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Abstract Coronary computed tomography angiography
(CTA) has become a very useful non-invasive test in the
evaluation of coronary artery disease (CAD). Patients with
arrhythmias, particularly atrial fibrillation (AF), are often dif-
ficult to study with coronary CTA due to difficulties in image
acquisition and temporal resolution. About a quarter of pa-
tients with AF have concomitant CAD, and knowledge of
underlying CAD is important in the management of these
patients. Although the presence of AF has been considered a
relative contraindication for coronary CTA, technological de-
velopments in CT scanner design, acquisition and post pro-
cessing techniques have improved the ability to consistently
obtain diagnostic image quality with similar diagnostic per-
formance characteristics as in patients with sinus rhythm. This
article reviews the current data on use of coronary CTA in the
evaluation of CAD in patients with AF.
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Introduction

Coronary computed tomography angiography (CTA) has be-
come a very useful non-invasive test in the evaluation of
coronary artery disease (CAD), including detection of calci-
fied and non-calcified atheroma and in quantifying the degree
of luminal coronary stenosis. CCTA has a high diagnostic
accuracy for identification of significant (>50 % luminal
stenosis) CAD, with high sensitivity and specificity, and ex-
cellent negative predictive values [1–5]. Although useful, this
technique is not without its pitfalls. One of the most often
encountered difficulties is the evaluation of CAD in patients
with arrhythmias, stemming from difficulties in image acqui-
sition and temporal resolution.

Atrial fibrillation represents the most common arrhythmia
in the world, affecting approximately 2.2 million people in the
United States and 4.5 million in the European Union [6, 7].
The prevalence of AF increases with age, from 2 % at age 60-
69 years to almost 9 % at age 80-89 years [8]. AF is frequently
associated with other cardiac conditions including CAD, with
prevalence of approximately 25 % [9]. In fact, CAD may be
one of the potential etiologic factors for AF [10]. The presence
of CAD has been related to recurrent AF episodes, symptoms,
and increased risk of death [11, 12]. Patients diagnosed with
first episode of AF but without established CAD represent a
high risk cohort at increased risk for coronary ischemic events
and mortality [13]. Finally, it has been observed that obstruc-
tive CAD occurs more frequently in patients with a history of
AF compared to those without a history of AF [14]. Thus,
knowledge of underlying CAD is important in the
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management of patients with AF, prompting diagnostic testing
for evaluation of underlying CAD.

In the past, AF was considered a relative contraindication
to coronary CTA [15] primarily due to degradation in image
quality related to marked variability of the cardiac cycle
leading to significant phase mismatch and coronary motion
artifact. Advances in CT acquisition techniques have im-
proved the ability to obtain diagnostic quality images even
with cardiac arrhythmias. In this review, we will examine the
current data on use of coronary CTA in patients with atrial
fibrillation, including current guidelines, available acquisition
protocols, and recommended approaches. We will also high-
light areas for future research and technological advancement.

Challenges of Coronary CTA in Atrial Fibrillation

Patients with AF are often referred for non-invasive stress
testing for assessment of underlying CAD. There are notable
limitations with non-invasive stress tests in the setting of
arrhythmias [16–18], and patients are often referred to inva-
sive coronary angiography for definitive evaluation of CAD.
Similarly, arrhythmias pose problems in the evaluation of
CAD with coronary CTA, and patients with arrhythmias were
often excluded from large studies evaluating the diagnostic
accuracy of coronary CTA for CAD.

A main challenge with coronary artery imaging in general
is the small diameter of the arteries ranging from 2-5 mm at
the origin, tortuous course, and complex physiologic motion
due to cardiac and respiratory motion. Even with breath hold-
ing, the coronary arteries have a rapid movement ranging from
16 to 117 mm/s during the cardiac cycle [19]. Thus, optimal
image quality, particularly when imaging small coronary ar-
teries, relies on the ability to "freeze" cardiac motion. Current
generation CT scanners have an absolute temporal resolution
of about 75-200 ms depending on the scanner and acquisition
protocol, which is significantly decreased compared to con-
ventional coronary angiography which has a temporal resolu-
tion of approximately 6 ms [20]. Thus, in order to generate
motion-free images for coronary CTA, the heart structures
need to remain still for this period of time. In addition, de-
pending on how wide the CT scanner detectors are and how
the heart lies in the chest, multiple gantry rotations are often
needed to acquire a volumetric dataset through the whole
heart.

Coronary CTA imaging is often performed in con-
junction with electrocardiographic (ECG) gating with
data reconstruction set to occur during the mid diastolic
phase, or rest period when there is minimal cardiac
motion. However, depending on the heart rate and cor-
onary artery of interest, there may be significant vari-
ability in the duration of the rest period [21], which has
been shown to have significant implications on coronary

CTA image quality [22, 23]. With most CT scanners,
data acquisition occurs over multiple cardiac cycles that
are then pieced together to form the volumetric dataset.
Thus, optimal imaging of the coronary arteries requires
a slow and regular heart rate (HR) [24, 25], ideally less
than 65 beats per minute [26]. Patients with AF provide
a challenge with coronary CTA imaging due to difficul-
ty achieving these goals of slow and regular HR needed
to optimize coronary artery image quality. The current
guidelines for cardiac CT have no specific recommen-
dations concerning coronary CTA imaging in AF [27,
28], although the appropriate use criteria for cardiac CT
from 2010 do not recommend the use of coronary CTA
for evaluation of CAD when AF is the underlying
rhythm during imaging [15]. However, there has been
significant research in the past few years regarding this
topic, which deserves further attention.

Current Methods for Optimizing Image Quality
in the Presence of Arrhythmias

Modulation of HR

Image quality with coronary CTA is dependent on heart rate
and heart rate variability, and is best optimized in the setting of
a slow and regular heart rate [22–25]. The use of oral and
intravenous beta-blockers and non-dihydropyridine calcium
channel blockers, which have been shown to reduce heart rate,
minimize ectopy, and decrease heart rate variability [24, 29,
30], leading to improved image quality [24, 29], are highly
encouraged to modulate HR, particularly in patients with AF
[31, 32]. In extreme cases, temporary pacing has been used as
a method to modulate HR prior to imaging [33].

Data Acquisition Mode

Coronary CTA imaging is commonly performed with retro-
spective ECG-gated helical techniques or prospective ECG-
triggered axial techniques. The latter technique with mini-
mized duration of the data acquisition window is the preferred
mode in patients who have stable sinus rhythm and low heart
rates in order to minimize radiation exposure to patients [34].
Newer acquisition techniques such as prospective ECG-
triggered high pitch helical scan are also available on dual
source CT scanners with the ability to lower radiation expo-
sure even further for patients with slow and regular heart rates
[35]. However, for patients with irregular heart rhythms, high
heart rates or both, retrospective ECG-gated helical scanning
is often preferred to allow for flexible data reconstruction
during any phase of the cardiac cycle [36••].
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Optimal Phase Selection

The coronary arteries demonstrate consistent patterns of rapid
motion during the cardiac cycle, with maximal motion occur-
ring during ventricular contraction in early to mid systole,
during rapid ventricular filling in early diastole, and during
atrial contraction in late diastole [19, 37]. This is accompanied
by two periods of relatively quiescent phases occurring during
mid to late systole and mid diastole. As previously mentioned,
coronary CTA data sets are often acquired and reconstructed
in the mid diastolic phase to optimize image quality. This
reconstruction phase may be expressed as a percentage of
the R-R interval (e.g., 70 %) or an absolute delay from the
prior (+650ms) or preceding (-350ms) Rwave. The relatively
fast HR and variable R-R interval in patients with AFmakes it
problematic to select the classical mid diastolic phase for
image reconstruction [32, 36••, 38]. Despite the shorter dura-
tion of systole when compared to diastole, the systolic dura-
tion is relatively constant and less affected by changes in HR
[23, 38–41]. With higher heart rates, the duration of the mid
diastolic rest period shortens significantly more than that of
the mid to late systolic period [42]. Because of the beat to beat
variability in the diastolic time period in patients with AF,
acquisition and reconstruction algorithms have focused on the
shorter but less variable systolic phase.

Multiple studies have shown that image acquisition and
reconstruction in the late systolic phases in patients with AF
provide the best diagnostic image quality [32, 37, 39, 43•].
The optimal timing of systolic phase reconstructions that yield
the best diagnostic images falls around 250-300 ms after the
peak of the R-wave [38, 41, 43•, 44]. This correlates to
intervals located at 30-35 % of the R-R interval in patients
with low heart rates or 40-45 % in patients with high heart
rates [41], although the use of absolute delay times rather than
percentages has been associated with improved image quality
in patients with AF [45]. Evaluation of multiple reconstruction

phases within late systole and very early diastole is often
needed to improve diagnostic evaluation of coronary arteries
in patients with AF [32, 39, 43•].

Advanced Post Processing

Advanced post processing techniques such as ECG editing
capability allow users to modify the position of the temporal
windows. This technique can enable correction of or compen-
sation for artifacts that may occur due to heart rhythm irreg-
ularities, thereby improving overall image quality [31, 44, 46,
47] (Fig. 1). This technique is best applied in the setting of
retrospective ECG-gated helical acquisitions, which allow for
flexible reconstructions throughout the cardiac cycle.

Advanced Acquisition Algorithms

Improvements in image acquisition using advanced arrhyth-
mia rejection/compensation algorithms are offered by nearly
all vendors as a means to limit radiation exposure. In most
cases, the CT scanner will monitor the R-R interval for an
appropriate heart beat for imaging, and will maintain the same
scan location and suspend acquisition until the next heart beat
in the event of early ectopic beats (e.g., premature atrial
contractions) [31, 43•]. The effectiveness of these advanced
algorithms in reducing overall radiation dose compared to
traditional acquisition algorithms has not yet been proven
[36••].

Temporal Resolution

Current generation CT scanners have a minimum gantry rota-
tion time (time required to complete a 360° rotation) between
280 and 400 ms depending on manufacturer and model. The
routine use of half-scan reconstruction results in an effective
temporal resolution of approximately one half the time

Fig. 1 Example of ECG-editing
technique to improve image
quality in arrhythmia. There is
improvement in visualization of
the LAD which demonstrates no
significant disease in the proximal
segment, but significant stenoses
in its mid segment (arrows)
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required for the CT scanner to complete a full 360° rotation or
140 to 200 ms [48]. Additional methods to improve effective
temporal resolution include the use of partial scan reconstruc-
tions from multiple adjacent cardiac cycles or multisegment
reconstruction algorithms, but this technique is particularly
susceptible to misregistration artifacts related to beat to beat
variability and ectopic beats, as occurs in AF [49]. In 2006,
dual source CT (DSCT) scanners with two sets of x-ray
sources and two sets of detectors offset 90° from each other
in the CT gantry allowed for additional improvement in tem-
poral resolution to approximately 83 ms by combining data
from the two sets of detectors with only a 90° gantry rotation
and without the need to combine multiple cardiac cycles [44],
which is ideal for imaging patients with AF compared to
multisegment reconstructions. The improvement in temporal
resolution offered by dual source scanners has been one of the
driving forces of research into the utility of coronary CTA
imaging in AF.

Single Heart Beat Imaging

Wide detector coverage scanners such as the 320-slice CT
scanner has the ability to provide whole heart imaging with up
to 16 cm through plane coverage in a single gantry rotation
[50]. Advanced acquisition protocols including acquisition
over multiple heart beats (up to 4 at maximum) with arrhyth-
mia rejection can be performed to allow for selection of data
reconstruction from a single heart beat with the longest R-R
interval in patients with significant variability in the R-R
interval and to allow for multisegment reconstruction to im-
prove effective temporal resolution as needed. This greatly
minimizes misregistration artifacts that may occur from the
piecing together of data from multiple cardiac cycles with
varying R-R intervals that often occurs in AF.

Radiation Exposure

There exists a lifetime attributable risk of cancer with the use
of coronary CTA [34, 51], although that risk is very small in
comparison to other life risks including risk of cardiovascular
disease [52]. Radiation dose reduction techniques should be
routinely employed whenever possible to reduce overall radi-
ation exposure to the patient. As mentioned previously, the
method of data acquisition can largely affect overall radiation
exposure. In the absence of arrhythmias, low dose scan pro-
tocols including prospective ECG-triggered axial scan or ret-
rospective ECG-gated helical scan with dose modulation
should be utilized whenever possible [34]. In the presence of
arrhythmias such as AF, however, retrospective ECG-gated
helical scanning without dose modulation has been advocated
to allow for flexibility in data reconstruction throughout the
cardiac cycle at the expense of increased radiation exposure to
the patients [36••]. Advances in CT technology found in

newer generation scanners offer dose reduction options such
as automated exposure control, automated kVp selection, and
iterative reconstruction that offer the ability to reduce radiation
dose and improve image quality for all coronary CTA patients
[53]. These new CT systems in conjunction with advanced
acquisition protocols and settings designed specifically for
patients with arrhythmias have the potential to improve dose
optimizing techniques for patients with AF without
compromising image quality.

Studies of CCTA in Atrial Fibrillation

There have been several suggested techniques in coronary
CTA imaging for addressing the high heart rate and increased
heart rate variability that commonly occurs with atrial fibril-
lation. Early studies with single source CT scanners (SSCT)
evaluated the effect of different reconstruction phases [45],
multisegment techniques to improve effective temporal reso-
lution [32], and ECG editing to improve temporal registration
of data from different cardiac cycles [32, 47, 54] as methods to
improve image quality in the setting of AF. Although these
techniques were shown to improve overall image quality,
there was still a considerable number of coronary segments
with limited image quality affecting overall diagnostic perfor-
mance with negative correlation between image quality and
increasing mean heart rate and heart rate variability [32].

The introduction of dual source CT (DSCT) scanners with
significant improvement in temporal resolution without the
use of multisegment reconstruction represented a leap forward
for coronary CTA evaluation of patients with AF. Building on
techniques used in earlier studies, including optimal phase
reconstruction and ECG editing, several studies demonstrated
significant improvement in image quality and diagnostic per-
formance of coronary CTAwith DSCT (Fig. 2) compared to
older SSCT systems [55]. Also the influence of heart rate and
heart rate variability on overall image quality is less with
DSCT compared with SSCT [24, 25], likely because the
temporal resolution remains constant at 83 ms at all heart rates
for DSCT whereas the multisegment reconstruction algo-
rithms used in SSCT reach a comparable temporal resolution
only at specific heart rates [41].

Wide detector scanners offer other significant advantages
in the setting of AFwith the ability to scan the whole heart in a
single heart beat, minimizing misregistration artifacts due to
varying cardiac cycles [31, 50]. Studies using 320-detector
scanners for the evaluation of CAD in patients with AF have
demonstrated high diagnostic image quality [31, 50, 56, 57]
and diagnostic accuracy [56, 57] (Table 2). However, the
limited temporal resolution offered by these scanners at pres-
ent often requires data acquisition from multiple cardiac cy-
cles in patients with AF in order to utilize multisegment
reconstruction techniques to improve effective temporal
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resolution [31, 50, 56] or to ensure a long enough cycle length
for optimal image reconstruction [50], which increases overall
radiation dose compared to single heart beat scanning [58].

Currently, much attention has been focused on reducing
radiation exposure in cardiac CT imaging. There have been a
number of acquisition techniques developed that focus on
providing robust, high quality diagnostic coronary CTA im-
aging with low radiation exposure for difficult to image pa-
tients including those with arrhythmias such as AF. The use of
prospective ECG-triggered protocols, often with arrhythmia
rejection schemes and narrow data acquisition windows, has
been shown to reduce overall radiation exposure with similar
rates of non-diagnostic coronary segments compared to retro-
spective ECG-gated protocols [43•, 57]. High pitch helical
scanning using a double cycle acquisition method is another
novel technique that has been shown to provide high diagnos-
tic image quality with very low radiation exposure (<2 mSv)
[59•]. Table 1 provides a summary of the imaging parameter
data from studies of coronary CTA in patients with AF.

Studies that focused on evaluating the diagnostic accuracy
of coronary CTA compared to conventional coronary angiog-
raphy for patients with AF are summarized in Table 2. A
recent systematic review and meta-analysis on the diagnostic
accuracy of coronary CTA in patients with AF was performed
by Vorre and colleagues and included seven studies performed
on various CT scanners including 64-slice SSCT, DSCT, and
320 MDCT [36••]. At per-patient analysis compared to con-
ventional coronary angiography, the sensitivity, specificity,
positive predictive value, and negative predictive values were
94% (85-98%), 91% (85-94%), 79% (66-85%), and 97.5%
(94-99 %) respectively [36••]. The high sensitivity and nega-
tive predictive value is similar to results of prior studies in
patients with sinus rhythm [60]. With the improved temporal
resolution offered by DSCT, Sun and colleagues performed a
systematic review on the diagnostic accuracy of coronary
CTA in AF using DSCT scanners [61••]. Compared to con-
ventional coronary angiography, patient level analysis dem-
onstrated sensitivity, specificity, positive likelihood ratio, and

negative likelihood ratio of 97.7 % (85.6-99.7 %), 83.8 %
(73.6-90.6 %), 6.0 (3.6-10.1), and 0.03 (0.004-0.2), respec-
tively [61••]. The similar diagnostic performances in AF com-
pared to sinus rhythm noted in both of these meta-analyses
were at the expense of comparatively higher radiation doses
[36••, 44, 61••].

Current Experience, Controversies and Beyond

Despite the available data on the comparable image quality
and diagnostic accuracy of coronary CTA for evaluating CAD
in patients with AF when compared to that of patients with
sinus rhythm, many centers are hesitant to adopt routine
coronary CTA imaging for patients with AF. A major limiting
factor is that most institutions do not have DSCT or 320-slice
CT scanners that were utilized in most of the studies with
demonstrated efficacy in AF patients. An additional limitation
is that several studies documenting the usefulness of coronary
CTA in AF utilized ECG-editing to improve image quality or
required review of multiple datasets in a single exam in order
to adequately review each coronary segment. As these post
processing techniques in data analysis can be fairly time
consuming, often requiring advanced skills and expertise, as
in the case of ECG-editing, these services are often not readily
available on a routine basis in a busy clinical practice.

There has been much criticism in the reported success rates
of the aforementioned studies in coronary CTA imaging of
patients with AF. The small number of individual studies and
total number of patients included and the methodology ap-
plied with respect to non-diagnostic segments were consid-
ered significant limitations of the meta-analysis reported by
Vorre and colleagues [36••, 62, 63]. Another criticism was the
inclusion of SSCT scanners in a meta-analysis mostly
powered with data from DSCT, limiting the ability to gener-
alize the results across all types of CT scanners [36••, 62, 63].
Classically, there is a negative correlation between heart rate
variability and image quality with SSCT scanners [24] that is

Fig. 2 82 year old man with
persistent atrial fibrillation who
underwent coronary CTA for
evaluation of chest pain
symptoms and pre-procedural
evaluation prior to radiofrequency
ablation. Patient had a mean heart
rate 115 bpm with significant
variability between 63-171 bpm.
Patient was scanned on 64-slice
DSCT using prospective ECG-
triggered axial scanning with data
window set at 250-400 ms
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not apparent with DSCT and 320-MDCT studies [64, 65•].
Further limitations are the historically small number of rele-
vant studies that exist in this patient group [36••, 61••], and
that although analysis of CAD at the per patient level is good,
there may be decreased diagnostic performance at the artery
and segment levels [61••] (Table 2).

As our population ages, we can only expect a growth in the
incidence ofAF and a resultant increase in the number of patients
with AF referred for non-invasive evaluation to exclude signif-
icant CAD. The recent growth in catheter based therapies for AF
has led to significantly increase use of cardiac CT for anatomic
evaluation of the left atrium, interatrial septum and pulmonary
veins, exclusion of left atrial appendage thrombus, and 3-
dimensional integration into electroanatomical mapping systems
to facilitate performance of catheter ablation therapies [66–68].
Cardiac CT scans in this setting are often performed with sub-
stantially lower spatial and temporal resolution compared to
coronary CTA scans, often without the use of ECG gating or
triggering, in order tominimize radiation exposure [34].With the
need to contain burgeoning medical costs, sometimes brought
about by frequent diagnostic testing, as well as respect for
limiting the amount of extraneous medical radiation to our
patients, the ability to provide information on the coronary
arteries in addition to anatomic information needed for catheter
ablation therapies as a combination study is extremely attractive.
To reach this goal, further development of CT scanners and
acquisition protocols that provide consistent diagnostic image
quality with low radiation exposure in patients with arrhythmias
are needed. This will likely necessitate the use of multi detector
scanners with high temporal resolution and whole heart single
heart beat scanning. Finally, post processing techniques that are
easily implemented with the goal of improving overall image
quality of a single volumetric dataset will aid in improving the
workflow associated with diagnostic analysis of these studies.

Conclusions

In conclusion, coronary CTA can be performed for evaluation
of CAD in patients with AF, but remains difficult for routine
implementation given the limited available data as compared
to coronary CTA with sinus rhythm, considerable expertise
needed to optimize image acquisition and post processing of
datasets, and necessary scanner technology.
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