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CARDIOVASCULAR DISEASE; INCIDENCE AND TRENDS 

Cardiovascular disease ([CVD], e.g. ischemic heart disease and stroke) is considered to be 
a major cause of mortality and morbidity in Western countries.1 Not solely in Western 
countries, but also in developing countries, the prevalence of traditional risk factors (e.g. 
hypertension, smoking, diabetes, dyslipidemia, obesity) for CVD has been increasing, 
subsequently leading to an increase in cardiovascular event rates.2 According to the 
World Health Organization, an estimated 17.5 million people worldwide died from CVD 
in 2012, representing 31% of all global deaths. Of these deaths, an estimated 7.4 million 
were due to coronary artery disease (CAD, e.g. angina and myocardial infarction).3, 4  
 In the Netherlands, CVD accounts for 27% of all deaths.5 A gradual decline in 
mortality was noticeable in the past decades, as the percentage was approximately 33% 
10 years ago, 37% in 1992 and between 45-50% in earlier decades.5, 6 In the entire 
Dutch population, 648.300 citizens were affected by CAD in 2007 (estimated prevalence 
in women 3% and 5% in men). As the incidence of newly diagnosed CAD in 2007 in the 
Netherlands equaled to 82.100 persons, this accumulates to an estimated total number 
of patients with CAD of 730.400.7 In the near future, an increase in morbidity and thus 
prevalence is expected, which emphasizes the need for prevention, early detection of 
disease and treatment in this continuous health care problem.2, 6 

THE ROLE OF CARDIAC COMPUTED TOMOGRAPHIC ANGIOGRAPHY IN 
DETECTION OF CAD 

Cardiac computed tomographic angiography (CCTA) is a non-invasive diagnostic imaging 
technique for visualization of the coronary arteries and the evaluation of CAD.8-10 High 
negative predictive value (NPV) and sensitivity of CCTA have been reported (99% and 
94% respectively), making this an ideal tool to rule out CAD in patients presenting with 
stable chest pain.11-13 In addition, presence of obstructive CAD on CCTA (defined as 
≥50% diameter stenosis) has shown to be a strong predictor for the occurrence of a 
coronary event.14-16 CCTA allows for a good depiction of the degree of stenosis and 
characterization of plaque morphology (e.g. calcified plaques, non-calcified plaques and 
mixed plaques).17, 18 

OPTIMIZING CONTRAST MEDIA ADMINISTRATION IN CCTA 

Computed tomographic (CT) technology is improving continuously, which allows for an 
ongoing amelioration of the image quality in clinical practice.19, 20 Current technologies 
enable single-heartbeat CCTA with wide-area detectors, dual source technique (DSCT) 
and high pitch acquisition.21, 22 This has led to a marked increase in diagnostic accuracy 
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and reduction in the number of non-evaluable coronary artery segments.23 These 
technological advances not only increase diagnostic accuracy, but also provide a 
substantial reduction in radiation dose and scan acquisition time (<1-6 seconds, 
depending on scan protocol) as well as a decrease in artifacts by cardiac motion, 
breathing or patient movement.  
 Current technical developments are also moving towards clinical application of 
lower kV settings (e.g. 100-70kV). Lower kV settings lead to an increase in enhancement 
of the vessels while maintaining comparable signal-to-noise ratio.20 Presently, use of 
lower kV settings is not technically feasible for all patients and different types of 
scanners currently available. 
 All these modifications challenge optimal synchronization and timing of scan 
protocols in contrast media (CM) administration due to a shorter data acquisition 
window, hereby creating opportunities for injection strategies with a decrease in total 
amount of CM.11, 24, 25 
 Multiple factors affect enhancement characteristics and scan timing; scan related 
parameters (e.g. scan delay, scan protocol, tube voltage, slice reconstruction and 
kernel), patient related factors (e.g. weight, blood volume, heart rate, cardiac output 
and breath holding), as well as various injection parameters.19, 26-28 With regard to 
different injection parameters, major impact on intravascular attenuation have been 
contributed to a saline chaser, the iodine delivery rate (IDR; amount of iodine applied 
per second [IDR = CM concentration x injection rate]), injection rate, CM concentration, 
viscosity, injection needle type and size, CM volume as well as the temperature of 
injected CM.19, 27-37 No consensus is reached in terms of an optimal CM protocol and 
many of these injection parameters have been postulated as decisive contributing 
factors of pivotal influence in the optimization of CM injection.  
 The influence of some of these injection parameters, such as the effect of a saline 
flush on bolus geometry and contrast enhancement has been well established.19, 38-41 
The influence of other factors, such as injection rate, CM concentration and IDR on 
coronary attenuation, on the other hand, have been an ongoing topic of debate.  In 
daily clinical practice, flow rates ≤5ml/s are used for intravenous injection of CM. In the 
literature, injection rates ≥5ml/s are considered to be high flow rates.42 It has been 
postulated in the literature, that high flow rates might result in increased incidence of 
extravasation due to increased injection pressures. Therefore, high flow rates are often 
feared and not used in daily routine practice.43 Contradictory statements with regard to 
optimal CM protocols for imaging of the coronary tree have been published, where 
some authors concluded that higher iodine concentrations (e.g. 350-400mg/ml) 
subsequently lead to higher attenuation of the coronary arteries.32, 33, 44 Other authors 
mention opposite findings, concluding that not the iodine concentration itself but the 
IDR is the determinant parameter in attenuation of the coronary arteries.36, 45 In clinical 
practice, IDR’s varying between 1.5-2.2gI/s are commonly applied in CCTA.33, 46 Optimal 
diagnostic peak enhancement of the arteries (e.g. >300 Hounsfield units) is considered a 
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prerequisite for CCTA studies.19, 30, 32, 46-48 As the IDR is considered the result of CM 
concentration and injection rate, both higher iodine concentration and higher flow rates 
will therefore result in an increase of the IDR. In previous in vitro experiments, 
conducted with standard intravenous injection needles, CM injection even with small 
cannulas did not reach the common standard pressure limit in CT power injectors of 
325 pounds per square inch (psi).30, 49 In vivo experiments are limited, but intravenous 
injection site complications associated with higher flow rates are not reported.42 As 
extravasation might be a multifactor incident (e.g. needle size/type and placement, 
injection location, vein size, injection rate, injection pressure and CM used), it remains 
unclear which factors have a decisive influence on extravasation. If the risk of 
extravasation with higher flow rates is indeed overestimated, this might have a 
substantial impact on CM injection protocols, paving the way for usage of a broad 
variety in flow rates. 
 In addition to the influence of higher flow rates on coronary attenuation, viscosity 
might play an important role in both CM delivery and injection pressure. Viscosity is 
directly influenced by temperature, which means viscosity decreases with increasing 
temperature.32, 49-52 Lower CM concentrations have a lower viscosity, which might lead 
to lower injection pressures in comparison to higher concentrated CM with identical 
flow rates. Furthermore, CM distribution in the blood might be facilitated with lower 
viscose CM concentrations. This might have a positive influence on the visualization of 
distal vessel segments.26, 29 Therefore, injection with lower CM concentrations will not 
come at the expense of a subsequently lower IDR, if higher flow rates can be safely 
injected without increase of complications.  
 
A thorough understanding on how all these injection parameters influence image 
quality is considered a primary step in the optimisation of CM injection protocols while 
keeping the amount of injected CM volume to a relative minimum. This is desirable, as 
important side effects of CM application are allergic reactions and the risk of contrast-
induced nephropathy (CIN), the latter is related to the volume of the total iodine load. 
CIN is defined as an acute decrease in renal function manifested by an increase in 
baseline serum creatinine of at least 0.5mg/dl (44µmol/l) within 48 hours of injection of 
CM.53 Lowering the amount of CM could lower the risk for developing CIN.54 Also, it has 
been shown in previous literature, that reduction of CM volume to a minimal effective 
dose can lead to a substantial reduction in costs.55 
 At present, a standard CM injection protocol is used with a standard injected CM 
volume, independent of weight and length of the patient. A standard injected CM 
volume potentially has consequences on image quality and attenuation of the coronary 
arteries in certain weight categories, where some patients (e.g. lower weight and/or 
length) might require less CM than other patients (e.g. higher weight) to reach the same 
attenuation value.19 Determining the influence on attenuation of each different 
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injection parameter will provide the opportunity to further elaborate and develop 
individually tailored CM injection protocols.  

OUTLINE OF THIS THESIS 

Chapter 2 presents a comprehensive overview of the literature on current research in 
CM application protocols for CCTA in order to provide an update on determining factors 
for optimal contrast enhancement of the coronary arteries. In chapter 3, we 
systematically evaluated the viscosity of different CM concentrations in a standardized 
manner at different temperatures in an in vitro setup and investigated its influence on 
injection parameters, with a focus on injection pressures. In chapter 4 we aimed to 
investigate the influence of different CM concentrations on intravascular attenuation in 
a circulation phantom while standardizing IDR and keeping all other influencing factors 
constant. Chapter 5 evaluated the feasibility of high injection rates with usage of 
dedicated intravenous high-flow needles, shaped with three tear-drop holes positioned 
near the catheter tip. The aim of this in vitro study was to test high-flow application of 
CM in a circulation phantom and to assess feasibility of high flow rates in a dedicated 
patient population. In chapter 6, a pilot study was conducted in which we evaluated 
peak injection pressures and both objective and subjective image quality in CCTA using 
low concentrated CM (240mg/ml) injected at high flow rates in comparison to a 
standard injection protocol with identical IDR. In chapter 7, vascular attenuation of the 
coronary arteries as well as all major injection parameters were evaluated in clinical 
routine, using an individual tailored body weight adapted CM injection protocol. 
Chapter 8 encloses the general discussion and future perspectives. 
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ABSTRACT 

Various different injection parameters influence enhancement of the coronary arteries. 
No consensus exists in the literature on the optimal CM injection protocol. Aim is to 
provide an update on the effect of different CM injection parameters on the coronary 
attenuation in coronary computed tomographic angiography (CCTA). Studies published 
between January 2001 till May 2014 identified by Pubmed, Embase and MEDLINE were 
evaluated. Using predefined criteria and a data extraction form, the content of each 
eligible study was assessed. Initially, 2.551 potential studies were identified. After 
applying our criteria, 36 studies were found to be eligible. Extracted data proved to be 
heterogeneous and often incomplete. The injection protocol and outcome of the 
included publications were very diverse and therefore results are difficult to compare. 
Due to the substantial variability between studies, it remains unclear which of the 
injection parameters are the most important determinant for adequate attenuation. 
Given the multiple options as described in the literature, it is highly likely that one 
parameter that combines multiple parameters (e.g. IDR) will be the most suitable 
determinant of coronary attenuation in CCTA protocols. As future directions are aimed 
towards more individualized CM injection protocols, research should be tailored 
towards unraveling the influence of different injection parameters to understand which 
parameters play a pivotal role on attenuation of the coronary arteries.  
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INTRODUCTION 

Technical advances in coronary computed tomographic angiography (CCTA) 
continuously improved image quality.1 Current technologies enable single-heartbeat 
CCTA with wide-area detectors,2 dual source technique or high pitch acquisition.3 This 
leads to a substantial reduction in scan acquisition time (<1-6s, depending on scan 
protocol) as well as a decrease in motion artifacts due to breathing and coronary 
motion.4 As these technical advances facilitate shorter scan acquisition times, smaller 
volumes of contrast media (CM) may be used (total iodine dose [TID]).5, 6  
 Previous studies have demonstrated that enhancement levels in the coronary arteries 
above 325 Hounsfield units (HU) are necessary for optimal diagnosis.7-9 Arterial 
attenuation depends on injection related parameters (e.g. iodine delivery rate [IDR; gI/s], 
injection rate [ml/s], CM concentration [mg/ml], TID, CM volume, viscosity, saline flush, 
temperature of injected CM and injection needle type), scan related parameters (e.g. scan 
protocol, scan duration, scan delay, tube voltage, and reconstruction parameters [kernel]) 
and patient related factors (e.g. cardiac output, blood volume, heart rate, breath hold and 
weight).1, 10, 11 Establishing the influence of these parameters is important as future 
directions are aimed towards more individualized CM injection protocols. Previous 
research has focused on the influence of saline flush, IDR, injection rate, CM 
concentration, injection needle size, CM volume, viscosity as well as the temperature of 
injected CM on intravascular attenuation with various outcomes.1, 10-20 Specifically, the 
influence of CM concentration has been studied extensively, and current evidence is 
controversial as to whether higher concentrated CM is beneficial in intravascular 
attenuation, when the calculated IDR (e.g. CM concentration x injection rate) is kept 
identical.12, 15, 16, 18-20 To date, no consensus exists on the decisive injection parameters 
influencing attenuation of the coronary arteries.  
 A systematic review of the literature on current CM application protocols for CCTA 
was performed in order to provide an overview of the influence of various injection 
factors on contrast enhancement of the coronary arteries with a special focus on IDR, 
CM concentration and injection rate and to identify areas for further research. 

MATERIALS AND METHODS 

Data sources and study selection 

For this systematic review, we conducted a search through PubMed, Embase and 
MEDLINE between January 2001 and May 2014 using the search terms coronary 
computed tomography angiography, coronary computed tomography, iodine delivery 
rate, coronary attenuation, coronary enhancement, total iodine load, coronary arteries, 
iodine concentration, contrast media concentration, contrast material concentration. 
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 Inclusion criteria were: (1) studies had to compare different CM injection protocols 
in CCTA by providing attenuation levels in the coronaries achieved by a specific infusion 
protocol, (2) an evaluation of image quality or diagnostic accuracy was reported, (3) 
sample size of ≥30 (>18 years old), (4) language English, German or French, (5) 
multidetector computed tomography (MDCT) ≥16slice and (6) IDR, injection rate, CM 
concentration, TID, CM volume had to be deducible. Studies conducted primarily on 
radiation dosage, other technical aspects (e.g. reconstruction kernels, bolus tracking 
technique/test bolus method), central venous or intra-arterial CM delivery, or focusing 
on patients with stents or bypasses were excluded from this review. Three readers (CM, 
JT, AS) independently performed the searches and assessed eligibility of the studies by 
reading the abstract and application of these criteria. All potentially eligible articles 
were screened for references to additional eligible studies. Disagreement on inclusion 
was solved by consensus between the three readers. 

Data extraction  

Publications considered eligible were scored using a standardized extraction form, for 
the following variables: design (retrospective/prospective/both), population region/size, 
age, weight/body mass index (BMI), height, heart rate, cardiac output, blood pressure, 
MDCT technique, slice collimation, rotation time, acquisition mode, kV settings, 
reconstructed slice thickness, reconstruction kernel, intravenous (i.v.) needle size, CM 
concentration, CM volume, injection rate, injection duration, saline flush, injection 
pattern, temperature, IDR, TID and enhancement level at different coronary arteries. In 
addition, the quality of the studies regarding selection and inclusion criteria, study aims, 
patient characteristics and methodology were assessed and a flow chart was created 
according to the Preferred Reporting Items for Systematic reviews and Meta-Analyses 
(PRISMA) guidelines.21 
 Additionally, the corresponding authors of all included articles were contacted to fill 
out a questionnaire providing additional parameters that could not be retrieved from 
the publication. The large heterogeneity observed between the included studies 
regarding patient population, scanning technique and infusion parameters precluded us 
from pooling the data and to only perform a systematic review. To account for 
heterogeneity with regard to the outcome measure a subgroup analysis of the most 
frequently studied anatomical location (right coronary artery [RCA]) was performed (30 
studies) to evaluate the influence of injection related parameters on coronary 
attenuation. Since this study is a systematic literature review, no approval from our 
institutional review board was necessary. 
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RESULTS  

In the primary literature search, 5.007 potential studies (Pubmed: 2.457, Embase: 
1.734, Medline: 816) were identified, of which 2.456 were duplicates, leaving 2.551 
potential studies for analysis. 2.403 studies were excluded from further evaluation after 
scanning of the abstract. Of the remaining 148 studies, 91 studies did not meet the 
eligibility criteria and were further excluded, leaving 57 studies to be reviewed using the 
extraction form and consensus reading. Another 21 studies were excluded as they 
addressed other technical aspects or because basic inclusion criteria and/or injection 
parameters could not be derived.22-42 In total, 36 studies were included with a total of 
4.339 patients.7, 15, 16, 19, 43-74 Of the included studies, 18 authors responded to the 
questionnaire.7, 19, 48, 50, 53-56, 59, 60, 62-66, 69, 71, 74 A detailed overview of the inclusion and 
data extraction process is depicted in Figure 1. Study characteristics are presented in 
Tables 1-3 and the supplemental material.  
 

 

Figure 1: Detailed overview study selection. 

 
The majority of the included publications focused primarily on evaluation of body 
weight adjusted CM injection protocols.7, 46, 47, 50, 54, 58-60, 63-69, 72, 74 Other publications 
investigated influence on coronary attenuation with saline flush, different CM volumes 
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and/or biphasic CM injection protocols.43-45, 48, 49, 52, 56, 62, 70, 71, 73 In seven publications 
different CM concentrations between groups were evaluated.15, 16, 19, 51, 55, 57, 61  
 
Table 1: Scan characteristics of the included studies. Rank according to year of publication. Coll: collimation, 
rot: rotation, reconstr: reconstruction, BMI: body mass index.  

Author Coll (mm) Rot time (ms) Acquisition mode kV setting Slice reconstr (mm) Kernel 

Cademartiri43 12x0.75 420 ECG gating 120 1 medium smooth (B30f) 

Cademartiri15 16x0.75 420 ECG gating 120 1 medium smooth (B30f) 

Cademartiri44 16x0.75 420 ECG gating 120 1   

Cademartiri16 16x0.75 375 ECG gating 120 1 medium smooth (B30f) 

Rist19 16x0.75 375 ECG gating 120 1 B20f 

Utsunomiya45 16x0.5 400 ECG gating 120     

Yamamuro46 64x0.5 400   120 0.5   

Husmann47 64x0.625 350 ECG triggering     

Kerl48 2x32x0.6 330 ECG gating 120 0.75 medium smooth (B25f) 

Kim49 64x0.6 370 ECG gating 120  medium smooth (B25f) 

Nakaura50 64x0.625 420 ECG gating 120 0.67 medium cardiac  

Tsai51 40x0.625 420 ECG gating 120 1.4-3   

Wuest52 64x0.6 330 ECG gating 120 0.75 medium sharp (B26f) 

Halpern53  64x0.9 420 ECG gating/triggering 120 0.8 cardiac sharp C  

Seifarth54 2x32x0.6 330   120     

Kim55 64x0.5 400 ECG gating 120 0.5  FC43 

Lu56 64x0.625 350 ECG gating 120     

Ozbulbul57 16x0.625 500 ECG gating 120 0.625 medium soft tissue  

Pazhenkottil58 64x0.625 350 ECG triggering 100-120  0.625   

Tatsugami59 320x0.5 350/375 ECG gating 120 0.5 FC13 

Tatsugami60 64x0.5 350/400 ECG triggering 135 0.5 FC13 

Becker61  330 ECG gating 120 0.6  B26 

Isogai7 64x0.625 350 ECG gating 120 0.625 cardiac 

Kumamaru62 320x0.5 350 ECG triggering 80/100/120  FC03 

Nakaura63 64x0.625 420 ECG gating 120 0.67 medium cardiac  (XCB) 

Zhu64 2x64x0.6 330 ECG gating 120 0.75 medium soft tissue (B26f) 

Zhu65 2x64x0.6 330 ECG gating 120 0.75 medium soft tissue (B26f) 

Zhu66 2x64x0.6 330 ECG gating 120 0.75 medium soft tissue (B26f) 

Kidoh67 64x0.625 420 ECG gating 120 0.67 medium cardiac (XCB) 

Kidoh68 64x0.625 420 ECG gating 120 0.67 medium cardiac (XCB) 

Liu69 2x128x0.6 280 ECG triggering  100 0.75 medium smooth (B26) 

Yang70 2x128x0.6 280 ECG triggering  120 0.6 media smooth (B26f) 

Tomizawa71 320x0.5 350/375/400 ECG triggering 120 0.5 FC04, AIDR  

Zheng72 2x64x0.6 280 ECG triggering 80/100 
100/120 

0.75 I26F 
B26f 

Lembcke73 2x128x0.6 280 ECG triggering 100    

Kawaguchi74 2x128x0.625 270 ECG gating 120 0.8 medium cardiac (XCB) 
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Table 2: Patient characteristics of the included studies. M: male, F: female, kg: kilograms, BMI: body mass 
index, BPM: beats per minute, CO: cardiac output, EF: ejection fraction, BP: blood pressure, syst: systolic, 
diast: diastolic. 

Author No. subjects 
(m;f) 

Mean age (years) Mean weight (kg) BMI (kg/m2) Heart rate (bpm) CO (l/min) / 
EF (%) 

BP (syst;diast, mmHg) 

Cademartiri43 21 (16;5) 59 (34-74) 72 (53-90)   60 (48-72)     

  21 (14;7) 59 (39-79) 74 (60-95)   60 (49-80)     

Cademartiri15 25 (22;3) 58±11 74±7   59±8     

  25 (20;5) 60±11 72±7   59±7     

  25 (21;4) 58±13 72±7   61±9     

  25 (21;4) 57±11 74±9   60±9     

  25 (20;5) 63±12 71±8   57±8     

Cademartiri44 15 (11;4) 58 (34-74) 71 (55-90)   58 (46-72)     

  15 (14;1) 58 (28-73) 72 (60-88)   56 (45-65)     

  15 (14;1) 59 (45-79) 73 (60-95)   56 (45-68)     

Cademartiri16 20 (15;5) 59±12 73±9   61±7     

  20 (14;6) 63±10 75±11   60±8     

Rist19 30 58.13±11.16 77.68±14.76   57.3±3.7     

  30 62.17±8.22 84.86±16.24   57.4±4.3     

Utsunomiya45 13 (total: 30;8) 68.6±8.4 59.5±7.0   61±11     

  12 63.9±8.9 62.1±8.5   59±11     

  13 68.0±8.8 64.3±7.1   58±8     

Yamamuro46 30 (16;14) 68.7±12.1 59.5±11.7   70.1±13.1     

  30 (17;13) 68.0±11.0 57.3±7.8   72.7±18     

Husmann47 70 (48;22) 58±12 79±16 26.5±4.0 57.7±7.0     

  70 (51;19) 60±11 80±15 26.7±4.2 57.6±6.0     

Kerl48 25 (14;11) 53.32 82.2         

  25 (20;5) 65.40 87.7         

  25 (14;11) 65.84 86.9         

Kim49 20 (total: 59;41) 62 (44–82) 62 (54–78)   55 (42–67)     

  20 56 (43–76) 67 (53–79)   58 (47–74)     

  20 57 (37–76) 61 (51–75)   59 (43–79)     

  20 58 (39–77) 64 (53–79)   58 (41–71)     

  20 57 (38–72) 66 (52–83)   61 (51–74)     

Nakaura50 30 (13;17) 62.4±12.5 60.1±14.2   66.5±12.5     

  30 (16;14) 67.5±12.9 59.5±12.8   65.8±12.9     

Tsai51 38 (22;16) 61.7±12.5 64.9±10.9   71.5±13.2 58.8±6.5 120.7±14.5; 75.4±10.5 

  34 (21;13) 61.7±11.3 65.9±8.4   76.7±11.2 57.0±5.6 118.9±12.6; 75.8±9.0 

Wuest52 53 (38;15) 58±11.82           

  53 (40;13) 62±13.08           
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Author No. subjects 
(m;f) 

Mean age (years) Mean weight (kg) BMI (kg/m2) Heart rate (bpm) CO (l/min) / 
EF (%) 

BP (syst;diast, mmHg) 

Halpern53 260 (%: 57;43) 58±12 89±25 30.3±7.6 61.5±0.8   Syst>100 

  168 (%: 45;55) 50±12 85±21 29.6±6.7 63.0±1.0     

Seifarth54 40 62.3±10.8 80.8±14.2 26.3±3.0 64.7±13.0     

  40 62.6±9.6  82.0±13.4  26.2±3.7 63.1±11.4     

  40 62.9±13.3  81.7±15.3 26.3±3.8 63.7±13.3     

Kim55 151 (87;64) 55±9 67±10.2 24.6±3.0 70±11   124±18 (85-169) 

  146 (88;58) 52±11 68±9.9 24.8±2.7 71±11   128±19 (92-181) 

Lu56 30 (total: 71;79) 55.6±10.9    23.4±2.4  58.0±8.0      

  30 58.8±12.2    23.8±2.6  58.4±6.3      

  30 58.8±10.5    23.7±2.5  57.9±7.5     

  30 58.3±11.5   23.5±2.3 57.6±6.7     

  30 56.1±11.2   24.3±2.5 56.1±6.8     

Ozbulbul57 24 (total: 20;32) 56.4±13.6     61.0±8.9     

  28 54.1±17.1     62.8±7.0     

Pazhenkottil58 80 (59;21) 59±11 82±12   56±7     

  80 (68;12) 57±11 82±12   56±7     

Tatsugami59 48 (57;41) 69.8±9.8 59.3±8.4   57.1±9.7     

  50 68.7±9.0 58.0±8.1   58.8±6.4     

Tatsugami60 16 (total: 27;18) 68.2±10.6 57.4±6.0    53.8±7.6     

  15 69.1±10.3 55.3±5.9    55.7±7.7     

  14 69.6±9.6 56.2±7.8   59.0±12.2     

Becker61 50 (28) 57.0±11.2 77.4±17.7   66.5±14.26     

  54 (31) 60.4±11.6 78.0±19.1   68.1±15.86     

Isogai7 20 (16;4) 63.5±11.4 63.9±13.7   62.1±10.9   133.8±14.3; 79.9±8.8 

  20 (12;8) 64.4±11.7 64.4±13.3   63.0±8.2   133.±17.9; 82.0±11.8 

  20 (5;15) 65.4±7.8 66.0±8.5   62.9±10.5   138.3±16.9; 80.6±12.7 

Kumamaru62 36 (18;18) 56.7±12.9 79.7±15.4 22.8±4.8 57.4±5.9     

  72 (41;31) 54.8±11.9 80.8±18.0 27.8±4.8 56.7±5.9     

Nakaura63 30 (21;9) 69.9±9.1 56.8±9.2 22.4±3.1 60.0±9.7 4.2±0.9   

  30 (20;10) 70.9±11.6 57±10 22.9±3 59.8±10.9 4.2±1.0   

Zhu64 96 (57;39) 58.2 (29-85) 67.1 (39-101) 24.5 (15.8-34) 71.7 (48-106) 6.2±1.7   

  100 (53;47) 58.1 (27-84) 67.9 (40-101) 24.6 (17.9-35.4) 74.5 (51-107)     

  100 (53;47) 59.8 (30-83) 65.9 (41-104) 24.1 (15.2-34.9) 73.0 (50-104)     

Zhu65 114 (60;54) 60.8 (30–85) 66.9 (34–100) 24.7 (16.4–32.7) 74.5 (49-107)     

  119 (67;52) 59.8 (28–83) 67.1 (38–94) 24.7 (16.9–32.0) 75.7 (50-111)     

Zhu66 113 (60;53) 58.2 (30–85) 66.9 (34–100) 24.7 (16.4–32.7) 74.5 (49-107)     

  94 (54;40) 60.4 (32–87) 64.8 (42–101) 23.9 (16.4–33.0) 74.3 (37-106)     
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Author No. subjects 
(m;f) 

Mean age (years) Mean weight (kg) BMI (kg/m2) Heart rate (bpm) CO (l/min) / 
EF (%) 

BP (syst;diast, mmHg) 

Kidoh67 50 (32;18) 70.7±9.5 57.2±10.4 22.6±3.2 60.1±10.3 4.2±1.5   

  50 (32;18) 68.5±11.4 56.8±10.2 22.3±2.9 60.6±11.8 4.1±1.2   

Kidoh68 30 (18;12) 68.1±12 57.7±13.3   64.1±11.0 4.6±1.3   

  30 (21;9) 59.9±14.3 61.6±10.0   62.8±11.4 4.6±1.2   

Liu69 30 (total: 60;30) 55±13  71±12  25.0±2.8  56±6 >55% 150;80 

  30 59±10  71±9  24.9±2.4  58±5     

  30 52±11 73±13 25.3±3.2 57±5     

Yang70 120 (81;39) 58.5±9.8 68.7±11.1 24.1±3.0 59.1±7.5      

  80 ( 53;27) 59.6±9.7 69.0±10.1 23.7±2.8 59.3±6.8     

Tomizawa71 36 (20;16) 66.1±14.4 59.3±12.1 23±3.6 67.5±11.5     

  36 (16;20) 67.9±12.6 55.9±8.8 22.3±3.0 65.8±13.6     

  36 (17;19) 67.1±9.8 61.3±13.7 23.7±3.2 57.4±11.2     

Zheng72 50 (25;25) 54.53±10.71 65.45±11.13 22.31±2.77 75.61±9.59     

  25 (12;13) BMI<25: 
56.39±12.79 

BMI<25: 
57.57±6.65 

BMI<25:  
20.9±1.49 

BMI<25:  
75.35±10.13 

    

  25(13;12) BMI≥25:  
52.88±8.39 

BMI≥25: 
72.42±9.56 

BMI≥25:  
25.44±1.63 

BMI≥25:  
75.85±9.29 

    

  50 (31;19) 55.24±9.38 64.55±12.91 23.73±3.39 72.67±9.89     

  25 (12;13) BMI<25:  
58.56±9.43 

BMI<25: 
54.28±6.36 

BMI<25:  
20.79±1.32 

BMI<25:  
72.76±10.49 

    

  25 (19;6) BMI≥25:  
52.04±8.30 

BMI≥25: 
74.42±9.35 

BMI≥25:  
26.56±2.09 

BMI≥25:  
72.58±9.49 

    

Lembcke73 20 (8;12) 75.7±7.4 76±7.8 25.9±2.9       

  20 (13;7)   76.1±8.1 25.2±2.2       

  20 (8;12)   76.6±6.6 26.4±2.6       

  20 (9;11)   74.5±7.1 25.9±2.1       

  20 (10;10)   75.9±8.0 26.2±2.5       

Kawaguchi74 50 (32;18) 63.3±12 64.7±11.1 24.6±3.5 66.1±11.7     

  50 (27;23) 65.3±11.5 62.5±12.7 24.1±3.8 63.7±7.2     
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Table 3: Injection parameters of the included studies. CM: contrast media, mg: milligram, ml, milliliter, s: second, inj: 
injection, mix: mixed bolus (presented as total volume of mixed bolus), %: percentage of CM in mixed bolus,  indicates 
second injection phase, IDR: iodine delivery rate, TID: total iodine dose. 

 

Author Needle CM (mg/ml) CM volume (ml) Flow rate (ml/s) Injection 
duration (s) 

Saline Injection 
pattern 

Temp (˚C)  IDR (gI/s) TID (g) 

Cademartiri43 18G iodixanol 320 140 4 35 no uniphasic   1.28 44.8 

    iodixanol 320 100 4 25 yes uniphasic   1.28 32 

Cademartiri15 18G iohexol 300 140 4 35 no uniphasic   1.2 42 

    iodixanol 320 140 4 35 no uniphasic 37 1.28 44.8 

    iohexol 350 140 4 35 no uniphasic 37 1.4 49 

    iomeprol 350 140 4 35 no uniphasic 37 1.4 49 

    iomeprol 400 140 4 35 no uniphasic 37 1.6 56 

Cademartiri44 18-20G iodixanol 320 140 4 35 no uniphasic   1.28 44.8 

    iodixanol 320 140 5→3 39 no biphasic   1.6→0.96 44.8 

    iodixanol 320 100 4 25 no uniphasic   1.28 32 

Cademartiri16 18G iopromide 370 100 4  yes uniphasic   1.48 37 

    iomeprol 400 100 4  yes uniphasic   1.6 40 

Rist19 18G iomeron 300 83 3.3 25.2 yes uniphasic 37 0.99 24.9 

    iomeron 400 63 2.5 25.2 yes uniphasic 37 1.0 25.2 

Utsunomiya45 20G  iohexol 350 60 + mix 80 (50%) 3→1.5   no biphasic   1.05→0.26 35 

    iohexol 350 100 3   yes uniphasic   1.05 35 

    iohexol 350 100 3   no uniphasic   1.05 35 

Yamamuro46   iomeron 350 40 3.5→2.8   yes biphasic   1.23→0.98 14 

    iomeron 350 50 3.5→2.8   yes biphasic   1.23→0.98 17.5 

Husmann47 18G iodixanol 320 80 5   yes uniphasic   1.6 25.6 

    iodixanol 320 73.9±11.2 4.0-5.0   yes uniphasic   1.28-1.6 23.6 

Kerl48 18G iopamidol 370 50-75 5   no uniphasic   1.85 18.5-27.8 

    iopamidol 370 50-75 5   yes uniphasic   1.85 18.5-27.8 

    iopamidol 370 (50-75) + mix 50 (30%) 5   yes biphasic   1.85→0.56 18.5-27.8 +5.6 

Kim49   iobitridol 350 60 4 15 yes uniphasic   1.4 21 

    iobitridol 350 60 4 15 yes uniphasic   1.4 21 

    iobitridol 350 60 4 15 yes uniphasic   1.4 21 

    iobitridol 350 60 4 15 yes uniphasic   1.4 21 

    iobitridol 350 60 4 15 yes uniphasic   1.4 21 

Nakaura50 20G iopamiron 370 80 4 20 yes uniphasic   1.48 29.6 

    iopamiron 370 59.5±12.8  3.96±0.85 15 yes uniphasic   1.47 22.0±4.7 

Tsai51 20G iohexol 350 100 4   yes uniphasic 37 1.4 35 

  iodixanol 320 100 4   yes uniphasic 37 1.28 32 

Wuest52   iomerol 350 45-65 5  yes uniphasic   1.75 15.75-22.75 

    iomerol 350 55-75  
(incl mix 20%)  

5  yes biphasic   1.75→0.35 22.75-29.75  
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Author Needle CM (mg/ml) CM volume (ml) Flow rate (ml/s) Injection 
duration (s) 

Saline Injection 
pattern 

Temp (˚C)  IDR (gI/s) TID (g) 

Halpern53 18-20G ioversol 350 70 5.5  yes uniphasic   1.93 24.5 

    ioversol 350 70 + mix 50 (50%) 5   yes biphasic   1.75→0.88 33.25 

Seifarth54 18G  iopromide 370 80 + mix 50 (30%) 6 13.3±0 yes biphasic   2.22→0.67 35.2 

    iopromide 370 82.5±8.8 +  
mix 34.3±10.8(30%) 

 5.1±0.6 16.4±2.0 yes biphasic   1.89→0.57 35.6 

    iopromide 370 73.5±12.9 + mix 50 (30%) 5 14.7±2.5 yes biphasic   1.85→0.56 32.8 

Kim55 18G iomeprol 370 70 4 17.5 yes uniphasic 37 1.48 25.9 

    iomeprol 400 70 4 17.5 yes uniphasic 37 1.6 28 

Lu56 20G iohexol 350 67±5.3 5   no uniphasic   1.75 23.45 

    iohexol 350  59.9±4.9 5   yes uniphasic   1.75 20.97 

    iohexol 350 (56.9±3.2) + mix 20 (30%) 5   yes biphasic   1.75→0.53 22.02 

    iohexol 350 (59.2±5.7) + mix 20 (50%) 5   yes biphasic   1.75→0.88 24.22 

    iohexol 350 (56.9±4.6) + mix 20 (70%) 5   yes biphasic   1.75→1.23 24.82 

Ozbulbul57 18G iodixanol 320 130 4   no uniphasic 37 1.28 41.6 

    iopamidol 370 130 4   no uniphasic 37 1.48 48.1 

Pazhenkottil58 18G iodixanol 320 80 5   yes uniphasic   1.6 25.6 

    iodixanol 320 70.9±14.1 3.5-5.0   yes uniphasic   1.1-1.6 22.7 

Tatsugami59 20G iomeron 350 47.5±7.4 4±0.56 12 yes uniphasic 37 1.4 16.6 

    iomeron 350 41.5±5.5 4.06±0.57 10 yes uniphasic 37 1.42 14.5 

Tatsugami60 20G iomeron 350 46.5±5.25 3.3±0.37 14 yes uniphasic 37 1.16 16.28 

    iomeron 350 44.3±4.71 4.4±0.48 10 yes uniphasic 37 1.54 15.5 

    iomeron 350 39.3±5.41 4.0±0.55 10 yes uniphasic 37 1.40 13.76 

Becker61 18G iodixanol 320 80 5 16 yes uniphasic 37 1.6 25.6 

    iomeprol 400 80 5 16 yes uniphasic 37 2 32 

Isogai7 18G iohexol 300 44.7 4.5 10 yes uniphasic   1.35 13.42 

    iohexol 350 38.6 3.9 10 yes uniphasic   1.37 13.52 

    iohexol 350 46.2 4.6 10 yes uniphasic   1.61 16.17 

Kumamaru62 20G iopamidol 370 60 6 10 yes uniphasic   2.22 22.2 

    iopamidol 370 80 6 13.3 yes uniphasic   2.22 29.6 

Nakaura63 20G iohexol 350 57±10.1 3.8±0.7 15 yes uniphasic   1.33±0.23 20 

    iohexol 350 39.7±6.4 4.4±0.7 9 yes uniphasic   1.55±0.25 13.9 

Zhu64 20G iopromide 370 66.3 (42-92) 4.15 (2.6-5.7) 16.0  yes uniphasic 37 1.54 24.5 

    iopromide 370 66.4 (40-92) 4.19 (2.6-6) 16.0  yes uniphasic 37 1.55 24.6 

    iopromide 370 66.4 (37-95) 4.08 (2.7-5.9) 16.3 yes uniphasic 37 1.51 24.6 

Zhu65 20G  iopromide 370 73.6±13.5 4.69±0.95  15.8 yes uniphasic 37 1.74 27.23 

    iopromide 370 67.9±8.3 4.38±0.66  15.6 yes uniphasic 37 1.62 25.12 

Zhu66 20G  iopromide 370 73.6 (37-110) 4.69 (2.3-7.4) 15.8  yes uniphasic 37 1.74 27.2 

    iopromide 370 68.5 (42-111) 4.37 (2.5-6.6) 15.8 yes uniphasic 37 1.62 25.3 
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Author Needle CM (mg/ml) CM volume (ml) Flow rate (ml/s) Injection 
duration (s) 

Saline Injection 
pattern 

Temp (˚C)  IDR (gI/s) TID (g) 

Kidoh67 20G  iohexol 350 40.6±7.6 4.5±0.9 9 yes uniphasic   1.58 14.21 

    iohexol 350 39.7±7.1 5 8.0±1.4 yes uniphasic   1.75 13.90 

Kidoh68 20G  iohexol 350 36.9±9.2 4.1 9 yes uniphasic   1.44 12.92 

    iohexol 350 43.1±7.0 4.8 9 yes uniphasic   1.68 15.09 

Liu69 18G iopromide 370 47±8 5.0/6.0 9.7±1.7 yes uniphasic  1.85/2.22  17.39 

    iopromide 370  44±8 5.0/6.0 8.4±1.6 yes uniphasic  1.85/2.22  16.28 

    iopromide 370 36±6 5.0/6.0 6.7±1.4 yes uniphasic  1.85/2.22  13.32 

Yang70 18G iopamidol 370 30-60 4   yes uniphasic   1.48 11.1-22.2 

    iopamidol 370 60 4   yes uniphasic   1.48 22.2 

Tomizawa71 20-22G iopamidol 370 49.3±10.1 3.5±0.7 14 no uniphasic 37 1.3 18.24 

    iopamidol 370 46.8±7.6 3.3±0.5 14 yes uniphasic 37 1.22 17.32 

    iopamidol 370 43.9±9.6 3.6±0.8 12 yes uniphasic 37 1.33 16.24 

Zheng72 18G iodixanol 270 65.5±11.1 5   yes uniphasic   1.35 17.69 

    iopromide 370  64.6±12.9 5   yes uniphasic   1.85 23.9 

Lembcke73 18G iopromide 370 30 5 6 yes uniphasic   1.85 11.1 

    iopromide 370 40 5 8 yes uniphasic   1.85 14.8 

    iopromide 370 50 5 10 yes uniphasic   1.85 18.5 

    iopromide 370 60 5 12 yes uniphasic   1.85 22.2 

    iopromide 370 70 5 14 yes uniphasic   1.85 25.9 

Kawaguchi74 20G  iohexol 350 or 
iopamidol 370 

38.6±7.6 
43.9±6.9 

5 10.1±0.4 yes uniphasic   1.75 or 1.85 14.8±2.9 

    iopamidol 370  37.6±7.6 3.7±0.7 10.1±0.5 yes uniphasic   1.37 13.9±2.8 

 
Scan and patient related parameters are described in Table 1 and Table 2. In the vast 
majority of the included publications, a tube voltage of 120kV was used. Only a few 
papers either did not mention tube voltage, or made mention of lower or various kV 
settings.47, 58, 62, 69, 72, 73 One publication stated a tube voltage of 135kV for all included 
patients.60 As different vendors and scanners were used, scan related parameters such 
as collimation, slice reconstruction and kernel were not comparable and occasionally 
missing. Baseline characteristics were poorly described, only reporting, mean age, heart 
rate and weight. Approximately 20 publications state one or more additional baseline 
characteristics (e.g. BMI, cardiac output or blood pressure).7, 47, 51, 53-56, 62-74  
 Injection related parameters are described in Table 3. Temperature of the injected 
CM concentration was only stated in a limited amount of publications.15, 19, 51, 55, 57, 59-

61, 64-66, 71 A saline flush was initially not used in all injection protocols, but has gained 
increasing popularity in more recent publications where only few publications used 
injection protocols without a saline flush.43-45, 48, 56, 57, 71 Only eight publications state 
usage of a biphasic protocol, often in comparison to a uniphasic injection protocol.44-

46, 48, 52-54, 56 The total injected CM volume ranged between 30ml and 140ml. Within the 
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period of inclusion, a gradual decrease in total injected CM volume is noted, as earlier 
publications make mention of a total injected CM volume of 140ml15, 43, 44, whereas 
more recent publications reported CM injection protocols with total injected CM 
volumes below 40ml.68, 69, 73, 74 Subsequently, the TID has substantially lowered from 
anywhere between 44-56g15, 43, 44 to less than 15g (range: 11.1–56.0g).7, 46, 59, 60, 63, 67-70  

Injection related parameters and coronary attenuation 

The results of all included publications in relation to its three major injection 
parameters are listed in a supplementary table (Table 1, supplemental material). CM 
concentration varied between 270mg/ml and 400mg/ml. However, only four CM 
injection protocols make use of CM concentrations below 320mg/ml.7, 15, 19, 72 The 
variety in injection rate was higher than for the CM concentrations, varying between 
2.5ml/s19 and 6ml/s.54, 62, 69 The majority of the included papers keep injection rate 
relatively constant when comparing different groups. Only a few studies mention 
substantial differences in flow rates between groups.19, 54, 60, 74 IDR ranged between 
0.99gI/s and 2.22gI/s and proved to be very heterogeneous. A limited amount of 
injection protocols stated usage of an IDR above 1.9gI/s.53, 54, 62, 69 All included 
publications that stated a flow rate below 4ml/s, also report an IDR 
<1.4gI/s.7, 45, 46, 60, 63, 74 However, lower CM concentrations were not always associated 
with lower IDR levels, as some publications state IDR levels ≥1.4gI/s with usage of lower 
(320mg/ml) CM concentrations indicating that CM injection rate might have a larger 
influence on the calculated IDR.44, 47, 58  
 Of the included studies evaluating differences in attenuation between CM 
concentrations, the majority did not report statistical significant differences between 
different CM concentrations.19, 51, 55, 57 Three studies report significant differences 
between CM concentrations in favor of higher CM concentrations.15, 16, 61 However, in 
these three studies, other injection parameters such as IDR were not kept identical 
between groups. Conflicting results were reported with regard to influence of IDR on 
coronary attenuation. When IDR differed between subgroups, various publications 
found significant differences in attenuation of the coronary arteries in favor of higher 
IDR.7, 15, 16, 54, 60, 61, 67, 68, 74 When IDR between subgroups was kept identical, numerous 
publications did not find statistically significant differences in coronary 
attenuation.7, 15, 19, 43-45, 48, 50, 59, 69, 70 However, in both cases (variable and identical IDR) 
other injection related parameters varied substantially, making it difficult to extract the 
true influence of IDR on coronary attenuation.46, 49, 52, 54, 56, 62, 73  
 Diagnostic attenuation levels of the RCA were reached in the vast majority of the 
included studies when IDR levels ≥1.4gI/s were used. Only seven studies report non-
diagnostic attenuation levels of the RCA with usage of an IDR ≥1.4gI/s,16, 44-46, 48, 53, 57 of 
which four studies report the lack of usage of a saline chaser.44, 45, 48, 57 
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 When no saline flush was applied, virtually all publications report attenuation values 
of the RCA below diagnostic (<325HU) level, stressing the importance of a saline 
chaser.43-45, 48, 57 One publication reports attenuation values of the RCA above diagnostic 
levels without usage of a saline flush (366.7±86.7HU).56 In this injection protocol 
however, an IDR of 1.75gI/s was used. A trend towards higher attenuation levels was 
observed when biphasic injection protocols were used while injecting a higher 
IDR.45, 46, 52, 54, 56 Only one publication reports surprisingly low attenuation levels 
(290±46HU) with usage of an IDR of 1.6gI/s. However, a saline flush was not used in this 
injection protocol, again emphasizing the need for an additional saline flush in a 
standardized injection protocol.44  

DISCUSSION 

The aim of this systematic review was to provide an update on the effect of different 
CM injection parameters on the attenuation in CCTA. A large variation regarding scan 
technique, patient characteristics and CM injection protocols was found. This 
heterogeneity makes it difficult to draw sound conclusions and stresses the need for 
new studies in which such heterogeneity is avoided.  
 The influence of CM concentration solely on attenuation has been an ongoing topic of 
interest. The majority of the included studies evaluating differences in CM concentrations 
did not find statistical significant differences in attenuation between groups.19, 51, 55, 57 
Some studies do attribute higher attenuation to higher CM concentrations.15, 16, 61 Becker 
et al. conducted a double-blinded multicenter randomized controlled trial, which 
randomized patients in 2 CM groups (iodixanol 320mg/ml and iomeprol 400mg/ml) in 
order to assess whether CM characteristics affect diagnostic quality. In both groups 
80ml CM was injected at an identical injection rate of 5ml/s.61 A significant difference 
was found in coronary attenuation in favor of the 400mg/ml group. The authors 
concluded that higher iodine concentration CM was beneficial to attenuation when 
administered at identical injection rate and volume. However, administering different 
CM concentrations at identical injection rate leads to differences in IDRs (320mg/ml: 
1.6gI/s vs. 400mg/ml: 2.0gI/s). Therefore, the higher attenuation values found in the 
400mg/ml group might not be contributed to the CM concentration solely, but rather to 
the calculated product between CM concentration and injection rate (e.g. a higher IDR).  
 Comparable results are reported by Cademartiri et al.15 who evaluated coronary 
attenuation in five different CM groups where both injection rate and CM volume were 
kept identical in all groups. Mean attenuation values were significantly lower in the 
lower CM group and higher in the high concentrated CM group. Again, due to the use of 
an identical injection rate in both groups, IDR varied significantly (1.2 to 1.6gI/s), 
rendering doubtful conclusions with regard to sole superiority of higher CM 
concentrations. The results of our systematic review show diagnostic attenuation levels 
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of the RCA in the vast majority of the included studies when IDR levels ≥1.4gI/s were 
used and suggest that IDR levels are easier modified through usage of a large variety in 
flow rates rather than a limited variety in CM concentrations (270-400mg/ml). 
Therefore, the subsequent influence of CM concentrations on IDR is expected to be 
lower in comparison to the flow rate. 
 Our results confirm the need for an additional saline flush in a CM injection 
protocol.75 A saline flush pushes the tail of the injected CM bolus into the central blood 
volume so utilizing CM that would otherwise remain behind in the injection tubing and 
peripheral veins.4 The additional value of a saline flush is illustrated by Cademartiri et 
al.43 Cademartiri et al. divided patients into two groups for CM administration: group 1 
(140ml at 4ml/s, no saline flush) and group 2 (100ml at 4ml/s followed by 40ml of saline 
chaser at 4ml/s) with identical IDR in both groups (1.28gI/s). No significant differences 
in attenuation of the coronary arteries were found despite the difference in injected CM 
volume.43 As group 1 did not receive a saline flush, it is quite possible that some of the 
injected CM bolus was not dispensed into the central blood volume, leading to a 
decrease of effective CM volume and to the non-significant differences in intracoronary 
attenuation.  
 
Attenuation values can not be attributed solely to a saline flush and the product of CM 
concentration and flow rate, as discussed in the above. Lembcke et al assessed the 
effect of lower CM volumes on image quality in high-pitch CCTA.73 Patients were 
randomly assigned to one of five groups with different CM volumes (e.g. 30-70ml). Flow 
rate and CM concentration remained identical in all groups (5ml/s and 370mg/ml, 
respectively). As volumes in all groups were different, calculated TID is also different 
(varying between 11.1g and 25.9g). They reported significantly higher mean attenuation 
values in groups with higher CM volumes.73 An increased total CM volume 
administration injected at the same flow rate leads to a prolonged injection duration, 
which increases the magnitude of vascular enhancement. Similarly, injection of a 
dedicated CM with higher flow rates affects both the magnitude and timing of contrast 
enhancement, leading to a shorter, earlier and higher peak enhancement and thus a 
proportional increase in vascular and parenchymal enhancement.1, 4, 11, 76, 77 A short 
injection duration might be challenging and requires careful timing of CM bolus 
injection and data acquisition, especially in patients with abnormal hemodynamic 
parameters (e.g. irregular heart rate or low/high cardiac output).73 The authors 
recommend to take into account the patient’s hemodynamic status, especially cardiac 
output, before imaging. Information regarding cardiac output has only been supplied in 
a very limited amount of included publications.51, 63, 64, 67-69 Body weight and BMI are 
known to have a substantial impact on vascular attenuation and time to peak in 
CTA.11, 78-80 Many included publications evaluated applicability of different body weight 
adjusted CM injection or biphasic injection protocols with various different outcomes. 
Seifarth et al. investigated, if individually tailored CM injection software resulted in 
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higher vascular attenuation of coronary arteries compared to fixed injection protocols.54 
They evaluated a body weight adapted individualized CM injection software in 
comparison to two different standard injection protocols and found comparable or 
increased attenuation values in favour of the individualized CM injection software. 
However, besides overall mean attenuation of the coronary arteries between groups, 
an analysis for differences in attenuation values between weight classes was not 
performed.  
 
This study has several limitations. The study population inclusion criterion was set to a 
minimum of 30 patients. Furthermore, a limited number of prospective randomized 
trials is available on this topic.  A well-known limitation in all systematic reviews is that 
studies with less favourable results have a tendency not to be published. A publication 
bias, therefore, cannot be ruled out. Another potential limitation is the heterogeneity of 
vendors and scanner types. Although technical advances have improved image quality 
substantially throughout the years, image quality can vary between vendors and 
scanner types. Finally, most studies provided only limited data concerning injection-, 
scanning- and patient-parameters. Not all corresponding authors of the included 
articles completed and sent back the questionnaire or provided additional information. 
Therefore, possible effects of patient level characteristics (e.g. BMI, cardiac output) 
could not be accounted for due to the lack of provided data. Nevertheless, these factors 
have a significant impact in clinical routine and should be addressed by individualized 
scan and CM injection protocols. Finally, most of the included studies were scanned 
with a tube voltage of 120kV. As lower tube voltages have a strong influence on 
enhancement patterns, current technical developments are moving towards broad 
clinical application of lower kV settings, allowing a substantial decrease in various 
determinant injection parameters (e.g. IDR, CM volume).  

CONCLUSION 

This systematic review shows that an adequate attenuation in the coronary arteries can 
be achieved with very different CM injection protocols. However, given the substantial 
variability between studies, it remains unclear which of the injection parameters are the 
most important determinant for adequate attenuation. Given the multiple options as 
described in the literature, it is highly likely that one parameter that combines multiple 
parameters (e.g. IDR) will be the most suitable determinant of coronary attenuation in 
CCTA protocols. In a more pragmatic approach, an IDR level of 1.6gI/s would probably 
suite most of the patients in an optimal way. In addition, a saline flush is an essential 
parameter in a CM injection protocol, pushing the tail of the injected CM bolus into the 
central blood volume. As future directions are aimed towards more individualized CM 
injection protocols, research should be tailored towards unraveling the influence of 
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different injection parameters to understand which parameters play a pivotal role on 
attenuation of the coronary arteries. Then, the possibility will arise to offer a CM 
injection protocol with applicability of a broad variety in injection and scan related 
parameters tailored to each individual patient.  
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ABSTRACT 

Purpose 
Iodinated contrast media (CM) in computed tomographic angiography (CTA) is 
characterized by its concentration and, consecutively, by its viscosity. Viscosity itself is 
directly influenced by temperature, which will furthermore affect injection pressure. 
Therefore, the purposes of this study were to systematically evaluate the viscosity of 
different CM at different temperatures and to assess their impact on injection pressure 
in a circulation phantom. 
 
Materials and methods 
Initially, viscosity of different CM concentrations (240, 300, 370 and 400mg/ml) was 
measured at different temperatures (20˚C-40˚C) with a commercially available 
viscosimeter. In the next step, a circulation phantom with physical conditions was used. 
CM was prepared at different temperatures (20˚C, 30˚C, 37˚C) and injected through a 
standard 18-gauge needle. All other relevant parameters were kept constant (iodine 
delivery rate: 1.9gI/s, total amount of iodine: 15g). Peak flow rate (in milliliter per 
second) and injection pressure (psi) were monitored. Differences in significance were 
tested using Kruskal-Wallis test (SPSS Inc; Chicago, IL, USA). 
 
Results 
Viscosities for iodinated CM of 240, 300, 370 and 400mg/ml at 20˚C were 5.1, 9.1, 21.2, 
and 28.8mPa.s, respectively, whereas, at 40˚C, these were substantially lower (2.8, 4.4, 
8.7, and 11.2mPa.s). In the circulation phantom, mean (SD) peak pressures for CM of 
240mg/ml at 20˚C, 30˚C, and 37˚C were: 107±1.5, 95±0.6, 92±2.1psi, for CM 300mg/ml: 
119±1.5, 104±0.6, 100±3.6psi, for CM 370mg/ml: 150±0.6, 133±4.4, 120±3.5psi, and for 
CM 400mg/ml: 169±1.0, 140±2.1, 135±2.9psi respectively, with all P values less than 
0.05. 
 
Conclusion 
Low concentration, low viscosity and high temperatures of CM are beneficial in terms of 
injection pressure. This should be considered for individual tailored contrast protocols 
in daily routine scanning.  
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INTRODUCTION 

The quality of computed tomographic angiography (CTA), especially coronary CTA, 
depends mostly on the degree of intravascular enhancement. Sufficient vessel 
attenuation is crucial for proper evaluation of vascular pathology, especially with 
respect to smaller vessels.1 Enhancement characteristics are influenced by scan 
technique, patient-related factors, contrast media (CM) characteristics, and injection 
parameters.2-5 Previous studies already investigated the influence of iodine 
concentration, injection rates and iodine delivery rate (IDR) on diagnostic intravascular 
attenuation.1, 6-12  
 Another factor that plays an important role in CM delivery and thus enhancement is 
viscosity. Viscosity is directly influenced by temperature, which means viscosity 
decreases with increasing temperature.7, 13-16 On the other hand, viscosity of CM 
increases with higher iodine concentrations. Low viscosity will be advantageous in 
several ways: injection pressure is lower and CM distribution in the blood might be 
facilitated. This can potentially be advantageous for the visualization of distal vessel 
segments.2, 6 However, this comes at the expenditure of higher flow rates when an 
identical IDR has to be maintained. Only few studies investigated differences in injection 
pressure with different injection protocols.1, 17 
 The literature about CM characteristics and injection parameters remains 
heterogeneous and controversial. Intravascular attenuation will not significantly change 
with iodine concentration in a standardized setting.11 Thus, the purpose of this study 
was to evaluate different CM with different iodine concentrations in a standardized 
manner at different temperatures and to further investigate its influence on injection 
parameters, with special regard to injection pressure. 

MATERIALS AND METHODS 

Viscosity analysis 

Viscosity was measured in a standard laboratory environment as depicted in Figure 1, 
using a commercially available viscosimeter (Ostwald viscosimeter; Julabo GmbH, 
Seelbach, Germany). Monomeric nonionic and low-osmolar CMs were used (iopromide 
240, 300, 370 [Ultravist; Bayer Healthcare, Berlin, Germany] and iomeprol 400 
[Iomeron; Bracco Imaging, Milan, Italy]) containing 240, 300, 370, and 400mg/ml, 
respectively. CM was warmed up in a standardized and controllable fashion in a water 
bath, which was immediately followed by loading the U-tube of the viscosimeter with 
2ml of CM. The measurements were performed between 20˚C and 40˚C with steps of 
2˚C. All measurements were repeated 2 times to determine reproducibility. 
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Figure 1: The U-tube of the viscosimeter: hanging in a water bath (left), which is connected with a tube to the
main water bath with temperature control (right). 

 
Kinematic viscosity (in square millimeter per second [mm²/s]) was defined by 
multiplying the constant of the U-tube with the exact time that was required for each 
CM to run through the U-tube. Dynamic viscosity (in millipascal per second) was defined 
by multiplying the kinematic viscosity (mm²/s) with the corresponding density of CM (in 
grams of iodine per milliliter). Density of CM (in grams of iodine per milliliter) was 
measured using a commercially available density instrument (Mettler Toledo Densito 
30PX; Columbus, OH, USA). 

Circulation phantom 

A modified circulation phantom with physiological circulation parameters was used as 
first described by Behrendt et al.18 This phantom consists of a low-pressure lung and a 
high-pressure body circulation system, with accurate replicas of the entire aorta and 
those of the coronary arteries (Figure 2). In addition, the phantom consists of 
connecting tubes, a water filled acrylic container, two pressure meters and a pressure 
relieve valve for modulation of arterial and venous pressure. The phantom was filled 
with water at body temperature (37˚C); subsequently, circulation was driven by a 
pulsatile Harvard medical heart pump (BS4; Harvard Apparatus, Holliston, MA, USA). All 
values were set within physiological limits: heart rate: 60 beats per minute, stroke 
volume: 60ml, diastole/systole ratio: 60:40 and blood pressure: 120/80mmHg. Both 
aortic and coronary elements of the phantom were encased in a water-filled acrylic 
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container, mimicking CT-attenuation characteristics of the mediastinum. The phantom 
was connected to the scanner’s electrocardiogram lead inputs to provide a 
synchronized ECG waveform on the basis of the phantom’s parameters. 
 

 

Figure 2: Three-dimensional reconstruction of the circulation phantom with scan range outlined. 

Injection and scan protocol 

CM with consecutive iodine concentrations of 240, 300, 370, and 400mg/ml was 
injected with different preheated temperatures (20˚C, 30˚C and 37˚C). The IDR and total 
amount of iodine in all groups were kept identical (1.9gI/s and 15g, respectively). Flow 
rates and applied CM injection protocols used are listed in Table 1. After every scan, the 
phantom was flushed with water. CM was injected into the phantom using a standard 
CT power injector (Stellant/MEDRAD; Pittsburgh, PA, USA), through a 3-way stopcock 
extension tube and a standard 18-gauge needle (Sterican; Braun, Melsungen, 
Germany), into the injection port (Figure 3). Injection time was set to 7.9 seconds (s) for 
all injections throughout the experiment; no saline chaser was used. 
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Table 1: Injection parameters for all contrast material (CM) protocols. CM: contrast media, IDR: iodine delivery 
rate. 

CM concentration 
(mg/ml) 

CM Volume (ml) CM flow rate 
(ml/s) 

IDR (gI/s) Total amount of 
iodine (g) 

Injection time 
(s) 

240 62.5 7.9 1.9 15.0 7.9 

300 50 6.3 1.9 15.0 7.9 

370 40.5 5.1 1.9 15.0 7.9 

400 38 4.8 1.9 15.0 7.9 

 

 

Figure 3: Left: injection port connected to a tube that enters the circulation phantom. 
Right: close-up of 18-gauge needle connected to the CM injector and inserted in the injection port of the
circulation phantom. 

 
Temperature of the pre-heated CM was measured before scanning. All relevant 
injection-related parameters such as total amount of CM used, flow rate, peak flow 
rate, and peak pressure were closely monitored using the CertegraTM Informatics 
Platform (MEDRAD; Indianola, PA, USA). In addition, an independent data acquisition 
system (National Instruments Corporation; Austin, TX, USA) was used to monitor the 
physiological parameters of the phantom throughout the experiments. 
 Serial CT scans were performed at the level of the ascending aorta (AA), descending 
aorta (DA) and the coronary arteries (at the level of the left main coronary artery [LM]), 
using a second-generation dual source CT scanner (Somatom Definition Flash; Siemens 
Healthcare, Forchheim, Germany) with a sequential examination protocol (128x0.6mm 
of slice collimation, a tube voltage of 120kV, 150mAs, a gantry rotation time of 500ms, a 
cycle time of 1000ms). Reconstruction was performed with an adapted field of view at 
5mm thick sections using a soft reconstruction kernel (Siemens B30f). All protocols were 
repeated 3 times each to determine reproducibility. 

Quantitative analysis 

All injection-related parameters were read out after each injection. 
Peak attenuation was measured on all serial CT-scan images by delineating a circular 
region of interest (ROI) in the AA, DA and LM (Figure 4). A constant maximum size of 
intraluminal ROI was set and maintained at all anatomic sites. Resulting average 
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attenuation values for each CM protocol were compared graphically using time-
enhancement curves for all vessels. All measurements were independently analyzed by 
2 experienced observers, blinded to each other’s results. Peak enhancement and time 
to peak (TTP) were determined for all vessels. 
 

 

Figure 4: Mean attenuation was measured on all images of the serial CT scans by placing a circular region of
interest (ROI) in the AA (1), DA (2) and LM (3). AA: ascending aorta, DA: descending aorta, LM: left main
coronary artery. 

Statistical analysis 

Peak pressures in different concentrations CM and different temperatures were 
compared using the nonparametric Kruskal-Wallis 1-way analysis of variance by ranks. 
Also, TTP and attenuation values in both AA and DA as well as LM were compared using 
the nonparametric Kruskal-Wallis 1-way analysis of variance by ranks. In addition, the 
attenuation values of AA, DA, and LM in all CM groups were compared individually by 
means of independent samples t test. The values are expressed as the mean (SD). 
Interobserver agreement was calculated using the intraclass correlation coefficient in a 
2-way mixed effects model. Data analysis was conducted using the Statistical Package 
for the Social Sciences (SPSS Inc; Chicago, IL, USA). All P values were 2-sided, and a P 
value less than 0.05 was considered statistically significant.  

RESULTS 

The exact time required for each CM to run through the U-tube was measured twice 
and varied between 213s (for 240mg/ml in 40˚C) and 1740s (for 400mg/ml in 20˚C). The 
average of 2 measurements was used to calculate the viscosity because of the high 
reproducibility of the experiments (the difference between times was a maximum of 
1second). The viscosity values for iodinated CM of 240, 300, 370, and 400mg/ml of 
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iodine as measured with the viscosimeter between 20˚C and 40˚C in the laboratory are 
given in Table 2 and Figure 5. The lowest viscosity was found for the lowest 
concentrated CM of 240mg/ml at the highest temperature (2.8mPa.s at 40˚C). The 
highest viscosity was found at room temperature for the highest concentrated CM of 
400mg/ml (28.8mPa.s at 20˚C). At body temperature, the viscosity of highest 
concentrated CM (400mg/ml: 12.6mPa.s at 37˚C) is still higher than CM of 300mg/ml at 
room temperature (9.1mPa.s at 20˚C).  
 
Table 2: Viscosity levels (in millipascal per second) of different iodine concentrations (in milligrams of iodine 
per milliliter) at different temperatures (in degree Celsius). 

Temperature (˚C) Iopromide 
(240mg/ml) 

Iopromide 
(300mg/ml) 

Iopromide 
(370mg/ml) 

Iomeprol 
(400mg/ml) 

20 5.1 9.1 21.2 28.8 

21 4.9 8.7 19.7 27.2 

23 4.6 8.0 17.8 24.1 

25 4.3 7.3 16.0 22.2 

27 4.0 6.8 14.2 20.1 

29 3.7 6.3 13.0 18.3 

31 3.5 6.0 12.0 16.4 

33 3.4 5.6 11.1 15.0 

35 3.2 5.2 10.2 13.7 

37 3.1 4.9  9.8 12.6 

38 3.0 4.7  9.4 12.1 

39 2.9 4.6  9.0 11.6 

40 2.8 4.4  8.7 11.2 

 
 The effect of temperature and iodine concentration was further examined in the 
circulation phantom. No pressure or circulation related problems were encountered 
throughout the experiments. 
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Figure 5: Graph lines showing the effect of different temperatures on the viscosity (in millipascal per second)
of iodinated CM with different iodine concentrations. 

 
Table 3 shows that significant differences in peak pressure (in pounds per square inch 
[psi]) were found at 20˚C, 30˚C, and 37˚C for iodinated CM 240, 300, 370, and 
400mg/ml. Figures 6 and 7 further show that significant differences in peak pressure (in 
psi) were found between all different CMs. Overall, the lowest peak pressure was found 
for the lowest concentrated CM of 240mg/ml at body temperature (92psi at 37˚C).  
 
Table 3: Mean peak pressure (in pounds per square inch) in different iodine concentrations of CM (240, 300, 
370 and 400mg/ml) and temperatures (20˚C, 30˚C and 37˚C). P values less than 0.05 were considered to be 
statistically significant. CM: contrast media, SD: standard deviation. 

CM 
(mg/ml) 

Peak pressure, 
mean±SD (psi) 20˚C 

Peak pressure, 
mean±SD (psi) 30˚C 

Peak pressure, 
mean±SD (psi) 37˚C 

 
P 

240 107±1.5 95±0.6 92±2.1 0.027 

300 119±1.5 104±0.6 100±3.6 0.027 

370 150±0.6 133±4.4 120±3.5 0.026 

400 169±1.0 140±2.1 135±2.9 0.027 

P 0.015 0.017 0.015  
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Figure 6: Pooled box plots showing different temperatures on the x axis and peak pressure values for the
tested CM concentrations on the y axis. The horizontal line is the median, the ends of the box are the upper
and lower quartiles, and the vertical lines are the full range of values in the data. 
 

 

Figure 7: Detailed box plots showing different temperatures on the x axis and peak pressure values in different
concentrations CM on the y axis. These boxplots are clustered by the concentration of CM. 



Influence of CM viscosity and temperature in CT angiography 

49 

No significant differences could be detected in TTP (s) for AA, DA and LM, respectively, 
as can be seen in Table 4. Consecutively, mean peak attenuation values were 
comparable and not statistically different for all protocols at different temperatures and 
with different iodine concentrations (Table 5). The reproducibility of the attenuation 
values proved to be very good: interobserver correlation was high (all κ values>0.910). 
 
Table 4: Mean (SD) time to peak (in seconds) in the ascending aorta, the descending aorta, and the left main 
coronary artery. P values less than 0.05 were considered to be statistically significant. CM: contrast media, 
TTP: time to peak, AA: ascending aorta, DA: descending aorta, LM: left main coronary artery. 

CM 
(mg/ml) 

 AA (s)   DA (s)   LM (s)  

 20˚C 30˚C 37˚C 20˚C 30˚C 37˚C 20˚C 30˚C 37˚C 

240 10.4±0.5 11.0±0.0 10.0±0.0 12.1±0.1 12.7±0.6 12.1±1.1 10.7±0.5 11.0±0.0 10.7±0.6 

300 10.1±0.9 10.3±0.6 10.7±0.6 11.7±0.5 12.0±0.0 12.1±0.1 10.1±0.9 10.3±0.6 11.1±0.1 

370 10.7±0.6 11.8±0.7 11.1±0.1 12.4±0.5 13.8±0.7 13.1±0.1 11.1±1.1 11.8±0.5 10.7±1.1 

400 11.3±0.6 12.0±0.0 11.5±0.5 13.4±0.5 13.7±0.6 13.1±0.1 11.4±1.2 11.7±0.6 12.5±1.1 

P 0.595 0.445 0.155 0.179 0.216 0.287 0.577 0.167 0.120 

 
Table 5: Mean (SD) peak attenuation values (in Hounsfield units) of AA, DA and LM at different temperature 
levels for all different CM concentrations for a constant IDR of 1.9gI/s. P values less than 0.05 were considered 
to be statistically significant. TTP: time to peak, CM: contrast media, HU: Hounsfield unit, IDR: iodine delivery 
rate, AA: ascending aorta, DA: descending aorta, LM: left main coronary artery. 

CM 
(mg/ml) 

 AA (HU)   DA (HU)   LM (HU)  

 20˚C 30˚C 37˚C 20˚C 30˚C 37˚C 20˚C 30˚C 37˚C 

240 424±10 419±2 418±6 418±3 412±5 414±4 418±2 419±6 417±2 

300 429±8 420±6 420±5 427±4 413±4 416±5 414±6 410±6 407±2 

370 424±5 420±8 430±7 417±5 416±4 423±9 417±10 412±10 422±10 

400 433±27 426±4 432±8 417±27 422±17 425±5 417±20 427±10 417±14 

P 0.680 0.275 0.172 0.259 0.742 0.170 0.889 0.141 0.213 

 

DISCUSSION  

Different CMs have different characteristics, mainly because of their amount of iodine. 
Viscosity is directly correlated to the amount of iodine per milliliter. This was confirmed 
with our experiments as it was shown that the highest concentrated CM (400mg/ml) 
was associated with the highest viscosity of the CMs studied. Interestingly, even under 
optimal conditions (at body temperature of 37˚C), the highest concentrated CM had a 
higher viscosity as, for example, 300mg/ml at room temperature.  
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 Viscosity itself plays an important role in CM delivery and enhancement.3, 19, 20 
Cademartiri et al. stated that preheating CM (400mg/ml) from 20˚C to 37˚C decreases 
the viscosity by more than 50% (27.5 to 12.6mPa.s), as confirmed in our study.7 
 Knollmann et al. showed that high iodinated CMs (370mg/ml and 400mg/ml) 
reached the pressure limit at certain high injection rates and concluded that these were 
problematic due to their high viscosity.17 
 Low viscosity should reduce injection pressure and may accelerate CM distribution 
within the blood.3, 6 Until now, several studies focused on optimization of intravascular 
contrast enhancement and, in particular, on the influence of injection rate, iodine 
concentration, and IDR, respectively.2, 8, 9, 21-25 However, none of these studies 
systematically investigated the effect of preheated CM on intravascular enhancement 
or that on these injection parameters. Schwab et al. concluded that heating CM 
(300mg/ml) effectively reduces injection pressure, when tested with injection cannulas 
of different sizes.15, 16 
 Significant differences in peak pressure were found for all concentrations at 
different temperatures. Inversely, significant differences in peak pressure were found 
for all temperatures in the different concentration groups. The highest efficacy of 
reduced viscosity by preheating CM (from 20˚C to 37˚C) was found for highest 
concentrated CM (400mg/ml): 56% reduced viscosity compared with 41% reduced 
viscosity in 240mg/ml, the peak pressure for the highest concentrated CM (400mg/ml) 
was even higher at body temperature (135psi at 37˚C) when compared with CM with 
240mg/ml at room temperature (107psi at 20˚C). Given the statistical significance of 
these findings, the positive effect of preheating CM to reduce viscosity and, therefore, 
to reduce injection pressure, is stressed. 
 Furthermore, low viscosity should allow an accelerated distribution within the blood 
and thus potentially better visualization of small-sized vessels and for advanced 
perfusion protocols. This could potentially be helpful in the assessment of tumor 
patients as dedicated workup on blood flow, time to peak and blood volume as a 
marker of angiogenesis.26 
 Last but not least, attenuation levels were comparable for all CM, which again 
underlines the fact, that IDR is the most important parameter when different CMs are 
compared. The results of our study will have major implications for the logistical workup 
within a CT suite. For instance, incubators and heating cabinets will allow standardized 
preheating of CM to the desired temperature. Furthermore, if single vials and 
disposables are not used for a single patient, CM temperature has to be maintained 
after the CM bottles are taken out and are opened up. This can be guaranteed by using 
dedicated injection power injectors or other preheating devices at the scanner site 
(Figure 8). 
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Figure 8: Photograph of the prewarming device (WARM-SB; Nemoto International, Herent, Belgium) next to
the CT scanner which facilititates constant temperature, even if the CM bottles are opened up. The maximum
bottle volume for this setup is 500ml. 

Limitations 

Pre-heating CM and precise registering of temperature before injection are mandatory 
in this phantom study to evaluate the influence of viscosity on these parameters. In this 
experiment, pre-heated CM in bottles of 100ml was used. Scanning was commenced, 
directly after measurement of the temperature, to keep temperatures constant. 
However, the preheated CM was used in 2 or 3 repetitive scans. The possibility exists 
that temperature will decrease within small margins exists; with that, viscosity could 
have increased after several minutes. However, injection parameters such as peak flow 
rate and peak pressure did not differ significantly from each other.  

CONCLUSION 

The results of these experiments show in a standardized way that high temperature, 
low-concentration iodine and low viscosity decrease injection pressure. This impacts 
individual tailored contrast protocols in daily routine scanning. Standardized 
prewarming should be a prerequisite for clinical CM administration.  
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ABSTRACT 

Purpose 
Both iodine delivery rate (IDR) and iodine concentration are decisive factors for vascular 
enhancement in CT angiography (CTA). It is unclear, however, whether the use of high 
iodine concentration contrast media is beneficial to lower iodine concentrations when 
IDR is kept identical. This study evaluates the effect of using different iodine 
concentrations on intravascular attenuation in a circulation phantom, while maintaining 
a constant IDR.  
 
Materials and methods 
A circulation phantom with a low-pressure venous compartment and a high-pressure 
arterial compartment simulating physiological circulation parameters was used (heart 
rate: 60 beats per minute, stroke volume: 60ml, blood pressure: 120/80mmHg). 
Maintaining a constant IDR (2.0gI/s) and a constant total iodine load (20g), prewarmed 
(37˚C) contrast media with different iodine concentrations (240–400mg/ml) were 
injected into the phantom using a double-headed power injector. Serial computed 
tomographic scans at the level of the ascending aorta (AA), descending aorta (DA) and 
left main coronary artery (LM) were obtained. Total amount of contrast volume 
(milliliters), iodine delivery (grams of iodine), peak flow rate (milliliter per second) and 
intravascular pressure (pounds per square inch) were monitored using a dedicated data 
acquisition program. Attenuation values in AA, DA and LM were constantly measured 
(Hounsfield unit [HU]). In addition, time-enhancement curves, aortic peak enhancement 
and time to peak (in seconds [s]) were determined.  
 
Results 
All contrast injection protocols resulted in similar attenuation values: AA (516±11 to 
531±37HU), DA (514±17 to 531±32HU) and LM (490±10 to 507±17HU). No significant 
differences were found between the AA, DA and LM for either peak enhancement (all 
P>0.05), or mean time to peak (AA: 19.4±0.58 to 20.1±1.05s, DA: 21.1±1.0 to 
21.4±1.15s, LM: 19.8±0.58 to 20.1±1.05s). 
 
Conclusion 
This phantom study demonstrates that constant injection parameters (IDR, overall 
iodine load) lead to robust enhancement patterns, regardless of the contrast media 
used. Higher iodine concentrations itself do not lead to higher attenuation levels. These 
results may stimulate a shift in paradigm towards clinical usage of contrast media with 
lower iodine concentrations (e.g. 240mg/ml) in individual tailored contrast protocols. 
The use of low-iodine concentration contrast media is desirable because of the low 
viscosity and the resulting lower injection pressure. 
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INTRODUCTION 

In computed tomographic angiography (CTA), the degree of intravascular contrast 
enhancement is an important factor for image quality. Sufficient vessel attenuation is 
crucial for the evaluation of vessel pathology, especially in smaller vessels such as the 
coronary arteries.1 Enhancement characteristics are closely related to the contrast 
application protocol and scan parameters used, as well as to patient related 
characteristics.2-4 Optimal vascular enhancement requires perfect timing and rapid 
bolus injection of intravenous contrast media (CM)4, 5 and both iodine delivery rate (IDR; 
the amount of iodine delivered to the patient per second) and iodine concentration 
(amount of iodine per milliliter of CM) are determining factors. Currently, no good 
consensus exists on optimal parameters of contrast infusion, iodine concentration or 
delivery rate for CTA or coronary CTA. Previous research on intravascular contrast 
attenuation of the coronary arteries was performed using high iodine concentration 
contrast, varying from 300 to 400mg/ml.6-8 In addition, studies using CM with different 
iodine concentrations report heterogeneous results, probably because studied 
parameters such as IDR were not comparable between populations.9 However, no 
uniform conclusion can be drawn even from studies in which IDR was standardized.10-12 
 Viscosity of CM is another factor that plays an important role in CM delivery and 
enhancement.1, 4, 13, 14 Generally speaking, viscosity decreases with temperature (e.g. by 
warming contrast to temperatures between 20°C to 37°C) and increases with iodine 
concentration.4, 9 Lower iodine concentration CM might therefore be advantageous, its 
lower viscosity inducing lower injection pressure and possibly accelerated distribution 
within the blood.4, 9  
 The aim of this study is to evaluate intravascular attenuation in a circulation 
phantom using CM of varying iodine concentrations (240-400mg/ml), the IDR and all 
other influencing factors being standardized. The working hypothesis was that, in this 
setting, intravascular attenuation will not significantly change with iodine concentration. 

MATERIALS AND METHODS 

Circulation phantom 

A previously introduced and completely revised circulation phantom with physiological 
circulation parameters was used.15 This phantom consists of low-pressure lung and high-
pressure body circulation systems, with accurate replicas of the entire aorta and the 
coronary arteries. The phantom consists of connecting tubes, a water filled acrylic 
container, 2 pressure meters and a pressure relieve valve for modulation of arterial and 
venous pressure (Figure 1). The phantom was filled with water at body temperature 
(37°C), and subsequently circulation was driven by a pulsatile Harvard medical heart pump 
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(BS4; Harvard Apparatus, Holliston, MA, USA). All values were set within physiological 
limits, heart rate: 60 beats per minute, stroke volume: 60ml, diastole/systole ratio: 60:40, 
and blood pressure: 120/80mmHg. Both aortic and coronary elements of the phantom 
were encased in a water-filled acrylic container, mimicking computed tomographic (CT) 
attenuation characteristics of the mediastinum (Figure 2). The phantom was connected to 
the scanner’s electrocardiogram (ECG) lead inputs, in order to provide a synchronized ECG 
waveform based on the phantom’s parameters. 
 

 

Figure 1: Revised circulation phantom with physiological circulation parameters. 

 

 

Figure 2: Aortic and coronary elements of the phantom encased in a water-filled acrylic container mimicking 
CT attenuation characteristics of the mediastinum. 
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Injection and scan protocol 

Maintaining a constant IDR (2.0gI/s), prewarmed (37°C) CM with iodine concentrations 
of 240, 300, 370, and 400mg/ml (Ultravist; iopromide, Bayer Healthcare, Berlin, 
Germany and Iomeron; iomeprol, Bracco, Imaging, Milan, Italy) was injected at different 
flow rates. Flow rates and applied CM injection protocols used are listed in Table 1. 
 
Table 1: Estimated injection parameters for all CM protocols. CM: contrast media, IDR: iodine delivery rate, g: 
grams. 

CM concentration (mg/ml) CM volume (ml) CM flow rate (ml/s) IDR (gI/s) Total amount of iodine (g) 

240 83 8.3 2.0 20.0 

300 67 6.7 2.0 20.0 

370 54 5.4 2.0 20.0 

400 50 5.0 2.0 20.0 

 
CM was injected into the phantom using a standard CT power injector 
(Stellant/MEDRAD; Pittsburgh, PA, USA), through a 3-way stopcock extension tube, into 
the injection port. The power injector pressure cut-off limit was set to 325 pounds per 
square inch (psi), which is regarded as being the standard pressure limit for the CT 
power injector used. Time of injection and total amount of iodine remained constant 
throughout the experiment (10 seconds [s] and 20g respectively). Every examination 
was closely monitored using the CertegraTM Informatics Platform (MEDRAD; Indianola, 
PA, USA) which enables monitoring of injection-related parameters such as pressure 
and flow curves. In addition, an independent data acquisition system (National 
Instruments Corporation; Austin, TX, USA) was used to monitor physiological 
parameters of the circulation phantom.  
 Serial CT scans were performed at the level of the simulated ascending aorta (AA), 
the descending aorta (DA), and the coronary arteries (at the level of the left main 
coronary artery [LM]), using a second generation DSCT scanner (Somatom Definition 
Flash; Siemens Healthcare, Forchheim, Germany) with a 128x0.6mm slice collimation, a 
tube voltage of 120kV, a gantry rotation time of 300ms, a cycle time of 1000ms at 5mm 
slice thickness. All protocols were repeated three times each to determine 
reproducibility. 

Quantitative analysis 

Mean attenuation was measured on all serial CT scan images by delineating a circular 
region of interest (ROI) in the replicas of the AA, the DA and the LM. A constant 
maximum size of intraluminal ROI was set and maintained at all anatomic sites (Figure 
3). Resulting average attenuation values for each CM protocol were compared 
graphically using time-enhancement curves for all vessels. All measurements were 
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independently analyzed by 2 experienced observers, blinded to each other’s results. 
Peak enhancement and time to peak were determined for all vessels. Total amounts of 
CM volume (milliliters) and iodine (grams of iodine) delivered, peak flow rate (milliliter 
per second) and intraluminal pressure (psi) were continuously monitored by the data 
acquisition program CertegraTM Informatics Platform (MEDRAD; Indianola, PA, USA) and 
read out after each injection.  
 

 

Figure 3: Mean attenuation was measured on all serial CT scan images by placing a ROI in the AA (1), DA (2)
and LM (3). 

Statistical analysis 

The average of 3 repeated measurements was used to obtain mean contrast 
enhancement values for each CM injection protocol. Interobserver agreement was 
calculated using the intraclass correlation coefficient in a 2-way mixed effects model. 
Attenuation values in the AA, the DA and the LM were compared using the 
nonparametric Kruskal-Wallis 1-way analysis of variance by ranks. In addition, 
attenuation values of the AA, DA and LM in all CM groups were compared individually 
by means of paired samples t test. Mean contrast injection parameters (total amount of 
contrast, iodine delivered, peak flow enhancement, time to peak and intraluminal 
pressure) were calculated for each protocol. The values are expressed as mean ± 
standard deviation (SD). Data analysis was conducted with SPSS version 19.0 (SPSS Inc; 
Chicago, IL, USA). All P values are 2-sided, and a P value below 0.05 is considered 
statistically significant.  

RESULTS 

Mean attenuations of the AA, the DA and the LM are shown in Table 2 and Figure 4. All 
contrast injection protocols provided similar attenuation of the AA (516±11 to 531±37 
Hounsfield unit [HU]), DA (514±17 to 531±32HU), and LM (490±10 to 507±17HU). No 
statistically significant differences in peak enhancement of AA, DA and LM were found 
between protocols (all P>0.05).  
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Table 2: Mean attenuation values (HU) of the AA, DA and LM were compared using the nonparametric 
Kruskal-Wallis 1-way analysis of variance by ranks. No significant differences in attenuation were found for the 
different contrast media protocols. AA: ascending aorta, DA: descending aorta, LM: left main coronary artery, 
HU: Hounsfield unit. 

CM (mg/ml) AA (HU) DA (HU) LM (HU) 

240 516±11 514±17 490±10 

300 524±18 523±20 497±17 

370 523±16 518±18 500±12 

400 531±37 531±32 507±17 

P  0.919 0.686 0.606 

 

  

 

Figure 4A-C: Box plots showing different CM groups on
the x axis and attenuation values in the AA (A), DA (B)
and LM (C) on the y axis. The horizontal line is the 
median, the ends of the box are the upper and lower
quartiles, and the vertical lines are the full range of
values in the data. 
 

 
All peak enhancement curves were comparable and showed similar enhancement 
values and curve pattern; examples are shown in Figure 5. There were no significant 
differences between protocols in mean time to peak (AA: 19.4±0.58 to 20.1±1.05s, DA: 
21.1±1.0 to 21.4±1.15s, LM: 19.8±0.58 to 20.1±1.05s, Table 3 and Figure 6). 
 



Chapter 4 

62 

 

Figure 5: Example of enhancement curves of all 3 vessels. Red line: AA, purple line: DA, blue line: LM. No
significant differences in attenuation were found between protocols.  

 
Table 3: Mean time to peak (s) in the AA, the DA and the LM. No significant differences in attenuation were 
found between protocols. CM: contrast media, AA: ascending aorta, DA: descending aorta, LM: left main 
coronary artery, TTP: time to peak. 

CM (mg/ml) TTP AA (s) TTP DA (s) TTP LM (s) 

240 20.1±1.05 21.4±1.15 19.8±1.57 

300 19.4±0.58 21.2±0.0 19.8±0.58 

370 19.4±0.58 21.2±0.0 19.8±0.58 

400 19.5±0.55 21.1±1.0 20.1±1.05 

P 0.688 0.873 0.955 

 
There was a significant increase in peak pressures (psi) in relation to higher iodine 
concentrations (240mg/ml: 69.3±2.08 to 400mg/ml: 97.3±4.16, P=0.019). Mean peak 
pressures (psi) in all groups are shown in Table 4. The pressure limit of 325psi was never 
reached. 
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Figure 6A-C: Box plots showing different CM groups on
the x-axis and time to peak values in AA (A), DA (B) and
LM (C) on the y-axis. The horizontal line is the median,
the ends of the box are the upper and lower quartiles,
and the vertical lines are the full range of values in the
data. 

 
Table 4: Mean peak pressures (psi) were compared using the nonparametric Kruskal-Wallis 1-way analysis of 
variance by ranks. A significant difference in peak pressure was found for the different CM protocols. CM: 
contrast media, psi: pounds per square inch. 

CM (mg/ml) Mean peak pressure (psi)  

240 69.3±2.08  

300 79.7±4.93  

370 91.3±3.21  

400 97.3±4.16  

P 0.019  

 
The reproducibility of the attenuation values was very good: interobserver correlation 
was high (all κ values>0.78). All parameters measured using the data monitoring 
software showed remarkable similarity in all 3 measurements (Table 5). Pre-programmed 
injection flow rate and contrast volumes (Table 1) were realized on all occasions, 
variations over time being negligible. There were no significant differences in total 
amounts of iodine delivered. No pressure- or circulation-related problems were 
encountered. 
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Table 5: Mean values were calculated for all CM protocols. CM: contrast media, g: grams, psi: pounds per 
square inch. 

CM (mg/ml) Total contrast (ml) Total iodine (g) Mean peak flow (ml/s) 

240 82.9±0.23 19.9±0.58 8.7±0.58 

300 66.7±0.15 20.0±0.06 7.0±0.0 

370 53.6±0.35 19.9±0.12 5.7±0.58 

400 49.8±0.29 19.9±0.12 5.3±0.58 

DISCUSSION 

Ongoing advances in CT technology necessitate continuous investigation and 
optimization of injection protocols and bolus characteristics. Basic enhancement and 
bolus characteristics can easily be evaluated in a circulation phantom.15 The use of a 
circulation phantom provides a unique opportunity for repetitive scanning of an 
identical subject, ruling out variables such as varying heart rate, blood pressure and 
cardiac output. Controllable, consistent and repeatable phantom parameters, in effect, 
reduce a number of variables encountered in clinical studies, and allow discriminating 
predictions of delivery rate- and iodine concentration effects to be made. The data 
acquisition software used in this experiment precisely registered all injection and 
scanning parameters, providing a unique insight into total usage of contrast, iodine 
load, peak flow and intravascular pressure.  
 Optimization of intravascular contrast enhancement, in particular, the influence of 
iodine concentration and IDR, has been subject of several studies.6, 8, 12, 16-21 Many 
publications describe significant differences in contrast enhancement, or in the 
detection of intravascular pathology in the coronary tree with the use of lower iodine 
concentration contrast (e.g. 300mg/ml) as compared to higher iodine concentration 
contrast (e.g. 370 and 400mg/ml).6-8, 16, 18, 19 However, most studies base their findings 
on differences in attenuation level of the coronary arteries using variable IDR and/or 
total iodine load. The influence of these factors, in combination with individual 
physiological aspects, does not allow for conclusions to be drawn at any but a global 
level regarding iodine concentration for optimal attenuation of vessels. Therefore, some 
of the previously mentioned results in literature must be viewed with caution. 
 Even under standardized circumstances, no uniform results have been obtained in 
the clinical setting. Nance et al. concluded that high iodine concentration and high IDR 
CM delivery protocols provide the best image quality of the pulmonary arteries and 
perfusion map images of the lung.12 Other authors, however, found no significant 
differences in intravascular attenuation of arterial vessels with varying iodine 
concentration of contrast used when both IDR and total iodine load were kept 
identical.9, 10 Mühlenbruch et al. prospectively included 300 patients and compared CM 
with iodine concentrations of 300, 370 and 400mg/ml in chest CT.9 Their study 
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population did not include coronary CTA patients, but both IDR (1.3gI/s) and total iodine 
load (33g) were kept constant in all groups. Intravascular attenuation values were 
measured in the pulmonary trunk and the AA, and no statistically significant differences 
in contrast enhancement were found. 
 Rist et al. prospectively included 60 patients with known or suspected coronary 
artery disease in a double-blinded study, and compared contrast injection protocols 
with CM containing 300 and 400mg/ml.10 In the iomeron 300 group, 83ml of CM was 
used at a flow rate of 3.3ml/s, whereas in the iomeron 400 group, 63ml of CM was used 
at a flow rate of 2.5ml/s. Total iodine load in both groups was kept constant (25g), as 
was the calculated IDR (0.99gI/s in the iomeron 300 group versus 1.0gI/s in the iomeron 
400 group), and equivalent homogenous enhancement of the coronary arteries was 
found for both groups. This finding is supported by the results of our standardized 
phantom experiment, even at the high IDR of 2.0gI/s. 
 In current practice, contrast agents with iodine concentrations between 300 and 
400mg/ml are routinely used to achieve target coronary attenuation levels. No studies 
investigating attenuation levels and anatomical detail of the coronary tree using CM 
with iodine concentrations lower than 300mg/ml have been published. 
 In this circulation phantom study, no significant differences in intravascular 
attenuation were found for different iodine concentration contrast at a constant IDR. 
When IDR is kept identical, target attenuation levels can be reached with CM containing 
iodine concentrations as low as 240mg/ml. These results shed some doubt on the 
superiority of high iodine concentration CM over lower iodine concentration CM if the 
IDR remains identical. Low iodine concentration CM might be advantageous in clinical 
practice in terms of lower viscosity and subsequently lower injection pressure. A fluid 
with lower viscosity may distribute more easily and more evenly in the vessels and may 
subsequently provide a more homogeneous CM bolus.4, 9 This, in turn, may have 
positive consequences for the visualization of smaller vessel segments such as the distal 
coronary arteries, even at the expense of higher flow rates. Standard clinical dual-head 
injectors can technically deliver CM at a flow rate of up to 10ml/s. 

Limitations 

Our study has its limitations in the small number of measurements (n=3) and the use of 
a circulation phantom. Even though this phantom was designed to simulate 
physiological conditions, including a low- and a high-pressure system, physiological flow 
volumes and velocities, in vivo conditions are determined by many more patient related 
variants such as cardiac output.  
 This study evaluated attenuation as well as flow- and pressure-related parameters in 
a circulation phantom. No other parameters for image quality (e.g. contrast to noise 
ratio [CNR]) were evaluated in this study. Szucs-Farkas et al. evaluated CNR in a 
phantom study for 300 and 400mg/ml CM using variable x-ray tube parameters and 
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patient sizes and found, that the same CNR for 400mg/ml CM was achieved at a lower 
CT dose index by 18% to 40%, depending on phantom size and applied tube voltage 
when compared to the 300mg/ml concentration.21 
 Statistically significant differences were found in peak pressure reached using higher 
iodine contrast agents as compared to lower iodine agents. However, the higher flow 
rates used for the administration of lower iodine concentrations is expected to 
(partially) negate any differences in peak pressure. This is probably attributable to the 
lower viscosity of the latter.  
 Viscosity is substantially decreased if CM is prewarmed to 37°C (iopromide 370: 
10.0mPa.s at 37°C [99˚F] and 22.0mPa.s at 20°C [68˚F], iopromide 240: 2.8mPa.s at 
37°C [99˚F] and 4.9mPa.s at 20°C [68˚F]).22 Although pressure limits were not reached 
and peak pressures did not pose a problem in the current phantom experiments, the 
conditions were considered ideal (all iodine concentrations were prewarmed at 37°C), 
which is probably not the case in clinical practice. If contrast agents are not properly 
prewarmed, estimated peak pressures will presumably be higher, especially for higher 
concentrated contrast agents, potentially causing pressure-related problems such as 
contrast extravasation.  

CONCLUSION 

Comparison of protocols using different iodine concentration CM (240–400mg/ml) in a 
circulation phantom led to robust intravascular enhancement patterns when IDR and 
total iodine load were kept constant and all other influencing factors, including 
temperature at injection, were standardized. Higher iodine concentrations themselves 
do not lead to higher attenuation levels. These results imply that IDR, and not iodine 
concentration, is the determinant factor in the opacification of vessels. When identical 
IDR is maintained, lower iodine concentration CM provides attenuation levels equal to 
those obtained using higher iodine concentration CM.  
 These results might stimulate a shift in paradigm towards clinical usage of CM with 
lower iodine concentrations (e.g. 240mg/ml) for individual tailored contrast protocols. 
Low iodine concentration CM are attractive due to their lower viscosity and, hence, 
lower injection pressure. 
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ABSTRACT  

Purpose  
The aims of this study were to test high flow application of contrast media (CM) using 
novel high flow needles and to assess injection- and flow-related parameters in a 
circulation phantom and in an in vivo population. 
 
Materials and methods 
A circulation phantom simulating physiological parameters was used. Preheated CM 
(300mg/ml) was injected at flow rates varying between 5-15ml/s through a novel 18-
gauge high flow intravenous injection needle. In addition, feasibility of these high flow 
needles was tested with administration of flow rates of 9ml/s in 20 patients referred for 
pre-transcatheter aortic valve implantation assessment. Injection parameters (e.g. peak 
pressures, peak flow rates) in both phantom and in vivo setup were continuously 
monitored by a data acquisition program. Attenuation at predefined levels of the aorta 
(e.g. aortic root to common femoral arteries) was measured in all patients to determine 
clinical applicability. 
 
Results 
In the phantom setup, injections rates up to 15ml/s were feasible. An enhancement 
plateau was reached at 11m/s (464±20HU). In patients, no pressure- or flow-related 
complications (e.g. extravasation) were recorded (mean peak pressure: 154±8psi, mean 
peak flow rate: 9.2±0.1ml/s, range: 9.1-9.6ml/s). Diagnostic attenuation values were 
reached at all predefined levels of the aorta (330.8±113.1HU to 622.9±81.5HU). 
 
Conclusion 
These results indicate that injections with 9ml/s using high flow injection needles are 
safe. The pressure limit of 325psi was not reached and the injections resulted in 
diagnostic attenuation values. Using this dedicated needle, high flow rates should not 
be considered a drawback for CM application in routine CT angiography examinations.  
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INTRODUCTION 

Computed tomographic angiography (CTA) has moved towards shorter scan acquisition 
times to reduce motion artefacts and radiation dose for the individual patient. Shorter 
scan acquisition times require a special contrast media (CM) bolus design with shorter 
injection duration and higher iodine delivery rates (IDRs; iodine delivered per second), 
which makes optimal timing crucial.1 As was shown in previous studies, higher IDRs 
result in higher peak enhancement, which is considered a prerequisite for CTA studies, 
especially in coronary CTA.2-6 As the IDR is determined by the CM concentration and the 
flow rate, higher iodine concentration or higher flow rates will increase the IDR. 
Reluctance towards usage of higher flow rates for clinical routine remains because it has 
been hypothesized that higher flow rates possibly lead to increased incidence of 
extravasation due to increased injection pressures.7 An overall extravasation incidence 
of 0.14% was reported in early literature, where none of these patients required 
medical or surgical intervention as a result of extravasation.7 
 However, it is not clear what leads to extravasation, but it can be hypothesized that 
extravasation might be a multifactor incident of needle size/type and injection location, 
vein size, injection rate, injection pressure and CM used. 
 The injection pressure itself is determined by the pressure needed to inject a certain 
amount of iodine in a certain amount of time. It is usually measured at the CT power 
injector itself and is influenced by CM characteristics (viscosity) as well as tubing to the 
patient including the intravenous (i.v.) needle. Each CM has a certain viscosity, which 
increases with increasing iodine concentration. Furthermore, viscosity is largely 
influenced by temperature and decreases with increasing temperature.5, 8-14 It has been 
stated previously, that viscosity substantially decreases if CM is prewarmed to 37°C 
(iopromide 370: 10.0mPa.s at 37°C [99˚F] and 22.0mPa.s at 20°C [68˚F], iopromide 300: 
4.7mPa.s at 37°C [99˚F] and 8.9mPa.s at 20°C [68˚F]).10, 15 Lower temperatures (e.g. 
20˚C) as well as high iodine concentration have a negative impact on viscosity. 
Increased viscosity increases the friction resistance and the pressure needed for the 
same flow rate.9 It has been stated that CM of high iodine concentration in combination 
with high injection rates may potentially result in disconnection of the cannula due to 
their nonlinear increase in viscosity and consecutively increase in injection pressure.2, 12 
On the other hand, Wienbeck et al. prospectively evaluated 4457 patients and assessed 
the frequency and type of i.v. injection site complications associated with high flow 
power injection up to 8ml/s.9 They concluded, that automated CM injection is 
performed without increased risk of extravasation or injection-related complications. 
 The use of high flow rates in clinical routine imaging might be beneficial in several 
ways. With the concept of the IDR, increasing flow rates also increases IDR, which leads 
to increased attenuation in the target region. Current power injectors in CT are limited 
to 10ml/s, which leads to a maximum IDR between 3 and 4gI/s depending on the used 
iodine concentration. High attenuation levels are desirable, for example in the 
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assessment of coronary arteries and specifically in CT perfusion imaging when a short 
and dense bolus is desirable.16, 17 Furthermore, individualized injection protocols require 
a broad spectrum of injections rates, for example, in heavier patients to achieve the 
same enhancement levels.  
 To facilitate high injection rates, dedicated i.v. needles have been developed, 
shaped with 3 tear-drop holes positioned near the catheter tip. The strengthened 
design reduces the forces that can cause catheter motion in the veins. 
 The aim of this study was to test high flow application of CM using novel high flow 
needles in a circulation phantom and to assess feasibility of high flow rates in a patient 
population.  

MATERIALS AND METHODS 

Injection and scan protocol 

Circulation phantom  
A circulation phantom with physiological parameters was used as described 
elsewhere.10, 18, 19 Preheated CM (37˚C) with a concentration of 300mg/ml (Ultravist 
300; iopromide, Bayer Healthcare, Berlin, Germany) was administered via high-flow i.v. 
injection needles (18-gauge BD Nexiva Diffusics® i.v. Catheters, Sandy, UT, USA). The 
catheter consists of BD Vialon material, which is a proprietary biomaterial developed for 
vascular access. These needles have 3 teardrop-shaped holes positioned near the 
catheter tip and a strengthened design (Figure 1). CM was injected at different flow 
rates of 5 to 15ml/s in steps of 1ml/s with subsequently higher IDR (1.5-4.5gI/s, Table 
1). Contrast medium was injected into the phantom using a standard CT power injector 
(Stellant/MEDRAD; Pittsburgh, PA, USA), through a 3-way stopcock extension tube with 
a maximum pressure setting of 325 pounds per square inch (psi). As injection with flow 
rates at 10ml/s and above is not possible with a standard CT power injector, an angio 
power injector (Angiomat Illumena; Liebel-Flarsheim, Cincinnati, OH, USA) was used for 
administration of CM at flow rates of 10ml/s and higher. Accordingly, the pressure limit 
cutoff was set to 325psi. Overall volume and total amount of iodine in all groups were 
kept identical (50ml and 15g, respectively). After every scan, the phantom was flushed 
with water. All protocols were repeated 5 times to provide reproducibility. All scans 
were performed on a second-generation dual-source CT (MDCT) scanner (Somatom 
Definition Flash; Siemens Healthcare, Forchheim, Germany) with a 128x0.6mm slice 
collimation, a gantry rotation time of 0.5 seconds (s), a tube voltage of 120kV at 
150mAs, and a cycle time of 1000ms. Serial CT scans at the level of the ascending aorta 
(AA), descending aorta (DA) and the left main coronary artery (LM) were obtained. Scan 
delay was determined by means of a test bolus. The phantom was connected to the 
scanner’s electrocardiogram (ECG) lead inputs to provide a synchronized ECG waveform 
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based on the phantoms set parameters. An independent data acquisition system 
(National Instruments Corporation; Austin, TX, USA) was utilized to monitor the 
physiological parameters of the phantom experiments. In addition, injection-related 
parameters (e.g. total amount of CM injected, flow rate, peak flow rate and peak 
pressure) were monitored using the CertegraTM Informatics Platform (Bayer Healthcare, 
Berlin, Germany) for flow rates between 5 and 10ml/s. As an angio power injector 
prohibits us from using this data acquisition program, data with regard to peak flow rate 
and peak pressure at flow rates above 10ml/s could not be monitored by the software.  
 

 

Figure 1: Close-up photograph of the needle used (BD Nexiva Diffusics® i.v. Catheters). 3 teardrop-shaped 
holes positioned near the catheter tip and strengthened design that enables use with power injectors set up
to 325psi. Needle size was 18-gauge. 

 
Table 1: Phantom injection parameters for all CM groups. CM: contrast media, IDR: iodine delivery rate. 

Protocol CM (mg/ml) Volume (ml) Flow rate (ml/s) IDR (gI/s) Injection time (s) 

A 300 50 5.0 1.5 10 

B 300 50 6.0 1.8 8.3 

C 300 50 7.0 2.1 7.1 

D 300 50 8.0 2.4 6.3 

E 300 50 9.0 2.7 5.6 

F 300 50 10 3.0 5.0 

G 300 50 11 3.3 4.5 

H 300 50 12 3.6 4.2 

I 300 50 13 3.9 3.8 

J 300 50 14 4.2 3.6 

K 300 50 15 4.5 3.3 
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In vivo setup 
In addition, a feasibility study in 20 nonselected transcatheter aortic valve implantation 
candidates was performed. Patients with severe symptomatic aortic stenosis were 
referred from the outpatient clinic for CT evaluation of aortic root dimensions and 
peripheral arteries. For assessment of aortic root dimension, a dual energy (DE) 
retrospective ECG-gated helical scan was performed with the following parameters: a 
slice collimation of 128x0.6mm, a tube voltage of 100/Sn140kV, a reference tube 
current of 110/94mAs, a gantry rotation time of 280ms, a pitch of 0.21 and I26f 
medium soft convolution kernel (strength 2). This acquisition was directly followed by a 
prospective high pitch non-ECG triggered scan (Flash) for evaluation of the peripheral 
arteries with the following parameters: slice collimation of 128x0.6mm, a tube voltage 
of 100kV, a reference tube current of 150mAs, gantry rotation time of 280ms, pitch of 
3.0 and medium soft convolution kernel I30f (strength 2). Patients were scanned in 
craniocaudal direction, and dose modulation (CareDose 4DTM; Siemens Medical 
Solutions) was used. Patients were injected with identical preheated CM concentration 
of 300mg/ml through an identical 18-gauge high flow needle as described before in the 
antecubital vein.  
 First, a CM bolus of 90ml was injected, followed by 60ml CM with a 50% dilution. A 
saline chaser was injected afterwards (volume: 40ml). All CM and saline volumes were 
injected at a predetermined flow rate of 9ml/s. A test bolus was injected at the level of 
the AA to assess optimal start time after administration of the bolus (20ml of CM 
followed by 40ml of saline, flow rate: 9ml/s). Total iodine dose (36g) and IDR (2.7gI/s) 
were kept constant in all patients. Peak flow rates are known to be slightly higher than 
the pre-determined injection rates. Therefore, in this in vivo setup, a flow rate of 9ml/s 
was applied because the maximal feasible flow rate due to variations in maximum flow 
rate in the individual patient might vary up to higher values than 9ml/s and 10ml/s is 
the maximum flow rate possible with current CT power injectors. The injection 
parameters were monitored by the monitoring system. Any contrast injection-related 
complications (e.g. extravasation and material damage) were recorded. Ethical approval 
and waiver of informed consent was given by the local ethical committee (decision 
number, METC 14-4-089). 

Quantitative and qualitative analysis 

Circulation phantom 
The mean time to peak (TTP, s) for each flow rate was compared graphically by means 
of time enhancement curves for all vessels. Peak pressures in the phantom setup were 
evaluated and compared. In addition, mean attenuation values of the vessels in the 
phantom were measured on all images of the serial CT scans by placing a circular region 
of interest (ROI) in the AA, DA and LM. At all anatomic sites a constant size of a largest 
intraluminal ROI possible was used. Resulting average mean contrast enhancement 
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values for each time point were compared graphically between the CM protocols in 
flow enhancement curves. The peak enhancement was followed as an indicator of the 
maximal flow through the needle. 

In vivo setup 
Images were analyzed by using the source images on a dedicated post processing 
workstation (SyngoVia®; Siemens Healthcare, Forchheim, Germany). Intravascular 
enhancement was measured using a manually placed ROI at predefined levels of the 
aorta; AA (DE, 120kV mixed phase; DE, 100kV), DA, abdominal aorta, left and right 
common femoral artery (Flash, 100kV). Image noise was defined as a standard deviation 
(SD) of the attenuation. Signal-to-noise ratio (SNR) was calculated as vessel attenuation 
divided by image noise. Contrast-to-noise ratio (CNR) was determined as a difference 
between attenuation of the vessel and attenuation of adjacent muscle tissue divided by 
image noise. Previous literature stated, that a CNR greater than 10 can be considered 
an acceptable threshold for diagnostic imaging.20 All complications caused by CM 
application (e.g. extravasations) were monitored. In addition, all datasets were analyzed 
with respect to artifacts, possibly caused by the injection protocol (e.g. streak artifacts, 
reflux).  

Statistical analysis  

Mean peak pressures were calculated for all flow rates in the phantom setup. Mean 
contrast enhancement values obtained were averaged over the 5 repeated 
measurements for all injection protocols. In patients, descriptive data for continuous 
variables were presented as means±SD. In patients, mean and maximal peak flow rates 
(ml/s) and peak pressures (psi) were calculated. In addition, mean attenuations, image 
noise as well as CNR and SNR were calculated. The values were expressed as mean±SD. 
Data analysis was conducted with SPSS version 22.0 (SPSS Inc; Chicago, IL, USA). All P 
values were 2-sided, and a P value below 0.05 was considered to be statistically 
significant. 

RESULTS 

Circulation phantom 

Mean peak pressures for flow rates from 5 to 10ml/s were as follows: 5.0ml/s: 81±1psi, 
6.0ml/s: 97±3psi, 7.0ml/s: 107±1psi, 8.0ml/s: 129±2psi, 9.0ml/s: 143±2psi, 10.0ml/s: 
157±5psi (Figure 2). The injection pressure of the high flow needles was attained during 
all injections without problems, and the pressure limit of 325psi was not reached on any 
occasion. No material damage to the needle was seen. A decrease was noted for mean 
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TTP for all vessels in close relation to the flow rates (TTP AA: 13.4±0.5s to 8.8±0.4s, TTP 
DA: 14.8±0.5s to 10.0±0.0s, TTP LM: 13.2±0.4s to 9.0±0.0s (Table 2, Figure 3A). An 
increase in attenuation of AA (358±18HU to 464±20HU), DA (348±20HU to 446±22HU), 
and LM (353±13HU to 460±31HU) was noted in relation to the high flow rates and 
subsequently higher IDR (Table 2, Figure 3B), potentially reaching a plateau at 11ml/s.  
 

 

Figure 2: Graph showing different flow rates (millilitres per second) on the x axis and peak pressures (pounds 
per square inch) on the y axis. The error bars represent the mean and 95% confidence interval. 

 
Table 2: Mean time to peak and mean attenuation values in the AA, DA and LM with different flow rates in a 
phantom setup. The values are expressed as mean±SD. HU: Hounsfield units, TTP: time to peak, AA: ascending 
aorta, DA: descending aorta, LM: left main coronary artery. 

 Time to peak (s)  Attenuation (HU) 

Flow rate (ml/s) AA DA LM AA DA LM 

5.0 13.4±0.5 14.8±0.5 13.2±0.4 358±18 348±20 353±13 

6.0 12.1±0.1 13.5±0.6 12.1±0.1 386±27 375±18 373±18 

7.0 11.2±0.4 12.4±0.5 10.8 ±0.4 405±16 398±12 400±16 

8.0 10.5±0.5 12.1±0.1 10.7±0.5 413±24 400±27 406±22 

9.0 9.8±0.4 10.8±0.4 10.0±0.6 431±26 413±25 417±26 

10.0 9.6±0.5 11.0±0.1 9.6±0.6 425±28 412±29 409±25 

11.0 9.0±0.0 10.0±0.0 9.0±0.0 464±20 446±22 460±31 

12.0 8.8±0.4 10.4±0.5 9.2±0.4 445±12 428±10 439±16 

13.0 8.9±0.4 10.5±0.4 9.3±0.4 440±8 428±7 444±8 

14.0 9.0±0.1 10.6±0.5 9.2±0.4 416±25 401±20 409±19 

15.0 9.0±0.0 10.2±0.4 9.0±0.0 456±14 436±20 448±15 
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Figure 3: Graph A showing different flow rates (milliliters per second) on the x axis and TTP values (seconds) of 
AA, DA, and LM on the y axis. The error bars represent the mean and 95% confidence interval. Graph B
showing different flow rates (milliliters per second) on the x axis and attenuation values (Hounsfield units) of
AA, DA, and LM on the y axis. The error bars represent the mean and 95% confidence interval. TTP: time to 
peak, AA: ascending aorta, DA: descending aorta, LM: left main coronary artery. 

In vivo setup  

Patient characteristics are stated in Table 3. Mean peak flow rate was 9.2±0.1ml/s 
(range: 9.1-9.6ml/s). The mean peak pressure reached 154±8psi, which is comparable 
to the peak pressures reached in the phantom setup at similar flow rates. In none of the 
patients, a pressure limit of 325psi was reached. The high flow needles did not cause 
any flow- or pressure-related problems and remained stable throughout the injection. 
No contrast-related problems (extravasation at the injection site) or negative right-sided 
effects (e.g. streak artifacts or CM reflux) were encountered. Attenuation values at all 
predefined levels of the aorta as well as image noise, SNR, and CNR are summarized in 
Table 4. Diagnostic attenuation values were reached at all predefined levels of the aorta 
(Figure 4).  
 
Table 3: Patient characteristics . The values are expressed as mean±SD. SD: standard deviation. 

Baseline characteristics Mean±SD  

Age (y) 77.9±12.3  

Weight (kg) 70.7±9.8  

Height (cm) 170±10  

Body mass index (kg/m2) 25.2±2.2  

Peak flow rate (ml/s) 9.2±0.1  

Peak pressure (psi) 153.7±7.8  

CM volume (ml) 139.9±0.2  

Ejection fraction (%) 54.4±11.9  
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Table 4: Image quality evaluated by attenuation, image noise, SNR and CNR in patient population. The values 
are expressed as mean±SD. HU: Hounsfield units, SNR: signal-to-noise ratio, CNR: contrast-to-noise ratio, DE: 
dual energy, AA: ascending aorta, DE: dual energy, DA: descending aorta, Abd aorta: abdominal aorta, AFC: 
common femoral artery. 

 Attenuation (HU) Image noise (HU) SNR CNR 

AA (DE mix 120kV) 484.2±59.7 21.0±3.8 23.8±4.6 19.9±4.3 

AA (DE 100kV) 622.9±81.5 34.6±8.7 19.1±5.0 16.6±4.4 

DA (Flash 100kV) 330.8±113.1 25.2±5.6 13.4±4.5 11.3±4.1 

Abd aorta (Flash 100kV) 382.7±127.1 30.0±7.2 13.2±4.5 11.5±4.4 

AFC right (Flash 100kV) 511.3±153.7 26.1±7.4 20.5±7.3 18.0±7.0 

AFC left (Flash 100kV) 519.4±143.4 28.0±10.7 20.8±7.1 18.2±6.8 

 

 

Figure 4: Volume-rendered CTA with corresponding axial and coronal source images at the level of the aortic
valve, demonstrating calcifications in the region of the aortic valve leaflets and adequate diagnostic image
quality of the aorta and the iliofemoral arteries. 
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DISCUSSION 

High flow injection rates proved to be feasible in a phantom setting (up to 15ml/s) as 
well as in a clinical cohort (maximum flow rate: 9.6ml/s). No flow related problems were 
seen and the maximum injection pressure of 325psi was never reached in phantom and 
patient setting.  
 In the phantom experiment, attenuation increased as expected with increasing flow 
rates, reaching a plateau at 11ml/s. Thus, a flow rate of 11ml/s appears to be the 
maximal technically feasible flow rate in this setup. It is questionable whether the 
applicable maximum flow rate can be attributed to flow- or pressure-related limits of 
the phantom, the injector, or the needles itself. Most likely it is the distribution of CM 
within the phantom, which does not allow further increase of the attenuation.  
 Previous study groups investigated the peak pressures of flow rates and 
conventional cannula sizes in different experimental setups. Behrendt et al. evaluated 
the influence of regular peripheral vein catheter sizes on injector output, injection 
pressure, and time enhancement curves in a less advanced phantom with a flow rate of 
5ml/s and preheated CM of 370mg/ml. They found an increase in peak pressure (14-
gauge: 208.5psi, 22-gauge: 260.5psi) with regard to smaller size cannulas.2 Schwab et al. 
investigated the maximum injection pressures with different CM at different 
temperatures in the most common i.v. cannula sizes.13 Experiments were performed 
using a pressure limited power injector including dedicated 1-way components. The 
maximum injection pressures with different CM (Solutrast 300, Imeron 350 and Imeron 
400) were measured at 20°C and 37°C using increasing flow rates (1–9ml/s). They 
measured peak pressures up to 161psi (preheated Solutrast 300, flow rate: 8ml/s with 
22-gauge catheter). Although the experimental setup is very different from this 
phantom setup, findings are similar indicating that CM injection is safe even with small 
cannulas without reaching the common standard pressure limit in CT power injectors of 
325psi. 
 In patients, flow rates of 9ml/s did not cause injection-related problems 
(extravasation at the injection site, material damage, cannula placement) or negative 
right-sided effects (e.g. streak artifacts or CM reflux) while reaching optimal arterial 
enhancement levels. Wienbeck et al. prospectively assessed the frequency and type of 
i.v. injection site complications associated with high flow power injection up to 8ml/s 
and concluded that automated i.v. contrast injection is performed without increased 
risk of extravasation.9  
 The question remains whether high flow injection protocols are clinically applicable. 
In our patient cohort, flow rates of up to 9.6ml/s proved to be feasible and safe. Very 
high attenuation values were measured, which offer potential to reduce the total 
amount of volume. The use of high flow rates in combination with lower viscose CM 
allows for individual adaptation of injection protocols, where smaller patients might 
require less CM (lower flow rate, lower volume), whereas heavier patients might need 
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more CM (higher flow rates, higher volumes) to reach the same attenuation value.6 
Furthermore, new scan techniques such as high pitch scanning with acquisition times of 
less than 1second might benefit from a shorter bolus geometry (thus higher IDR), for 
example, in the imaging of the coronary arteries.  

Limitations 

Usage of a circulation phantom provides the unique opportunity to do repetitive 
scanning on an identical subject under standard conditions; anyhow, it does not 
resemble a broad patient population as is encountered during clinical routine. Because 
this study aimed to assess feasibility of high flow rates in a patient population, all in 
vitro and in vivo experiments were performed with sole usage of iopromide 300, which 
is considered the standard CM concentration in this institution. There are known 
differences in physicochemical properties (e.g. osmolality and viscosity) between 
different monomeric and dimeric CM as well as different iodine concentrations. Results 
(e.g. peak attenuation, pressure curves and TTP) might be different with regard to usage 
of other nonionic monomers and dimeric contrast agents. The use of flow rates above 
10ml/s could not be monitored, as an angiography power injector had to be used. Thus, 
we can only hypothesize about injection pressure above that level. The feasibility study 
in patients is a nonrandomized single-center study, investigating a limited number of 
patients. Cannula placement and individual comfort during CM administration with 
these flow rates was not monitored in this study population. A distinct validation of 
these results in a larger cohort and evaluation of comfort during CM injection in 
particular is deemed necessary. 

CONCLUSION 

This study demonstrates the feasibility of high flow rates in an in vitro and in vivo setup. 
No flow- or pressure-related problems were seen during the experiments. Use of high 
flow rates proved to be safe in a clinical setup. Higher flow rates should not be 
considered a drawback for CM application in routine CTA examinations and might be 
desirable in terms of optimal bolus shaping for future protocols.   
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ABSTRACT 

Purpose 
Aim of this study was to test the hypothesis that peak injection pressures and image 
quality using low concentrated contrast media (CM: 240mg/ml) injected with high flow 
rates will be comparable to a standard injection protocol in coronary computed 
tomographic angiography (CCTA). 
 
Materials and methods  
100 consecutive patients were scanned on a 2nd generation dual-source CT scanner. 
Group 1 (n=50) received prewarmed iopromide 240mg/ml at an injection rate of 9ml/s, 
followed by a saline chaser. Group 2 (n=50) received the standard injection protocol: 
prewarmed iopromide 300mg/ml, flow rate: 7.2ml/s. For both protocols, the iodine 
delivery rate (IDR: 2.16gI/s) and the total iodine load (22.5g) were kept identical. 
Injection pressure (psi) was continuously monitored by a data acquisition program. 
Contrast enhancement was measured in the thoracic aorta and all proximal and distal 
coronary segments. Subjective and objective image quality was evaluated between both 
groups. 
 
Results 
No significant differences in peak injection pressures were found between both groups 
(121±5.6psi vs. 120±5.3psi, P=0.54). Flow rates of 9ml/s were safely injected without 
any complications. No significant differences in contrast-to-noise ratio, signal-to-noise 
ratio and subjective image quality were found (all P>0.05). No significant differences in 
attenuation levels were found in the thoracic aorta and all segments of the coronary 
arteries (all P>0.05).  
 
Conclusion 
Usage of low iodine concentration CM and injection with high flow rates is feasible. High 
flow rates (9ml/s) of iopromide 240 were safely injected without complications and 
should not be considered a drawback in clinical practice. No significant differences in 
peak pressure and image quality were found. This creates a doorway towards 
applicability of a broad variety in flow rates and IDR’s and subsequently more 
individually tailored injection protocols. 
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INTRODUCTION 

Image quality of computed tomographic angiography (CTA) and notably coronary 
computed tomographic angiography (CCTA) is substantially influenced by the degree of 
intravascular enhancement. Sufficient vessel attenuation is crucial for proper evaluation 
of vessel pathology, especially in smaller arteries.1 Enhancement characteristics are 
based on scan technique, patient-related factors as well as all major parameters of the 
injection protocol applied (e.g. contrast media [CM] concentration, flow rate, added 
saline chaser and CM volume). Amount of iodine within the blood at a dedicated tube 
voltage is considered to be key determinant of vessel attenuation.2-6 Lowering tube 
voltage yields stronger contrast enhancement for a given injection protocol.2, 7-9 Current 
CM application protocols should deal with shorter acquisition times of modern scanner 
technology and, thus, result in smaller CM boli, which might necessitate sharper bolus 
geometry (e.g. higher flow rates). A high iodine delivery rate (IDR; expressed as grams of 
iodine per second) is desirable in order to achieve optimal diagnostic intravascular 
attenuation for CTA.1 Previous studies investigated the influence of iodine 
concentration, injection rates and IDR on diagnostic intravascular attenuation.10-16 
Contradictory statements have been made in the literature with regard to optimal CM 
protocols for imaging of the coronary tree. In order to enable a comparison between 
CM with different iodine concentrations, adapted injection parameters ensuring 
identical and constant IDR are mandatory.11 In current clinical practice, CM with iodine 
concentrations between 300mg/ml and 400mg/ml are routinely used. Recent 
experiments in a circulation phantom revealed that comparison of protocols using CM 
with different iodine concentrations (240mg/ml – 400mg/ml) did not show significant 
differences in vascular attenuation between all groups when IDR and total iodine load 
were standardized and kept constant.17 As lower concentrated CM have to be injected 
at higher flow rates in order to achieve the desired IDR, concern might be raised about 
injecting high flow rates. Nevertheless, the use of lower concentrated CM might be 
advantageous in terms of lower viscosity and consecutively lower injection pressure. 
Viscosity of CM has been shown to play an important role in the overall enhancement 
pattern.1, 2, 18, 19 Aim of this study was to test the hypothesis that peak injection 
pressures and overall objective and subjective image quality using low concentrated CM 
(240mg/ml) injected with high flow rates will be comparable to a standard injection 
protocol (CM: 300mg/ml) in CCTA. 
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MATERIALS AND METHODS  

Study population 

A total of one hundred consecutive patients with stable symptoms of chest discomfort 
and suspected coronary artery disease (CAD), referred for CCTA from the cardiology 
outpatient department, were retrospectively included in this study within 6 months. For 
this study, ethics approval and informed consent for the use of (coded) images was 
waived by the local ethical committee (decision number: METC 13-4-022). 

Injection and scan protocol 

Scans were performed using a 2nd generation dual-source CT scanner (Somatom 
Definition Flash; Siemens Healthcare, Forchheim, Germany) with a 128x0.6mm slice 
collimation, a gantry rotation time of 280ms, a tube voltage of 100kV, tube current 
varied between 320-370mAseff. (CareDose 4DTM; Siemens Medical Solutions). Image 
reconstruction was done with individually adapted FOV at 0.75mm slice thickness with 
an increment of 0.5mm using an I26f kernel (SAFIRE, Iterative reconstruction strength 2). 
 In patients with a stable heart rate (<60 beats per minute [bpm]), a prospectively 
ECG-triggered ‘high pitch’ spiral protocol was used (‘Flash’-technique, 1s). In patients 
with a stable heart rate between 60-90bpm, a prospectively triggered ‘adaptive 
sequence’ protocol was used (prospective sequential data acquisition, 7s). Patients 
received an oral dose of 50mg metoprolol tartrate (Selokeen®; AstraZeneca, 
Zoetermeer, the Netherlands), two hours before CCTA. When indicated, an additional 
dose of 5-20mg metoprolol tartrate was administered to lower the heart rate to 
<60bpm, if possible. A maximum dose of 0.8mg nitroglycerine (Isordil®; Pohl-Boskamp, 
Hohenlockstedt, Germany) was given sublingually just prior to CCTA. Heart rate and ECG 
were monitored during CCTA. 
 CM was administered through dedicated high flow intravenous (i.v.) injection 
needles (18-gauge BD Nexiva Diffusics® i.v. Catheters, Sandy, UT, USA) in an antecubital 
vein (length i.v. catheter: 1.25inch, maximum registered flow rate: 15ml/s). These 
needles have 3 tear-drop shaped holes positioned near the catheter tip and a 
strengthened design that enables use with power injectors set up to 325psi, and proved 
to be feasible in both in vitro and in vivo experiments.20 CM was administered with 
usage of a standard extension tube (length: 15.7inch) between i.v. catheter and 
injection pump. 
 Prewarmed CM was used for all patients (37˚C [99˚F]; Ultravist; iopromide, Bayer 
Healthcare, Berlin, Germany) and was injected in a biphasic injection protocol to ensure 
adequate opacification of the coronary arteries using a dual-head power injector 
(Stellant/MEDRAD; Pittsburgh, PA, USA). A non-enhanced scan was performed to 
determine the calcium score using the Agatston method as part of the standard 
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screening protocol.21 Patients with a heartrate >90bpm or a calcium score >1000 were 
not included in this study. 
 Group 1 (n=50) received 94ml iopromide 240 at a flow rate of 9ml/s (IDR: 2.16gI/s), 
directly followed by 63ml saline at the same flow rate. Group 2 (n=50) received 75ml 
iopromide 300 at a flow rate of 7.2ml/s (IDR: 2.16gI/s), directly followed by 50ml saline 
(flow rate: 7.2ml/s). Total injection time was 17.4s (including saline chaser) for both 
protocols. In both groups, a test bolus was performed at the level of the ascending 
aorta to assess optimal start time after administration of the bolus (group 1: 25ml of 
CM at a flow rate 9ml/s, group 2: 20ml of CM at a flow rate of 7.2ml/s, followed by 3s 
administration of saline at the same flow rates). Total iodine load remained identical for 
both groups (22.5g). Injection pressure (psi) and total amount of CM (ml) were 
continuously monitored by a data acquisition program (CertegraTM Informatics Platform; 
Bayer Healthcare, Berlin, Germany) and read out after each injection. 

Quantitative and qualitative efficacy assessments 

The acquired data regarding presence of CAD was independently analyzed by an 
experienced radiologist and an experienced cardiologist who were both blinded to the 
injection protocol. In case of disagreement, consensus was reached by jointly reviewing 
findings. The coronary artery tree was assessed using the source images on a dedicated 
workstation (SyngoVia®; Siemens Healthcare, Forchheim, Germany). Presence of CAD 
was determined using axial images and curved multiplanar reformatted images. Any 
coronary plaque (e.g. calcified, non-calcified or mixed) was considered to be positive for 
the presence of CAD. Axial thin slices were used for allocating all anatomic sites for 
measurement of the attenuation in Hounsfield units (HU). Contrast enhancement (HU) 
was measured by two experienced observers in consensus using manually placed 
regions of interest (ROIs) in the ascending aorta (AA), descending aorta (DA), left main 
(LM) as well as proximal and distal segments of the left anterior descending artery 
(LAD), the circumflex artery (Cx) and the right coronary artery (RCA). The ROIs were 
placed in the vessels, care taken to avoid calcifications, plaques and stenosis (Figure 1).  
 
Objective image quality was analyzed in consensus and defined by several parameters: 
attenuation of all designated vessels, image noise (standard deviation [SD] of the 
attenuation in ROIs), contrast-to-noise ratio (CNR) and signal-to-noise ratio (SNR).  
CNR was defined by the following equation:  
 

CNR = vessel enhancement AA (HU)– adjacent muscle enhancement (HU) 
adjacent muscle enhancement SD (HU)  

 
SNR was defined by the following equation: 
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SNR = vessel enhancement AA (HU))
SD vessel enhancement (HU)  

 
Additionally, subjective scan quality of all datasets was evaluated and graded using a 
semi qualitative 4-point scale (4: excellent, 3: good with some artifacts, 2: below 
average, 1: poor). All datasets were analyzed with respect to occurrence of artifacts and 
other injection related factors, which might be secondary to the injection protocol (e.g. 
streak artifacts, step artifacts, cardiac motion artifacts, reflux). 
 

 

Figure 1: CCTA of RCA shows measurement of contrast opacification in HU 
by manual placement of regions of interest (ROIs) in segment of the right 
coronary artery (RCA). 

Statistical analysis 

Continuous variables were reported as mean±SD or median (interquartile range [IQR]) 
for parameters that were not normally distributed. Normality of data distribution was 
evaluated using the Shapiro-Wilk test. For continuous variables, independent t test or 
Mann-Whitney test was performed to assess differences between the two groups, 
depending on normality of distribution. Proportions (%) were used for categorical 
values. The chi-square test was used to measure differences between categorical 
variables. Mean peak pressures (psi) were calculated for both groups. Data analysis was 
conducted with SPSS version 20.0 (SPSS Inc; Chicago, IL, USA). All P values are 2-sided, 
and a P value below 0.05 was considered statistically significant.  
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RESULTS 

Baseline characteristics of the study population are summarized in Table 1. No 
statistical significant differences in presence of CAD were demonstrated between both 
groups (P=0.61). According to the informatics platform, the total amount of contrast 
delivered in ml, including the test bolus, was as expected in both groups (group 1: 
118.7±0.4ml, group 2: 94.7±0.5ml). No significant differences in peak injection 
pressures were found between both CM groups (121±5.6psi vs. 120±5.3psi, P=0.54). 
The pressure limit of 325psi was never reached.  
 
Table 1: Baseline characteristics. All variables are described as mean±SD or median (IQR) for parameters that 
were not normally distributed. Proportions (%) were used for categorical values. BMI: body mass index, bpm: 
beats per minute, DLP: dose length product, CAD: coronary artery disease. 

 Group 240mg/ml 
(n=50) 

Group 300mg/ml 
(n=50) 

P 

Age (years) 56±12 55±12 0.90 

Male (%) 27 (54) 22 (44) 0.32 

BMI (kg/m2) 26±3.2 25±3.1 0.15 

Hypertension (%) 40 38 0.81 

Heart rate (bpm) 70±12 66±13 0.41 

Agatston score 0.4 (0-43.9) 4.9 (0-93) 0.37 

CAD positive (%) 25 (50) 27 (54) 0.61 

DLP (mGy*cm) 211 (134-280) 158 (111-236) 0.11 

Scan protocol Flash 25 (50%) 
Adaptive 25 (50%) 

Flash 24 (48%) 
Adaptive 26 (52%) 

0.84 
0.69 

 
Mean diagnostic attenuation >300HU was reached for all vessels in both protocols.22 No 
statistically significant differences in attenuation between AA, DA and coronary arteries 
(proximal and distal) were found. Mean attenuation values of the, AA, DA, LM and 
proximal and distal coronary segments are stated in Table 2. No significant differences 
in attenuation levels were found in the thoracic aorta and all segments of the coronary 
arteries (all P>0.05). Figure 2 shows curved multiplanar reformation CCTA images of all 
three coronary arteries in two patients using 240mg/ml (left) and 300mg/ml (right). 
Note an equal homogeneous attenuation through the course of both proximal and 
distal segments of the CM groups. 
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Table 2: Mean attenuations of thoracic aorta and all coronary arteries (HU). CM: contrast media, AA: 
ascending aorta, DA: descending aorta, LM: left main artery, LAD: left anterior descending artery, Cx: 
circumflex artery, RCA: right coronary artery, dist: distal, prox: proximal. 

CM (mg/ml) AA DA LM LAD prox LAD dist Cx prox Cx dist RCA prox RCA dist 

Group 240 505±107 458±110 528±99 500±98 428±103 526±97 440±109 536±102 524±120 

Group 300 510±94 462±102 525±113 506±119 417±94 502±102 412±85 540±97 523±121 

P 0.83 0.85 0.89 0.80 0.57 0.22 0.16 0.83 0.98 

 

 

Figure 2: Sample curved multiplanar reformation images of LAD/ RCA/Cx at CCTA with usage of 240mg/ml
(A,C,E)) and 300mg/ml (B,D,F). Note an equal homogeneous attenuation through the course of both proximal
and distal segments of both CM groups. 

 
All mean image quality parameters are stated in Table 3. CNR proved to be sufficient in 
both scan groups and no statistically significant differences were found between both 
groups (32.7±12.6HU vs. 33.5±9.6HU, P=0.72). No statistically significant differences in 
SNR and image noise were found between both groups (SNR: 29.6±9.7HU vs. 
31.3±7.6HU, P=0.34, image noise: 18.2±5.0HU vs. 16.8±3.4HU, P=0.11). No statistical 
significant differences in scan quality of both datasets were found (P=0.47). No contrast 
related problems (extravasation at the injection site) or negative right-sided effects (e.g. 
streak artifacts or CM reflux) were encountered in this study.  
 
Table 3: Mean image quality parameters. CNR: contrast-to-noise ratio, SNR: signal-to-noise ratio, Scan Quality, 
4: excellent, 3: good with some artifacts, 2: below average, 1: poor. 

 Group 240mg/ml Group 300mg/ml P 

SNR 29.6±9.7 31.3±7.6 0.34 

CNR 32.7±12.6 33.5±9.6 0.72 

Image noise 18.2±5.0 16.8±3.4 0.11 

Scan quality 1, sum (%) 0 (0) 1 (2) 

0.47 
Scan quality 2, sum (%) 7 (14) 5 (10) 

Scan quality 3, sum (%) 11 (22) 16 (32) 

Scan quality 4, sum (%) 32 (64) 28 (56) 
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DISCUSSION 

This study demonstrates that no relevant peak pressure levels were reached despite 
injection rates as high as 9 ml/s using prewarmed low concentrated CM.  
 In daily clinical routine, the usage of higher flow rates might be a major concern. 
However, these results give a strong indication that high flow protocols up to 9ml/s 
(using iopromide 240) can be safely administered. By using dedicated high flow needles 
no flow related problems were encountered. Peak flow rates of 9ml/s were reached in 
all patients without significant increase in peak pressure. Most likely, this is attributed 
to the reduced viscosity of the lower iodine concentrated CM. The viscosity of 
iopromide 300 used in this study is 4.7mPa.s at 37°C (99˚F), whilst the viscosity of 
iopromide 240 is substantially lower: 2.8mPa.s at 37°C (99˚F).23 As evaluation of overall 
image quality (e.g. evaluation of coronary plaques, attenuation and CNR) also proved to 
be not statistically different, injection protocols with high flow rates should not be 
considered a drawback in daily clinical practice. 
 It would be interesting to further evaluate patient discomfort at the injection site, as 
was done in a previous study conducted by Mühlenbruch et al. injecting flow rates up to 
4.3ml/s; using these lower flow rates no significant differences were found in terms of 
discomfort.11 Injection with higher flow rates proved to be an independent predictor of 
retrograde inferior vena cava or hepatic vein opacification.24 As the bolus in our 
scanning protocol was timed at the left side, no negative effects of the used injection 
protocols were encountered in this study.  
 Constant diagnostic attenuation levels were reached in the clinical setting with 
iodine concentrations as low as 240mg/ml. No significant differences in intravascular 
attenuation in AA, DA and proximal and distal segments of the coronary arteries were 
found in comparison to the standard CM group (300mg/ml). The standard deviation of 
the attenuation values in all groups is considered somewhat broad, but within range of 
previous published data.25-27 This is an indication that attenuation values were quite 
variable, which might have been attributed to the variable body weight as well as other 
patient related factors (e.g. cardiac output, heart rate). These results stress the fact that 
the IDR as the product of flow rate and iodine concentration is key for intravascular 
attenuation. However, this is a continuing topic of research.5, 13, 17, 28-32 In previous 
studies comparing groups with different iodine concentrated CM, heterogeneous 
results for contrast enhancement have been reported.12, 13, 28-30, 32 However, in these 
studies, often IDR was not normalized or in favour of higher concentrated CM. No 
significant differences in intravascular attenuation have been found for clinical studies 
where indeed the IDR was kept constant.11, 14, 15 Mühlenbruch et al. prospectively 
included 300 patients and compared CM with iodine concentrations of 300, 370 and 
400mg/ml for chest-CT.11 They found no statistically significant differences in contrast 
enhancement with identical IDR. Rist et al. prospectively included sixty patients with 
known or suspected CAD in a double-blinded study and compared contrast injection 
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protocols using CM containing 300 and 400mg/ml with constant IDR.15 Equivalent 
homogenous enhancement of the coronary arteries was found in both groups. The 
results of our study strongly support the hypothesis that a normalized IDR is the 
determining factor for CCTA, the absolute iodine concentration is just part of the story.  
 Ideally, low concentrated CM would be even more advantageous, as injection 
pressures proved to be lower and CM distribution within the blood may be 
accelerated.2, 11 This creates the doorway towards applicability of a broad variety in flow 
rates and IDR’s and subsequently more individually tailored injection protocols. In 
addition, usage of lower concentrated CM is hypothesized to be beneficial in subjects 
without large-caliber i.v. access due to its lower peak pressures.8 A recent study 
conducted in animals has shown that arterial enhancement can be reduced even 
further by adjusting the IDR to the tube voltage (kV).8 Lower kV settings lead to an 
increase in enhancement of the vessels while maintaining comparable SNR. By adjusting 
the IDR, low tube voltage CTA was able to achieve comparable aortic enhancement with 
a significant reduction in CM dosage.8 In addition, iterative reconstruction is an 
alternative image reconstruction method, that allows scanning with lower radiation 
doses with similar noise-levels and image quality in comparison to filtered back 
projection.33-36 Willemink et al. proved, that iterative reconstruction can lead to 
decreased noise levels and increased SNR and CNR.36 Usage of low kV (e.g. 70kV/80kV) 
concepts for CTA with advanced platforms (e.g. newer generation iterative 
reconstruction algorithms), bare the potential for further reduction of CM volume in the 
near future. 

Limitations 

Our study has several limitations. This is a nonrandomized single-center study, 
investigating a limited number of patients. Additionally, the reported pressure values 
are valid for the combination of prewarmed CM and the i.v. access used, only. Another 
potential limitation of this study is that comfort (e.g. pain, heat sensation or heart rate 
response) during contrast administration with higher flow rates was not quantified in 
this study population. However, no flow-associated problems were noted. As this is a 
pilot study, investigating only a limited amount of patients, risk of extravasation needs 
to be investigated further in a larger cohort, as the study groups were possibly too small 
to detect differences. As these higher flow rates were administered through dedicated 
high flow i.v. injection needles, this injection setup is not applicable to regular i.v. 
catheters. Additionally, peak pressures were measured at the injection pump. A 
decrease of pressure is expected along the course of the extension tube. Therefore, 
measured peak pressures in all patients are likely to be overestimated. In addition, it 
would be interesting to perform a subset analysis of subjective image quality in patients 
with different calcium scores. This would attribute as an additional factor to underline 
the fact that lower concentrated CM can be used with comparable diagnostic quality. As 
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this is a pilot study group, limited to 50 patients in each group, only a very small number 
of scans were graded as lower quality (e.g. scan quality 1 and 2, table 3). Due to the 
relatively small group sizes, it is not possible to perform a statistical evaluation of the 
relation between scan quality and calcium score in this study. Larger patient subgroups 
are necessary to exclude the possibility of incidental findings. Finally, as this study 
focused on the technical aspects of i.v. injection with high flow rates and scan quality, 
no gold standard with regard to plaque stenosis and quantification was performed. 

CONCLUSION 

Usage of low iodine concentrated CM and injection with high flow rates is feasible in 
CCTA. High flow rates (9ml/s) of iopromide 240 were safely injected without 
complications and should not be considered a drawback in clinical practice. No 
significant differences in peak pressure and both subjective and objective image quality 
were found. Use of low concentrated CM is advantageous as injection pressure is lower 
and CM distribution in the blood might be facilitated. This creates a doorway towards 
applicability of a broad variety in flow rates and IDR’s and subsequently more 
individually tailored injection protocols. 
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ABSTRACT 

Objectives 
Contrast media (CM) injection protocols should be customized to the individual patient. 
Aim of this study was to determine if software tailored CM injections result in diagnostic 
enhancement of the coronary arteries in computed tomographic angiography (CTA) and 
if attenuation values were comparable between different weight categories. 
 
Materials and methods 
265 consecutive patients referred for routine coronary CTA were scanned on a 2nd 
generation dual-source CT. Group 1 (n=141) received an individual CM bolus based on 
weight categories (39-59kg; 60-74kg; 75-94kg; 95-109kg) and scan duration (‘high-
pitch’: 1s; ‘dual-step prospective triggering’: 7s), as determined by contrast injection 
software (CertegraTM P3T; Bayer Healthcare, Berlin, Germany). Group 2 (n=124) 
received a standard fixed CM bolus; iopromide 300mg/ml, volume: 75ml, flow rate: 
7.2ml/s. Contrast enhancement was measured in all proximal and distal coronary 
segments. Subjective and objective image quality was evaluated. Statistical analysis was 
performed using SPSS version 20.0 (SPSS Inc; Chicago, IL, USA). 
 
Results 
For group 1, mean attenuation values of all segments were diagnostic (>325HU) without 
statistical significant differences between different weight categories (P>0.17), proximal 
vs. distal: 449±65 vs. 373±58HU (39-59kg), 443±69 vs.367±81HU (60-74kg), 427±59 vs. 
370±61HU (75-94kg), 427±73 vs. 347±61HU (95-109kg). Mean CM volumes were: 
55±6ml (39-59kg), 61±7ml (60-74kg), 71±8ml (75-94kg), 84±9ml (95-109kg). For group 
2, mean attenuation values were not all diagnostic with differences between weight 
categories (P<0.01), proximal vs. distal: 611±142 vs. 408±69HU (39-59kg), 562±135 vs. 
389±98HU (60-74kg), 481±83 vs. 329±81HU (75-94kg), 420±73 vs. 305±35HU (95-
109kg). Comparable image noise and image quality were found between groups 
(P≥0.330). 
 
Conclusion 
Individually tailored CM injection protocols yield diagnostic attenuation and a more 
homogeneous enhancement pattern between different weight groups. CM volumes 
could be reduced for the majority of patients utilizing individualized CM bolus 
application.   
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INTRODUCTION 

Contrast media (CM) injection parameters, CT scan technique and patient-related factors 
are the most important factors influencing contrast enhancement characteristics.1, 2 As 
current CM application protocols in coronary computed tomographic angiography 
(CCTA) are aimed at shorter acquisition times and reduced tube voltage (kV), CM bolus 
shaping necessitates adaptation and optimal synchronization with the scan protocols.3-5 
 In terms of patient related factors, a correlation between intravascular attenuation 
and body weight has been previously suggested.6, 7 Additionally, physical factors such as 
cardiac output and muscle mass (concept of lean body weight) can differ substantially 
between patients with comparable body weight, which may be the cause of variability 
in solid organ and vascular enhancement.8-10 A standard protocol with a standard 
injected CM volume, independent of weight and length of the patient, will undoubtedly 
lead to an over- and underestimation of the injected CM volume in certain weight 
categories, which potentially has consequences on image quality and attenuation of the 
coronary arteries.1 Therefore, various study groups investigated solutions to overcome 
this non-homogeneous enhancement by usage of individually tailored injection 
protocols with promising results.11-16 
 A dedicated contrast protocol software (P3T™; Bayer Healthcare, Berlin, Germany) 
customizes a triphasic injection protocol for each patient and procedure, using patient 
weight, scan duration, CM concentration and timing attributes of a test bolus scan. The 
P3T™ software adapts the iodine delivery rate (IDR, iodine delivered per second) and 
total iodine load (TIL) based upon a non-linear relationship between patient weight and 
scan duration in order to achieve diagnostic attenuation (>325 Hounsfield units 
[HU]).8, 13, 17 
 Customized injection software might lead to diagnostic and comparable attenuation 
values of the coronary arteries for each individual patient and a more efficient use of 
injected CM volumes. 
 Aim of this study was to evaluate vascular attenuation of the coronary arteries as 
well as image quality and injection parameters within different weight classes by using 
software tailored body weight adapted CM bolus injection protocols and to compare 
this to a standardized injection protocol with fixed parameters.  

MATERIALS AND METHODS 

Study population 

329 consecutive patients with stable symptoms of chest discomfort and suspected 
coronary artery disease (CAD) were referred for CCTA from the cardiology outpatient 
department within a period of 6 months. Patients with a calcium score >1000 were 
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excluded from the study (n=9). Additionally, patients weighing >109kg were excluded as 
these patients were scanned with a tube voltage of 120kV (n=50). Patients with a heart 
rate >90 beats per minute (bpm) were excluded as these patients were scanned with a 
retrospectively gated helical protocol (n=5). Thus, a total of 265 patients were 
prospectively included in this study. The included patients were divided into two 
groups: group 1 (n=141) received an individually adapted injection protocol and group 2 
(n=124) received a fixed injection protocol. 
 Ethical approval was given and informed consent for the use of (coded) images was 
waived by the local ethical committee, as the data was analyzed anonymously in 
accordance with the Institutional Review Board guidelines (METC 14-4-049).  

Injection and scan protocol 

Scans were performed using a 2nd generation Dual-source CT scanner (Somatom 
Definition Flash; Siemens Healthcare, Forchheim, Germany) with a 128x0.6mm slice 
collimation, gantry rotation time of 280ms, tube voltage of 100kV, tube current of 320 
or 370mAsref (CareDose 4DTM; Siemens Medical Solutions), depending on the scan 
protocol. Image reconstruction was done with individually adapted field of view (FOV) 
at 0.75mm slice thickness with an increment of 0.5mm using an I26f kernel (SAFIRE, 
Iterative reconstruction strength 2).  
 A non-contrast enhanced scan was performed to determine the calcium score 
(Agatston score). All patients received an oral dose of 50mg metoprolol tartrate 
(Selokeen; AstraZeneca, Zoetermeer, the Netherlands), two hours before CCTA. When 
indicated, an additional dose of 5-20mg metoprolol tartrate was administered 
intravenously to lower the heart rate to <60bpm, if possible. A maximum dose of 0.8mg 
nitroglycerine (Isordil®; Pohl-Boskamp, Hohenlockstedt, Germany) was given 
sublingually prior to CCTA. Heart rate and ECG were monitored during CCTA. In patients 
with a stable heart rate <60bpm, a prospectively ECG-triggered ‘high pitch’ spiral 
protocol was used (‘Flash’-technique, 1s). In patients with a stable heart rate between 
60-90bpm a prospectively triggered ‘adaptive sequence’ protocol was used (prospective 
sequential data acquisition, 7s). CM was prewarmed to standardized 37˚C (99˚F). The 
same CM was used for all patients (Ultravist 300mg/ml; iopromide, Bayer Healthcare, 
Berlin, Germany).  
 Group 1 (n=141) received an individual triphasic bolus based on the weight of the 
patient using dedicated contrast injection software (P3T Cardiac™; Bayer Healthcare, 
Berlin, Germany) (Table 1). This software allows adaption of injection rate, injection 
duration and contrast volume for each individual patient. The software individually 
adapts both the TIL (g) and the IDR (gI/s) based upon a nonlinear relationship between 
patient weight and duration of the CT data acquisition.8, 13 For this purpose, the weight 
of the patient was measured on a weighing scale in the CT room and entered into the 
system prior to the scan. The individually tailored triphasic bolus injection consists of a 
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CM phase, a mixed phase (20% CM and 80% saline) and a saline phase. The mixed 
phase will be calculated as 20%-80% when the attenuation level reached the threshold 
using the test bolus methodology. 
 Group 2 (n=124) received a standard contrast bolus injection, using 75ml of CM, 
which was injected in the antecubital vein at a rate of 7.2ml/s, directly followed by 50ml 
of saline (Table 1). In all patients, a test bolus injection at the level of the ascending 
aorta was performed to assess optimal start delay (group 1: 20ml of CM at a flow rate 
according to P3T protocol [Table 1], group 2: 20ml of CM at a flow rate 7.2ml/s). Test 
bolus in both groups was followed by 40ml of saline flush at the same flow rate. 
 Injection pressures (psi), flow rates (ml/s) and total amount of CM (ml) were 
continuously monitored by a data acquisition program (Certegra™ Informatics Platform; 
Bayer Healthcare, Berlin, Germany) and read out after each injection. 
 
Table 1: Injection parameters. Prewarmed (37°) CM was used (iopromide 300mg/ml). CM: contrast media, TIL: 
total iodine load, IDR: iodine delivery rate, Adapt Seq: adaptive sequence. 

Group CM bolus 
(ml) 

Mixed bolus 
(20% CM, ml) 

Total volume 
(CM, ml) 

TIL (g) Saline flush 
(ml) 

Flow rate 
(ml/s) 

IDR (gI/s) Injection 
time (s) 

1 (P3T) 
39-59 kg 

        

Adapt Seq 52 50 (10) 102 (62) 18.6 30 5.2 1.6 19.6 

High pitch 41 50 (10) 91 (51( 15.3 30 5.2 1.6 17.5 

60-74 kg         

Adapt Seq 56 67 (13.4) 123 (69.4) 20.8 30 5.6 1.7 22 

High pitch 45 67 (13.4) 112 (58.4) 17.5 30 5.6 1.7 20 

75-94 kg         

Adapt Seq 66 84 (16.8) 150 (82.8) 24.8 30 6.6 2.0 22.7 

High pitch 53 84 (16.8) 137 (69.8) 20.9 30 6.6 2.0 20.8 

95-109 kg         

Adapt Seq 74 102 (20.4) 176 (94.4) 28.3 30 7.4 2.2 23.8 

High pitch 60 102 (20.4) 162 (80.4) 24.1 30 7.4 2.2 21.9 

2 (Control) 75 - 75 (75) 22.5 50 7.2 2.2 10.4 

Coronary and quantitative efficacy assessments 

Two experienced radiologists who were both blinded to the injection protocol 
performed attenuation measurements in consensus. The coronary artery tree was 
assessed using the source images on a dedicated workstation (SyngoVia™; Siemens 
Healthcare). Axial thin slices and curved multiplanar reformatted images were used for 
allocating all anatomic sites for measurement of the attenuation in Hounsfield units 
(HU). Contrast opacification as well as image noise (standard deviation [SD]) in HU were 
measured using manually placed regions of interest (ROIs) in proximal and distal 
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segments of the left anterior descending artery (LAD), the circumflex artery (Cx) and the 
right coronary artery (RCA), using the 16 coronary segment model of the American 
Heart Association (AHA).18 Intraluminal ROIs were formed as large as possible, paying 
attention to avoid the vessel wall (Figure 1). ROI measurement was performed in a 
section free of calcified plaques, as partial volume effects might influence the 
attenuation values.  
 Additionally, subjective scan quality of all datasets was evaluated and graded in 
consensus by an experienced radiologist and cardiologist based on a combination of the 
level of intra-vascular attenuation, the amount of image noise and usage of a 4-point 
grading scale  (4: excellent, 3: good with some artefacts, 2: below average, still diagnostic, 
1: poor, non diagnostic).19 
 

 

Figure 1: manually placed regions of interest (ROI) measurement in HU in proximal right coronary artery 
(RCA). Intraluminal ROIs were formed as large as possible, paying attention to avoid the vessel wall. 

Statistical analysis  

Continuous variables were reported as the mean±SD or median (interquartile range 
[IQR]) for parameters that were not normally distributed. Normality of data distribution 
was evaluated using the Shapiro-Wilk test. For continuous variables, independent t test 
or Mann-Whitney test was performed to assess differences between two groups, 
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depending on normality of distribution. Proportions (%) were used for categorical 
values. The chi-square test was used to measure differences between categorical 
variables. Mean attenuation values between weight classes were compared for both 
groups using one-way ANOVA followed by Tukey test for post hoc comparisons between 
each weight class. Mean peak pressures (psi) as well as CM volume and peak flow rate 
were calculated for all weight classes and separately compared to the control group 
using independent t test. Data analysis was conducted with SPSS version 22.0 (SPSS Inc; 
Chicago, IL, USA). All P values are 2-sided, and a P value below 0.05 was considered 
statistically significant.  

RESULTS 

68 men and 73 women were included in group 1 (median age: 56±11 years). The control 
group consisted of 50 men and 74 women (mean age: 55±12 years). The distribution 
among the four weight classes (P=0.515) as well as among scan protocols (P=0.308) did 
not show significant differences between both groups. Other baseline characteristics are 
listed in Table 2. 
 
Table 2: Baseline characteristics. All variables are described as mean±SD or median (IQR) for parameters that 
were not normally distributed. Proportions (%) were used for categorical values. BMI: body mass index, bpm: 
beats per minute. 

 Group 1 (P3T) 
(n=141) 

Group 2 (Control) 
(n=124) 

P 

Age (years) 56±11 55±12 0.290 

Male (%) 68 (48%) 50 (40%) 0.197 

BMI (kg/m2) 26±0.3 25±0.3 0.271 

Weight classes  
39-59kg 
60-74kg 
75-94kg 
95-109kg 

 
20 (14%) 
51 (36%) 
52 (37%) 
18 (13%) 

 
18 (14%) 
50 (40%) 
47 (38%) 
9 (8%) 

0.515 

Heart rate (bpm) 59±0.7 60±0.7 0.143 

Scan protocol Adaptive Sequence 48 (34%) 
High pitch 93 (66%) 

Adaptive Sequence 35 (28%) 
High pitch 89 (72%) 

0.308 

 
In group 1, sufficient overall enhancement levels of >325HU were reached in all weight 
groups. No significant differences were found in mean attenuation values between 
different weight classes (P>0.173), proximal vs. distal: 449±65 vs. 373±58HU (39-59kg), 
443±69 vs. 367±81HU (60-74kg), 427±59 vs. 370±61HU (75-94kg), 427±73 vs. 
347±61HU (95-109kg). Furthermore, in none of the vascular segments or weight classes 
a mean attenuation <325HU was reached (Table 3 and Figure 2). In addition, standard 
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deviation was lowest in group 1, indicating that attenuation was more homogeneous 
among patients of this group.  
 
Table 3: Mean attenuation (HU) and standard deviation (SD) of proximal and distal coronary segments. Mean 
image noise (HU) and standard deviation (SD) of proximal and distal coronary segments. 

Group  
RCA prox 
(HU) 

RCA dist 
(HU) 

LAD prox 
(HU) 

LAD dist 
(HU) 

Cx prox  
(HU) 

Cx dist  
(HU) 

1 (P3T) 39-59kg 448±74 431±73 449±65 379±55 448±72 373±58 

 60-74kg 443±69 421±79 437±72 367±81 441±62 373±65 

 75-94kg 426±68 413±83 427±59 370±61 424±72 378±57 

 95-109kg 427±73 396±55 406±56 347±61 423±53 348±47 

 P 0.465 0.530 0.173 0.532 0.384 0.321 

2 (Control) 39-59kg 611±142 477±151 592±109 408±69 609±104 419±146 

 60-74kg 562±135 482±140 539±115 389±98 545±116 392±84 

 75-94kg 481±83 416±97 435±82 329±81 460±83 343±72 

 95-109kg 398±43 344±70 408±69 305±35 420±73 337±63 

 P <0.001 0.005 <0.001 <0.001 <0.001 0.008 

Image noise (SD)         

1 (P3T)  35±13 40±14 34±13 37±14 37±14 37±13 

2 (Control)  35±16 42±19 34±16 38±18 36±16 37±17 

 P 0.992 0.330 0.855 0.380 0.499 0.995 

In the control group, significantly lower attenuation levels were seen in higher weight 
groups, while slender patients did show markedly increased enhancement levels. Mean 
attenuation values between proximal and distal segments in the control group 
decreased significantly (P<0.008) within higher weight classes and mean attenuation of 
the distal LAD for patients weighing 95-109kg did not reach diagnostic attenuation 
values at 305±35HU (Table 3 and Figure 2).  
 Comparable image noise was found for both groups in all proximal and distal 
segments of the coronary arteries (Table 3). No significant differences in subjective scan 
quality were found between both datasets (P=0.311). Post hoc comparisons for the 
different weight groups showed no significant differences. Within both groups, there 
were no significant differences found between the different weight groups, P values 
0.43 and 0.65 for group 1 and group 2, respectively. In group 1, 5% (n=7) of the scans 
was graded as ‘below average’ (scan quality 2) or ‘poor’ (scan quality 1) compared to 
10% (n=13) in group 2 (Table 4).  The scan graded as ‘poor, non diagnostic’ in group 2 
was due to multiple motion artifacts.  
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Figure 2A/B: Error bars show the mean attenuation values with standard errors of the mean for proximal (A)
and distal segments (B) as well as for both injection protocols, both scan protocols and all weight classes.
Reference line for attenuation was set to 325 HU. Mean attenuation <325 HU was found in the distal LAD of
the control group, only (using fixed injection parameters). 
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Table 4: Mean image quality parameters. Scan Quality: 4: excellent, 3: good with some artifacts, 2: below 
average, still diagnostic, 1: poor, non diagnostic. *Percentages may not total 100 due to rounding. 

Group  Scan image quality, sum (%) 

39-59kg 60-74kg 75-94kg 95-109kg P 

1 (P3T) Quality 1 0 (0) 0 (0) 0 (0) 0 (0) 

0.43 
 Quality 2 1 (5) 3 (6) 2 (4) 1 (6) 

 Quality 3 6 (30) 29 (57) 21 (40) 8 (44) 

 Quality 4 13 (65) 19 (37) 29 (56) 9 (50) 

2 (Control) Quality 1 0 (0) 1 (2) 0 (0) 0 (0) 

0.65 

 Quality 2 4 (22) 3 (6) 4 (9) 1 (11) 

 Quality 3 6 (33) 23 (46) 24 (51) 3 (33) 

 Quality 4 8 (44) 23 (46) 19 (40) 5 (56) 

P  0.24 0.56 0.26 0.79 

 
In addition, less CM volume, lower peak flow rates and decreased peak pressures were 
found in patients weighing <95kg of the P3T group compared to the control group. 
Mean CM volumes of group 1 were: 55±6ml (39-59kg), 61±7ml (60-74kg), 71±8ml (75-
94kg). This equates to a reduction in CM volume in 87% of the P3T population. Mean 
peak flow rates varied between 5.4±0.1 and 6.9±0.3ml/s. Mean peak pressures varied 
between 89±24 and 111±13psi for these weight groups, respectively. For patients of the 
highest weight class, injection parameters increased for group 1 in comparison to the 
control group (Table 5). 
 
Table 5: Mean contrast media delivered, peak flow rate and peak pressure. CM: contrast media. 

 Mean CM delivered (ml) Peak flow (ml/s) Peak pressure (psi) 

Group 1 (P3T)       

39-59kg 54±6 P<0.001 5.4±0.1 P<0.001 89±24 P<0.001 

60-74kg 61±7 P<0.001 5.9±0.2 P<0.001 91±9 P<0.001 

75-94kg 71±8 P<0.001 6.9±0.3 P<0.001 111±13 P<0.001 

95-109kg 84±9 P<0.001 7.7±0.4 P=0.08 128±12 P=0.02 

Group 2 (Control) 75±0.1 7.5±0.0 122±9 

DISCUSSION 

Individual adapted CM injection protocols provided diagnostically sufficient subjective 
and objective image quality in all patient groups. In comparison, a fixed injection 
protocol did show large variation between different weight groups indicating 
suboptimal use of CM in different patient weight groups, ranging from very high 
contrast levels in patients with low body weight (e.g. too much contrast) to very low 
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contrast levels in heavy patients (e.g. not enough contrast). These findings show a clear 
benefit for individual tailored CM injection software in CCTA for optimal diagnostic 
attenuation of the coronary segments. Additionally, a more homogeneous attenuation 
was found throughout the proximal and distal segments of all coronary arteries in the 
P3T group, which can possibly be attributed to the triphasic injection protocol of the 
software used.  
 Body weight and body mass index (BMI) have a substantial impact on peak vascular 
attenuation and time to peak in CT angiography.7, 10, 20, 21 Therefore, many authors have 
proposed to adapt CM volume to the individual patient’s weight.13, 17, 22-26 Zhu et al. 
investigated different CM injection protocols in CCTA by individually tailoring iodine 
dose to the patient's body weight, BMI and heart rate. Patients received a BMI tailored 
CM dose (0.91-1.24*body weight, respectively depending on BMI category). Mean total 
volumes in different groups varied between 66.7-80ml. They found comparable 
attenuation values in both ascending aorta and coronary arteries in different weight 
categories when CM dose was adapted to body weight and BMI.27 These findings are 
comparable to our results. However, the authors calculated mean attenuation values of 
all weight classes according to the different scan protocols. An additional sub-analysis 
for the difference in attenuation values between different weight classes of the 
individually tailored CM injection protocols was not calculated and would have been of 
additional value.  
 Nakaura et al. designed a weight-adjusted protocol in CCTA, where the iodine dose 
was tailored to the patient body weight (1.0ml/kg body weight, injection duration: 15s). 
They found non-significant differences in attenuation between the lower and higher 
weight adjusted subgroups (e.g. bodyweight: <58 and ≥58kg) and concluded, that 
shorter injection duration yielded adequate enhancement of the coronary arteries and 
ascending aorta and reduced the average contrast volume required for CCTA.14 The 
authors divided the Asian study population in two weight classes. In the European 
population, a subdivision in more consecutive weight classes would be more 
appropriate, especially with regard to body weight ≥58kg, which is regarded a 
substantial percentage of our study population. The TIL used in the body weight 
adjusted protocol is still rather high (22.0±4.7g), which is comparable to the TIL used in 
our fixed protocol. According to our findings, CM volume could be reduced in patients 
up to 94kg. This means a reduction of 24% for patients ≤58kg and 3-17% for patients 
59-94kg, still resulting in optimal and robust contrast enhancement. 
 Seifarth et al. investigated if individually tailored protocols for the injection of CM 
resulted in higher vascular attenuation of coronary arteries compared to fixed injection 
protocols.13 They evaluated an injection protocol using P3T software in comparison to 
two different standard injection protocols and found comparable or increased 
attenuation values using P3T compared to fixed protocols. In addition, lowest volume 
and flow rates were used in the P3T group. They compared overall mean attenuation of 
the coronary arteries between groups, where they did not specify mean attenuation of 
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the different weight classes or perform sub analysis for differences in attenuation 
values between weight classes. As P3T software is based upon an adaptation of IDR and 
TIL for weight classes in particular, a sub analysis provides the best insight in the 
functionality of this software, which is a major difference and benefit of our study.   
 With respect to diagnostic attenuation of the coronary arteries, several opinions do 
exist. Attenuation levels above 325HU are usually considered diagnostically sufficient.17 
On the other hand, it is known from the literature, that attenuation values over 500HU 
may lead to underestimation of the degree of stenosis.28 In this study, attenuation was 
diagnostic for all patients in all weight categories using P3T. For the control group, 
however, insufficient mean attenuation (305±35HU) was seen in the distal LAD. 
Furthermore, mean attenuations over 500HU were reached in several proximal 
segments, while these high enhancement levels were not reached in group 1. 
Additionally, CM volume decreased significantly in group 1 for patients <95kg compared 
to the control group. In our hospital, a very large percentage (e.g. 84%) of the general 
CCTA population will benefit from reduction of CM volume, as the mean weight of 
patients referred for CCTA is 80±16kg (based on 4091 patients) and 658 patients (16%) 
had a body weight >94kg.  
 CM volume might be decreased even further as the attenuation values of the 
proximal segments were still well above the diagnostic level. This could be 
accomplished by lowering designated IDR and CM volume at the same time. However, 
for distal segments, attenuation values were more close to the reference value of 
325HU, which makes it challenging to reduce TIL. TIL, however, could be reduced as 
well by lowering the concentration of the CM itself and this, in turn, may provide a 
more easily and evenly distribution in the vessels due to the reduced viscosity of the 
fluid.1, 29, 30 Usage of lower viscose CM concentrations might bare the potential for 
better visualization of smaller vascular segments such as the distal coronary arteries. In 
this respect, Bae et al. investigated in clinical CT angiography that an exponentially 
decelerated CM injection method, as compared with the standard constant-rate 
injection method, can facilitate uniform vascular contrast enhancement with a reduced 
CM volume.15 Furthermore, if CT scan parameters will be adapted to lower kV settings 
(e.g. 70/80kV), even further reduction might be possible in the future.  

Limitations 

Our study has several limitations. This is a nonrandomized single-center study, 
investigating a limited number of patients. In addition, kV settings were adapted to 
body weight by using 120kV in patients weighing >109kg to overcome the problem of 
increased image noise. Therefore, patients weighing >109kg were excluded in this 
study. In addition, aim of this study was to evaluate feasibility of software tailored body 
weight adapted triphasic CM bolus injection protocol in comparison to a standardized 
injection protocol. As the latter is considered a biphasic injection protocol, this might 
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potentially have had some influence on attenuation values, in particular in the more 
distal segments. However, differences in outcome with regard to attenuation of the 
coronary segments in the control group are not expected, as all patients received an 
identical CM volume, which would have been the same with usage of a triphasic 
protocol. 

CONCLUSION 

Automated body weight adapted CM injection in CCTA results in diagnostically sufficient 
and comparable attenuation values between different weight groups. No significant 
differences in subjective and objective image quality were found. In clinical practice, 
overall CM volumes could be reduced for the majority of patients of the general 
population referred for CCTA utilizing body weight adapted individualized CM bolus.  
  



Chapter 7 

110 

REFERENCES 

1. Bae KT. Intravenous contrast medium administration and scan timing at ct: Considerations and 
approaches. Radiology. 2010;256:32-61 

2. Johnson PT, Pannu HK, Fishman EK. Iv contrast infusion for coronary artery ct angiography: Literature 
review and results of a nationwide survey. AJR Am J Roentgenol. 2009;192:W214-221 

3. Otero HJ, Steigner ML, Rybicki FJ. The "post-64" era of coronary ct angiography: Understanding new 
technology from physical principles. Radiol Clin North Am. 2009;47:79-90 

4. Dewey M, Zimmermann E, Deissenrieder F, Laule M, Dubel HP, Schlattmann P, Knebel F, Rutsch W, Hamm 
B. Noninvasive coronary angiography by 320-row computed tomography with lower radiation exposure 
and maintained diagnostic accuracy: Comparison of results with cardiac catheterization in a head-to-head 
pilot investigation. Circulation. 2009;120:867-875 

5. Kumamaru KK, Steigner ML, Soga S, Signorelli J, Bedayat A, Adams K, Mitsouras D, Rybicki FJ. Coronary 
enhancement for prospective ecg-gated single r-r axial 320-mdct angiography: Comparison of 60- and 80-
ml iopamidol 370 injection. AJR Am J Roentgenol. 2011;197:844-850 

6. Yamamuro M, Tadamura E, Kanao S, Wu YW, Tambara K, Komeda M, Toma M, Kimura T, Kita T, Togashi K. 
Coronary angiography by 64-detector row computed tomography using low dose of contrast material 
with saline chaser: Influence of total injection volume on vessel attenuation. J Comp Assist Tomogr. 
2007;31:272-280 

7. Bae KT, Seeck BA, Hildebolt CF, Tao C, Zhu F, Kanematsu M, Woodard PK. Contrast enhancement in 
cardiovascular mdct: Effect of body weight, height, body surface area, body mass index, and obesity. AJR 
Am J Roentgenol. 2008;190:777-784 

8. Bae KT, Heiken JP, Brink JA. Aortic and hepatic contrast medium enhancement at ct. Part ii. Effect of 
reduced cardiac output in a porcine model. Radiology. 1998;207:657-662 

9. Ho LM, Nelson RC, Delong DM. Determining contrast medium dose and rate on basis of lean body weight: 
Does this strategy improve patient-to-patient uniformity of hepatic enhancement during multi-detector 
row ct? Radiology. 2007;243:431-437 

10. Platt JF, Reige KA, Ellis JH. Aortic enhancement during abdominal ct angiography: Correlation with test 
injections, flow rates, and patient demographics. AJR Am J Roentgenol. 1999;172:53-56 

11. Fleischmann D. Use of high-concentration contrast media in multiple-detector-row ct: Principles and 
rationale. Eur Radiol. 2003;13 Suppl 5:M14-20 

12. Rist C, Becker CR, Kirchin MA, Johnson TR, Busch S, Bae KT, Leber AW, Reiser MF, Nikolaou K. 
Optimization of cardiac msct contrast injection protocols: Dependency of the main bolus contrast density 
on test bolus parameters and patients' body weight. Acad Radiol. 2008;15:49-57 

13. Seifarth H, Puesken M, Kalafut JF, Wienbeck S, Wessling J, Maintz D, Heindel W, Juergens KU. Introduction 
of an individually optimized protocol for the injection of contrast medium for coronary ct angiography. 
Eur Radiol. 2009;19:2373-2382 

14. Nakaura T, Awai K, Yauaga Y, Nakayama Y, Oda S, Hatemura M, Nagayoshi Y, Ogawa H, Yamashita Y. 
Contrast injection protocols for coronary computed tomography angiography using a 64-detector 
scanner: Comparison between patient weight-adjusted- and fixed iodine-dose protocols. Invest Radiol. 
2008;43:512-519 

15. Bae KT, Tran HQ, Heiken JP. Uniform vascular contrast enhancement and reduced contrast medium 
volume achieved by using exponentially decelerated contrast material injection method. Radiology. 
2004;231:732-736 

16. Fleischmann D, Rubin GD, Bankier AA, Hittmair K. Improved uniformity of aortic enhancement with 
customized contrast medium injection protocols at ct angiography. Radiology. 2000;214:363-371 

17. Isogai T, Jinzaki M, Tanami Y, Kusuzaki H, Yamada M, Kuribayashi S. Body weight-tailored contrast material 
injection protocol for 64-detector row computed tomography coronary angiography. Jpn J Radiol. 
2011;29:33-38 

18. Austen WG, Edwards JE, Frye RL, Gensini GG, Gott VL, Griffith LS, McGoon DC, Murphy ML, Roe BB. A 
reporting system on patients evaluated for coronary artery disease. Report of the ad hoc committee for 
grading of coronary artery disease, council on cardiovascular surgery, american heart association. 
Circulation. 1975;51:5-40 

19. Hausleiter J, Martinoff S, Hadamitzky M, Martuscelli E, Pschierer I, Feuchtner GM, Catalan-Sanz P, 
Czermak B, Meyer TS, Hein F, Bischoff B, Kuse M, Schomig A, Achenbach S. Image quality and radiation 



Evaluation of individually body weight adapted CM injection in CCTA 

111 

exposure with a low tube voltage protocol for coronary ct angiography results of the protection II trial. 
JACC Cardiovasc Imaging. 2010;3:1113-1123 

20. Awai K, Hiraishi K, Hori S. Effect of contrast material injection duration and rate on aortic peak time and 
peak enhancement at dynamic ct involving injection protocol with dose tailored to patient weight. 
Radiology. 2004;230:142-150 

21. Husmann L, Leschka S, Boehm T, Desbiolles L, Schepis T, Koepfli P, Gaemperli O, Marincek B, Kaufmann P, 
Alkadhi H. Influence of body mass index on coronary artery opacification in 64-slice ct angiography. 
RoFo;2006;178:1007-1013 

22. Cademartiri F, van der Lugt A, Luccichenti G, Pavone P, Krestin GP. Parameters affecting bolus geometry 
in cta: A review. J Comp Assist Tomogr. 2002;26:598-607 

23. Tatsugami F, Matsuki M, Inada Y, Kanazawa S, Nakai G, Takeda Y, Morita H, Takada H, Ashida K, Yoshikawa 
S, Fukumura K, Narumi Y. Feasibility of low-volume injections of contrast material with a body weight-
adapted iodine-dose protocol in 320-detector row coronary ct angiography. Acad Radiol. 2010;17:207-
211 

24. Zhu X, Zhu Y, Xu H, Tang L, Xu Y. The influence of body mass index and gender on coronary arterial 
attenuation with fixed iodine load per body weight at dual-source ct coronary angiography. Acta Radiol. 
2012;53:637-642 

25. Liu J, Gao J, Wu R, Zhang Y, Hu L, Hou P. Optimizing contrast medium injection protocol individually with 
body weight for high-pitch prospective ecg-triggering coronary ct angiography. Int J Cardiovasc Imaging. 
2013;29:1115-1120 

26. Awai K, Hatcho A, Nakayama Y, Kusunoki S, Liu D, Hatemura M, Funama Y, Denbo M, Sato N, Yamashita Y. 
Simulation of aortic peak enhancement on mdct using a contrast material flow phantom: Feasibility study. 
AJR Am J Roentgenol. 2006;186:379-385 

27. Zhu X, Zhu Y, Xu H, Wan Y, Choo KS, Yang G, Tang L, Xu Y. An individualized contrast material injection 
protocol with respect to patient-related factors for dual-source ct coronary angiography. Clin Radiol. 
2014;69:e86-92 

28. Fei X, Du X, Yang Q, Shen Y, Li P, Liao J, Li K. 64-mdct coronary angiography: Phantom study of effects of 
vascular attenuation on detection of coronary stenosis. AJR Am J Roentgenol. 2008;191:43-49 

29. Kok M, Mihl C, Mingels AA, Kietselaer BL, Muhlenbruch G, Seehofnerova A, Wildberger JE, Das M. 
Influence of contrast media viscosity and temperature on injection pressure in computed tomographic 
angiography: A phantom study. Invest Radiol. 2014;49:217-223 

30. Muhlenbruch G, Behrendt FF, Eddahabi MA, Knackstedt C, Stanzel S, Das M, Seidensticker P, Gunther RW, 
Wildberger JE, Mahnken AH. Which iodine concentration in chest ct? - A prospective study in 300 
patients. Eur Radiol. 2008;18:2826-2832 

  





113 

CHAPTER 8 
General Discussion 

  



Chapter 8 

114 

TECHNICAL ADVANCES IN CORONARY COMPUTED TOMOGRAPHIC 
ANGIOGRAPHY  

Coronary computed tomographic angiography (CCTA) has proven to be an important 
non-invasive imaging technique for the assessment of coronary artery disease (CAD).1 
Due to ongoing technological advances, spatial and temporal resolution increased 
significantly, making CCTA a highly accurate method to rule out CAD in comparison to 
invasive coronary angiography (CAG).2-5 In addition, prospectively ECG-triggered scan 
protocols, high pitch protocols and strategies such as automatic tube current 
modulation have resulted in a substantial reduction of radiation dose.6-8 The decrease in 
scan acquisition time (<1-6 seconds, depending on scan protocol and scanner 
technique) has reduced artifacts due to breathing and coronary motion substantially.9 
These shorter scan acquisition times necessitate a more challenging timing of contrast 
media (CM) application as the temporal data acquisition window will be shorter.10-13  

PARAMETERS INFLUENCING ENHANCEMENT OF THE CORONARY 
ARTERIES 

Enhancement characteristics are based on multiple factors, which can be divided in 
three major subgroups (Figure 1).2, 12, 14  
 

 

Figure 1: major subgroups influencing enhancement in CCTA 

 
All these parameters may have a substantial effect on the attenuation and overall scan 
quality. In this thesis, various injection related parameters were evaluated in order to 
determine the individual influence of these parameters on attenuation of the coronary 
arteries in CCTA.  
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 In the first part of this thesis, literature was systematically reviewed to analyze the 
determining factors for optimal contrast enhancement of the coronary arteries. Based 
on the included publications, an adequate attenuation in the coronary arteries can be 
achieved with very different CM injection protocols. However, given the substantial 
variability between studies, it remains unclear which of the injection parameters are the 
most important determinant parameters for adequate attenuation. Questionable 
outcomes and conclusions are drawn when different CM concentrations are injected 
without keeping other injection parameters comparable.  
 For example, Becker et al. wanted to assess whether CM characteristics affect 
diagnostic quality in CCTA. They conducted a randomized controlled trial in which 
patients were randomized in 2 different CM groups (iodixanol 320mg/ml and iomeprol 
400mg/ml). In both groups, 80ml CM was injected at an identical flow rate of 5ml/s.15 A 
significantly higher attenuation of the coronary arteries was found in the 400mg/ml 
group and the authors concluded that higher iodine concentration CM was beneficial to 
attenuation. However, administering different iodine concentrations while keeping the 
injection rate in both groups identical creates a difference in IDR (e.g. group 320mg/ml: 
1.6gI/s vs. group 400mg/ml: 2.0gI/s). As CM concentration and IDR are different, it is 
questionable whether the differences in attenuation should be attributed to the CM 
concentration solely.  Higher CM concentrations at a given flow rate as well as injection 
of a dedicated CM concentration with an increase in flow rate automatically lead to a 
higher IDR. This critically affects both the magnitude and timing of contrast 
enhancement, leading to a higher but shorter peak enhancement and thus a 
proportional increase in vascular and parenchymal enhancement.2, 9, 14, 16, 17 These 
doubtful conclusions with regard to sole superiority of higher CM concentrations are in 
line with the results of other clinical studies, that have not shown any benefit of higher 
concentrated CM when IDR is kept identical.7, 18-20 However, other publications reported 
no significant differences in attenuation when IDR differed between subgroups.21-27 
Some of the studies included in our systematic review provided limited data concerning 
injection-, scanning- and patient-parameters. For example, body weight index (BMI) or 
both length and weight of the patient population were often not 
specified.15, 19, 21, 22, 25, 28-41 Therefore, possible effects of these missing parameters on 
attenuation of the vessels could not be accounted for in this analysis. All these factors, 
however, may have a significant impact and should probably be integrated in 
individualized scan and CM injection protocols in clinical routine. In order to be able to 
fully comprehend the impact of different injection parameters on CCTA, the individual 
influence of these parameters has to be studied while all other parameters are kept 
identical.  
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ESTABLISHING THE DECISIVE INJECTION PARAMETERS: IN VITRO / VIVO 
EXPERIMENTS 

In vitro experiments 

In the in vitro part of this thesis, experiments were conducted in order to establish the 
influence of IDR, high flow rates as well as viscosity and temperature on vessel 
attenuation and peak pressure. Viscosity of CM proved to play an important role for the 
overall enhancement pattern in previous literature.2, 42-44 Viscosity is directly influenced 
by temperature, which means viscosity decreases with increasing temperature.28, 45-48 
Higher viscosity increases the friction resistance and the pressure needed for the same 
flow rate.49 In chapter 3, we evaluated different CM concentrations at different 
temperatures and investigated its influence on injection parameters, with special regard 
to injection pressure. The results of these experiments show in a standardized way that 
low viscosity decreases injection pressure. This can be facilitated by prewarming CM 
(high temperature) and using CM with low iodine concentration. 
 In these experiments, significant differences in peak pressure (psi) were found at 
20˚C, 30˚C, and 37˚C for iodinated CM 240, 300, 370, and 400mg/ml. Overall, the lowest 
peak pressure was found for the lowest concentrated CM (e.g. 240mg/ml) at body 
temperature (92psi at 37˚C). These findings not only stress the positive effect of 
preheating CM to reduce viscosity and injection pressure, but also display the potential 
reduction in peak pressure which can be generated when using lower concentrated CM. 
Lower viscosity can be advantageous in several ways and has an influence on different 
aspects in CM injection: accelerated CM distribution, facilitating the mixing of CM with 
blood and lower injection pressure.20, 50 These benefits subsequently create the 
doorway towards injection with higher flow rates. 
 Chapter 4 aimed to investigate the influence of CM concentration and IDR on 
intravascular attenuation in a circulation phantom. The use of a circulation phantom 
provides a unique opportunity for repetitive and systematic scanning of an identical 
subject, ruling out variables such as varying heart rate, blood pressure, different body 
weights as well as cardiac output.  In this study, comparison of protocols using different 
CM concentrations (varying between 240-400mg/ml) established comparable 
intravascular enhancement patterns when IDR and other CM and scan related factors 
were kept standardized. In previous literature, significant differences in attenuation of 
the coronary arteries are often attributed to higher concentrated CM (e.g. 370 and 
400mg/ml) in comparison to lower concentrated CM (e.g. 300mg/ml).15, 28, 31, 51 
However, these conclusions are to be viewed with caution, as IDR was often not kept 
comparable.  For example, Cademartiri et al. prospectively evaluated coronary 
attenuation in 5 groups with different CM concentrations.28 Both CM volume and 
injection rate were kept identical in all groups (140ml CM volume injected at 4ml/s). 
Mean attenuation values were significantly lower in the lower CM group and higher in 
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the high CM group. The authors conclude that higher iodine concentration CM yield 
significantly higher attenuation in coronary arteries. However, due to the use of an 
identical injection rate in these groups, IDR varied significantly (1.2 to 1.6gI/s), rendering 
doubtful conclusions with regard to the sole superiority of higher CM concentrations. In 
our phantom experiments, higher CM concentrations did not increase attenuation 
levels and comparable attenuation levels can be reached with very low CM 
concentrations (e.g. 240mg/ml) when IDR is kept identical. These findings stress IDR as 
the decisive factor for vascular attenuation. The understanding of this direct correlation 
offers a robust basis for further in vivo testing. 

In vivo experiments 

In the in vivo part of this thesis, feasibility of higher injection rates was tested and image 
quality of lower concentrated CM concentrations injected with higher flow rates was 
evaluated. As lower concentrated and subsequently lower viscose CM might be 
beneficial, this does come at the expenditure of higher flow rates in order to achieve 
the desired IDR to be utilized. In clinical practice, IDR’s varying between 1.5-2.2gI/s have 
been advocated for CCTA.11, 31 As was shown in previous studies, higher IDR’s result in 
higher peak enhancement, which is considered an important determining factor for 
computed tomographic angiography (CTA) studies, especially in CCTA.2, 11, 28, 42, 52  
 In present daily clinical routine, there is reluctance towards application of high flow 
rates (e.g. injection rates ≥5ml/s) with normal intravenous injection needles, as it has 
been stated that injection of high iodine concentrated CM with high flow rates may lead 
to disconnection of the cannula due to an increase in injection pressure.42, 43 In addition, 
there is an hypothesized increase of extravasation and a possible decrease in patient 
comfort.49, 53 To facilitate higher injection rates, dedicated intravenous needles have 
been developed, with a strengthened design that reduces the forces during injection. In 
chapter 5, these needles were tested in both in vitro and in vivo experiments, where we 
aimed to test high flow application of CM using novel high flow needles in a circulation 
phantom and assessed feasibility of high flow rates in an in vivo setup. Using these high 
flow needles, high flow rates proved to be feasible in a phantom setting (≤15ml/s) as 
well as in a clinical cohort where a maximum flow rate of 9.6ml/s was administered.  As 
10ml/s is the maximum flow rate possible with current CT power injectors and peak 
flow rates are known to be slightly higher than the pre-determined injection rates, a 
flow rate of 9ml/s was applied in this clinical study. Injection with these high flow rates 
proved to be safe in a clinical setup. No flow related problems were observed and the 
maximum injection pressure of 325psi was not reached in both the phantom and 
patient setting. These findings are supported by a study (chapter 6), were peak injection 
pressures and both objective and subjective image quality were monitored using low 
concentrated CM (240mg/ml) injected at high flow rates (9ml/s) in comparison to a 
standard injection protocol with an identical IDR for both groups. No contrast related 
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problems such as extravasation at the injection site or flow related side effects (e.g. 
streak artifacts or CM reflux) were encountered. Also, no significant differences in peak 
pressure and image quality were found between both groups.  
 There is not much literature on the associated risk and discomfort during CM 
injection rates. One study evaluated local discomfort at the site of injection plus general 
discomfort after injection, rated on a scale from 0 (no discomfort) to 10 (worst 
imaginable discomfort) in flow rates up to 4.3ml/s.20 No significant differences in terms 
of discomfort were found. To the best of our knowledge, patient discomfort in terms of 
pain sensation during injection with higher flow rates has not been quantified. Also, 
data is lacking regarding the incidence of access site complications in high flow rates 
(≥5ml/s). One study prospectively evaluated 4.457 patients and assessed the frequency 
and type of i.v. injection site complications associated with high flow power injection up 
to 8ml/s.49 The authors concluded, that automated CM injection is performed without 
increased risk of extravasation or injection related complications. These results prove 
that reluctance towards usage of high flow rates is merely based on hypothetical flow 
related issues or anecdotal and personal experience.  

TOWARDS INDIVIDUALLY TAILORED CM APPLICATION  

In chapter 7, vascular attenuation of the coronary arteries as well as injection 
parameters and overall image quality were evaluated within different weight classes 
using dedicated individually tailored CM injection software. The software adapted the 
IDR and total iodine load based upon a non-linear relationship between patient weight 
and scan duration in order to achieve diagnostic attenuation.41, 54 Diagnostic 
attenuation in the entire coronary tree and a more homogeneous enhancement pattern 
between different weight groups was found in comparison to a fixed injection protocol. 
CM volume decreased significantly in patients <95kg when utilizing body weight 
adapted individualized CM bolus application. These findings show a clear benefit of 
individual tailored CM injection software in CCTA. Body weight and BMI are known to 
have a substantial impact on peak vascular attenuation and time to peak in CTA.14, 55-57 
In the literature, various individually tailored injection protocols have been proposed, 
where CM volume and/or IDR were adapted to either patient's body weight, BMI and/or 
heart rate with promising results.40, 41, 52, 54, 58 All these publications do report some 
benefit of individually tailored CM injection protocol. However, most studies compared 
different body weight tailored protocols between each other and mean attenuation of 
the different weight classes were often not specified. Subsequently, a sub analysis for 
differences in attenuation values between weight classes was not performed, which 
does provide the best insight in the benefits of body weight adapted CM injection 
protocols. This is a major difference and benefit of our study. 
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FUTURE DIRECTIONS 

A thorough understanding of the influence of different injection parameters is 
considered a necessity towards the ultimate goal of individualized medicine. For CT 
scanning, CM injection protocols are highly tailored towards body weight and/or BMI. 
Lowering the amount of CM could lower the risk for development of contrast-induced 
nephropathy (CIN).59 Additionally, when continuous diagnostic image quality of the 
coronary tree in all patients can be achieved using lower total iodine load, this might 
lead to a substantial decrease in costs.  
 Disentangling the influence of patient related parameters on attenuation and overall 
image quality will be helpful in defining optimal bolus shaping in future injection 
protocols, hereby creating a doorway towards extensive individualized CM application. 
Whilst in daily clinical routine a large variety in IDR is applied in CCTA, no literature or 
consensus exists on the optimal IDR for attenuation of the coronary arteries. Goal is to 
create a personalized CM injection protocol, where some patients (e.g. lower weight 
and/or length or heart rate ≤60bpm) might require less CM with a different scan timing 
protocol than other patients (e.g. higher BMI or heart rate ≥60bpm) to reach the same 
attenuation value.2 Research needs to be directed towards defining individualized 
optimal IDR tailored towards patient related factors (e.g. weight, heart rate, cardiac 
output) with further incorporation of different scan- and injection parameters into 
computer modeling software.  
 An indicative initial flow chart towards the implementation and integration of 
various different contrast injection and scan timing parameters has been created by Bae 
et al (Figure 2).2 In this figure, patient’s demographic information from a clinical 
database has been integrated together with scan and injection parameters, aiming to 
optimize the injection protocol.  
 Automated implementation of this flow chart will optimize scan delay after CM 
injection, modify the injection profile as well as terminate the injection seamlessly in 
order to achieve a desirable organ specific contrast enhancement for a given patient 
and clinical application.2  
 The results of our in vivo and in vitro experiments have helped to gain a better 
insight in the influence of multiple different parameters on all three levels in the flow 
chart (e.g. scan variables, injector and patient related factors). The next step is directed 
towards evaluating the role of flow rate, IDR and different CM concentrations in a 
double-blinded prospective randomized controlled trial. For this reason, the EICAR trial 
(Effects on Intra-Coronary Attenuation using low iodine concentrations while 
maintaining constant IDR) was created. This trial, registered on ClinicalTrials.gov 
(NCT02462044), aims to evaluate intravascular attenuation of the coronary arteries and 
image quality using different iodine concentrations (e.g. 240mg/ml, 300mg/ml and 
370mg/ml) while maintaining identical IDR and total iodine load. In this study patient 
comfort at the injection site with usage of flow rates varying 5.4–8.3ml/s as well as 
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heart rate variability and incidence of contrast extravasation will be evaluated. In 
chapter 5 and 6, extravasation at the injection site with administration of high flow rates 
was evaluated only. More specific parameters such as pain and comfort were not 
quantified nor measured. Testing the hypothesis in a double-blinded randomized 
setting that high flow rates will not lead to an increase of patient discomfort during 
injection creates a doorway towards more individualized injection protocols tailored to 
weight and length of the patient with applicability of a broad variety in flow rates and a 
large diversity in IDR accordingly.  
 In addition to individualized CM application protocols, newer technical 
developments are moving towards broad clinical application of lower kV settings. The 
latter may allow a further reduction of CM volume and IDR in terms of enhancement. 
Vascular enhancement is dependent on the tube voltage applied. Attenuation increases 
at lower kV settings, as lower x-ray tube voltages are closer to the k-edge of iodine, 
hereby owing to a greater photoelectric effect.60, 61 The lowering of tube voltage 
settings are therefore accompanied not only by lowering radiation dose but with 
possible reduction of CM volume and IDR as well, due to increased vascular 
attenuation.62-64 This technique of lowering tube voltage is presently often used as a CM 
volume and dose-reducing strategy. Utilizing this technique, tube voltages of 70-80kV 
are already investigated in lower extremity CTA. A recent study found tube voltages of 
70kV with injection of 80ml of CM volume allows for both lower CM volume and 
radiation dose without compromising image quality in CTA of the peripheral arteries.65 
In addition, an alternative image reconstruction method named iterative reconstruction 

 

Figure 2: adapted from Bae at al. Intravenous contrast medium administration and scan timing at ct:  
Considerations and approaches. Radiology. 2010;256:32-61 
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allows for scanning with lower radiation doses with similar noise-levels and image 
quality in comparison to filtered back projection.66-69 Usage of newer generation 
iterative reconstruction algorithms in combination with low kV scan protocols and 
individually tailored CM application bare the potential for optimizing CM delivery and 
monitoring image quality according to the ALARA (as low as reasonably achievable) 
principle.   
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CHAPTER 2 

Table 1: Results of the included studies, indicating attenuation values and significance of the evidence. Listed according
to year of publication. CA: coronary artery, LM: left main artery, LAD: left anterior descending artery, RCA: right coronary
artery, Cx: circumflex artery, seg: segment, CM: contrast media, IDR: iodine delivery rate, HU: Hounsfield unit, BMI: body
mass index. 

 

Author CM 
(mg/ml) 

Flow rate 
(ml/s) 

IDR (gI/s) Attenuation (HU; group 1 vs. group 2 vs. group 3….) Significance (P value) 

Cademartiri43 320 4 1.28 LM: 324±45 vs. 319±46 >0.05 

  320 4 1.28 LAD: 318±46 vs. 312±42 >0.05 

     Cx: 313±41 vs. 304±37 >0.05 

       RCA: 321±42 vs. 319±46 >0.05 

Cademartiri15 300 4 1.2 Mean attenuation CA: Group 1 vs. group 2-5 <0.05 

  320 4 1.28 273±45 vs. 333±51 vs. 320±55 vs. 322±43 vs. 397±72 Group 5 vs. group 1-4 <0.05 

  350 4 1.4    

  350 4 1.4   

  400 4 1.6    

Cademartiri44 320 4 1.28 LM: 321±51 vs. 314±54 v.s 321±55 >0.05 

  320 5→3 1.6→0.96 LAD: 316±52 vs. 310±53 vs. 314±54 >0.05 

  320 4 1.28 Cx: 309±52 vs. 299±49 vs. 307±53 >0.05 

     RCA: 298±50 vs. 290±46 vs. 304±55 >0.05 

Cademartiri16 370 4 1.48 LM 322±45 vs. 350±52 No value 

  400 4 1.6 LAD: 295±57 vs. 321±65 No value 

     Cx: 287±46 vs. 331±60 No value 

       RCA: 315±58 vs. 357±66 No value 

       Mean attenuation CA: 313±42 vs. 340±53 <0.05 

Rist19 300 3.3 0.99 Mean attenuation CA: 259.1±46.7 vs. 251.6±51.0 No value 

  400 2,5 1.0     

Utsunomiya45 350 3→1.5 1.05→0.26 LM: 311.1±27.6 vs. 303.4±27.8 vs. 299.3±37.8 0.63 

  350 3 1.05 ProxLAD: 296.9±34.7 vs. 286.2±35.9 vs. 275.8±18.1 0.22 

  350 3 1.05 MidLAD: 259.5±33.1 vs. 249.8±31.2 vs. 236.8±17.3 0.28 

       ProxCx: 277.2±23.0 vs. 262.1±30.4 vs. 269.9±16.9 0.30 

     MidCx: 235.6±25.9 vs. 222.6±25.9 vs. 227.8±13.6 0.28 

       ProxRCA: 291.1±25.1 vs. 270.6±21.5 vs. 286.2±45.1 0.28 

       MidRCA: 247.8±19.7 vs. 230.1±17.4 vs. 245.2±37.2 0.22 

Yamamuro46 350 3.5→2.8 1.23→0.98 LM: 322.9±60.9 vs. 356.3±58.5 <0.05 

  350 3.5→2.8 1.23→0.98 ProxLAD: 322.9±60.9 vs. 350.7± 57.7 <0.05 

     DistLAD: 295.8± 61.3 vs. 342.8± 56.1 <0.01 

       ProxCx: 306.9±67.9 vs. 347.6±60.8 <0.05 

       DistCx: 287.9±62.7 vs. 325.8±62.4 <0.05 

       ProxRCA: 302.9±59.3 vs. 355.1±64.7 <0.01 

       DistRCA: 284.0±62.6 vs. 338.9±85.8 <0.01 
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Author CM 
(mg/ml) 

Flow rate 
(ml/s) 

IDR (gI/s) Attenuation (HU; group 1 vs. group 2 vs. group 3….) Significance (P value) 

Husmann47 320 5 1.6 Mean attenuation CA: 386±102 vs. 385±64 >0.05 

  320 4.0-5.0 1.28-1.6 LM: 393±109 vs. 397±78 No value 

     RCA: 378±99 vs. 373±62 No value 

Kerl48 370 5 1.85 ProxLAD: 378±29 vs. 360±31 vs. 352±36 0.843 

  370 5 1.85 DistLAD: 214±16 vs. 215±15 vs. 250±30 0.407 

  370 5 1.85→0.56 ProxCx: 363±30 vs. 339±21 vs. 322±23 0.504 

       DistCx: 245±19 vs. 249±18 vs. 244±25 0.979 

     ProxRCA: 322±18 vs. 336±21 vs. 368±32 0.391 

       DistRCA: 291±26 vs. 270±27 vs. 305±16 0.575 

Kim49 350 4 1.4 LAD: 316±49 vs. 363±44 vs. 364±49 vs. 355±53 vs. 360±66  Group 1 vs. group 2-5 <0.05 

  350 4 1.4 Cx: 300±49 vs. 345±63 vs. 346±52 vs. 336±42 vs. 349±58  Group 1 vs. group 2-5 <0.05 

  350 4 1.4 RCA: 310±54 vs. 373±58 vs. 382±51 vs. 387±66 vs. 374±75 Group 1 vs. group 2-5 <0.05 

  350 4 1.4     

  350 4 1.4     

Nakaura50 370 4 1.48 ProxRCA: 398±94 vs. 374±53 0.22 

  370 3.96±0.85 1.47 MidRCA: 387±85 vs. 358±83 0.19 

     DistRCA: 370±97 vs. 337±73 0.14 

Tsai51 350 4 1.4 Mean attenuation CA: 370.3±46.6 vs. 361.8±46.7  >0.05 

  320 4 1.28 LM: 375.8±51.0 vs. 369.8±61.0  >0.05 

     LAD: 371.4±54.5 vs. 360.8±52.5 >0.05 

       Cx: 347.3±53.8 vs. 343.2±49.5  >0.05 

       RCA: 386.6±59.9 vs. 373.6±51.7 >0.05 

Wuest52 350 5 1.75 ProxLAD: 361±70 vs. 398±62 <0.001 

  350 5 1.75→0.35 MidLAD: 340±70 vs. 382±57 <0.001 

     DistLAD: 314±79 vs. 351±68 <0.001 

       ProxRCA: 362±63 vs. 410±62 <0.001 

       DistRCA: 369±88 vs. 417±80 <0.001 

Halpern53 350 5.5 1.93 LM: 308±74 vs. 313±78 0.59 

  350 5 1.75→0.88 RCA: 315±77 vs. 316±85 0.93 

Seifarth54 370 6 2.22→0.67 ProxLAD: 398.4±61.1 vs. 398.9±49.8 vs. 356.3±71.2 Group 3 vs. group 1-2 <0.05 

  370 5.1±0.6 1.89→0.57 MidLAD: 352.9±56.4 vs. 364.6±45.8 vs. 323.0±68.8 Group 3 vs. group 1-2 <0.05 

  370 5 1.85→0.56 ProxRCA:  416.7±69.4 vs. 414.9±51.1 vs. 366.0±66.0 Group 3 vs. group 1-2 <0.05 

       DistRCA: 366.0±65.1 vs. 396.1±53.3 vs. 341.6±74.3 Group 2 vs. group 1-3 <0.05 

Kim55 370 4 1.48 Mean attenuation CA: 454 (213-780) vs. 464 (208-809) 0.264 

  400 4 1.6 LM: 454 (271-746) vs. 455 (241-677) 0.476 

     LAD: 459 (213-778) vs. 472 (236-757) 0.103 

      Cx: 449 (280-716) vs. 457 (252-745) 0.519 

       RCA: 457 (219-780) vs. 472 (208-809) 0.253 

Lu56 350 5 1.75 LM: 379.8±70.3 vs. 428.3±56.8 vs. 375.7±64.2 vs.  <0.01 

  350 5 1.75 365.5±71.6 vs. 376.2±76.9  

  350 5 1.75→0.53 RCA: 366.7±86.7 vs. 409.6±62.9 vs. 373.3±48.3 vs. <0.05 

  350 5 1.75→0.88 356.9±70.3 vs. 364.8±83.1  
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Author CM 
(mg/ml) 

Flow rate 
(ml/s) 

IDR (gI/s) Attenuation (HU; group 1 vs. group 2 vs. group 3….) Significance (P value) 

  350 5 1.75→1.23    

Ozbulbul57 320 4 1.28 LM: 309±58 vs. 319±59 ≥0.41 

  370 4 1.48 RCA: 299±51 vs. 314±54 ≥0.41 

Pazhenkottil58 320 5 1.6 Mean attenuation CA: 418±104 (264–700) vs.  No value 

 320 3.5-5.0 1.1-1.6 370±49 (268–500)  

     LM: 424±110 (range 280–712) vs. 378±56 (range 262–490) No value 

     RCA: 413±103 (248–688) vs. 363±49 (260–510) No value 

Tatsugami59 350 4±0.56 1.4 LM: 410.6±47.9 vs. 416.8±52.6 0.52 

  350 4.06±0.57 1.42±0.2 ProxRCA:374.6±43.7 vs. 384.2±49.8 0.38 

     MidRCA: 361.6±47.0 vs. 364.4±48.8 0.98 

       DistRCA: 357.8±51.6 vs. 361.2±46.1 0.79 

Tatsugami60 350 3.3±0.37 1.16 LM: 332.4±63.3 vs. 380.5±45.3 vs. 362.8±46.8 Group 1 vs. group 2 <0.05; other >0.05 

  350 4.4±0.48 1.54 ProxLAD: 310.6±48.4 vs. 362.0±36.8 vs. 332.1±34.8 Group 1 vs. group 2 <0.01; other >0.05 

  350 4.0±0.55 1.40 DistLAD: 286.3±33.4 vs. 314.8±27.6 vs. 295.9±41.9 Group 1 vs. group 2 <0.05; other >0.05 

       ProxCx: 304.5±45.5 vs. 345.8±42.8 vs. 339.2±53.4 Group 1 vs. group 2 <0.05; other >0.05 

     DistCx: 274.8±34.8 vs. 324.7±48.4 vs. 306.2±42.8  Group 1 vs. group 2 <0.01; other >0.05  

       ProxRCA: 332.5±47.8 vs. 369.2±57.6 v.s 338.1±44.4 Group 1 vs. group 2 <0.05; other >0.05 

       DistRCA: 310.3±36.6 vs. 342.9±40.5 vs. 294.5±36.7 Group 1 vs. group 2 <0.05; group 2 vs.  
group 3 <0.01; other >0.05 

Becker61 320 5 1.6 Mean attenuation LM+RCA  

  400 5 2 Reader 1: 362.1±80.0 vs. 440.0±87.2 0.0001 

     Reader 2: 365.5±76.6 vs. 441.4±99.9 0.0031 

       Reader 3: 354.6±81.7 vs. 433.1±92.8 0.0038 

Isogai7 300 4.5 1.35 Reader 1   

  350 3.9 1.37 ProxLAD: 337±48 vs. 334±37 vs. 412±59 Group 3 vs. group 1-2 <0.05; other >0.05 

  350 4.6 1.61 ProxCx: 335±50 vs. 331±36 vs. 408±59 Group 3 vs. group 1-2 <0.05; other >0.05 

       ProxRCA: 336±49 vs. 340±39 vs. 409±58 Group 3 vs. group 1-2 <0.05; other >0.05 

     DistRCA: 332±53 vs. 337±41 vs. 407±60 Group 3 vs. group 1-2 <0.05; other >0.05 

       Reader 2  

       ProxLAD: 329±48 vs. 339±42 vs. 411±60 Group 3 vs. group 1-2 <0.05; other >0.05 

       ProxCx: 327±52 vs. 330±42 vs. 396±59 Group 3 vs. group 1-2 <0.05; other >0.05 

       ProxRCA: 337±52 vs. 349±37 vs. 415±59 Group 3 vs. group 1-2 <0.05; other >0.05 

       DistRCA: 314±46 vs. 330±45 vs. 393±62 Group 3 vs. group 1-2 <0.05; other >0.05 

Kumamaru62 370 6 2.22 LM: 460.1 vs. 584.4 <0.05 

  370 6 2.22 ProxLAD: 417.2 vs. 543.1 <0.05 

     DistLAD: 358.9 vs. 487.1 <0.05 

       ProxCx: 433.3 vs. 537.3 <0.05 

       DistCx: 372.2 vs. 468.9 <0.05 

       ProxRCA: 409.3 vs. 536.6 <0.05 

       DistRCA: 386.2 vs. 488.3 <0.05 

Nakaura63 350 3.8±0.7 1.33±0.23 LM: 391.5±60.9 vs. 374.1±55.6 0.29 

  350 4.4±0.7 1.55±0.25 ProxRCA: 376.7±67.7 vs. 370.8±56.8 0.92 
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Author CM 
(mg/ml) 

Flow rate 
(ml/s) 

IDR (gI/s) Attenuation (HU; group 1 vs. group 2 vs. group 3….) Significance (P value) 

     MidRCA: 363.7±90.0 vs. 356.6±63.2 0.81 

       DistRCA: 336.1±73.2 vs. 338.1±60.3 0.93 

Zhu64 370 4.15 (2.6-5.7) 1.54 LM: 385.4±64.7 vs. 366.1±59.9 vs. 366.5±62.1 0.068 

  370  4.19 (2.6-6) 1.55 LAD: 369.6±61.8 vs. 351.0±56.5 vs. 345.2±59.6 Group 1 vs. group 2-3 <0.05; other >0.05 

   370 4.08 (2.7-5.9) 1.51 Cx: 373.8±64.3 vs. 356.0±61.3 vs. 350.5±62.3 Group 1 vs. group 2-3 <0.05; other >0.05 

       RCA: 372.3±58.0 vs. 362.3±55.3 vs. 360.2±60.8 0.284 

Zhu65 370 4.69±0.95 1.74 BMI <24.0  Group 1: BMI <24.0 vs. BMI >24.0: <0.05 

  370 4.38±0.66 1.62 LM: 391.2 vs. 392.4 No value between CM groups 

     LAD: 377.6 vs. 383.6 No value between CM groups 

       Cx: 381.6 vs. 382.0 No value between  CM groups 

       RCA: 384.0 vs. 388.9 No value between  CM groups 

       BMI >24.0 Group 2: BMI <24.0 vs. BMI >24.0: >0.05 

       LM: 428.3 vs. 385.4 No value between CM groups 

       LAD: 414.1 vs. 368.7 No value between CM groups 

       Cx: 413.8 vs. 374.6 No value between CM groups 

       RCA: 434.6 vs. 380.3 No value between CM groups 

Zhu66 370 4.69 (2.3-7.4) 1.74 men Group 1: men vs. women >0.05 

  370 4.37 (2.5-6.6) 1.62 LM: 410.5±50.5 vs. 416.9±52.2 No value between CM groups 

     LAD: 403.0±55.3 vs. 403.4±50.8 No value between CM groups 

       Cx: 398.4±56.4 vs. 412.9±46.1 No value between CM groups 

       RCA: 413.3±63.8 vs. 416.4±58.5 No value between CM groups 

       women Group 2: men vs. women <0.05 

       LM: 415.0±60.9 vs. 391.6±54.0 No value between CM groups 

       LAD: 394.8±58.4 vs. 376.4±53.0 No value between CM groups 

       Cx: 400.0±64.8 vs. 380.9±48.9 No value between CM groups 

       RCA: 409.2±64.4 vs. 387.0±56.4 No value between CM groups 

Kidoh67 350 4.5±0.9 1.58 LM: 369±55 vs. 399±67 0.02 

  350 5 1.75 ProxRCA: 363±56 vs. 393±66 0.01 

     MidRCA: 351±62 vs. 380±74 0.04 

       DistRCA: 336±58 vs. 371±72 0.01 

Kidoh68 350 4.1 1.44 LM: 352.4±39.4 vs. 382.9±48.6 0.01 

  350 4.8 1.68 ProxRCA: 331.6±42.6 vs. 351.3±53.8 0.12 

     MidRCA: 310.5±51.2 vs. 321.7±79.7 0.52 

       DistRCA: 299.9±62 vs. 307.3±81.2 0.70 

Liu69 370 5.0/6.0 1.85 (≤85kg); 

2.22 (>85kg) 

LM: 465.2±82.2 vs. 473.3±75.7 vs. 458.0±83.9 

ProxLAD: 443.8±62.4 vs. 430.8±63.0 vs. 440.3±81.1 

0.764 

0.755 

  370 5.0/6.0 1.85 (≤85kg); 

2.22 (>85kg) 

MidLAD: 397.3±74.3 vs. 414.4±85.3 vs. 403±73.4 

DistLAD: 304.3±87.2 vs. 349.2±66 vs. 320.5±73.7 

0.691 

0.059 

  370 5.0/6.0 1.85 (≤85kg); 

2.22 (>85kg) 

ProxCx: 462.5±76.4 vs. 441.8±70.9 vs. 439±94.5 

MidCx: 410.2±79 vs. 397.1±62.2 vs. 413.8±68.8 

0.479 

0.625 

       DistCx: 338.7±78.4 vs. 335.3±60.9 vs. 324.4±73.4 0.719 

       ProxRCA: 456.8±68.2 vs. 457.6±76 vs. 459.4±75.2 0.991 
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Author CM 
(mg/ml) 

Flow rate 
(ml/s) 

IDR (gI/s) Attenuation (HU; group 1 vs. group 2 vs. group 3….) Significance (P value) 

       MidRCA: 439±55.6 vs. 435.5±85.4 vs. 442.9±86.8 0.932 

       DistRCA: 416±67 vs. 422.8±79.1 vs. 431.8±80.6 0.738 

Yang70 370 4 1.48 LM: 335.8±42.4 vs. 340.4±51.4  0.497 

  370 4 1.48 DistRCA: 334.9±49.2 vs. 341.2±50.4  0.512 

Tomizawa71 370 3.5±0.7 1.3 Mean attenuation ProxCA: 391±76 vs. 428±80 vs. 427±68 Group 1 vs. group 2-3 <0.005 

  370 3.3±0.5 1.22 Mean attenuation MidCA: 349±74 vs. 386±75 vs. 395±62 Group 1 vs. group 2-3 <0.005 

  370 3.6±0.8 1.33 Mean attenuation DistCA: 300±70 vs. 341±70 vs. 358±45 Group 1 vs. group 2-3 <0.005 

Zheng72 270 5 1.35 BMI: <25    

  370 5 1.85 Mean attenuation CA: 576.63±95.50 vs. 569.51±118.93 0.647 

       LM: 598.24±86.25 vs. 583.77±104.27 0.602 

       LAD: 568.95±117.79 vs. 535.90±93.27 0.285 

       Cx: 567.06±80.31 vs. 552.80±139.71 0.663 

       RCA: 605.31±108.93 vs. 572.54±117.17 0.320 

     BMI ≥25   

       Mean attenuation CA: 394.19±68.09 vs. 383.72±63.11 0.212 

       LM: 396.93±62.21 vs. 382.44±59.66 0.395 

       LAD: 381.45±57.41 vs. 373.27±60.09 0.618 

       Cx: 388.55±67.61 vs. 379.64±66.93 0.635 

       RCA: 409.82±83.07 vs. 399.54±66.08 0.624 

Lembcke73 370  1.85 Mean attenuation CA: 377.4 (344.9-409.9) vs.  <0.0001 

  370  1.85  402.1 (369.7-434.6) vs. 458.3 (425.9-490.8) vs.   

  370  1.85 484.4 (451.9-516.9) vs. 525.0 (492.5-557.5)   

  370  1.85    

  370  1.85    

Kawaguchi74 350 or   1.75 or 1.85 LM: 345.7±23 vs. 302.3±44.8 <0.05 

  370    ProxLAD: 343.7±21 vs. 294.0±46.6 <0.05 

  370   1.37 ProxCx: 341.8±21.6 vs. 295.5±45.5 <0.05 

      ProxRCA: 350.7±23.6 vs. 301.6±45.2 <0.05 

       MidRCA: 344.9±25.3 vs. 298.4±42.7 <0.05 

       DistRCA: 349.5±27.9 vs. 300.5±48.2 <0.05 
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In daily clinical routine, contrast media (CM) administration in coronary computed 
tomography angiography (CCTA) is generally applied as a standard injection protocol 
with a fixed amount of CM and a standard injection rate. However, attenuation of the 
coronary arteries and overall image quality in CCTA is influenced by numerous factors, 
divided in three major subgroups (e.g. scan related parameters, injection related 
parameters, and patient related factors). The underlying relation of these parameters 
has not been investigated extensively and hardly any literature neither consensus exists 
on the optimal scan protocol in CCTA. The aim of this thesis was to gain insight into the 
influence of various different injection parameters (e.g. CM concentration, flow rates, 
viscosity and iodine delivery rate [IDR]) on attenuation and image quality in CCTA.  
 
In chapter 2, we presented a comprehensive overview of the existing literature in order 
to provide an update on the determining factors for optimal contrast enhancement of 
the coronary arteries. Contradicting outcomes were reported in the included 
publications. Arguable outcomes and conclusions with regard to image quality and 
attenuation of the coronary arteries were drawn when different CM concentrations 
were injected with variable injection parameters. In most of the included studies limited 
data concerning injection-, scan- and patient-related parameters were provided. These 
factors, however, may also have had a substantial impact on image quality in CCTA. 
Therefore, the influence of some of these individual injection parameters on vessel 
attenuation needed to be unravelled. 
 
The aim of the study in chapter 3 was to evaluate the viscosity of different CM 
concentrations in a standardized manner at different temperatures and its influence on 
injection parameters, with focus on injection pressures. The results of these 
experiments show in a standardized way that low viscosity decreases injection pressure. 
This can be facilitated by prewarming CM (high temperature) and using CM with low 
iodine concentration. In these experiments, significant differences in peak pressure (psi) 
were found at 20˚C, 30˚C, and 37˚C for iodinated CM 240, 300, 370, and 400mg/ml. 
Overall, the lowest peak pressure was found for the lowest concentrated CM (e.g. 
240mg/ml) at body temperature (92psi at 37˚C). Strikingly, the peak pressure for the 
highest concentrated CM (400mg/ml) was even higher at body temperature (135psi at 
37˚C) in comparison to CM with 240mg/ml at room temperature (107psi at 20˚C). These 
findings not only stressed the positive effect of preheating CM to reduce viscosity and 
injection pressure, but also displayed the potential reduction in peak pressure, which 
can be generated when using lower concentrated CM. The latter finding subsequently 
creates the doorway towards injection with higher flow rates. Chapter 4 aimed to 
investigate the influence of CM concentration and IDR on intravascular attenuation in a 
circulation phantom. The influence of CM concentration on intravascular attenuation 
has been of great interest in the literature, with varying outcomes. Current evidence is 
controversial as to whether higher concentrated CM is beneficial in intravascular 
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attenuation, when the calculated IDR (e.g. CM concentration x injection rate) is kept 
identical. The use of a circulation phantom provided a unique opportunity for repetitive 
and standardized scanning of an identical subject, ruling out variables such as varying 
heart rate, blood pressure and cardiac output.  In this study, comparison of protocols 
using different CM concentrations (varying between 240-400mg/ml) established 
comparable intravascular enhancement patterns when IDR and all other influencing 
factors were kept constant. Higher iodine concentrations on itself did not increase 
attenuation levels. This implicates that IDR, and not CM concentration, is the 
determinant factor in the opacification of the vascular tree. Based on these 
experiments, comparable attenuation levels should be feasible in daily clinical routine 
with very low CM concentrations (e.g. 240mg/ml) when IDR is kept identical. The aim of 
chapter 5 was to test high flow application of CM in a circulation phantom and to assess 
feasibility of high flow rates in a patient population. Injection with high flow rates 
proved to be feasible in a phantom setting (≤15ml/s). In a clinical cohort, maximum flow 
rate of 9.6ml/s were administered. These flow rates did not cause injection-related 
problems (e.g. extravasation at the injection site, material damage) or negative image-
related side effects (e.g. streak artifacts or CM reflux) while reaching optimal vessel 
enhancement levels. The maximum injection pressure of 325psi was never reached in 
both the phantom and patient setting. In chapter 6, the results from the previous 
chapters form the basis for an additional pilot study. In this study we evaluated peak 
injection pressures and both objective and subjective image quality in CCTA using low 
concentrated CM (240mg/ml) injected at high flow rates in comparison to a standard 
injection protocol (CM: 300mg/ml) with identical IDR. No contrast related problems 
such as extravasation at the injection site or negative flow related effects (e.g. streak 
artifacts or CM reflux) were encountered. No significant differences in attenuation of 
the coronary arteries, peak pressure levels and image quality were found between both 
groups. This study proved again, that reluctance towards usage of high flow rates is 
merely based on hypothetical flow related issues. In addition, IDR is the decisive factor 
in intravascular attenuation.  In chapter 7, a study was conducted in which vascular 
attenuation of the coronary arteries as well as all major injection parameters were 
evaluated using an individual tailored body weight adapted CM injection software. This 
software customizes a triphasic injection protocol for each patient and procedure, 
adapting the IDR and total iodine load based upon a non-linear relationship between 
patient weight and scan duration in order to achieve diagnostic attenuation. Diagnostic 
attenuation in all coronary arteries and a more homogeneous enhancement pattern 
between different weight groups was found in comparison to a fixed injection protocol. 
Total injected CM volume could be reduced for the majority of patients when utilizing 
body weight adapted individualized CM bolus application in comparison to a standard 
injection protocol. Chapter 8 discusses the main findings of this thesis in the light of 
existing literature and its future directions. 
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As coronary artery disease (CAD) is a continuous rising global health problem, early 
detection remains to be of utmost importance. In the past decade coronary computed 
tomographic angiography (CCTA) has attributed significantly to the early detection of 
CAD. Its sensitivity and negative predictive value for detection of CAD is high, making 
this an ideal tool to rule out CAD in patients presenting with stable chest pain with low- 
to intermediate risk.1, 2 As CT technology is continuously improving, this allows for a 
shorter acquisition time and a subsequently lower radiation dose. Lowering radiation 
dose as low as reasonably achievable (ALARA) remains an important strategy for 
decreasing its potential associated risk of radiation induced malignancies.  
 Acquisition timing is closely linked to shaping and timing of the contrast media (CM) 
bolus. Due to its faster acquisition times, present CT scanners bare the potential for a 
significant decrease of the injected CM volume in comparison to older CT scanners with 
longer acquisition times. Therefore, in addition to a subsequent decrease in radiation 
dose comes a targeted decrease in total injected CM volume. Reduction of total 
injected CM volume is an important goal, as potential side effects of CM application are 
the risk of development of contrast-induced nephropathy (CIN) in patients.3 In addition, 
reduction of CM volume to a minimal effective CM load can lead to a substantial 
reduction in costs.4 
 Attenuation levels of the coronary arteries >325HU are usually considered 
diagnostically sufficient for CCTA.5 Lower attenuation levels influence image quality in a 
negative way and attenuation values over 500HU may lead to underestimation of the 
degree of stenosis.6 
 In daily clinical routine, patients receive a standard CM injection bolus for CCTA, 
which is administered independently of weight, length or cardiac output. However, it 
has been shown that these individual parameters have an influence on image quality. 
For example, some patients (e.g. lower weight and/or length) require less CM than 
other patients (e.g. higher body mass index [BMI]) to reach the same diagnostic 
attenuation value.7 Not just the patient characteristics, but also different CM injection 
parameters have a substantial impact on attenuation but are presently not individually 
tailored in CM injection protocols as the influence of these parameters have not been 
defined yet. 
 A thorough understanding of the different injection parameters and its influence on 
image quality is considered a primary step towards optimization of CM injection 
protocols and subsequent reduction of total injected CM volume. This thesis 
investigated and unravelled the role of iodine delivery rate (IDR), flow rate, CM 
concentration and CM viscosity on attenuation of the coronary arteries and overall 
image quality in CCTA. The established pivotal influence of some of these injection 
parameters will help to further elaborate on and develop more individually tailored CM 
injection protocols. An individually tailored CM bolus injection will lower the chance of 
an over- or underestimation of the injected CM volume and a subsequent decrease in 
image quality. In addition, a reduction in total injected CM volume can subsequently 
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lower the associated risks that are involved by injection of CM and will also lead to a 
decrease in variable examination costs.  

TARGET POPULATION 

CCTA is carried out in patients presenting with stable chest pain with low- to 
intermediate risk to rule out CAD. As this is considered to be a relatively healthy patient 
group, it is very important to keep the necessary side effects of CCTA (e.g. radiation 
dose, CM associated allergic reactions or contrast induced-nephropathy [CIN]) to a bare 
minimum.  
 Understanding the underlying parameters influencing image quality and in particular 
attenuation of the coronary arteries is considered to be of decisive importance, as this 
will help us to further bring down these risks while optimizing the diagnostic image 
quality in this patient group. The patient will benefit from the results in this thesis, as 
optimization of CM volume will lower the possible risks associated with injection of 
iodine concentrated CM and improve image quality. An increased knowledge of the 
influence of different injection parameters on image quality in CCTA can eventually 
assist the radiologist and cardiologist in their clinical decision making to rule out or 
depict CAD. As this thesis provides more insight into different injection parameters 
influencing attenuation of the coronary arteries, the results of these studies are also of 
interest for companies that develop software that integrates different patient 
characteristics in a semi-automated injection protocol.  In addition, the results 
regarding the influence of viscosity of different CM concentrations on injection pressure 
and the benefits from injection of lower concentrated CM might be of interest to the 
companies developing contrast agents. 

INNOVATION, PRODUCTS AND IMPLEMENTATION 

The next step is directed towards integrating a broad variety in flow rates for an equally 
diverse IDR in a more individualized injection protocol tailored to BMI of the patient as 
well as other patient related parameters such as heart rate and cardiac output. The 
hypothesis that high flow rates will not lead to an increase of patient discomfort during 
injection needs to be tested in a double-blinded prospective randomized controlled 
setting (EICAR trial). In this trial, registered on ClinicalTrials.gov (NCT02462044), patient 
comfort at the injection site with usage of various different flow rates (e.g. 5.4ml/s, 
6.7ml/s and 8.3ml/s) and incidence of contrast extravasation will be evaluated. Future 
directions are targeted towards the question, which individual IDR is best suitable for 
each individual weight and length of the patient, in order to provide diagnostic 
attenuation CCTA while keeping total injected CM volume as low as possible. In 
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addition, newer generation iterative reconstruction algorithms in combination with low 
kV scan protocols and individually tailored CM application bare the potential for further 
reduction of total CM volume and radiation dose in the near future without 
compromising image quality. The challenge is to identify an optimal individual tailored 
CM injection protocol where patient’s demographic information has been integrated 
together with scan and injection parameters. 
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Beste Bas, ik heb je leren kennen als een enthousiaste en betrokken cardioloog. Dank 
voor je inzet en commentaar. Dit proefschrift heeft hiermee naast een technische kant 
ook een klinisch randje gekregen.  
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gezorgd in ons team. Ik wens je heel veel plezier en succes in Utrecht, woooooop!! 
 
Herm, wat zou Maastricht zijn zonder jou. Samen hebben we in de afgelopen jaren 
prachtige projecten gerealiseerd. Onze ondernemingsgeest mag een nuchtere kijk op 
zaken soms in de weg hebben gestaan (veel sneeuw en weinig champagnes), deze 
verhalen blijven. Ik kijk uit naar het volgende plan! De verdediging van mijn proefschrift 
doe ik zelf – met jou als paranimf aan mijn zijde. 
 
Mathijs, jaren hebben we samen gewerkt, gefietst en carnaval gevierd. Onze engel-
duivel combinatie was een bescheiden succes. Nu jij in Utrecht woont, is er helaas geen 
wekelijkse afspraak meer. Gelukkig hebben we onze jaarlijkse terugkerende rituelen. 
Geweldig dat jij hier naast mij staat! 
 
Sibel, kamergenoot, jouw input vanuit de cardiologische hoek is erg belangrijk geweest. 
Nog even, en dan is jouw proefschrift ook een feit. 
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Professor de Haan, beste Michiel, ik ben een van de laatste assistenten waarvan jij 
opleider bent. Jouw deur staat altijd open. Dank voor al je hulp en begeleiding tijdens 
het gehele traject. 
 
Veel dank ben ik verschuldigd aan de assistenten en radiologen van onze afdeling. Jullie 
maken de sfeer, die zo enorm belangrijk is tijdens het werk. Jullie betrokkenheid en 
enthousiaste begeleiding werkt inspirerend.   
 
Alle laboranten van de afdeling radiologie. Jullie steun is onmisbaar. Speciale dank gaat 
uit naar Ralf, Jef, Sandra en Jeroen. Hoeveel dagen en avonden hebben wij niet samen 
aan het fantoom zitten klussen? Zonder jullie was die klus niet geklaard. 
 
Christianne, Elfie, Monique, Peggy en nog eens Monique, jullie waren altijd in voor een 
praatje en altijd bereid om te helpen. Geweldig! 
 
Mijn lieve ouders en broer. Ooit vertrok Guus als student vanuit Voorburg naar het 
zuiden. Enkele jaren hierna volgde ik. Nu woont de hele familie hier. Hoe zaken toch 
kunnen lopen… Pap en mam, veel dank voor de cover van dit proefschrift. Ook de 
stellingen kregen een persoonlijk tintje door jullie. 
 
Lieve Martine, jouw nuchtere kijk op de zaken is de ideale aanvulling op mijn karakter. 
Naast mijn grote liefde en reisgenoot ben je waarschijnlijk ook de enige vrouw die de 
statistieken in een cricket wedstrijd begrijpt. Ik kijk uit naar alle avonturen die wij samen 
nog gaan beleven! 
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“Don't cry because it's over, smile because it happened.” 
Theodor Seuss Geisel 
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