
131www.i-mri.org

Optimal Cardiac Magnetic Resonance 
Contrast-Enhanced Timing Robust 
Angiography (CMR-CENTRA) for the 
Three-Dimensional Reconstruction 
of the Bilateral Atria in the 
Electroanatomic Mapping (EAM) of 
Atrial Fibrillation

This is an Open Access article distributed 
under the terms of the Creative Commons 
Attribution Non-Commercial License 
(http://creativecommons.org/licenses/
by-nc/3.0/) which permits unrestricted 
non-commercial use, distribution, and 
reproduction in any medium, provided 
the original work is properly cited.

Received: June 20, 2017
Revised: July 31, 2017
Accepted: August 1, 2017

Correspondence to: 
Sung Ho Hwang, M.D., Ph.D.
Department of Radiology, 
Korea University Anam Hospital, 
126-1, Anam-dong 5-ga, 
Seongbuk-gu, Seoul 02841, Korea.
Tel. +82-2-920-5657
Fax. +82-2-929-3796
E-mail: sungho.hwng@gmail.com

Copyright © 2017 Korean Society 
of Magnetic Resonance in 
Medicine (KSMRM)

iMRI 2017;21:131-138 https://doi.org/10.13104/imri.2017.21.3.131

Original Article 

Purpose: To optimize the timing of scans using cardiac magnetic resonance contrast-
enhanced timing robust angiography (CMR-CENTRA) for electroanatomic mapping 
(EAM) of the right atrium (RA) and left atrium (LA) in patients with atrial fibrillation 
(AF).
Materials and Methods: Fifty patients with AF (38 men; mean age, 59.6 ± 9.3 
years) underwent CMR-CENTRA in preparation for EAM. The CMR-CENTRA data were 
acquired at five different scan times: 0 seconds, 5 seconds, 10 seconds, 15 seconds, 
and 20 seconds after an intravenous injection of contrast media. To evaluate the 
degree of contrast enhancement, right atrial relative contrast (RA-RC) and left atrial 
relative contrast (LA-RC) on the CMR-CENTRA scans were assessed at each time 
point. The three-dimensional (3D) reconstruction of the RA and LA for the EAM 
system was performed using the CMR-CENTRA data.
Results: A CMR-CENTRA at a scan time of 10 seconds showed significantly greater 
LA-RC (P < 0.05) compared with all other scan times. A CMR-CENTRA at a scan time 
of 15 seconds showed significantly greater RA-RC (P < 0.05) compared with all other 
scan times. In the 3D reconstruction of the RA, the success rates of CMR-CENTRA at 
scan times of 10 seconds and 15 seconds were 18% and 100%, respectively. In the 
3D reconstruction of the LA, the success rates of CMR-CENTRA at 10- and 15-second 
scan times were 100%.
Conclusion: The CMR-CENTRA data acquired at 15 seconds after the injection of 
contrast media is appropriate for the preparation of an EAM system that is focused 
on the RA and LA in patients with AF. 
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INTRODUCTION 

Atrial fibrillation (AF) is a common arrhythmia associated 
with significant morbidity and mortality when uncontrolled 
(1, 2). A catheter ablation for the electrical isolation of the 
AF arrhythmogenic substrate has gained wide acceptance 
in the management of drug-refractory and symptomatic 
AF (3, 4). Usually, the AF arrhythmogenic substrates are in 
various heart structures such as the superior vena cava (SVC), 
inferior vena cava (IVC), coronary sinus (CS), pulmonary 
vein (PV), left atrium (LA), left atrial appendage (LAA), and 
right atrium (RA). Therefore, in the management of AF by a 
catheter ablation, suitable targets include the LA, LAA, RA 
and adjacent vessel structures (5, 6). 

Accurate knowledge of the cardiac anatomy is essential 
for the successful application of a catheter ablation for 
AF. Recently, cardiac magnetic resonance (CMR) imaging 
with excellent resolution has provided accurate and 
detailed delineation of the complex cardiac anatomy (7-
9). With technical advancements, a three-dimensional (3D) 
reconstruction of the heart from CMR image data may be 
possible according to the catheter-based electrophysiology 
studies that discuss electroanatomic mapping (EAM) (10, 
11). A 3D reconstruction model of the heart guides catheter 
movement as it approaches ablation targets and improves 
the outcomes of catheter ablations in patients with AF (10, 
11). Thus, the 3D reconstruction of the heart via an EAM 
system requires high-quality cardiac images with excellent 
spatial resolution and tissue contrast in order to ensure a 
successful catheter ablation (10, 11). 

Cardiac magnetic resonance contrast-enhanced timing 
robust angiography (CMR-CENTRA), which is a type of 
contrast-enhanced magnetic resonance angiography, is 
characterized by a special form of k-space acquisition that 
allows for the rapid acquisition of contrast information 
(12). Thus, it can provide multiphase images containing 
detailed anatomy and flow dynamics based on the presence 
of contrast media (12). To the best of our knowledge, 
however, the CMR-CENTRA protocol for EAM has yet to be 
established. Therefore, we aimed to determine the optimal 
scan time of CMR-CENTRA for the 3D reconstruction of the 
RA and LA as part of the preparation process for EAM in 
patients with AF. 

MATERIALS AND METHODS

Study Population 
This retrospective study was approved by the hospital’s 

Institutional Review Board, and all patients provided written 
informed consent to use their image data and clinical 
information. The inclusion criteria of this study were: (a) 
drug-refractory symptomatic AF and (b) available CMR-
CENTRA data before an EAM of AF. Based on the hospital 
information system records, we selected 53 patients with 
drug-refractory symptomatic AF who underwent CMR-
CENTRA in preparation for EAM between March 2015 and 
May 2015. Exclusion criteria were the presence of either 
congestive heart failure or congenital cardiac anomaly 
(e.g., atrial septal defect and ventricular septal defect). In 
total, 50 patients (38 men; mean age, 59.6 ± 9.3) were 
retrospectively enrolled into the present study. In all of the 
patients, the drug-refractory AF included two phenotypes: 
(a) paroxysmal AF (PAF; patients with one episode of AF that 
self-terminated within 7 days, n = 38) and (b) persistent AF 
(PeAF; patients with one episode of AF that lasts more than 
7 days, n = 12) (1). 

CMR-CENTRA Protocol
CMR-CENTRA was performed using a 3T MR system 

(Achieva; Philips Medical Systems, Best, The Netherlands) 
with a 32-element phased-array cardiac coil. CMR-
CENTRA data were acquired in a coronal orientation 
after the injection of 0.1 mmol/kg of gadolinium contrast 
(Dotarem; Guerbet, S.A., Villepinte, France). The CMR-
CENTRA was completed during one breath-hold without 
any electrocardiography (ECG) gating. The parameters of 
the CMR-CENTRA sequence were as follows: (1) parallel 
imaging using the sensitivity encoding (SENSE) technique 
with R = 2, acquisition time = 5 s; (2) a total of five phased 
CMR-CENTRA acquisitions; and (3) a voxel size = 1 mm × 
1 mm × 1.2 mm; TR/TE = 3.9 ms/1.1 ms; flip angle = 25°; 
bandwidth = 1106.2 Hz/pixel. Contrast media was injected 
at a rate of 2 mL/s via an 18-gauge needle in the left or 
right cubital vein by an automated power injector (Spectris 
Solaris EP; Medrad, Indianola, PA, USA); this was followed 
by an injection of a 40-mL normal saline bolus at the same 
rate. The CMR-CENTRA scan was initiated at five different 
scan times: 0 seconds, 5 seconds, 10 seconds, 15 seconds, 
and 20 seconds after the completion of all injections (Fig. 
1). Ultimately, the CMR-CENTRA data consisted of five 
multiphase cardiac images.    
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CMR-CENTRA Analysis   
Using a workstation with a commercially available 

software (Terarecon iNtuition; TeraRecon, Foster City, CA, 
USA), CMR-CENTRA data were evaluated by two radiologists 
who had 3 and 10 years of experience in interpreting 
cardiac imaging data. 

With regard to the flow dynamics of the contrast media, 
parallel imaging of CMR-CENTRA does not allow for the 
absolute quantitative measure of the signal-to-noise 
ratio (7). Thus, the degree of contrast enhancement was 
determined by the relative contrast (RC) of the signal (7). 
For signal measurement, the regions of interest (ROI) with 

a minimum area of 100 mm2 were placed in the RA, LA, and 
chest wall on CMR-CENTRA at each of the five different 
scan times. The right atrial relative contrast (RA-RC) was 
calculated using the following formula: RA-RC = (RA signal 
- chest wall signal) / (RA signal + chest wall signal). The left 
atrial relative contrast (LA-RC) was calculated using the 
following formula: LA-RC = (LA signal - chest wall signal) 
/ (LA signal + chest wall signal). The measurements of RA-
RC and LA-RC were repeated after an interval of at least 2 
weeks. 

After the 3D reconstruction of the RA and LA models 
based on the CMR-CENTRA data (Fig. 2), the image quality 

Fig. 1. Sequential CMR-CENTRA images for the visualization of the contrast media passing through the heart. Coronal 
images (a) of CMR-CENTRA at 0s, 5s, 10s, 15s, and 20s show the dynamics of contrast media in the left atrium (white 
arrows). In addition, coronal images of CMR-CENTRA (b) at 0s, 5s, 10s, 15s, and 20s show the dynamics of contrast media in 
the right atrium. The CMR-CENTRA at 15s shows the weak but homogeneous contrast enhancement in the right atrium as 
well as the superior vena cava. CMR-CENTRA = cardiac magnetic resonance contrast-enhanced timing robust angiography; 
LA-RC = left atrial relative contrast; RA-RC = right atrial relative contrast  

a

b



www.i-mri.org134

Optimal Contrast Enhancement of Bilateral Atria | Jun Seong Kim, et al.

of the RA and LA models was evaluated. When the RA model 
contained no image artifacts and had clear anatomical 
outlines of the RA, SVC, IVC, and CS, it was considered the 
ideal RA model. Other RA models were considered imperfect 
RA models. Similarly, LA models that contained no image 
artifact and had clear anatomical outlines of the LA, LAA 
and PVs were considered ideal LA models. Other LA models 
were considered imperfect models. Then, using all of the 
CMR-CENTRA examinations performed at identical scan 
times, the frequency percentages of the ideal RA and LA 
models were calculated as the success rates for the 3D 
reconstruction of the RA and LA, respectively. 

Statistical Analysis 
All continuous data were expressed as mean ± standard 

deviation (SD). All categorical data were presented as 
absolute values and percentages. In the measurements of 
RA-RC and LA-RC, intra-observer reproducibility of the 
measurement was evaluated by determining the intra-
class correlation coefficient (ICC) value (13). An ICC value 
of greater than or equal to 0.7 was considered statistically 
reproducible (13). The statistical significance of differences 
was evaluated using a Student’s t-test or analysis of 
variance (ANOVA) and a pairwise comparison technique (i.e., 

Tukey’s honest significant difference [HSD] test). Statistical 
analyses were performed using the MedCalc software 
(version 15.5; MedCalc Software, Ostend, Belgium). A 
P-value of less than 0.05 was considered statistically 
significant.

Fig. 2. 3D-reconstruction of the right atrium (RA) and left atrium (LA) by using cardiac magnetic resonance contrast-
enhanced timing robust angiography (CMR-CENTRA) data acquired at 15s. The 3D-recontstruction of RA and LA from CMR-
CENTRA (a, b) provides the ideal RA and LA models (c). Ideal RA model (c) shows the superior vena cava (SVC), inferior vena 
cava (IVC), coronary sinus (CS), and RA clearly. Ideal LA model (c) shows the pulmonary vein (PV), left atrial appendage (LAA), 
and LA clearly. 

a b c

Table 1. Baseline Clinical Characteristics of the Study 
Participants 

Characteristics

Male 38 (76%)

Age (years) 59.6 ± 9.3

CHADS2 score 0.43 ± 0.02

Old age (> 75 years) 0 (0%)

Congestive heart failure 0 (0%)

Hypertension 17 (34%)

Diabetes mellitus 6 (12%)

Stroke 6 (12%)
Data are presented as numbers of patients with percentages in parentheses. 
Age and CHADS2 score are presented as mean ± standard deviation.
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RESULTS 

Table 1 summarizes the clinical information of all 50 
patients (38 men; mean age, 59.6 ± 9.3 years). When 
considering the clinical history (e.g., hypertension, diabetes, 
heart failure, and stroke) (2), the mean CHADS2 score 
(congestive heart failure, hypertension, age ≥ 75 years, 
diabetes mellitus, and stroke) was 0.43 ± 0.02. 

The mean RA-RC and LA-RC of all of the 250 CMR-
CENTRA examinations in the 50 patients were 0.66 ± 0.10 
and 0.70 ± 0.13, respectively. Intra-observer reproducibility 
of the RA-RC and LA-RC measurements was reliable (ICC of 
RA-RC = 0.81, P = 0.02 and ICC of LA-RC = 0.79, P = 0.01). 
When comparing the RA-RC values among the five different 
scan times (Fig. 3), the RA-RC increased until 15 seconds 
and then peaked. The mean RA-RC at the 15-second scan 
time was significantly higher compared to that found at the 
0-, 5-, 10- and 20-second scan times (all Ps < 0.05). When 
comparing the LA-RC values among the five different scan 
times (Fig. 3), the LA-RC increased until 10 seconds and 
then peaked. The mean LA-RC at the 10-second scan time 
was significantly higher than that found at the 0-, 5-, 15- 
and 20-second scan times (all Ps < 0.05). 

Out of all of the 250 RA models reconstructed from 
CMR-CENTRA, there were 88 (35.2%) ideal RA models. The 
CMR-CENTRA of the ideal RA model showed a significantly 
higher mean RA-RC (0.77 ± 0.05 vs. 0.61 ± 0.07, P < 0.01) 
than that found in the imperfect RA model (Fig. 4). The 

success rates for the 3D reconstruction of the RA by CMR-
CENTRA at scan times of 0 seconds, 5 seconds, 10 seconds, 
15 seconds, and 20 seconds were 0%, 2%, 18%, 100%, and 
22%, respectively (Fig. 5). Out of all of the 250 LA models 
reconstructed from CMR-CENTRA, there were 115 (46.0%) 
ideal LA models. The CMR-CENTRA of the ideal LA model 
showed a significantly higher mean LA-RC (0.82 ± 0.05 vs. 
0.60 ± 0.09, P < 0.01) than that found in the imperfect LA 
model (Fig. 4). The success rates for the 3D reconstruction 
of the LA by CMR-CENTRA at scan times of 0 seconds, 5 
seconds, 10 seconds, 15 seconds, and 20 seconds were 0%, 
8%, 100%, 100%, and 22%, respectively (Fig. 5).

DISCUSSION 

This study evaluated the degree of contrast enhancement 
and image quality on the RA and LA on CMR-CENTRA 
scans at five different scan times (0 seconds, 5 seconds, 10 
seconds, 15 seconds, and 20 seconds after an intravenous 
injection of contrast media). Review of the LA-RC and RA-
RC values as determined by CMR-CENTRA demonstrates 
that the peak contrast enhancement was observed at 10 
seconds and 15 seconds in the LA and RA, respectively. 
CMR-CENTRA requires appropriate contrast enhancement 
in the RA and LA in order to perform a successful EAM. In 
this study, all CMR-CENTRA scans performed 15 seconds 
after the contrast injection allowed for the successful 3D 

Fig. 3. Comparison of the right atrial relative contrast (RA-RC) (a) and left atrial relative contrast (LA-RC) (b) among the five 
different scan times of cardiac magnetic resonance contrast-enhanced timing robust angiography (CMR-CENTRA).

a b
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reconstruction of both the RA and LA in preparation for an 
EAM for patients with AF. 

CMR-CENTRA is a dynamic approach to contrast-
enhanced angiography that involves rapid sequential 
imaging of an anatomic volume during the luminal 
transit of a contrast bolus (7, 8). CMR-CENTRA involves 
the use of a T1-weighted gradient echo sequence with a 
short repetition-time (TR) to allow repeated imaging at a 
temporal resolution of less than 2 seconds per frame (14). 
The potential value of CMR-CENTRA in clinical practice 
is to permit continuous imaging throughout the arterial 
and venous phases of the contrast enhancement (7, 8, 14). 
In the present study, we required a total of 5 seconds to 

complete a single CMR-CENTRA examination covering the 
entire heart. Furthermore, a series of five CMR-CENTRA 
examinations with an interval of 5 seconds can help 
assess the sequential change of contrast media dynamics 
throughout the bilateral heart chambers during a period of 
20 seconds after the injection of a contrast media. 

In CMR-CENTRA, the order of peak contrast enhancement 
in the heart chambers can depend on the cardiac anatomy. 
The RA receives the inferior and superior vena cava and the 
orifice of the coronary sinus (15, 16). When the contrast 
media is injected into the cubital vein, it initially enters 
the RA through the superior vena cava (17). Therefore, 
the initial combination of opacified and non-opacified 

Fig. 4. Comparison of the right atrial relative contrast (RA-RC) (a) and left atrial relative contrast (LA-RC) (b) between the 
ideal and imperfect models of the right atrium (RA) and left atrium (LA). 

a b

Fig. 5. The success rates for the 3D reconstruction of the right atrium (a) and left atrium (b) using cardiac magnetic 
resonance contrast-enhanced timing robust angiography (CMR-CENTRA).

a b
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blood from the systemic veins interrupts the homogenous 
contrast enhancement in the RA chamber (15, 17). In other 
words, the homogeneous contrast enhancement of the RA 
can be achieved with the opacified blood drained from both 
the inferior and superior vena cava. Alternatively, the LA 
receives blood only from the PV but not from the systemic 
veins (18, 19). Without the abnormal pulmonary venous 
return, the homogeneous contrast enhancement in the 
LA can be easily achieved by the opacified blood from the 
PV. Our results also demonstrated that the peak contrast 
enhancement in the LA occurred before it did in the RA on 
CMR-CENTRA. 

The integration of imaging with electrophysiological 
studies requires excellent image quality on CMR-CENTRA 
that focuses on the targeted cardiac structure of the 
arrhythmogenic substrate (8). The image quality of CMR-
CENTRA depends primarily on the degree of contrast 
enhancement (7, 8). Our results showed that the mean RA-
RC was 0.77 ± 0.05 in the acceptable scans of the RA, and 
the mean LA-RC was 0.82 ± 0.05 in the acceptable scans 
of the LA. On CMR-CENTRA scans, at the 15-second scan 
time, the mean RA-RC and LA-RC were 0.79 ± 0.06 and 0.79 
± 0.03, respectively. Although the minimum RC on CMR-
CENTRA for a successful EAM of the RA and LA has not 
been established, we estimate that within 5 seconds after 
the peak contrast enhancement of the LA at the 10-second 
scan time, the LA-RC on CMR-CENTRA can allow for the 
successful EAM of the LA. 

Commonly, the electroanatomic mapping of AF has 
been conducted using cardiac computed tomography (CT) 
data. When compared with the use of cardiac CT, various 
techniques of CMR imaging has several advantages for the 
electroanatomic mapping of AF. First, CMR imaging can 
prevent the radiation exposure to patients in contrast to a 
cardiac CT (8). Second, the excellent temporal resolution of 
CMR imaging can minimize the effect of arrhythmia that 
is caused by image artifacts. Paradoxically, ECG-gating 
CMR imaging during an arrhythmic attack may increase 
the image acquisition time and lead to adverse effects 
on the image quality (20). Third, CMR imaging allows the 
comprehensive evaluation of cardiac hemodynamics and 
tissue characteristics to enhance the understanding of AF 
(6, 21). As CMR techniques advance, CMR imaging has been 
widely accepted as the effective pre-procedural imaging 
tool in the electroanatomic mapping of AF. 

This study has several limitations. First, this study was 
mainly limited by its small sample size. A further study 
is needed to evaluate patients with congenital cardiac 

anomalies such as atrial septal defects and abnormal 
pulmonary venous return. Second, we did not consider 
additional variables such as cardiac function and rhythm 
status during CMR-CENTRA in the current study because of 
the excellent temporal resolution of CMR-CENTRA. Finally, 
future studies are required to demonstrate the clinical 
effect of optimized CMR-CENTRA in the process of catheter 
ablation for patients with AF. 

In conclusion, when contrast media is injected into the 
cubital vein, multiphase images of CMR-CENTRA may 
show a peak contrast enhancement of the RA after the 
peak contrast enhancement of the LA. Furthermore, CMR-
CENTRA performed 15 seconds after injection of contrast 
media commonly showed a peak contrast enhancement of 
the RA and may be appropriate for the successful EAM of 
the RA and LA chambers in patients with AF. 
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