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Contrast-to-Noise Ratio Optimization in Coronary Computed 
Tomography Angiography: Validation in a Swine Model

Logan Hubbard, MS, Shant Malkasian, BS, Yixiao Zhao, MS, Pablo Abbona, MD, Sabee 
Molloi, PhD
Department of Radiological Sciences, Medical Sciences I, B-140, University of California, Irvine, 
Irvine, CA 92697.

Abstract

Rationale and Objectives: The accuracy of coronary computed tomography (CT) angiography 

depends upon the degree of coronary enhancement as compared to the background noise. 

Unfortunately, coronary contrast-to-noise ratio (CNR) optimization is difficult on a patient-

specific basis. Hence, the objective of this study was to validate a new combined diluted test bolus 

and CT angiography protocol for improved coronary enhancement and CNR.

Materials and Methods: The combined diluted test bolus and CT angiography protocol was 

validated in six swine (28.9 ± 2.7 kg). Specifically, the aortic and coronary enhancement and CNR 

of a standard CT angiography protocol, and a new combined diluted test bolus and CT 

angiography protocol were compared to a reference retrospective CT angiography protocol. 

Comparisons for all data were made using box plots, t tests, regression, Bland–Altman, root-mean-

square error and deviation, as well as Lin's concordance correlation.

Results: The combined diluted test bolus and CT angiography protocol was found to improve 

aortic and coronary enhancement by 26% and 13%, respectively, as compared to the standard CT 

angiography protocol. More importantly, the combined protocol was found to improve aortic and 

coronary CNR by 29% and 20%, respectively, as compared to the standard protocol.

Conclusion: A new combined diluted test bolus and CT angiography protocol was shown to 

improve coronary enhancement and CNR as compared to an existing standard CT angiography 

protocol.

Keywords

Contrast-to-noise ratio; Coronary artery disease; Computed tomography angiography; Test bolus; 
Time to peak

INTRODUCTION

Coronary computed tomography (CT) angiography is a powerful tool for noninvasive 

diagnosis of coronary artery disease. However, the accuracy of CT angiography depends 

Address correspondence to: S.M. symolloi@uci.edu. 

Disclosures: The authors do not have any conflicts of interest to disclose.

HHS Public Access
Author manuscript
Acad Radiol. Author manuscript; available in PMC 2020 June 01.

Published in final edited form as:
Acad Radiol. 2019 June ; 26(6): e115–e125. doi:10.1016/j.acra.2018.06.026.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



upon the degree of coronary enhancement and contrast-to-noise ratio (CNR) (1,2). 

Fortunately, automatic exposure control can be used to optimize image noise (3,4), whereas 

dynamic bolus tracking can be used to trigger CT angiography acquisition (5,6). 

Unfortunately, patient-specific hemodynamic variability renders dynamic bolus tracking 

unreliable in coronary enhancement optimization (7-9). Hence, small-volume test bolus 

injections (10–15 mL) are often used prior to CT angiography acquisition to predict the 

time-to-peak enhancement (8,10). However, the time-to-peak predictions of such test bolus 

techniques are also known to be highly variable (11-13); hence, the problem of patient-

specific coronary enhancement and CNR optimization remains largely unsolved 

(7,8,11,14-16).

Fortunately, recent work suggests that the peak enhancement of large-volume diluted test 

bolus injections is highly predictive of CT angiography peak enhancement (17). Moreover, 

additional work suggests that bolus injection volume is most predictive of bolus width 

(18,19), where the time-to-peak enhancement occurs at one-half the bolus width. Hence, a 

diluted test bolus of equivalent volume to that of a CT angiography bolus has the potential to 

accurately predict the time-to-peak enhancement necessary for patient-specific CT 

angiography optimization. Therefore, the purpose of this study was to validate a new 

combined diluted test bolus and CT angiography protocol for improved coronary 

enhancement and CNR. The central hypothesis was that a diluted test bolus can be used 

prior to CT angiography acquisition to accurately predict the time to peak necessary for 

optimal coronary enhancement and CNR.

METHODS

General Methods

The study was approved by the Animal Care Committee and was performed in agreement 

with the “Position of the American Heart Association on Research Animal Use.” Six male 

Yorkshire swine (28.9 ± 2.7 kg) were used, with two experimental aims of interest. When 

possible, repeat measurements were made, with both experimental aims completed 

successfully. All image data were acquired between May 2017 and July 2017, and were 

retrospectively analyzed between July 2017 and November 2017.

Animal Preparation

Anesthesia was induced with telazol (4.4 mg/kg), ketamine (2.2 mg/kg), and xylazine (2.2 

mg/kg), and was maintained with 1.5%–2.5% isoflurane (Highland Medical Equipment, 

Temecula, CA and Baxter, Deerfield, IL). Sheaths were placed (5Fr, AVANTI, Cordis 

Corporation, Miami Lakes, FL) in each femoral vein and were used for drug, fluid, and 

contrast material administration.

Prediction of Time-To-Peak Enhancement

For each animal, standard undiluted and diluted test bolus injection protocols were 

performed followed by dynamic imaging and analysis to determine which test bolus was 

most predictive of a reference CT angiography bolus time-to-peak enhancement. When 

possible, repeat measurements were also made in six swine, yielding a total of 14 
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measurements for the standard test bolus protocol analysis, and a total of 12 measurements 

for the diluted test bolus protocol analysis.

Standard Test Bolus Protocol—For the standard bolus protocol, 10 mL of contrast 

material (Isovue 370, Bracco Diagnostics, Princeton, NJ) was injected (5 mL/s, Empower 

CTA, Acist Medical Systems, Eden Prairie, MN) followed by saline chaser (0.5 mL/kg) at 

the same rate. Volume scans were then acquired (Aquilion One, Toshiba America Medical 

Systems, Tustin, CA) over 20 seconds to capture the time–attenuation curve, as shown in 

Figure 1a.

Diluted Test Bolus Protocol—For the diluted bolus protocol, 10 mL of contrast material 

was diluted in saline (1 mL/kg) and was injected (5 mL/s) followed by a saline chaser (0.5 

mL/kg) at the same rate. Volume scans were then acquired over 20 seconds to capture the 

time–attenuation curve, as shown in Figure 1b.

Reference CT Angiography Bolus Protocol—For the reference bolus protocol, 1 

mL/kg of contrast material, was injected (5 mL/s) followed by a saline chaser (0.5 mL/kg) at 

the same rate. Volume scans were then acquired over 20 seconds to capture the reference CT 

angiography bolus time–attenuation curve, as shown in Figure 1c.

CT Imaging—All dynamic imaging protocols were electrocardiogram (ECG) gated and 

were performed at 100 kVp and 200 mA with 320 × 0.5 mm collimation and 16 cm of 

craniocaudal coverage. Additionally, a 10-minute delay was employed after each protocol to 

allow for adequate clearance of contrast material from the blood pool prior to initiating the 

next protocol. After imaging was complete, all volume scans were retrospectively 

reconstructed from full projection data at 75% of the R–R interval using an FC03 kernel and 

a reconstruction voxel size of 0.43 × 0.43 × 0.50 mm.

Image Processing—For each series of acquisitions, the volume scan with peak aortic 

enhancement was selected from the reference bolus volume scans, and all test bolus and 

reference bolus volume scans were deformably registered to that peak enhancement volume 

scan to minimize motion artifacts (20). The aorta was then segmented semiautomatically 

through threshold-based region growing (Vitrea fX version 6.0, Vital Images, Inc., 

Minnetonka, MN), producing a vascular volume of interest. The vascular volume of interest 

was then radially eroded by two voxels to eliminate partial volume artifact, yielding the 

central luminal volume of the aorta. Using that central luminal volume, time–attenuation 

curves for the test bolus and reference bolus data were produced by computing the average 

Hounsfield unit within that luminal volume over time. Time-to-peak enhancement data for 

each protocol were then extracted with a gamma-variate fit function (MatLab 2013a, 

MathWorks, Natick, MA). The image processing scheme is summarized in Figure 2a.

Optimization of Enhancement and CNR

For each animal, a standard CT angiography protocol was performed along with a combined 

diluted test bolus and CT angiography protocol. In each case, the CT dose index (CTDIVOL
32 ) 

and dose-length product (DLP) were also recorded. The peak enhancement and CNR for the 
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left anterior descending (LAD), left circumflex (LCx), and right coronary artery (RCA) for 

the standard and combined protocols were then compared to corresponding data from a 

reference retrospective CT angiography protocol. When possible, repeat measurements were 

also made in six swine, yielding a total of 10 measurements for the peak enhancement and 

CNR analysis.

Standard CT Angiography Protocol—For the standard CT protocol, 1 mL/kg of 

contrast material was injected (5 mL/s) followed by a saline chaser (0.5 mL/kg) at the same 

rate. Dynamic bolus tracking was used (Sure-Start, Aquilion One, Toshiba America Medical 

Systems, Tustin, CA), and a CT angiogram was acquired automatically using a standard 

clinical protocol with a fixed time delay of 4 seconds after threshold-based triggering at 180 

Hounsfield units in the aorta, as shown in Figure 3a.

Combined Diluted Test Bolus and CT Angiography Protocol—For the combined 

CT protocol, 10 mL of contrast material was diluted in saline (1 mL/kg) and was injected (5 

mL/s) followed by a saline chaser (0.5 mL/kg) at the same rate. A 2 mm slab CINE scanning 

was then performed in 1.5-second intervals over 20 seconds, and the time-to-peak aortic 

enhancement was derived. The CT angiography protocol was then manually updated to 

incorporate the measured time to peak. Of contrast material, 1 mL/kg was then injected (5 

mL/s) followed by a saline chaser (0.5 mL/kg) at the same rate. Dynamic bolus tracking was 

again used, but this time the CT angiogram was acquired using the new time-to-peak delay 

after threshold-based triggering at 180 Hounsfield units in the aorta, as shown in Figure 3b.

Reference Retrospective CT Angiography Protocol—For the reference CT 

protocol, 1 mL/kg of contrast material was injected (5 mL/s) followed by a saline chaser (0.5 

mL/kg) at the same rate. Volume scans were then acquired over 20 seconds to capture the 

reference retrospective CT angiography time–attenuation curve, as shown in Figure 3c.

CT Imaging—All dynamic imaging protocols were ECG gated and were performed at 100 

kVp and 200 mA, where all bolus tracking images had a collimation of 1 × 2.0 mm and all 

volume scans had a collimation of 320 × 0.50 mm. Additionally, a 10-minute delay was 

employed after each protocol to allow for adequate clearance of contrast material from the 

blood pool prior to initiating the next protocol. After imaging was complete, all bolus 

tracking images and volume scans were retrospectively reconstructed from full projection 

data at 75% of the R–R interval using an FC03 kernel and a reconstruction voxel size of 0.43 

× 0.43 × 2.0 mm and 0.43 × 0.43 × 0.50 mm, respectively.

Image Processing—For each series of acquisitions, the volume scan with peak aortic 

enhancement was selected from the reference retrospective volume scans, and all CT 

angiograms and reference retrospective volume scans were deformably registered to that 

peak enhancement volume scan to minimize motion artifacts (20). The aorta, LAD, LCx, 

and RCA were then segmented semiautomatically through threshold-based region growing 

(Vitrea fX version 6.0, Vital Images, Inc., Minnetonka, MN), producing four separate 

vascular volumes of interest. Each vascular volume of interest was then radially eroded by 

two voxels to eliminate partial volume artifact, yielding the central luminal volume of the 

aorta, LAD, LCx, and RCA. Peak enhancement and CNR data were then computed within 
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each central luminal volume for each protocol, where CNR was defined as the attenuation 

difference between each central luminal volume and the left ventricular myocardium, 

divided by the image noise. The image processing scheme is summarized in Figure 2b.

Statistical Approach

First, the accuracy and precision of both test bolus protocols in prediction of reference bolus 

time-to-peak aortic enhancement were assessed using regression, Bland–Altman, root-mean-

square error, root-mean-square deviation, and Lin's concordance correlation coefficient (21). 

Box plots were generated, and paired sample t-tests were performed to determine if the time-

to-peak enhancement of each protocol was significantly different from the reference protocol 

(p < 0.05). Next, the accuracy and precision of both CT angiography protocols in prediction 

of a reference retrospective CT angiography protocol's peak enhancement and CNR were 

assessed using regression, Bland–Altman, root-mean-square error, root-mean-square 

deviation, and Lin's concordance correlation coefficient (21). Box plots were again 

generated, and paired sample t tests were again performed to determine if the peak 

enhancement and CNR of each protocol were significantly different from the reference 

protocol (p < 0.05). Statistical software was used for all analysis (MatLab 2013a, 

MathWorks, Natick, MA; PS, version 3.0, Vanderbilt University, Nashville, TN; SPSS, 

version 22, IBM Corporation, Armonk, NY).

RESULTS

Prediction of Time-To-Peak Enhancement

The heart rate and mean arterial pressure of the swine were 88 ± 13 beats/min and 75 ± 19 

mmHg, respectively. The test bolus and reference CT angiography bolus enhancement 

curves are displayed in Figure 4a, whereas the test bolus and reference CT angiography 

bolus time-to-peak data box plots are shown in Figure 4b. On average, the time-to-peak data 

for the standard test bolus and diluted test bolus were 4.9 ± 1.5 (p = 0.00) and 6.4 ± 1.6 (p = 

0.88) seconds, respectively, whereas the time-to-peak data for the reference CT angiography 

bolus was 6.2 ± 1.6 seconds. Furthermore, the time-to-peak data for the standard test bolus 

(TTPSTB) and reference CT angiography bolus (TTPREF) were related with a Pearson’s 

correlation of r = 0.78 and a concordance correlation of ρ = 0.57, as shown in Figure 4c, 

with corresponding Bland–Altman analysis displayed in Figure 4d. Finally, the time-to-peak 

data for the diluted test bolus (TTPDTB) and reference CT angiography bolus (TTPREF) were 

related with a Pearson's correlation of r = 0.97 and a concordance correlation of ρ = 0.96, as 

shown in Figure 4e, with corresponding Bland–Altman analysis displayed in Figure 4f.

Optimization of Enhancement and CNR

The CTDIVOL
32  and DLP of the standard CT angiography protocol were 4.6 mGy and 73.6 

mGy●cm, respectively. The CTDIVOL
32  and DLP of the diluted test bolus alone were 59.8 

mGy and 12.0 mGy●cm, respectively. In combination, the CTDIVOL
32  and DLP of the 

combined diluted test bolus and CT angiography protocol were 64.4 mGy and 85.6 

mGy●cm, respectively. Box plots for the standard, combined, and reference retrospective 
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CT angiography protocol peak enhancement and CNR data are shown in Figure 5a and b, 

respectively, with corresponding paired sample t-test data also shown in Table 1.

Furthermore, for the standard CT angiography protocol, the peak enhancement data 

(PEAKSTAN) in both the aorta and coronaries were related to the reference retrospective CT 

angiography peak enhancement data with a Pearson's correlation of r = 0.83 and a 

concordance correlation of ρ = 0.76, as shown in Figure 6a and Table 2, with corresponding 

Bland–Altman analysis displayed in Figure 6b. The CNR data (CNRSTAN) in both the aorta 

and coronaries were also related to the reference retrospective CT angiography CNR data 

(CNRREF) with a Pearson's correlation of r = 0.90 and a concordance correlation of ρ = 0.84, 

as shown in Figure 7a and Table 2, with corresponding Bland–Altman analysis also 

displayed in Figure 7b.

Finally, for the combined diluted test bolus and CT angiography protocol, the peak 

enhancement data (PEAKCOMB) in both the aorta and coronaries were related to the 

reference retrospective CT angiography peak enhancement data (PEAKREF) with a Pearson's 

correlation of r = 0.96 and a concordance correlation of ρ = 0.96, as shown in Figure 6c and 

Table 2, with corresponding Bland–Altman analysis displayed in Figure 6d. The CNR data 

(CNRCOMB) in both the aorta and coronaries were also related to the reference retrospective 

CT angiography CNR data (CNRREF) with a Pearson's correlation of r = 0.97 and a 

concordance correlation of ρ = 0.97, as shown in Figure 7c and Table 2, with corresponding 

Bland–Altman analysis displayed in Figure 7d. Qualitative multiplanar reformations of the 

LAD for the standard, combined, and reference retrospective CT angiography protocols are 

shown in Figure 5c.

DISCUSSION

In this study, standard undiluted and diluted test bolus injection protocols were first 

performed followed by dynamic imaging and analysis to determine which test bolus was 

most predictive of reference CT angiography bolus time-to-peak enhancement. A standard 

CT angiography protocol was then performed along with a combined diluted test bolus and 

CT angiography protocol, and the peak enhancement and CNR of the LAD, LCx, and RCA 

for both protocols were then compared to a reference retrospective CT angiography protocol.

The results indicate that a diluted test bolus can be used to accurately predict the time-to-

peak enhancement of a CT angiography bolus. However, a standard test bolus was shown to 

underestimate the time-to-peak enhancement by more than 20%. Furthermore, the diluted 

test bolus performed better than the standard test bolus in time-to-peak enhancement 

prediction, demonstrating higher concordance correlation (21) and negligible bias, as 

compared to the reference CT angiography bolus. Such findings indicate that the 

enhancement of a diluted test bolus does, in fact, parallel that of a CT angiography bolus, 

independent of cardiac output.

Moreover, the combined diluted test bolus and CT angiography protocol was found to 

improve peak aortic and coronary enhancement and CNR by 26%, 13%, 29%, and 20%, 

respectively, as compared to the standard CT angiography protocol, while only increasing 
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the DLP by 16%. Additionally, the combined diluted test bolus and CT angiography 

protocol demonstrated better concordance correlation (21) and less bias than the standard 

CT angiography protocol, as compared to the reference retrospective CT angiography 

protocol. Such findings indicate that a diluted test bolus can, in fact, be used to significantly 

improve peak enhancement and CNR through accurate prediction of the time to peak 

necessary for optimal acquisition of the CT angiogram.

Overall, the findings of this study agree with the findings of others regarding optimization of 

CT angiography. Specifically, the limitations of the standard test bolus in prediction of time-

to-peak enhancement agree well with the findings of van Hoe et al. and Kaatee et al., where 

poor-to-moderate correlation was found with the actual time to peak of the CT angiography 

bolus (12,13). Additionally, with respect to using a test bolus versus dynamic bolus tracking 

for CT angiography, Nakajima et al. and Rodrigues et al. also found better peak 

enhancement and CNR when using a test bolus with a patient-specific time delay as 

compared to dynamic bolus tracking with a fixed time delay (10,22). Nevertheless, Nakaura 

et al. and Platt et al. found no such improvements (8,14), but this difference is likely 

attributed to the fact that a standard test bolus has a different time–attenuation curve as 

compared to a CT angiography bolus.

To improve test bolus reliability, Masuda et al. evaluated the performance of a diluted and 

standard test bolus in prediction of peak enhancement of CT angiography in the aorta (17). 

Interestingly, they found that peak enhancement for a diluted test bolus was strongly 

predictive of peak enhancement for CT angiography, whereas peak enhancement for a 

standard test bolus was not (r = 0.72 vs. r = 0.36). Such findings are further explained by 

work done by Garcia et al. and Han et al., where injection volume was found to be most 

predictive of bolus width (18,19). That being said, the work of Masuda et al. remained 

limited to aortic peak enhancement prediction alone. Hence, our study focuses instead on the 

ability of a diluted test bolus to accurately predict the time-to-peak enhancement of a CT 

angiography bolus. Moreover, we use those time-to-peak predictions to improve the peak 

enhancement and CNR of CT angiography in the aorta, LAD, LCx, and RCA.

However, this study is not without limitations. First, the study was performed on a small 

number of healthy swine, reducing the power of the study while also limiting assessment of 

CT angiography quality to coronary enhancement and CNR alone. Hence, validation in a 

human cohort using CT angiography quality assessment metrics such as CNR, coronary 

length and number of side branches, stenosis severity, and plaque volume is still necessary 

(23). Additionally, while the standard, combined, and reference retrospective CT 

angiography protocols did employ a mass-adjusted contrast volume (1 mL/kg), the test bolus 

protocols did not (10 mL). Consequently, the test bolus peak enhancement was higher than 

the 100–200 Hounsfield unit enhancement normally seen in human subjects (8,17), as 

central blood volume scales proportionally with mass (15,24). However, given the analogous 

relation between the diluted test bolus and standard CT angiography bolus geometries, 

variations in central blood volume should not impact the diluted test bolus's ability to predict 

the time-to-peak enhancement for CT angiography. Hence, 10 mL of contrast was used for 

the test bolus protocols, as 10–15 mL test bolus injections are used clinically (11).
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That being said, the inability of the standard CT angiography protocol to compensate for 

large variations in cardiac output was likely compounded by the high heart rate and 

significant heart rate variability of the swine used within this study. However, as cardiac 

output is the product of both heart rate and stroke volume, coronary artery disease patients 

will still display variations in cardiac output, time-to-peak, and peak enhancement, 

regardless of beta blockade, due to known variations in stroke work (7,9). Hence, it is 

expected that a combined diluted test bolus and CT angiography protocol will still provide 

more clinical value than a standard CT angiography protocol alone, although further 

validation is necessary.

Despite the advantages of the combined diluted test bolus and CT angiography protocol, 

implementation of such a protocol may be clinically complex. Specifically, the combined 

protocol requires diluted contrast to be made, injected, and imaged prior to CT angiography; 

thus, adding time, contrast dose, and effective radiation dose per exam. That being said, 

exam time can be reduced using injector technology that is capable of co-injection of 

contrast and saline, i.e., dilution, prior to serial injection of contrast and saline (25). 

Moreover, given the time-to-peak, peak enhancement, and CNR gains afforded by using a 

diluted test bolus, it may be possible to reduce the total volume of contrast necessary for 

patient-specific CT angiography, while still maintaining adequate image quality. Finally, 

with respect to effective radiation dose, the advent of dynamic bolus tracking and iterative 

reconstruction techniques (26) ensures that the dose of a diluted test bolus is very small 

(DLP = 12 mGy·cm), as compared to the dose of CT angiography (DLP = 73.6 mGy·cm). 

Furthermore, there is additional potential to improve dynamic bolus tracking techniques, 

such that time-to-peak enhancement prediction may be performed without the need for a 

diluted test bolus, although further validation is necessary.

CONCLUSION

The combined diluted test bolus and CT angiography protocol uses a low-dose diluted test 

bolus for time-to-peak enhancement prediction prior to CT angiography. Given the 

analogous relation between the diluted test bolus and CT angiography bolus, the combined 

protocol ensures that peak enhancement and CNR are always achieved, independent of 

central blood volume or cardiac output. In summary, the combined diluted test bolus and CT 

angiography protocol was retrospectively validated in a swine model and has the potential to 

improve enhancement and CNR for CT angiography through optimal image acquisition 

timing.
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CCC Lin's concordance correlation coefficient

CT computed tomography
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CNR contrast-to-noise ratio

DTB diluted test bolus

ECG electrocardiogram

LAD left anterior descending

LCx left circumflex

RCA right coronary artery

RMSE root-mean-square error

RMSD root-mean-square deviation

TTP time to peak
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Figure 1. 
Standard, diluted, and reference CT angiography bolus injection protocol comparison. (a) 
Standard test bolus injection protocol, (b) diluted test bolus injection protocol, (c) reference 

CT angiography bolus injection protocol. All bolus injection protocols were followed by the 

same 20-second dynamic imaging protocol to completely capture each time–attenuation 

curve of interest for analysis. CT, computed tomography.
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Figure 2. 
Image processing scheme. The peak enhancement volume scan was first selected from the 

reference computed tomography (CT) angiography bolus protocol data for vascular volume-

of-interest (VOI) segmentation and postprocessing. (a) The aortic VOI was used to generate 

time–attenuation curves for the standard test bolus, diluted test bolus, and reference CT 

angiography bolus protocol data, and time-to-peak (TTP) enhancement data were then 

extracted in each case through automatic gamma-variate fitting. (b) The aortic VOI, left 

anterior descending (LAD) VOI, left circumflex (LCx) VOI, and right coronary artery 

(RCA) VOI were used to compute peak enhancement and contrast-to-noise ratio for both 

standard and combined CT angiography protocols, and all data were then compared to the 

reference retrospective CT angiography protocol data.
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Figure 3. 
Standard, combined, and reference CT angiography acquisition protocol comparison. (a) 
Standard CT angiography protocol, (b) combined diluted test bolus (DTB) and CT 

angiography protocol, and (c) reference retrospective CT angiography protocol, where 20 

seconds of ECG-gated dynamic imaging was performed to capture peak aortic and coronary 

enhancement and contrast-to-noise ratio. CT, computed tomography; ECG, 

electrocardiogram.
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Figure 4. 
Test bolus and reference CT angiography bolus time-to-peak enhancement comparison. (a) 
Bolus time-attenuation curve geometry comparison. (b) Bolus time-to-peak (TTP) 

enhancement box-plot comparison. ** indicates p < 0.05, i.e., a significant time-to-peak 

difference with the reference CT angiography bolus. (c) Regression analysis comparing the 

standard test bolus time-to-peak data (TTPSTB) to the reference CT angiography bolus time-

to-peak data (TTPREF), with (d) corresponding Bland–Altman analysis displayed. (e) 
Regression analysis comparing the diluted test bolus time-to-peak data (TTPDTB) to the 

reference CT angiography bolus time-to-peak data (TTPREF), with (f) corresponding Bland–

Altman analysis displayed. CCC, Lin's concordance correlation coefficient; CT, computed 

tomography; DTB, diluted test bolus; LOA, limit of agreement; REF, reference CT 
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angiography bolus; RMSD, root-mean-square deviation; RMSE, root-mean-square error; 

STB, standard test bolus.

Hubbard et al. Page 15

Acad Radiol. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Standard, combined, and reference CT angiography peak enhancement and CNR 

comparison. (a) Aortic and coronary peak enhancement box-plot comparison for the 

standard and combined CT angiography protocols as compared to a reference retrospective 

CT angiography protocol. (b) Aortic and coronary CNR box-plot comparison for the 

standard and combined CT angiography protocols as compared to a reference retrospective 

CT angiography protocol. (c) Long-axis and cross-sectional multiplanar reformations 

(MPRs) of the left anterior descending (LAD) coronary artery for the standard and combined 

CT angiography protocols as compared to the reference retrospective CT angiography 

protocol. CNR, contrast-to-noise ratio; CT, computed tomography; HU, Hounsfield units; 

LAD, left anterior descending; LCx, left circumflex; RCA, right coronary artery. ** 

indicates p < 0.05, i.e., a significant peak enhancement or CNR difference with the reference 

retrospective CT angiography data.
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Figure 6. 
Standard, combined, and reference CT angiography peak enhancement regression analysis. 

(a) Regression analysis comparing the aortic and coronary peak enhancement data from the 

standard CT angiography protocol (PEAKSTAN) to corresponding aortic and coronary peak 

enhancement data from the reference retrospective CT angiography protocol (PEAKREF), 

with (b) Bland–Altman analysis also displayed. (c) Regression analysis comparing the aortic 

and coronary peak enhancement data from the combined diluted test bolus and CT 

angiography protocol (PEAKCOMB) to corresponding aortic and coronary peak enhancement 

data from the reference retrospective CT angiography protocol (PEAKREF), with (d) Bland–

Altman analysis also displayed. CCC, Lin's concordance correlation coefficient; CT, 

computed tomography; LAD, left anterior descending; LCx, left circumflex; LOA, limit of 

agreement; RCA, right coronary artery; RMSD, root-mean-square deviation; RMSE, root-

mean-square error.
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Figure 7. 
Standard, combined, and reference CT angiography CNR regression analysis. (a) Regression 

analysis comparing the aortic and coronary CNR data from the standard CT angiography 

protocol (CNRSTAN) to corresponding aortic and coronary CNR data from the reference 

retrospective CT angiography protocol (CNRREF), with (b) Bland–Altman analysis also 

displayed. (c) Regression analysis comparing the aortic and coronary CNR data from a 

combined diluted test bolus and CT angiography protocol (CNRCOMB) to corresponding 

aortic and coronary CNR data from the reference retrospective CT angiography protocol 

(CNRREF), with (d) Bland–Altman analysis also displayed. CCC, Lin's concordance 

correlation coefficient; CNR, contrast-to-noise ratio; CT, computed tomography; LAD, left 

anterior descending; LCx, left circumflex; LOA, limit of agreement; RCA, right coronary 

artery; RMSD, root-mean-square deviation; RMSE, root-mean-square error.
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