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Abstract Since the introduction of 64-slice scan-

ners, multidetector computed tomography (MDCT)

has experienced a marked increase in adoption for the

noninvasive assessment of coronary artery disease,

although radiation dose concerns remain. The recent

introduction of prospective coronary CT angiography

(CCTA) has begun to address these concerns; how-

ever, its applicability with existing scanners remains

limited to cohorts defined by heart rate, heart rate

variability, and body mass index. This paper reviews

prospective CCTA, the effect of heart rate and heart

rate variability on image quality, and the physiologic

basis for selection of optimal prospective imaging

windows. We then discuss 256-slice technology and

our first 4 months of clinical experience with 256-slice

prospective CCTA. Our early clinical results indicate

that high-quality, low-dose prospective coronary CTA

may be applied to patients with higher heart rates,

higher BMI, and with less sensitivity to heart rate

variability using 256-slice MDCT.
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Introduction

The past five years have seen tremendous growth in

the use of multidetector computed tomography

(MDCT) for the noninvasive detection and evaluation

of coronary artery disease. Still, safety concerns

regarding radiation dose, intravenous contrast, and b
blocker medications remain barriers to more wide-

spread adoption and reimbursement of coronary CT

angiography (CCTA) using the standard retrospec-

tively gated helical technique [1–5].

A number of technological advances have attempted

to address radiation dose concerns [6]. Among these,

electrocardiogram (ECG) triggered tube current mod-

ulation [7], tube voltage reduction [8], adaptive tube

current selection, and patient-specific scan protocol

algorithms [9, 10] have reduced the effective radiation

dose associated with retrospective CCTA. While these

advances have resulted in dose reductions of 35–65%,

retrospective CCTA effective doses are still reported in

the range of 14–21 mSv [11, 12]. Consequently, further
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dose reductions are necessary to facilitate more

widespread adoption of CCTA.

A significant step forward in radiation dose

reduction is now being realized with technological

advances that enable the use of prospectively gated

axial coronary CTA. Using 64-slice and dual-source

MDCT, prospective CCTA has been shown to be

technically [13] and clinically feasible [14–21].

These initial studies have demonstrated the potential

for prospective CCTA to substantially reduce the

effective radiation dose delivered during CCTA and

have reported dose reductions of 52–85% [15, 22],

with mean effective doses from 2.1 to 6.2 mSv [17,

20].

Despite the promise of prospective CCTA shown

by these early studies, current 64-slice and dual-

source prospective CCTA is limited to patients with

heart rates below 63 [17] and 75 bpm [16, 20]. These

studies also note challenges with respect to predictive

ECG triggering in patients with heart rate variations

[15, 23]. Additionally, 64-slice and dual-source

prospective CCTA have not been studied extensively

in obese and bariatric populations. Lastly, intrave-

nous contrast and b blocker medications remain a

concern for all coronary angiographic procedures [1].

Thus, while the advent of prospective CCTA holds

promise as a powerful means of radiation dose

reduction, limitations when applied via 64-slice and

dual-source scanners may restrict the application of

this low-dose imaging method to a narrow range of

select patients.

This paper will review prospective CCTA, exam-

ine the effect of heart rate and heart rate variability on

image quality, discuss the physiologic basis for

selection of optimal prospective imaging windows,

and show how wide-area detector (256-slice and

greater) MDCT addresses the aforementioned limits

and enables the application of low-dose prospective

CCTA in a wider range of patients. We will then

present a brief report of our initial clinical experience

with a particular 256-slice MDCT system (Brilliance

iCT, Philips Healthcare, Cleveland, OH, USA).

Prospectively gated axial coronary CTA

literature review

Early clinical studies have demonstrated prospective

CCTA techniques enable imaging with a 52–85%

lower effective dose [15, 22] than retrospective

coronary CTA with equivalent [16, 18, 20] or improved

[14] image quality (IQ) compared to retrospective

CCTA, resulting in 95.0–99.8% assessable segments

[17, 22], when reported. With prospective CCTA,

mean effective radiation dose ranged from 2.1 to

6.2 mSv [17, 20], with a minimum effective dose of

0.75 mSv [14] and a maximum effective dose of

11.9 mSv [20].

The patient cohorts examined with prospective

CCTA in these early studies demonstrated mean heart

rates (HR) of 56.0–60.0 beats per minute (bpm) [18,

22], with a minimum of 35.8 and a maximum of

73.0 bpm, when reported [16, 21]. To achieve the

reported heart rates, 13–100% of patients were

administered oral and/or intravenous b blocker med-

ication prior to examination or were receiving b
blockers as part of medical therapy [17, 21]. Heart

rate variation (HRV) during the CCTA acquisition

was only reported in two studies and ranged from 0.2

to 11.0 bpm [17, 21]. Only one study reported the

capability to manage ectopic beats, such as premature

atrial contractions (PAC) or premature ventricular

contractions (PVC), during prospective acquisitions;

however no data were presented to support this

capability [18]. These studies documented a mini-

mum and maximum body mass index (BMI) of 14.6

[14] and 54.1 [22] kg/m2, respectively; however, the

mean BMI varied little across the studied populations

from 24.5 to 29.6 kg/m2 [21, 22], as reported in all

but one study.

Scan protocols of these early prospective CCTA

studies reported craniocaudal coverage, number of

axial acquisitions, and associated scan durations.

Reported coverage ranged from 96.0 to 279 mm

[20, 21], with the second longest coverage reported

as 175.0 mm [14]. Based on available detector

collimations of 19.2 mm [15, 19, 21], 40.0 mm [14,

16–18, 20], and 160.0 mm [22], the number of axial

acquisitions—or shots—required to achieve the cra-

niocaudal coverage varied from 1 to 8 [21, 22], with the

minimum and maximum number of shots associated

with the largest and smallest detector collimation,

respectively. The combination of detector collimations

and coverage resulted in mean scan durations of

4.2–15.4 s [14, 19]. While not reported, the scan times

of single axial acquisitions were likely less than the

gantry rotation time of 0.35 s in some cases, depending

on HR and duration of X-ray on time. Transaxial field

218 Int J Cardiovasc Imaging (2009) 25:217–230

123



of view (FOV) was only reported in three studies and

varied from 180 [21] to 250 mm [14, 18]. Given the

increased overlap requirements associated with the

cone beam geometry of a 40.0 mm detector collima-

tion and a FOV greater than 250 mm [13], the reported

FOV in the remaining studies was likely less than

250 mm for all patients.

Based on these reported scan durations, contrast

administration in the prospective CCTA studies doc-

umented typical bolus volumes of 41–105 ml per

patient [20, 21], noting that the smallest contrast

boluses were associated with tube voltage of 100 kVp,

rather than the standard 120 kVp due to improved

conspicuity of iodinated contrast at lower energies

[24]. As expected, the prospective CCTA literature

supports a trend of smaller contrast volumes associ-

ated with shorter scan durations, as evidenced by Earls

et al. and Hirai et al. who reported mean scan durations

of 4.2 and 5.6 s with minimum contrast volumes of 50

and 56 ml, respectively [14, 16]. Conversely, the

maximum contrast volume of 103 ml used by Stolz-

mann et al. was from a cohort with a mean scan time of

14.4 s from an 8-shot acquisition [21].

All studies used a prospective ECG trigger in mid-

diastole, typically at 70% [15, 19–21] or 75% [14,

16–18, 22] of the R-R interval. To achieve the

reported dose reductions, the X-ray acquisition dura-

tion at the mid-diastolic trigger resulted in a single

reconstructed phase in most studies; however, some

studies reported the use of ±100 ms [14] or more

[22] padding to reconstruct additional phases around

the mid-diastolic trigger point, for example between

65% and 85% of the R-R interval. No study reported

prospective triggering at an end-systolic rest phase,

regardless of HR. Furthermore, reconstructed phases

at both end-diastole and end-systole necessary for

functional analysis (e.g., ejection fraction) were not

acquired during the same exam using prospective

CCTA in any study.

It is important to note that while prospective

CCTA confers a significant reduction in effective

radiation dose and provides equivalent or improved

image quality relative to retrospective techniques, the

literature highlights some important limitations to the

applicability of current 64-slice and dual-source

MDCT with respect to HR, HRV, and BMI. Maxi-

mum HR thresholds of 63 [17]–75 bpm [16, 20] were

reported for prospective imaging, with Stolzmann

et al. reporting a threshold of less than 59.9 bpm for

predicting motion artifacts via receiver operating

characteristic (ROC) curve (AUC = 0.818) [21].

Similarly, Gutstein et al. reported that a HR greater

than 70 bpm, HRV greater than 10 bpm, and a BMI

greater than 30 kg/m2 all predict lower image quality

[15]. Stolzmann et al. substantiate this BMI limit of

30 kg/m2 [21]. Furthermore, Husmann et al. reported

IQ was inversely related to HR and BMI with 98.9%

segments assessable at heart rates less than 63 bpm

and only 85.2% assessable at heart rates greater than

or equal to 63 bpm [17]. With respect to HRV,

Husmann et al. reported that image quality was not

related to HRV; however the mean reported HRV in

this study was only 1.5 bpm [17]. Alternatively, ROC

analysis by Stolzmann et al. reported HRV had a

significant effect on stair-step artifact (AUC = 0.79),

with a maximum HRV of 11.0 bpm [21], likely

attributed to the long scan durations or number of

shots. Likewise, a steep rise in HR may occur during

long duration scans and result in severe IQ deterio-

ration, as noted by Scheffel et al. [19]. Lastly, it is

important to note that long scan durations increase

the opportunity for ectopic beats.

As noted, the existing 64-slice and dual-source

MDCT technology limit the HR and HRV that permit

high image quality prospective CCTA examinations.

Therefore, to apply this technology to a wider patient

population, heart rates must fall within the previously

noted ranges. In particular, a large cohort study by

Earls et al. noted that greater than 40% of all patients

presenting for CCTA would have to be excluded from

prospective CCTA without pharmacological heart

rate control [23]. Despite HR control, including

multiple oral and/or intravenous doses of b blocker or

calcium channel blockers in approximately 7% of

patients, Earls et al. noted that 9.5% of patients still

failed to meet appropriate prospective HR or HRV

threshold [23].

In summary, early evidence suggests that prospec-

tive CCTA using 64-slice [14, 16–18, 20] and dual-

source [15, 19, 21] MDCT—although an effective

dose reduction technique—remains limited to patient

cohorts strictly defined by heart rate, heart rate

variability, and body mass index. More specifically,

HR greater than 70 bpm, HRV greater than 10 bpm,

and BMI greater than 30 kg/m2 all predict lower

image quality. In this way, structured clinical algo-

rithms are necessary to appropriately select patients

for prospective CCTA.
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Implications of cardiac physiology

for prospective coronary imaging

From a physiological point of view, the heart has two

quiescent periods: one during mid-diastole and one at

end-systole. Mid-diastole, or diastasis, is the period of

slow ventricular filling occurring just prior to atrial

systole and represents a relatively long duration

within the cardiac cycle without myocardial motion.

The quiescent period at end-systole is a composite of

three different phases of the cardiac cycle: reduced or

absent ejection, protodiastole, and isovolumetric

relaxation [25–27]. Reduced ejection is defined as

the phase where the ventricular pressure falls below

that of the outflow tract, resulting in decreased

ventricular emptying [26, 27]. Protodiastole repre-

sents the time between the end of ventricular

contraction and aortic valve closure [27]. The isovol-

umetric relaxation time (IVRT) begins with the

closing of the aortic and pulmonary (semilunar)

valves and opening of the mitral and tricuspid

(atrioventricular) valves [27, 28]. These three consec-

utive phases—reduced ejection phase, protodiastole

and IVRT—each exhibit minimal to no myocardial

motion and their combined duration results in a

relatively long end-systolic rest period [25, 27, 28].

Despite the quiescent nature of these end-diastolic

and end-systolic periods, their durations vary with

heart rate. The end-diastolic rest period varies signif-

icantly with HR and exhibits a curvilinear shortening

as HR increases [27–29]. Across the normal physio-

logic range of heart rates, typical diastasis durations

vary from approximately 350–600 ms at 40 bpm [29,

30] to approximately 90–150 ms at 70 bpm [29–31].

It is important to note that at heart rates above

80 bpm, diastasis is completely absent [29].

In contrast, the end-systolic rest period remains

relatively constant with increasing heart rate, but does

exhibit a minor linear shortening as heart rate

increases [27, 28, 32, 33]. Mean (±SD) protodiastole

and IVRT durations of 29 ± 12 (range, 0–55) and

62 ± 14 (range, 31–91) have been reported [32].

Furthermore, IVRT typically varies from 117 to

93 ms at 40 and 100 bpm, respectively [34]. Given

the total electromechanical systolic duration of

approximately 450–335 ms at 40 and 100 bpm,

respectively [32–34], the composite duration of end-

systolic rest period can range from approximately

100–230 ms, depending on heart rate.

The mid-diastolic and end-systolic rest periods

provide two opportunities to image the coronary

arteries with MDCT. As noted above, a mid-diastolic

rest period is physiologically suited for imaging at

heart rates below 75 bpm; however, at higher heart

rates, this imaging window becomes prohibitively

short, and end-systolic imaging is physiologically

necessary given MDCT single cycle temporal reso-

lutions. Current 64-slice and dual-source MDCT

single cycle temporal resolutions range from 83 to

210 ms, but adaptive multicycle reconstruction may

be used to improve temporal resolution for retro-

spective scans [35]. Such multicycle reconstruction

methods may be variably employed with prospective

CCTA depending on the scanner manufacturer.

Multicycle reconstruction cannot be employed when

data from a single cardiac cycle are acquired. In this

case, the temporal resolution is limited to the native

single cycle temporal resolution of the scanner.

Consequently, the interaction between the single

cycle temporal resolution of current generation

MDCT scanners and the heart rate-dependent mid-

diastolic and end-systolic rest period is important.

This is supported by the mid-diastolic triggering and

HR threshold of 70 bpm reported in the existing

prospective CCTA literature. Moreover, depending

on the duration of the CCTA examination, HRV can

cause these rest periods to vary in location and

duration between adjacent cardiac cycles, thus sup-

porting a limit of 10 bpm for HRV [15, 23].

Additionally, accurate, on-the-fly prediction of

cardiomechanical rest periods is crucial to satisfactory

prospective imaging. Unlike retrospective imaging, in

which reconstruction windows can be repositioned

after the exam, single-phase acquisitions using pro-

spective triggering require accurate prediction of rest

periods with minimal motion. Use of the electrocar-

diogram (ECG) to predict the cardiomechanical rest

state is possible when the cardiac rhythm is monoto-

nous and the HR varies minimally, but breaks down

when ectopy occurs or the HR changes dramatically.

The acquisition of extra data around a predicted

imaging window—so-called ‘‘padding’’—allows for

some retrospective flexibility in reconstruction win-

dow adjustment [14, 36]. In addition to optimally

centering the imaging window within the expected rest

period, it is necessary to physiologically align these

imaging windows at the same cardiomechanical state

to minimize the conspicuity of stair-step artifacts in

220 Int J Cardiovasc Imaging (2009) 25:217–230

123



reconstructed image volumes from acquisitions requir-

ing more than one axial shot to cover the desired

craniocaudal anatomy. Such stair-step artifacts can be

attributed to prediction errors associated with either

poor QRS complex detection and/or heart rate vari-

ability. Consequently, these artifacts will likely be

more pronounced in patients with challenging ECGs

and/or scans of long duration. It is also important to

note the relatively long duration of mid-diastolic rest

periods at low heart rates facilitates easier prospective

prediction and alignment of appropriate imaging

windows. Yet, at higher heart rates, these tasks become

easier in end-systole.

Prospectively gated axial coronary CTA using

256-slice MDCT

In light of the aforementioned limitations of 64-slice

and dual-source MDCT for prospectively gated axial

coronary CTA, further technical advances are neces-

sary to image patients with less sensitivity to heart rate

variability and over a wider range of heart rates and

BMI. The advent of next generation MDCT with

faster gantry rotation times, increased X-ray tube

power, and larger detector coverage may facilitate the

application of prospective CCTA imaging in this

wider population. Recently, a 256-slice MDCT scan-

ner with 0.27 s rotation, 120 kW X-ray tube and

generator, and an 80.0 mm detector array has been

introduced (Brilliance iCT, Philips Healthcare, Cleve-

land, OH, USA). This system potentially enables

imaging beyond the 70 bpm HR and 30 kg/m2 BMI

thresholds with less sensitivity to the previously

suggested 10 bpm HRV limit for prospective CCTA.

What follows is a description of the scanner’s

architecture, including general comments applicable

to prospective wide-area detector scanning.

Detector coverage

The ability to cover the cardiac anatomy in two axial

acquisitions (Fig. 1) is enabled by detector coverage of

80 mm (128 9 0.625 mm) and dynamic z-focal spot

(ZFS), resulting in a sampled collimation of 256

simultaneous slices. As the cone beam geometry of

the large coverage system requires overlap between

adjacent axial slices [13], craniocaudal coverage of

124.8 mm can be covered with two axial acquisitions

each with X-ray exposure during a rest phase of two

heart beats and one beat between used for translating the

patient couch. As noted by Hsieh et al., the overlap

between adjacent axial acquisitions is dependent on the

planned transaxial FOV [13]. The two-shot coverage of

124.8 mm provides reconstruction at a full FOV up to

250 mm. However, reducing the FOV to 200 mm, as

appropriate in a vast majority of coronary CTA exams,

enables craniocaudal coverage up to 132.0 mm to be

reconstructed without data truncation or associated

extrapolation artifacts [13]. To achieve craniocaudal

coverage of 140 mm, image volumes can be recon-

structed at full FOV up to 143 mm. While this FOV is

likely sufficient for pediatric and small patient popula-

tions, an additional axial acquisition will extend the

craniocaudal coverage for larger fields of view. Given

the discrete nature of prospective axial imaging, three

axial shots for a full 250 mm FOV would result in

craniocaudal coverage of 187.4 mm. If only 140 mm of

coverage were desired, a z-overscan of 47.4 mm

(33.9%) would result. To mitigate this decrease in dose

efficiency, the system automatically chooses an optimal

detector collimation to (1) minimize the number of

steps and (2) reduce the amount of z-overscan.

Furthermore, to image the entire cardiac anatomy from

the top of the aortic arch to the apex of the heart, 150–

190 mm of craniocaudal coverage is typically neces-

sary. At the upper end of this range, the anatomy is

covered without z-overscan using just three axial

acquisitions at a full cardiac field of view. Lastly, all

prospective CCTA images using 256-slice MDCT are

reconstructed with dedicated three-dimensional axial

reconstruction algorithms to eliminate cone-beam arti-

facts often associated with large detector coverage [37].

The reduction in the number of axial shots required

to cover the necessary cardiac anatomy using 256-slice

MDCT with 80 mm detector coverage is a significant

improvement compared to the previous results

reported in 64-slice and dual-source MDCT studies

[14–21]. While still requiring a single step when

imaging anatomy greater than 80 mm in length, the

resulting transition zone and potential for stair-step

artifact has not been associated with non-diagnostic

images as noted in previous studies with 40.0 mm of

detector coverage [14, 16–18, 20]. Should stair-step

artifacts arise, unlike the 64-slice and dual-source

systems—where such artifacts between the first and

second axial shot are likely to fall in the proximal

segments of the coronary arteries—the 80 mm
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coverage would shift any such artifacts toward the mid

or distal segments. Furthermore, when the scan length

is greater than 160—as needed for coronary artery

bypass grafts (CABG) and great vessels—the afore-

mentioned automatic collimation selection prevents

the z-overscan that would otherwise be associated with

such multiple axial acquisitions.

In addition to reducing the number of axial shots

necessary to cover the cardiac anatomy compared to

previous generation scanners, the wider coverage

256-slice MDCT enables a substantial reduction in

scan durations. Typical scan durations for prospective

CCTA with 256-slice MDCT are approximately 2.1

and 3.9 s, respectively, for a 70 and 60 bpm scan

with two axial acquisitions. These short scan times

facilitate a reduction in the contrast volume needed

for opacification of the relevant cardiac anatomy.

Based on the above scan times and previously

reported contrast protocols [14, 16], 50 ml of iodin-

ated contrast should be appropriate for patients with

normal cardiac output. This is a 40–60% reduction in

contrast compared to previous studies [15, 17, 18, 20,

22]. This reduces the risk of contrast induced

nephropathy and may indicate a potential for insti-

tutional cost reduction.

Moreover, shorter scan times associated with

larger detector coverage of 256-slice MDCT lead to

less susceptibility to sinus arrhythmia (HRV) and

Table move

75%75%

Fig. 1 Prospectively gated axial coronary CTA using two

axial acquisitions (shots) with 2 9 128 9 0.625 mm detector

collimation and dynamic z-focal spot to cover the relevant

cardiac anatomy from the level of the carina to the apex. Using

a prospective ECG trigger, typically in mid-diastole at 75% of

the R-R interval, the first X-ray acquisition of 80 mm occurs

during a small portion of one cardiac cycle while the patient

couch is stationary. After the first shot is complete, the X-rays

are turned off and the patient couch is translated 62.4 mm to

the next axial location. A second 80 mm axial acquisition at

the next craniocaudal location is then performed during the

next cardiac cycle. The amount of overlap between axial

acquisitions is linearly related to the planned transaxial field of

view (FOV), with a smaller FOV reducing the amount of

overlap. The overlapping regions are necessary to prevent data

truncation (and the need for extrapolation) in the dedicated

three-dimensional axial algorithms used to reconstruct data

from large coverage detectors
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ectopic beats. This reduced susceptibility to HRV

results from the reduced time in which the HR can

change during the scan (e.g., as associated with

Valsalva response). Contrarily, the opportunity for

ectopy during an acquisition is significantly reduced

with a fewer number of cardiac cycles required. Scan

times with 256-slice MDCT are substantially shorter

than previous studies, particularly those performed

with dual-source MDCT that have reported mean

scan durations of 14–15 s [19, 21]. This 72–85%

reduction in scan time clearly reduces the opportunity

for HRV and/or ectopy. Less significant, yet still

important, scan duration reductions of approximately

50% are possible compared to 64-slice MDCT [14,

16–18, 20]. Similar to the technology reported by

Klass et al., the 256-slice scanner incorporates real-

time arrhythmia management capability that enables

the X-ray acquisition to be paused upon the detection

of ectopy and resumed at the same axial location once

normal sinus rhythm has returned [18]. It is interest-

ing to note that shorter scan times associated with

large coverage scanners enable longer pauses to allow

for the management of multiple or complex arrhyth-

mias without sacrificing contrast timing.

Temporal resolution and prospective triggering

The ability to image patients with higher heart rates

using prospective CCTA is enabled by a 0.27 s

gantry rotation time on 256-slice MDCT. This gantry

rotation time results in a standard single cycle

temporal resolution of 135 msec, thus enabling

patients to be imaged in mid-diastole, with heart

rates up to 75 bpm, the physiologic limit of diastasis

for most patients. Additionally, the 135 ms temporal

resolution permits prospective imaging at the end-

systolic rest period for patients with heart rates above

75 bpm (Fig. 2). The flexibility to image in either rest

period makes possible the patient-specific selection of

imaging windows based on heart rate. The default

scan cycle provides ±15 ms of X-ray padding that

enables a variable delay algorithm (Beat-to-Beat,

Philips Healthcare, Cleveland, OH, USA) to auto-

matically adjust the reconstruction window within

this buffer to track diastasis in the presence of heart

rate variation [38, 39]. Should extreme HRV be

expected prior to CCTA, additional phase tolerance

of ±75 ms may be added on an as-needed basis

(Fig 2). This additional padding may be particularly

important when imaging in the end-systolic rest

period, given the relatively short rest period duration

compared to the single cycle temporal resolution and

the proximity to the adjacent rapid ejection and rapid

filling phases. Novel QRS detection algorithms have

also been introduced to improve accuracy and reduce

sensitivity to noise. These improvements, in combi-

nation with the variable delay algorithm, facilitate

accurate prediction of mid-diastolic and end-systolic

imaging windows that are optimally aligned with

cardiac rest periods based on local statistical combi-

nations of the previous one to five R-R intervals.

X-Ray tube power

The ability to image obese and bariatric patients with

BMI greater than 30 kg/m2 using prospective CCTA

requires higher X-ray tube power (e.g., 120 kW) and

noise-reduction measures [40, 41]. A 120 kW system

provides the necessary instantaneous tube power to

support 0.27 s rotation times in a prospective acqui-

sition mode. For a given tube voltage, higher tube

currents of up to 1,000 mA ensure sufficient photon

flux necessary for diagnostic signal to noise ratio

(SNR) in obese and bariatric patients. Noise reduc-

tion can be accomplished by the use of a post-patient,

detector-mounted, two-dimensional anti-scatter grid

(2D ASG). Such a 2D ASG reduces scatter by a

factor of three [40, 41] compared to a traditional

one-dimensional ASG. This improvement in scatter-

to-primary ratio (SPR) increases CT number homo-

geneity in the bariatric thorax and facilitates an

increase in low contrast resolution for soft tissue

imaging [40, 41], which is particularly important for

characterizing non-calcified plaque and regions of

reduced myocardial perfusion in all patients. In

addition to providing the X-ray tube power necessary

to image obese patients, increased tube current-time

products (mAs) are possible at reduced tube voltages

(e.g., 80 kVp) such that diagnostic image quality at

substantially reduced effective radiation dose is

possible in small- and medium-sized patients [24].

256-Slice MDCT prospectively gated axial

coronary in clincal practice

Since May 2008, we have performed prospective

CCTA (Step & Shoot Cardiac, Philips Healthcare,
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Cleveland, OH, USA) with 256-slice MDCT in our

clinical practice on over 400 patients. Unlike our

64-slice MDCT, where we instituted a clinical

algorithm similar to that described by Earls et al.

[23], we have completely changed our clinical

algorithm to heavily favor using prospective gating

to image patients referred for coronary CTA (Fig. 3).

Nearly 100% of patients are scanned with the

prospective protocol, unless reconstructed phases

throughout the cardiac cycle are needed for assess-

ment of left ventricular function or for preoperative

assessment of the proximity of bypass grafts to the

midsternal line. If reconstructed images are needed

across the complete cardiac cycle, we use a retro-

spective protocol, with or without ECG-triggered

dose modulation, depending on clinical indication.

We use a prospective protocol in patients for

whom only a single cardiac phase is needed for

coronary assessment. We typically use a tube voltage

of 120 kVp and a tube current-time product between

200 and 360 mAs, adjusting primarily the mAs based

on body habitus. We typically inject 50–60 ml of

iodinated contrast (Isovue 370, Bracco Diagnostics,

Princeton, NJ, USA) at a flow rate of 5 ml/s, followed

by a 40 ml bolus of saline at the same rate using a

dual-head injector (Stellant D, Medrad, Warrendale,

PA, USA). We trigger our scan using an automatic

bolus tracking technique, with a region of interest

(ROI) placed in the main pulmonary artery and a

threshold of 175 HU. This is an unusual location for a

trigger ROI—one which requires taking pulmonary

circulation time into account; however, using a post-

threshold delay of 10–12 s, we have found good

results in terms of coronary opacification. To save

time and increase patient throughput, we do not

routinely administer b blocker medications, unless

the patient’s heart rate is greater than 80 bpm prior to

CCTA. In those patients, we administer 5–15 mg of

intravenous metoprolol after the scout scans are

performed. Each patient receives 400 to 800 mcg of

sublingual nitroglycerin immediately before CCTA.

For all patients with a prescan HR of less than or

equal to 75 bpm, we use a mid-diastolic trigger

centered at 75% of the R-R interval and for patients

Low heart rate

High heart rate

Table move

Table move

a

75%75%

b

40% 40%

Fig. 2 For patients with low heart rates (B75 bpm), a mid-

diastolic trigger centered at 75% of the R-R interval (a) is used

to align the imaging window with diastasis. At high heart rates

([75 bpm), an end-systolic imaging window centered at 40%

of the R-R interval (b) is used to image the heart in a rest

period composed of the reduced ejection, protodiastole, and

isovolumetric relaxation time phases. The minimum X-ray

acquisition window necessary for reconstruction (dark grey
rectangles) results in a standard single cycle temporal

resolution of 135 ms for a gantry rotation time of 0.27 s.

Additional X-ray padding (light grey rectangles) of ±15 to

±90 ms can be added to reconstruct additional phases around

the prospectively triggered phase
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with a prescan HR greater than 75 bpm, we trigger

the scan at an end-systolic trigger of 40% of the R-R

interval. We also factor in an expected 5–10 bpm

drop in HR that typically occurs subsequent to

breathhold. In our experience, this is an optimal time

to image due to the short scan time associated with

the 256-slice scanner. Since this is both our initial

experience with a new 256-slice MDCT scanner and

a significant change to our clinical algorithm (e.g.,

performing CCTA routinely without b blocker med-

ication, and using prospective gating for patients with

HR [75 bpm), we routinely apply ±75 ms of

padding in prospective mode to provide conservative

imaging windows. In the future, we plan to make

patient-specific padding decisions based on both

prescan HR and HRV [36]. Additionally, like our

64-channel MDCT system, our 256-slice MDCT

scanner has the ability to manage ectopic beats

through real-time arrhythmia detection and system

response.

Based on a randomly selected population sample of

89 patients (77 prospective and 12 retrospective

CCTA) from June 2008 through September 2008—

our first four full months using our 256-slice MDCT

scanner, we have calculated mean effective radia-

tion dose as the product of the scanner-reported

Patient Presentation

Functional
analysis needed?

Retrospective

Gating

Prospective

Gating
(40% R-R Trigger)

HR > 80 bpm?

HR > 75 bpm?

Prospective

Gating
(75% R-R Trigger)

HR > 80 bpm?

β Blocker Protocol
(5 –15 mg 

IV metoprolol)

Maximum dose 
reached?

Yes

Yes

Yes

Yes

No

Yes

No

No

NoNo

Fig. 3 Clinical algorithm for selecting prospective or retro-

spective CCTA. A prospectively gated technique is applied in

all patients not requiring multiphase reconstructions for

functional analysis. Unless the patient has pre-scan heart rate

(HR) greater than 80 bpm, no b blocker medications are given.

All prospectively-gated acquisitions in patients with HR

B75 bpm are imaged with a mid-diastolic trigger, whereas

patients with HR [75 bpm are imaged with an end-systolic

trigger
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dose-length product (DLP) and a gender & body-habitus

averaged conversion coefficient, k = 0.014 mSv�
mGy-1�cm-1, for the adult thorax [42, 43]. In this

way, we realized a mean (±SD) effective radiation

dose of 4.0 ± 1.0 mSv (range, 2.1–7.0 mSv) for

prospective CCTA. A comparative cohort of 12

retrospective CCTA cases resulted in a mean effec-

tive radiation dose of 11.4 ± 3.4 mSv (range,

6.0–17.6 mSv), noting that 9 (75%) of patients had

ECG-triggered dose modulation applied for mean

dose reduction of 36.1 ± 6.8% (range, 19.2–44.7%).

Comparatively, prospective acquisition conferred a

mean dose reduction of 64.6% compared to traditional,

retrospective CCTA. The mean heart rate immediate

prior to prospective CCTA was 70.1 ± 12.7 bpm

(range, 42.0–102.0 bpm), with a mean heart rate of

66.2 ± 14.1 bpm (range, 43.0–116.0 bpm) during

prospective CCTA. Twenty-four patients (31.2%)

had an initial HR greater than 75 bpm, with 16/24

(66.7%) of those patients above 80 bpm prior to

prospective acquisition. However, during prospective

CCTA, 20 of 77 (26.0%) and 15 of 20 (75.0%) patients

had heart rates above 75 and 80 bpm, respectively,

with the HR reduction likely attributed to breathhold.

With respect to prospective trigger selection, 49 of 77

(63.6%) and 28 of 77 (36.4%) patients were acquired

with mid-diastolic and end-systolic imaging windows,

respectively. In patients with a pre-scan HR greater

than 75 bpm, 22 of 35 (62.9%) were imaged using an

end-systolic trigger. The remaining 6 patients in whom

a 40% prospective trigger was used had pre-scan heart

rates just below 75 bpm. HRV during prospective

scanning was 2.0 ± 3.1 bpm (range, 0.0–21.5 bpm).

The mean craniocaudal coverage was 129.8 ±

15.0 mm (range, 109.2–187.2 mm), requiring two

axial acquisitions in 65 of 77 (84.4%) and three axial

acquisitions in 12 of 77 (15.4%) patients. Mean scan

duration was 4.5 ± 0.9 s (range, 3.6–8.2 s), including

the additional padding applied to each axial acquisi-

tion, and was longest for patients with lower heart rates

and three axial acquisitions. It is interesting to note that

our mean transaxial FOV reconstructed from prospec-

tive CCTA was 175.4 ± 25.3 mm (range, 133.0–

278.0 mm), with 76 of 77 (98.7%) of patients having a

reconstructed FOV less than 250 mm. This suggests

that additional patients could be scanned with two—

instead of three—axial acquisitions by more judicious

planning on the anteroposterior (AP) scout image. In

this randomly selected cohort, all patients were

scanned with a 0.27 s rotation time, a tube voltage of

120 kVp, and a mean tube current-time product of

240.5 ± 57.8 mAs (range, 150–360 mAs).

While larger studies are necessary to determine the

effect of heart rate and prospective trigger selection on

image quality, we show four representative cases using

prospectively gated 256-slice MDCT that span a range

of heart rates from 60–90 bpm. Using our patient

selection algorithm, the above described scan and

contrast protocols were applied in these four cases. The

first representative patient (Fig. 4a, b) was a 53 year

old male who presented with atypical chest discomfort

and a small mild distal anterior perfusion defect on his

exercise SPECT. His mean initial prescan HR was

68 bpm, so no b blocker medication was administered,

resulting in a mean (±SD) HR of 63 ± 0.8 bpm during

CCTA. He was scanned with prospective gating using

a mid-diastolic trigger at 75% of the R-R interval. A

craniocaudal coverage of 124.8 mm was scanned in

3.9 s using two axial acquisitions with a 2 9 128 9

0.625 mm (80 mm) detector collimation including

ZFS at a gantry rotation time of 0.27 s. An X-ray

technique of 120 kVp, 250 mAs, and ±70 ms of

padding, resulted in an effective dose of 4.2 mSv. A

45 ml bolus of 370 mgI/ml contrast was injected

intravenously at 5 ml/s followed by a 40 ml saline

bolus. Images were reconstructed with a semi-sharp

reconstruction kernel (XCC) at an FOV of 171 mm

using a slice thickness of 0.9 mm with 50% overlap.

The CCTA reveals an anomalous RCA arising from the

left coronary sinus, but no coronary stenosis. The

absence of perfusion defect in the RCA territory frees

the anomalous coronary from implication as a cause of

the patient’s symptoms.

A second example case (Fig. 4c, d) was from a

57 year old male that was indicated for CCTA because

of atypical chest discomfort. Without b blocker

medication, he had a mean heart rate 70 ± 0.5 bpm

during prospective CCTA and was scanned with a

mid-diastolic trigger at 75% of the R-R interval. A

2 9 128 9 0.625 mm (80 mm) detector collimation

resulted in a scan length of 124.8 mm using two axial

shots. A tube voltage of 120 kVp, a tube current-time

product of 360 mAs, including ±90 ms of padding

yielded an effective radiation dose of 5.1 mSv. The

contrast protocol was identical to the first patient.

Reconstructed images at an FOV of 210 mm and a slice

thickness of 0.9 mm using a semi-smooth (XCB)

reconstruction filter were generated. CCTA reveals
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small coronary calcifications but no significant coro-

nary stenosis.

Two patients with heart rates above 75 bpm were

scanned using an end-systolic trigger at 40% of the

R-R interval without pharmacologic HR control. The

third patient (Fig. 5a, b) was a 59 year old male

presenting with a single episode of chest burning

lasting approximately 5 min. A pre-scan HR of

79 bpm rose slightly to 81 ± 0.9 bpm during acqui-

sition. Scan and contrast protocols were identical to

the first two patients, with the exception of the tube

current-time product and X-ray padding, which were

325 mAs (adjusted for body habitus) and ±70 ms,

respectively. The resulting scan time was 4.2 s and

images were reconstructed using a semi-sharp filter

(XCC) at a transaxial FOV of 200 mm and a slice

thickness of 0.9 mm. Effective radiation dose at

CCTA was 5.5 mSv. CCTA was able to demonstrate

that while a small amount of coronary plaque was

present, no severe stenosis was present.

A fourth representative case comes from a 59 year

old female patient (Fig. 5c, d). The clinical indication

for CCTA was sharp chest pain. She had a mean heart

rate and heart rate variation of 92 and 1.6 bpm,

respectively, during prospective acquisition triggered

at 40% of the R-R interval. Each axial shot used an

additional ±70 ms of padding at 200 mAs. All other

scan and contrast parameters were similar to the

previously described cases, with minor differences in

FOV, which was 162 mm. The resulting effective

dose was 2.8 mSv. CCTA revealed that she had no

coronary artery disease.

Fig. 4 Prospectively gated a volume-rendered and b slab

maximum intensity projection (MIP) images of a 53 year old

male who presented with atypical chest discomfort and a small

mild distal anterior perfusion defect on his exercise SPECT.

The patient was scanned without b blocker medication using a

mid-diastolic trigger at 75% of the R-R. Mean HR and

effective radiation dose at CCTA were 63 ± 0.8 bpm and

4.2 mSv, respectively. The CCTA reveals an anomalous RCA,

but no coronary stenosis. Representative case with c volume-

rendered and d globe MIP images of a 57 year old scanned

with prospective gating at mean heart rate of 70 ± 0.5 bpm

also using a mid-diastolic trigger at 75% of the R-R interval.

Effective radiation dose of prospective CCTA was 5.1 mSv.

The CCTA reveals small coronary calcifications but no

significant coronary stenosis
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Conclusions

While large scale studies are necessary, the technical

advances of and early clinical results from 256-slice

MDCT indicate that high-quality, low-dose prospec-

tive coronary CTA can be applied in patients with

higher heart rates, higher BMI, and with less

sensitivity to heart rate variability. Additionally,

concomitant reduction in intravenous contrast and

imaging without b blocker medication may be

possible. In conclusion, 256-slice MDCT may enable

the application of low-dose prospective coronary

CTA in a wider range of patients compared to prior

generations of MDCT.
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