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attenuation plaque.
Therefore, it is necessary to optimize coronary attenuation for 

the objective evaluation of coronary stenosis and plaque prop-
erties in case-control and cohort studies. The feasibility of the 
contrast-injection protocol with body weight (BW)-adjusted 
iodine dose has been confirmed in some studies, but unexpected 
contrast enhancement has been observed in clinical practice.19,20 
If robust contrast enhancement is achieved in coronary CTA, 
it would be considered a more reliable and less invasive diag-
nostic tool. The purpose of this study was to assess the feasi-
bility of a personalized contrast-injection protocol using diluted 
contrast material (CM) to optimize coronary attenuation in 
coronary CTA.

n recent years, technological advances in multidetector-row 
computed tomography (MDCT) have produced increases 
in detector range and gantry rotation speed. Electrocar-

diogram (ECG)-gated data MDCT allows for the evaluation of 
cardiac anatomy and coronary artery stenosis without blurring, 
and has been widely available in clinical practice as coronary 
computed tomography angiography (CTA).1–6

In addition to coronary artery stenosis, coronary CTA can be 
used to evaluate the properties of coronary plaque. Many studies 
have reported the feasibility of coronary CTA for the accurate 
diagnosis and quantification of these 2 variables in patients 
with coronary artery disease (CAD),7–13 but previous experimen-
tal and clinical studies have shown that coronary attenuation 
in coronary CTA affects the assessment of both coronary ar-
tery stenosis and plaque.14–18 Lower coronary attenuation may 
decrease the diagnostic accuracy of coronary artery stenosis, 
whereas higher coronary attenuation may underestimate low-

I

Received August 29, 2013; revised manuscript received October 20, 2013; accepted November 6, 2013; released online December 21, 2013     
Time for primary review: 13 days

Department of Radiology (N.K., Teruhito K., Y.N., Tomoyuki K., M.M., T.M.), Department of Cardiology (A.O.), Ehime University 
Graduate School of Medicine, Toon, Japan; and Department of Radiology, Erasmus University Medical Center, Rotterdam (A.K.), The 
Netherlands

Mailing address:  Naoto Kawaguchi, MD, Department of Radiology, Ehime University Graduate School of Medicine, Shitsukawa, Toon 
791-0295, Japan.    E-mail: n.kawa1113@gmail.com

ISSN-1346-9843    doi: 10.1253/circj.CJ-13-1101
All rights are reserved to the Japanese Circulation Society. For permissions, please e-mail: cj@j-circ.or.jp

Optimization of Coronary Attenuation in  
Coronary Computed Tomography Angiography  

Using Diluted Contrast Material
Naoto Kawaguchi, MD; Akira Kurata, MD, PhD; Teruhito Kido, MD, PhD;  

Yoshiko Nishiyama, MD; Tomoyuki Kido, MD, PhD; Masao Miyagawa, MD, PhD;  
Akiyoshi Ogimoto, MD, PhD; Teruhito Mochizuki, MD, PhD

Background:  The purpose of this study was to evaluate a personalized protocol with diluted contrast material (CM) 
for coronary computed tomography angiography (CTA).

Methods and Results:  One hundred patients with suspected coronary artery disease underwent retrospective 
electrocardiogram-gated coronary CTA on a 256-slice multidetector-row CT scanner. In the diluted CM protocol 
(n=50), the optimal scan timing and CM dilution rate were determined by the timing bolus scan, with 20% CM dilution 
(5 ml/s during 10 s) being considered suitable to achieve the target arterial attenuation of 350 Hounsfield units (HU). 
In the body weight (BW)-adjusted protocol (n=50, 222 mg iodine/kg), only the optimal scan timing was determined 
by the timing bolus scan. The injection rate and volume in the timing bolus scan and real scan were identical between 
the 2 protocols. We compared the means and variations in coronary attenuation between the 2 protocols. Coronary 
attenuation (mean ± SD) in the diluted CM and BW-adjusted protocols was 346.1±23.9 HU and 298.8±45.2 HU, 
respectively. The diluted CM protocol provided significantly higher coronary attenuation and lower variance than did 
the BW-adjusted protocol (P<0.05, in each).

Conclusions:  The diluted CM protocol facilitates more uniform attenuation on coronary CTA in comparison with the 
BW-adjusted protocol.    (Circ J  2014; 78: 662 – 670)
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Medrad, Osaka, Japan). The CM was delivered via a 20-G cath-
eter inserted into an antecubital vein. The examination included 
the timing bolus scan and real scan for coronary CTA. The me-
chanical parameters for CT were the same for the timing bolus 
scan and real scan.

The timing bolus scan was performed 6 s after the CM was 
injected, with axial data acquisition at 1-s intervals at the level 
of the ascending aorta (the upper level of scan range in the real 
scan) with the following parameters: gantry rotation time, 
0.4 s/rotation; tube voltage, 120 kVp; tube current, 75 mA; and 
collimation, 2×16×0.625 mm. The real scan was performed 
with retrospective ECG gating; tube voltage, 120 kVp; effec-
tive tube current time-product, 800–1,300 mAs/rotation; gan-
try rotation time, 0.27 s/rotation; pitch factor, 0.14; collimation, 
2×128×0.625 mm with a dynamic z-focal spot, 250-mm display 
field of view, 0.8/0.4-mm slice thickness/overlap, and 512×512 
image matrix.

Contrast-Injection Protocol
Diluted CM Protocol    Either iohexol (Omnipaque 350 mg 

iodine/ml; Daiichi Sankyo, Tokyo, Japan) or iopamidol (Io-
pamiron 370 mg iodine/ml; Bayer Yakuhin, Osaka, Japan) was 
randomly used for this protocol (Figure 1).

First, the timing bolus scan was performed with 20% CM 
dilution at the same injection rate and volume as that of the real 
scan (5 ml/s, 50 ml), followed by a saline chaser (5 ml/s, 40 ml) to 
estimate the optimal scan timing and the CM dilution rate re-
quired to achieve the target arterial attenuation (350 Hounsfield 
units; HU). Second, the time-attenuation curve (TAC) of the 

Methods
Patients
The institutional ethics committee approved the study protocol 
and all the patients provided written informed consent. From 
May 2010 to September 2011, 100 consecutive patients were 
prospectively enrolled in this study. The entry criteria were (1) 
age ≥20 years; and (2) suspected CAD based on chest symptoms 
and abnormal ECG and/or echocardiography. The exclusion 
criteria were as follows: (1) history of coronary artery bypass 
grafting; (2) history of myocardial infarction; (3) unstable an-
gina (recent onset of angina within 1 month or severe and wors-
ening clinical symptoms); (4) symptomatic congestive heart 
failure; (5) severe left ventricle dysfunction (left ventricular 
ejection fraction <30%); (6) greater than first-degree atrioven-
tricular block; (7) compromised renal function (serum creatinine 
>1.5 mg/dl [114 mol/L]); (8) pregnancy, hyperthyroidism or a 
known allergic reaction to the CM; and (9) known history of 
bronchial asthma. All patients were randomly assigned to either 
the diluted CM or the BW-adjusted contrast-injection protocols.

CT Protocol
All patients received 0.6 mg of a nitroglycerin spray with 2 
puffs (Myocor; Astellas Pharma, Tokyo, Japan) and 2–8 mg of a 
β-blocker (Inderal; AstraZeneca, London, UK) i.v. 5 min prior 
to the timing bolus scan to reduce the heart rate (HR), when 
the HR at rest was >70 beats/min. We used a 256-slice MDCT 
scanner (Brilliance iCT; Philips Healthcare, Cleveland, OH, 
USA) and an automatic dual injector (Stellant DualFlow; Nihon 

Figure 1.    Contrast-injection protocol with diluted contrast material (CM). (A) Schematic diagram of contrast-injection with diluted 
CM. (B) Time-attenuation curve (TAC) of the timing bolus scan (light blue) and real scan (blue). (C) Formula used to determine 
the optimal CM dilution rate. The optimal scan timing and necessary CM dilution rate (A%) are determined by the TAC of the tim-
ing bolus scan with 20% CM dilution. a, Baseline attenuation; b, minimum guaranteed attenuation (3 s before peak enhancement 
of the TAC); c, estimated peak attenuation (target attenuation 350 HU). CT, computed tomography.
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the optimal scan timing was determined based on the TAC in 
the same manner as that for the diluted CM protocol. The real 
scan was performed with the regular (100%) CM, using the 
planned CM injection profile (0.1×B ml/s, B ml), followed by 
a saline chaser (0.1×B ml/s, 40 ml). The injection volume and 
rate in the timing bolus scan and real scan were also determined 
at intervals of 1 ml and 0.1 ml/s, respectively, for clinical use.

Data Analysis
Axial images with a slice thickness of 0.8 mm and a section in-
terval of 0.4 mm were reconstructed with the beat-to-beat vari-
able delay algorithm and multi-cycle reconstruction using a 
medium cardiac kernel (XCB). First, the mid-diastolic phases 
(70%, 75%, and 80% of the R-wave–R-wave interval) were 
reconstructed; data thus obtained were used for the coronary 
attenuation study if the image quality was good. In cases of in-
adequate image quality, image reconstruction was performed in 
10% increments from 0% to 90% of the R-wave–R-wave inter-
val to select the best phase with the highest image quality. All 
the CT datasets were analyzed with a commercially available 
program (Extended Brilliance Workspace, Philips Healthcare, 
Best, the Netherlands).

According to a standard 18-segment model (Society of 
Cardiovascular Computed Tomography Guidelines), the origin 
of the left main trunk (LM); proximal portion of the left anterior 
descending coronary artery (pLAD); proximal portion of the 
left circumflex artery (pLCX); and proximal, middle, and distal 
portions of the right coronary artery (pRCA, mRCA, and dRCA, 
respectively) were determined. We defined the mean coronary 
attenuation of 3 ROI in each coronary segment manually placed 
at the center of the coronary artery as the segmental attenua-
tion. The mean aortic attenuation in the ascending aorta was also 
evaluated using 4 ROI in 3 sinuses of the Valsalva and sinotubu-

arterial phase was created with a series of axial CT images at the 
region of interest (ROI) at the level of the ascending aorta. We 
measured aortic attenuation at the baseline (before the upslope) 
and 3 s before time to peak enhancement of the TAC in the tim-
ing bolus scan. Attenuation at 3 s before peak enhancement was 
taken as the “minimum guaranteed attenuation” if coronary CTA 
was initiated at this time using the timing bolus scan of 20% 
CM dilution. Third, for the target arterial attenuation of 350 HU, 
the optimal CM dilution rate for the real scan was calculated 
using the following formula: A(%)=20%×(350–baseline attenu-
ation)/(minimum guaranteed attenuation in the timing bolus 
scan–baseline attenuation). Furthermore, the optimal scan timing 
for the real scan was also set as 3 s before peak enhancement of 
the TAC in the timing bolus scan. This calculation was auto-
matically done using the formula fed into the coronary CTA 
database, and the optimal CM dilution rate for the real scan 
was adjusted on the monitor of a dual injector at intervals of 
5% for clinical use within a few minutes. Finally, after setting 
the optimal CM dilution rate of the injector, the real scan was 
performed using an individually optimized CM injection pro-
file (A%, 5 ml/s and 50 ml), followed by a saline chaser. If the 
CM dilution rate in the real scan was suggested to be above 
100%, the injection duration was adjusted according to the in-
crease in the necessary iodine dose (mg iodine) at the same in-
jection rate of 5 ml/s.

BW-Adjusted Protocol    Iopamidol was the CM used in this 
group. The injection volume of the CM (B ml) in the real scan 
was calculated using the formula: B(ml)=BW×0.6 (222 mg 
iodine/kg). The injection duration was fixed at 10 s in both the 
timing bolus scan and real scan, and the injection rate (0.1×B 
ml/s) was adjusted for each injection volume. First, the timing 
bolus scan was performed with 20% CM dilution (0.1×B ml/s, 
B ml), followed by a saline chaser (0.1×B ml/s, 40 ml). Then, 

Table 1.  Clinical Patient Characteristics

Characteristics Diluted CM  
protocol (n=50)

BW-adjusted  
protocol (n=50) P-value

Age (years) 63.3±12.0 65.3±11.5 0.684

Male 32 (64) 27 (54) 0.309

Body weight (kg) 64.7±11.1 62.5±12.7 0.375

Body mass index (kg/m2) 24.6±3.5　　 24.1±3.8　　 0.515

Hypertension 20 (40) 22 (44) 0.685

Diabetes mellitus 16 (32) 16 (32) 1　　　　　　　
Hyperlipidemia 16 (32) 13 (26) 0.509

Smoking 19 (38) 15 (30) 0.398

Family history of CAD   9 (18)   6 (12) 0.401

Data given as mean ± SD or n (%).
BW, body weight; CAD, coronary artery disease; CM, contrast material.

Table 2.  CM Injection Parameters During the Real Scan

Variables Diluted CM  
protocol (n=50)

BW-adjusted  
protocol (n=50) P-value

Injection rate (ml/s) 5     3.7±0.7 <0.05　　
Scan delay (s) 20.0±2.5   19.9±2.4 　0.568

Scan time (s)   5.6±0.5     5.5±0.3 　0.235

Iodine dose (g iodine) 14.8±2.9   13.9±2.8 　0.098

Iodine dose per BW (mg iodine/kg) 233.3±58.4 222.2±1.6 　0.967

Scan heart rate (beats/min)   66.1±11.7   63.7±7.2 　0.222

Data given as mean ± SD.
Abbreviations as in Table 1.
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Figure 2.    Aortic and coronary attenuations in the (A) diluted contrast material (CM) protocol and (B) body weight (BW)-adjusted 
protocol. Mean attenuation ± SD is given for the ascending aorta; origin of the left main trunk (LM); proximal portion of the left an-
terior descending coronary artery (pLAD); proximal portion of the left circumflex artery (pLCX); and proximal, middle, and distal 
portions of the right coronary artery (pRCA, mRCA, and dRCA, respectively). The mean attenuations of the aorta and all coronary 
segments in the diluted CM protocol were significantly higher with smaller variations (SD) than in the BW-adjusted protocol 
(P<0.05). CT, computed tomography.
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(n=100); for the other segments intraluminal CT attenuation 
was unable to be measured because of motion artifact, massive 
calcification, smaller diameter, and anatomical variance. The 
total number of analyzed segments was 290 and 280 in the di-
luted CM protocol and BW-adjusted protocol, respectively. The 
aortic and mean coronary attenuation of all the coronary seg-
ments were 356.4±23.5 HU and 346.1±23.9 HU in the diluted 
CM protocol, and 308.9±46.3 HU and 298.8±45.2 HU in the 
BW-adjusted protocol, respectively. On segment-based analysis, 
in the diluted CM and BW-adjusted protocols they were as fol-
lows: 345.7±23.0 HU and 302.3±44.8 HU in LM, 343.7±21.0 
HU and 294.0±46.6 HU in pLAD, 341.8±21.6 HU and 
295.5±45.4 HU in pLCX, 350.7±23.6 HU and 301.6±45.2 HU 
in pRCA, 344.9±25.3 HU and 298.4±42.7 HU in mRCA, and 
349.5±27.9 HU and 300.5±48.2 HU in dRCA, respectively 
(Figure 2). There was no significant difference among the 
coronary attenuations in both the 2 protocols. Aortic attenua-
tion and all the coronary attenuations in the diluted CM proto-
col were significantly higher than those in the BW-adjusted 
protocol (P<0.05). Furthermore, both variations (SD × SD) in 
the aortic and all the coronary attenuations in the diluted CM 
protocol were significantly lower than those in the BW-adjust-
ed protocol (P<0.05, for both). The diluted CM protocol pro-
vided more uniform coronary attenuations than the BW-ad-
justed protocol did.

CT attenuation in the LM segment was used as a representa-
tive of coronary arteries, because only the LM segment could 
be evaluated in all the patients. Analysis of subgroups according 
to median BW in the diluted CM and BW-adjusted protocols 
are listed in Table 3. There was no significant difference in 
coronary attenuation of the LM segment between the higher BW 
and lower BW subgroups in the diluted CM protocol, whereas 
coronary attenuation of the higher BW subgroup was signifi-
cantly higher than that of the lower BW subgroup in the BW-
adjusted protocol (P<0.05).

BW and Iodine Dose in the Diluted CM Protocol
The relationship between BW and iodine dose in the diluted CM 
protocol is shown in Figure 3. There was a moderate positive 
correlation between BW and iodine dose (r=0.421, P<0.05), 
even though it was calculated independently of BW. When BW 
was similar among patients, the CM dilution rate and iodine dose 
for the real scan were estimated to be different, and the diluted 
CM protocol could be successfully used to perform homoge-
nous coronary CTA with lower patient-to-patient variation in 
aortic and coronary attenuation (Figure 4).

lar junction. All patients underwent measurement of aortic at-
tenuation and of the 6 segments of coronary attenuation (LM, 
pLAD, pLCX, pRCA, mRCA, and dRCA).

Coronary segments with severe calcification, diffuse plaque, 
and diameter ≤2 mm were eliminated from analysis.

Statistical Analysis
Data are expressed as mean ± SD or n (%). Continuous variables 
from among the patient characteristics, scan parameters, con-
trast-injection variables, and attenuation were compared using 
unpaired Student’s t-test or Mann-Whitney U-test as appropriate, 
and categorical data were analyzed with the chi-squared test. 
The statistical significance of any difference among the coronary 
attenuations was assessed using the Tukey-Kramer method. 
Levene test was used to compare patient-to-patient variability 
among aortic and coronary attenuation between the 2 protocols. 
Pearson’s correlation coefficient was used to assess the relation-
ship between BW and iodine dose. All statistical analysis was 
done using SPSS version 21 (SPSS, Chicago, IL, USA); P<0.05 
was considered statistically significant.

Results
The baseline patient characteristics are listed in Table 1. None 
of the variables was significantly different between the 2 pro-
tocols. The CM injection parameters are shown in Table 2. Io-
hexol (350 mg iodine/ml) and iopamidol (370 mg iodine/ml) 
were used in 26 patients and in 24 patients in the diluted 
CM protocol, and the mean CM volume was 38.6±7.6 ml and 
43.9±6.9 ml, respectively. The mean CM volume of iopamidol 
was 37.6±7.6 ml in the BW-adjusted protocol. The mean io-
dine dose per BW in the diluted CM protocol was higher than 
that in the BW-adjusted protocol (233.3±58.4 mg iodine/kg vs. 
222.2±1.6 mg iodine/kg), but the difference was not statistically 
significant (P=0.967). The mean CM dilution rate of iohexol and 
iopamidol was 77.1±15.2%, and 87.7±13.8, respectively. Three 
patients were considered to require the optimized CM dilution 
rate of >100%, based on the formula of the timing bolus scan 
(110% in 1 patient and 120% in 2 patients), and the injection 
duration was adjusted for each patient (11 s for 1 patient and 12 s 
for 2 patients).

Aortic and Coronary Attenuation
Ten coronary segments (pLAD, n=3; pLCX, n=5; mRCA, n=1; 
dRCA, n=1) in the diluted CM protocol and 20 segments (pLAD, 
n=4; pLCX, n=4; pRCA, n=2; mRCA, n=5; dRCA, n=5) in the 
BW-adjusted protocol were excluded from analysis because of 
severe calcification, diffuse plaque, and narrow segments. Only 
LM could be evaluated in both contrast-injection protocol groups 

Table 3.  Coronary Attenuation vs. BW and Protocol

Diluted CM protocol BW-adjusted protocol

Lower BW
(BW <63.0,  

n=25)

Higher BW
(BW ≥63.0,  

n=25)
P-value

Lower BW
(BW <59.5,  

n=25)

Higher BW
(BW ≥59.5,  

n=25)
P-value

Body weight (kg) 55.6±5.3 73.7±7.4 <0.05 52.9±4.1   72.2±10.9 <0.05　　
Injection rate (ml/s) 5 5 –   3.2±0.2   4.2±0.5 <0.05　　
Iodine dose (g iodine) 13.5±2.8 16.2±2.4 <0.05 11.8±0.9 16.0±2.5 <0.05　　
Iodine dose per BW (mg iodine/kg) 246.3±74.5 220.2±32.3 　　　0.187 222.5±1.6　　 222.0±1.6　　 　0.297

Coronary attenuation (HU) 345.2±19.8 346.1±26.3 　0.89 289.0±43.9 315.6±42.4 <0.05　　

Data given as mean ± SD.
HU, Hounsfield units. Other abbreviations as in Table 1.
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agnostic accuracy for detection of coronary artery stenosis with 
16- and 64-slice MDCT.15,16 Furthermore, it has been reported 
that coronary attenuation should not be too high in order to 
allow for the detection of small calcified nodules with a density 
<500 HU.18 For the assessment of coronary plaque on coronary 
CTA, the CT attenuation-based plaque characteristics and the 
prognostic values have been reported.8,9,12,13,22,23

At present, coronary CTA is performed using either the bolus-
tracking method or timing bolus scan method. In general, the 
bolus-tracking method is simple, but it is difficult to reduce the 
iodine dose in this method, because of mechanical delay.24 In 
contrast, the timing bolus scan method is slightly complicated 

Discussion
In this study, we have shown that a personalized contrast-injec-
tion protocol using diluted CM achieved more homogenous 
coronary attenuation with lower patient-to-patient variation than 
did the conventional BW-adjusted protocol.

Rapid advances in CT technology have led to a considerable 
increase in the diagnostic accuracy of coronary CTA for detect-
ing coronary artery stenosis.21 The reproducibility and robust-
ness of coronary CTA has been investigated in several studies. 
A few studies have suggested that a higher intracoronary at-
tenuation of ≥326 HU on coronary CTA results in greater di-

Figure 3.    Relationship between body 
weight (BW) and iodine dose in the di-
luted contrast material protocol. A sig-
nificant positive correlation is seen be-
tween BW and iodine dose (r=0.415, 
P<0.05).

Figure 4.    Representative examples of diluted contrast material (CM) protocol. Axial images at the level of the proximal right 
coronary artery (window level/width: 90/750). (A) Sixty-nine-year-old man (body weight, 59 kg; iodine dose, 11.4 g iodine). (B) A 
68-year-old man (body weight, 56 kg; iodine dose, 18.5 g iodine). Using the customized CM protocol, the iodine dose per body 
weight differed between the 2 patients, but similar coronary and aortic attenuations, that is, close to the target attenuation, were 
achieved.
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when the volume, injection rate, and injection duration of the 
CM are fixed, the time to peak enhancement is unaffected by 
the iodine dose and that a higher concentration of CM delivers 
a larger dose of iodine CM and results in a higher magnitude 
of peak contrast enhancement, as described by Bae.25 We also 
confirmed this using a circulating pulsating cardiac phantom 
(Figure 1). In our clinical experience, the scan time of coronary 
CTA on 256-slice MDCT was approximately 8s; therefore, the 
injection duration was set at 10 s with a safety margin sufficient 
for the single-bolus geometry of the CM to reach the anatomi-
cal distal portion of the coronary arteries. The coronary target 
attenuation in this study was defined as 350 HU, in accordance 
with several previous reports.14–16,18,33 Thus, we developed and 
applied a personalized protocol with diluted CM for retrospec-
tive ECG-gated coronary CTA using 256-slice MDCT.

In the present study, the diluted CM protocol allowed for 
homogenous coronary CTA close to the targeted attenuation 
(350 HU) with higher reproducibility, using a formula without 
any patient-related factors such as BW and cardiac function. 
Furthermore, the diluted CM protocol resulted in a smaller vari-
ation (SD) of aortic and coronary attenuations than did the BW-
adjusted protocol, even though mean coronary attenuation was 
significantly different. Moreover, using median BW, there was 
no significant difference in coronary attenuation between the 
lower BW and higher BW subgroups in the diluted CM proto-
col; in contrast, coronary attenuation of the higher BW subgroup 
was significantly higher than that of the lower BW subgroup in 
the BW-adjusted protocol. This indicates that the reproducibility 
of coronary CTA using the BW-adjusted protocol may change 
with BW. Several studies have reported similar results27,29 but, 

but, in this method, it is easy to determine the time of CM ar-
rival and to subsequently control the scan timing. The conven-
tional timing bolus scan protocol, however, with different vol-
umes for the timing bolus scan and the real scan, may not always 
result in the best scan timing in all patients. In this study, the 
timing bolus scan method using diluted CM further improved 
the scan timing in the real scan even in patients with low car-
diac output, given that a similar TAC could be obtained although 
the peak was lower than that of the real scan.

In CT, contrast enhancement is affected by numerous inter-
acting factors. These may be divided into 3 categories: CT 
scanning-, patient-, and CM-related factors, which are closely 
related.25 Therefore, many scan protocols have been evaluat-
ed.19,20,24,26–30 First, among CT scanning-related factors, tube 
voltage affects contrast enhancement in coronary CTA. MDCT 
coverage and ECG-gated scan mode determine the scan time 
of coronary CTA and influence the homogeneity of coronary 
attenuation. Second, the most important patient-related factor 
to be considered is BW. Some studies have indicated that the 
BW-adjusted injection protocols yield adequate enhancement of 
the coronary arteries.19,20 Other studies have shown that coro-
nary attenuation is affected by not only BW but also various 
other factors such as cardiac output, stroke volume, body sur-
face area, and body mass index.25,31,32 Finally, the CM-related 
factor that affects contrast enhancement is the iodine delivery 
rate, including injection rate, injection duration, and iodine 
dose.27 Several studies support each of the CM-related vari-
ables, and it is difficult to determine the most important vari-
able.26,28,29,33

The present protocol is based on simple assumptions that 

Figure 5.    Follow-up using the diluted contrast material (CM) protocol. Curved multiplanar reformatted images at the left main trunk 
and left anterior descending coronary artery (window level/width: 90/750). A 75-year-old woman with suspected coronary artery 
disease underwent (A) coronary computed tomography angiography (body weight, 63 kg; iodine dose, 11.4 g iodine; dilution rate, 
65%) and (B) a follow-up scan after 30 months of lipid-lowering therapy (body weight, 75 kg; iodine dose, 14.0 g iodine; dilution 
rate, 80%) using the same diluted CM protocol. (A) and (B) had almost equivalent coronary attenuations (red circles and lines). 
Coronary stenosis and the adjacent plaque attenuation were able to be evaluated (blue points and lines), which had not changed 
significantly. Some non-calcified plaques became calcified (yellow arrows).
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in the present study, we speculate that the difference in the in-
jection rate between the lower BW and higher BW subgroups 
is responsible for the results.

Recently, Kidoh et al reported a similar contrast-injection 
protocol using a formula based on the timing bolus scan.34 They 
applied 64-slice MDCT, with the timing bolus scan using BW-
based CM (0.3 ml/kg, 9-s injection) and a calculation formula 
with the target attenuation of 400 HU. They also achieved a good 
attenuation of coronary CTA similar to that obtained in the pres-
ent study, but the variation (SD) of coronary attenuation in the 
present protocol was less than that in Kidoh et al protocol. The 
difference between the present results and that previous study 
may be attributed to several factors such as CT coverage (256-
slice MDCT), fixed higher injection rate (5 ml/s), position of 
ROI on the timing bolus scan, sampling phase in the formula, 
and scan delay for the real scan, even when the target attenu-
ation was different.

The diluted CM protocol involves 2 complexities. First, it 
is necessary to acquire data carefully during the timing bolus 
scan and to control HR during the scan. An error in TAC due to 
change in HR between the timing bolus scan and real scan may 
lead to unsatisfactory results of coronary CTA. The other is 
calculation of the optimal CM concentration for the real scan 
from the TAC of the timing bolus scan. The diluted CM pro-
tocol, however, has several important advantages over the pre-
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acterized by high reproducibility, which enables a more reliable 
assessment of coronary artery stenosis and CT attenuation-
based plaque analysis. The use of this protocol is promising for 
cross-sectional and follow-up studies in lipid-lowering therapy 
(Figure 5). Second, it is not necessary to collect patient infor-
mation. Finally, this protocol has the flexibility to be used with 
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sible to adjust the injection duration of the CM covering the 
scan time and to control the target attenuation, when the CT-
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Study Limitations
This study has several limitations. First, the sample size was 
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Conclusions
The diluted CM protocol facilitates more uniform attenuation 
in coronary CTA in comparison with the BW-adjusted protocol. 
With an additional calculation of the optimal CM rate for the 
real scan from the TAC of the timing bolus scan, this protocol 
allows for a more reliable assessment of coronary artery stenosis 
and atherosclerotic plaque by facilitating coronary CTA with 
a higher reproducibility.
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