter broer en zus voorstellen dan jullie. 
Niet alleen omdat jullie mij af en toe weer met beide benen op de grond zetten, maar 
meer nog om jullie betrokkenheid, adviezen en de mooie actieve uitjes en vakanties in 
de bergen op de fiets, in de metershoge poedersneeuw en met z`n allen in der Himmel 
von Bayern! 

Germa & Frans, mama en papa, wat een voorrecht om zo te mogen opgroeien 
en mijn eigen pad te mogen kiezen met, meer dan eens, dat extra steuntje in de rug. 
Zonder jullie onvoorwaardelijke liefde, steun en vertrouwen had ik hier nooit gestaan en 
daar ben ik jullie eeuwig dankbaar voor! 
 
Wieteke, jou beter leren kennen is het beste wat mij tijdens het promoveren is 
overkomen. Ik geniet van elke dag met jou en heb enorme bewondering dat jij niet alleen 
mijn geklaag over alle tegenvallende resultaten, eindeloze reeks triathlontrainingen en 
variërende toekomstplannen zo goed kan verdragen, maar mij hier ook nog eens 
onvoorwaardelijk in steunt. Ik kijk reikhalzend uit naar alle avonturen die wij samen nog 
gaan beleven. Ik hou (van) jou! 
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