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  Abstract
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Introduction: Left atrial appendage (LAA) thrombus is the most common source of embolization in atrial fibrillation (AF).
Transesophageal echocardiography (TEE) is the gold standard method for LAA thrombus exclusion. Our pilot study aimed to
compare the efficacy of a new non-contrast-enhanced cardiac magnetic resonance (CMR) sequence (BOOST) with TEE for the
detection of LAA thrombus and to evaluate the usefulness of BOOST images for planning radiofrequency catheter ablation (RFCA)
compared with left atrial (LA) contrast-enhanced computed tomography (CT). We also attempted to assess the patients’ subjective
experiences with TEE and CMR.

Methods: Patients with AF undergoing either electrical cardioversion or RFCA were enrolled. Participants underwent
pre-procedural TEE and CMR scans to evaluate LAA thrombus status and pulmonary vein anatomy. Patient experiences with TEE and
CMR were assessed using a questionnaire developed by our team. Some patients scheduled for RFCA also had pre-procedural LA
contrast-enhanced CT. In such cases, the operating physician was asked to subjectively define the quality of the CT and CMR scan on
a scale of 1-10 (1 = worst, 10 = best) and comment on CMR's usefulness in RFCA planning.

Results: Seventy-one patients were enrolled. In 94%, both TEE and CMR excluded, and in 1 patient, both modalities reported the
presence of LAA thrombus. In 1 patient, TEE was inconclusive, but CMR excluded LAA thrombus.  In 2 patients, CMR could not exclude
the presence of thrombus, but in 1 of those cases, TEE was also indecisive. During TEE, 67%, during CMR, only 2% of patients
reported pain (p<0.0001), and 89% would prefer CMR in case of a repeat examination. The quality of the left atrial contrast-
enhanced CT scans was better compared with the image quality of the CMR BOOST sequence [8 (7-9) vs. 6 (5-7), p<0.0001]. Still, the
CMR images were useful for procedural planning in 91% of cases.

Conclusion: The new CMR BOOST sequence provides appropriate image quality for ablation planning. The sequence might be useful
for excluding larger LAA thrombi; however, its accuracy in detecting smaller thrombi is limited. Most patients preferred CMR over
TEE in this indication.

   

  Contribution to the field

Atrial fibrillation (AF) is associated with a high risk of thrombus formation in the left atrial appendage (LAA). Such thrombi may
lead to stroke or systemic embolization. Therefore, pre-procedural exclusion of LAA thrombus in AF patients is crucial to avoid
neurological complications. Currently, transesophageal echocardiography (TEE) is the gold standard for determining LAA status.
However, it is an invasive procedure, and although alternatives exist, they also have limitations. We aimed to compare the ability
of a new non-contrast-enhanced cardiac magnetic resonance (CMR) sequence (BOOST) with TEE for LAA thrombus detection and to
evaluate the usefulness of BOOST images for planning catheter ablation. Overall, 71 patients were enrolled in our pilot study. In the
majority of cases, the CMR BOOST and TEE results were in line for LAA status. Moreover, the new CMR BOOST sequence provided
appropriate image quality for ablation planning in 91% of cases. Our results are highly important as the BOOST sequence may be an
alternative to TEE for excluding LAA thrombi. BOOST may also be a suitable substitute for pre-ablation left atrial contrast-enhanced
CT, especially in patients where ionizing radiation or iodine-based contrast agents are contraindicated.
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ABSTRACT 22 

Introduction: Left atrial appendage (LAA) thrombus is the most common source of 23 
embolization in atrial fibrillation (AF). Transesophageal echocardiography (TEE) is the gold 24 
standard method for LAA thrombus exclusion. Our pilot study aimed to compare the efficacy 25 

of a new non-contrast-enhanced cardiac magnetic resonance (CMR) sequence (BOOST) with 26 
TEE for the detection of LAA thrombus and to evaluate the usefulness of BOOST images for 27 
planning radiofrequency catheter ablation (RFCA) compared with left atrial (LA) contrast-28 
enhanced computed tomography (CT). We also attempted to assess the patients’ subjective 29 
experiences with TEE and CMR. 30 

Methods: Patients with AF undergoing either electrical cardioversion or RFCA were enrolled. 31 
Participants underwent pre-procedural TEE and CMR scans to evaluate LAA thrombus status 32 
and pulmonary vein anatomy. Patient experiences with TEE and CMR were assessed using a 33 
questionnaire developed by our team. Some patients scheduled for RFCA also had pre-34 

procedural LA contrast-enhanced CT. In such cases, the operating physician was asked to 35 
subjectively define the quality of the CT and CMR scan on a scale of 1-10 (1 = worst, 10 = 36 
best) and comment on CMR's usefulness in RFCA planning. 37 

Results: Seventy-one patients were enrolled. In 94%, both TEE and CMR excluded, and in 1 38 
patient, both modalities reported the presence of LAA thrombus. In 1 patient, TEE was 39 
inconclusive, but CMR excluded LAA thrombus.  In 2 patients, CMR could not exclude the 40 
presence of thrombus, but in 1 of those cases, TEE was also indecisive. During TEE, 67%, 41 

during CMR, only 2% of patients reported pain (p<0.0001), and 89% would prefer CMR in 42 
case of a repeat examination. The quality of the left atrial contrast-enhanced CT scans was 43 

better compared with the image quality of the CMR BOOST sequence [8 (7-9) vs. 6 (5-7), 44 
p<0.0001]. Still, the CMR images were useful for procedural planning in 91% of cases. 45 

Conclusion: The new CMR BOOST sequence provides appropriate image quality for ablation 46 

planning. The sequence might be useful for excluding larger LAA thrombi; however, its 47 
accuracy in detecting smaller thrombi is limited. Most patients preferred CMR over TEE in 48 

this indication. 49 

Keywords: atrial fibrillation, ablation, pulmonary vein anatomy, left atrial thrombus, cardiac 50 

magnetic resonance imaging, BOOST sequence 51 

 52 

1. INTRODUCTION 53 

Atrial fibrillation (AF) is adults' most common sustained cardiac arrhythmia worldwide (1). In 54 

addition to its high incidence and mortality rate, its clinical significance stems from its severe 55 
complications (2-5). One of the most dreaded complications of AF is arterial embolization, 56 
which most often manifests as an ischemic stroke (6, 7). It is well known that the most common 57 

source of thromboembolism is a left atrial appendage (LAA) thrombus (8-10). An integral part 58 
of the management of AF is rhythm control, with non-pharmacological options such as 59 
electrical cardioversion (ECV) and radiofrequency catheter ablation (RFCA) (1). In the context 60 
of interventions, careful pre-procedural exclusion of LAA thrombus is essential to avoid peri- 61 

and post-procedural neurological complications (e.g., stroke) (11-13). Currently, 62 
transesophageal echocardiography (TEE) is the gold standard method for detecting LAA 63 
thrombus (14, 15). However, TEE is an invasive procedure requiring esophageal intubation, 64 
usually performed under conscious sedation. It may result in esophageal injury, in addition to 65 
the potential distress caused to the patient (16). Alternative techniques exist to replace TEE, 66 
such as intracardiac echocardiography (ICE), contrast-enhanced computed tomography (CT), 67 
and contrast-enhanced cardiac magnetic resonance (CMR) (17-19). Nevertheless, these 68 
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imaging modalities also have significant drawbacks (20). Recently, a new CMR sequence, 69 

called Bright-blood and black-BlOOd phase SensiTive inversion recovery (BOOST) sequence, 70 
has been developed that does not require a contrast agent but still provides good image quality 71 
(21). Based on initial studies, it seems suitable for assessing both pulmonary vein (PV) anatomy 72 

(22), which feature may prove beneficial in the planning of RFCA procedures (23, 24), and 73 
detecting LAA thrombus (25). However, it has not yet been compared with the gold standard 74 

TEE examination in terms of LAA thrombus detection.  75 

Our study aimed to compare the efficacy of CMR and TEE examinations for the detection of 76 

LAA thrombus and to assess the usefulness of CMR images for planning catheter ablation 77 
procedures compared with left atrial contrast-enhanced CT. In addition, an attempt was made 78 
to compare patients' subjective experiences with TEE and CMR (TEE and CMR examination 79 
distress questionnaire). 80 

 81 

2. METHODS 82 

2.1 Patient population 83 

Patients undergoing either ECV or RFCA due to symptomatic AF at the Heart and Vascular 84 
Center of Semmelweis University, Budapest, Hungary, between May 2021 and June 2022 were 85 
enrolled in our single-center prospective study. Patients with any contraindications to CMR 86 
examination were excluded; thus, those with claustrophobia or magnetic foreign bodies, e.g., 87 

an implantable cardiac electronic device or an insulin pump, were excluded from the study. All 88 
enrolled patients underwent pre-procedural imaging, which included both TEE and CMR scans 89 

on the same day, to confirm or exclude the presence of an LAA thrombus and to compare the 90 
two imaging modalities. The CMR was also used to assess the left atrial (LA) and PV anatomy. 91 
We also asked patients to complete a second questionnaire within one week of the imaging 92 

scans to evaluate their distress, pain, discomfort, and preference for TEE or CMR. Of note, 93 

patients scheduled for RFCA might have had a pre-procedural LA contrast-enhanced CT, 94 
depending on the operating physician’s decision. In such cases, the operating physician was 95 
asked to subjectively define the quality of the CT and CMR scan of the given patient on a scale 96 

of 1-10, with 1 being the worst and 10 being the best rating. Moreover, their opinion was also 97 
asked on whether CMR is appropriate for procedural planning. 98 

All patients agreed to the pre-procedural imaging and provided written consent to data retrieval 99 

and analysis. Ethics approval was obtained from the Hungarian Medical Research Council 100 
(No.: IV/4962-3/2021/EKU) and was in accordance with the declarations of Helsinki. 101 

2.2 TEE protocol and image analysis 102 

TEE was performed with the patient in conscious sedation using an Epiq CV-X system 103 
equipped with either an X7-2T or an X8-2T xMATRIX transducer (8.0 – 2.0 MHz) positioned 104 

at the appropriate level within the esophagus. Images were recorded and stored on a PACS 105 
system for later evaluation. Multiple standard tomographic planes, including 0, 45, 90, and 135 106 

degrees LAA focused views (and additional planes where appropriate), were imaged, paying 107 
meticulous attention to visualize all lobes. X-plane, 2D, and 3D B-mode images and color and 108 

spectral Doppler images were recorded. The color Doppler Nyquist limit was lowered 109 
according to the LAA flow velocity to enable visualization of flow within the LAA. The 110 
presence of left LAA thrombus, spontaneous echo contrast (SEC), or sludge, as well as the 111 
LAA emptying velocity, was documented.  112 

LAA thrombus was defined as a well-circumscribed solid echodensity, acoustically distinct 113 
from the underlying endocardium and pectinate muscles that were reproducibly visible from 114 
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multiple imaging planes. By consensus, the presence of organized thrombus in the LAA tip 115 

could not be excluded in the presence of dense sludge. As the TEE is considered the gold-116 
standard examination for excluding LAA thrombus, we used its result to validate the CMR. 117 

2.3 CMR protocol and image analysis 118 

CMR examinations were performed on a 1.5T MR scanner (MAGNETOM Aera, Siemens 119 
Healthcare, Germany). After semiautomated angulation, retrospectively gated balanced steady-120 
state free precession (bSSFP) cine images were acquired in 2-chamber, 4-chamber, and left 121 
ventricle outflow tract views, additionally in a modified 2-chamber long axis slice optimized 122 
for the LAA. An ECG-triggered 3D whole-heart bright-blood and black-blood bSSFP 123 

(BOOST) prototype sequence was performed both with T2-preparation pre-pulse (T2prep) and 124 
MT-preparation (MTC) as previously described (21, 22). Image navigation (iNAV) was used 125 
for respiratory motion estimation and compensation. The BOOST measurements were 126 
performed with the coverage of the LA, including the ostia of PVs and the appendage at an 127 

isotropic resolution of 1.4x1.4x1.4 mm. No contrast agent was administered. 128 

CMR data were analyzed using Medis Suite 4.0 software (Medis Medical Imaging Software, 129 
Leiden, The Netherlands). On two- and four-chamber long-axis cine images, LA endocardial 130 

contour was traced manually, and the maximal and minimal LA volumes (maximum LAV, 131 
minimum LAV), LA stroke volume (LA SV), and LA ejection fraction (LAEF) were 132 
quantified. The LA volumes were standardized to the body surface area, yielding maximum 133 
body surface area-indexed LA volume (LAVi), minimum LAVi, and body surface area-134 

indexed LA stroke volume (LA SVi). Using the 3D view application of the Medis Suite, the 135 
bidirectional diameter of pulmonary venous ostia were measured on the MTC BOOST bright-136 

blood images, after which PV ostial areas were calculated. PV anatomy variations were defined 137 
as described previously (23). On T2prep images, the LAA was systematically inspected for 138 
possible thrombus. LAA thrombus was defined as a circumscribed lower signal intensity on 139 

the bright-blood images and a circumscribed higher signal intensity on the dark-blood images 140 
in the same localization. 141 

The CMR image was also used to plan the ablation procedure in the RFCA patient group. 142 

2.4 LA contrast-enhanced CT protocol 143 

Some patients scheduled for RFCA also underwent LA contrast-enhanced CT to assess LA and 144 
PV anatomy at the discretion of the operating physician. In these cases, CT scans were usually 145 
performed before the CMR scans. LA contrast-enhanced CT examinations were performed 146 
with a 256-slice scanner (Brilliance iCT 256, Philips Healthcare, Best, The Netherlands) with 147 

prospective ECG-triggered axial acquisition mode. For cardiac CT, 100–120 kV with 200–300 148 
mAs tube current was used based on the patient's body mass index. Image acquisition was 149 
performed with 128 x 0.625 mm detector collimation and 270 ms gantry rotation time. If 150 
necessary, oral or intravenous beta-blocker was administered for heart rate control before the 151 

CT scans. Mid-diastolic triggering was applied with 3–5% padding (73–83% of the R-R 152 
interval) in all included patients. Intravenous contrast agent (85-95 ml Iomeron 400, Bracco 153 
Ltd, Milan, Italy) at a flow rate of 4.5–5.5 ml/s from antecubital vein access via an 18-gauge 154 

catheter using a four-phasic protocol. Bolus tracking in the LA was used to obtain proper scan 155 
timing. CT data sets were reconstructed with 0.8 mm slice thickness with 0.4 mm increments. 156 
PV ostial areas were measured as described previously (23). For patients who underwent both 157 
CMR and contrast-enhanced CT, measurements of PV ostial areas were compared to assess the 158 
reliability of the values measured with BOOST. 159 

2.5 TEE and CMR examination distress questionnaire 160 
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The TEE and CMR examination distress questionnaire was developed by our research team to 161 

assess and compare patients’ experiences in the two types of imaging examinations. The 162 
questionnaire consists of 20 questions divided into three domains. The first and second parts 163 
surveyed, among other things, the extent to which patients were informed about the 164 

examinations, the degree of mental and physical distress experienced during the imaging, and 165 
their impression of the length of the examinations. The same nine questions were asked 166 
regarding the TEE, then the CMR examination. Next, in the final domain, patients were also 167 
asked which imaging method they would prefer if they had to undergo once again. Then the 168 
last question with a free-text response inquired about the reason for their preference (for more 169 

details, see Supplementary file 1). 170 

The TEE and CMR examination distress questionnaire was completed within one week of the 171 
imaging studies. Interviews were conducted over the telephone, where the questions were 172 
explained to the patients by the clinical staff, and the staff also recorded their answers. 173 

2.6 Data collection 174 

In addition to demographic, anthropometric, and medical data, data from imaging studies and 175 
their analysis were also collected. Neurological complications (stroke or transient ischemic 176 

attack [TIA]) were also documented at the 3-month follow-up clinical visit. 177 

2.7 Statistical analysis 178 

Most of the variables showed non-parametric distributions after performing the Shapiro-Wilk 179 
test. Thus, the continuous variables were expressed as medians and interquartile ranges. 180 

Categorical variables are expressed as numbers and percentages. Fisher’s exact test was 181 
performed to examine contingency between selected groups. Continuous variables were 182 

compared with the Mann-Whitney U test. A two-tailed p-value of <0.05 was considered 183 
statistically significant. Statistical analyses were performed using IBM SPSS 25 (Apache 184 
Software Foundation, USA) and GraphPad Prism 9.1.2 (GraphPad Softwares Inc., USA) 185 

software products. 186 

 187 

3. RESULTS 188 

3.1 Characteristics of the study population 189 

Data from 71 consecutive patients [age 65 (57-72) years, 38% female] were collected and 190 
analyzed. Fifty-two percent of patients had paroxysmal AF, the BMI was 28 (26-32) kg/m2, 191 
and 77% had hypertension. Three percent of them had a prior stroke or TIA. Sixty-six percent 192 
of patients were admitted for RFCA and 34% for ECV. Baseline characteristics of the study 193 

population are shown in Table 1. 194 

3.2 CMR duration, detection of LAA thrombus by TEE and CMR, comparison of results 195 

The whole CMR examination, consisting of localizers, cine images, T2prep, and MT BOOST 196 
sequences, took 40 (30-45) minutes, while the duration of the TEE examination (measured 197 
from the transducer’s introduction until its removal) was 7 (5-9) min. In 67 patients (94%), 198 
both TEE and CMR excluded the presence of LAA thrombus. In 1 patient (1.5%), both TEE 199 
and CMR showed the presence of thrombus (Figures 1 and 2; a supplementary movie file 200 

shows the thrombus detected with TEE in motion [see Supplementary file 2]). 201 

In 1 (1.5%) patient, examined with all three imaging modalities (TEE, CMR, contrast-enhanced 202 
LA CT), TEE could not exclude LAA thrombus due to dense sludge. CT was also inconclusive, 203 
whereas CMR clearly excluded the presence of an LAA thrombus. Three months later (without 204 
any changes in the patient’s antithrombotic regime), repeated TEE and contrast-enhanced CT 205 
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both described the absence of LAA thrombus, and ablation was successfully performed without 206 

thromboembolic complications. 207 

In 2 patients (3%), CMR could not rule out the presence of a thrombus with certainty. In both 208 
cases, images of poor quality were obtained due to motion artifacts produced by the ongoing 209 

arrhythmia during CMR imaging. In one of these two patients, TEE was also indecisive due to 210 
dense sludge in the LAA. However, in the other patient, TEE clearly showed the presence of 211 
an LAA thrombus. 212 

No stroke or TIA occurred either peri- or post-procedurally during the 3-month follow-up of 213 
patients. The imaging results and the distribution of anticoagulants used before the 214 

examinations are shown in Table 2. 215 

3.3 PV anatomy pattern 216 

In our study group, 47 patients (66%) showed normal anatomy with four separate PV ostia. In 217 

17 (24%) patients, ostia of the two left PVs were merged to form a common trunk. This pattern 218 
was the most frequent variation; left short common trunk (LSCT) was seen in 14 (20%) and 219 
left long common trunk (LLCT) in 3 (4%) patients. In one patient (1%), we found a right 220 
common trunk (RCT). Right accessory PVs were observed in 9 (13%) cases. Overall, 3 (4%) 221 

patients presented with a combination of variant branching patterns, consisting of 1 (1%) 222 
patient with both LSCT and right middle pulmonary vein (RMPV), 1 (1%) patient with a 223 
concurrent LLCT and RMPV, and 1 patient (1%) with both LSCT and RCT (Table 3). 224 

3.4 PV ostial areas and LA parameters  225 

The areas of the PV ostia regarding all enrolled patients are detailed in Table 4. 226 

Twenty-five patients underwent both LA contrast-enhanced CT and CMR before ablation. In 227 

their cases, there was no significant difference between PV ostial areas measured on CT and 228 
BOOST CMR images (all p>0.05) (Table 5).  229 

During CMR imaging, 37 patients (52%) were in sinus rhythm (SR), 2 patients (3%) were in 230 
atrial flutter, and 32 patients (45%) were in AF. LA ejection fraction (LAEF) was 53 (44-60) 231 
% in patients in sinus rhythm, while it was 19 (12-29) % in patients in non-SR. Minimum and 232 

maximum body surface area-indexed LA volume (LAVi) were 26 (21-51) ml/m2 and 50 (43-233 

67) ml/m2, respectively. Body surface area-indexed LA stroke volume (LA SVi) was 17 (11-234 
25) ml/m2. Details of the measurements are shown in Table 6. 235 

3.5 Electrophysiologists’ evaluation of the usefulness of LA contrast-enhanced CT vs. 236 
CMR regarding RFCA planning 237 

Twenty-five patients had both LA contrast-enhanced CT and CMR before the ablation 238 

procedure. Based on the operating electrophysiologists’ subjective opinion (1-10 scale), the 239 
quality of the LA contrast-enhanced CT scans was better compared with the image quality of 240 

the non-contrast-enhanced CMR BOOST sequence [8 (7-9) vs. 6 (5-7), p<0.0001] (Figures 241 
3A and 3B). Still, they found the CMR images appropriate for procedural planning in 43 out 242 
of 47 cases (91%). 243 

3.6 Results of the TEE and CMR examination distress questionnaire 244 

Fifty-four patients (76%) completed the TEE and CMR examination distress questionnaire. 245 

Thirty-six patients (67%) had at least mild pain during the TEE, while only one patient (2%) 246 
experienced mild discomfort during CMR (p<0.0001). Half of the patients felt reluctant to 247 
repeat the TEE, whereas this number was 7% in the case of CMR (p<0.0001). Most of the 248 
patients (89%) reported that they would choose CMR over TEE if they had to undergo the 249 
examination once again. Those who preferred CMR found it more comfortable, not associated 250 
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with unpleasant physical impact, and did not cause gagging and nausea. Those who opted for 251 

TEE argued that the CMR scan was scary or took much longer. Detailed responses of the 252 
patients are provided in Supplementary file 3. 253 

 254 

4. DISCUSSION 255 

4.1 Main findings 256 

Our experimental study is the first to investigate the new CMR BOOST sequence in a large 257 
number of AF patients. We found the sequence suitable for assessing LA and PV anatomy and, 258 
thus, for ablation planning; the image quality was appropriate in 91% of the cases. Furthermore, 259 

the sequence might also be suitable for excluding larger LAA thrombi. 260 

4.2 LAA thrombus assessment 261 

RFCA and ECV are fundamental elements in the complex management of atrial fibrillation as 262 
non-pharmacological rhythm control interventions. In both cases, pre-procedural imaging is 263 
crucial to exclude the presence of an LAA thrombus (1). To date, TEE has been considered the 264 
gold standard imaging modality to exclude LAA thrombus with a 97% sensitivity and 100% 265 
specificity (14, 15). In our clinic, a TEE examination is performed on the day of the ECV or 266 

RFCA procedure, and it is highly effective in preventing thromboembolic complications. 267 

However, TEE requires esophageal intubation; moreover, it is associated with non-negligible 268 
distress to the patient and can be complicated by esophageal injury (16). Although there are 269 
alternatives to TEE, such as ICE and contrast-enhanced CT or CMR, significant drawbacks of 270 

the latter were reported (17, 19, 26, 27). ICE is an invasive and expensive procedure, most 271 
commonly used to assist in performing a transseptal puncture for left atrial RFCA (28, 29). The 272 

ability of contrast-enhanced CT to detect LAA thrombus has been confirmed by several studies 273 
and meta-analyses (26, 27, 30). On the other hand, it is associated with radiation exposure, 274 

contrast allergy, and the worsening of chronic kidney disease that is often associated with atrial 275 
fibrillation (31). Similarly, contrast-enhanced CMR (especially delayed-enhancement CMR) 276 
has been shown to be effective in detecting LAA thrombus. However, its use is also limited by 277 

kidney function and rarely by allergic reactions (19, 32). 278 

On the other hand, the new non-contrast-enhanced CMR sequence (BOOST), which has been 279 

recently developed and has shown promising preliminary results, might help us to overcome 280 
these limitations (21, 22). As CMR does not use any ionizing radiation, it is preferable for 281 
patients of fertile age, especially women. Moreover, this sequence does not use a contrast agent; 282 
thus, it is not limited by renal function or allergic reactions, and it provides two image series 283 

(bright- and black-blood series) within one acquisition. 284 

Based on our current study, the new BOOST sequence may be able to exclude LAA thrombus: 285 
in 94% of patients, it was able to exclude the presence of thrombus in line with TEE. The 286 

clinical fact that no patient had a peri- or post-procedural thromboembolic event who had 287 
previously been classified as thrombus-free by the CMR BOOST sequence (and confirmed by 288 
TEE) also confirms the thrombus exclusion ability (Table 2). 289 

In summary, the new BOOST sequence is suitable for detecting larger thrombi, but its 290 

effectiveness in detecting or excluding smaller thrombi may be limited with the used spatial 291 
resolution settings. As we used an isotropic resolution of 1.4x1.4x1.4 mm in BOOST 292 
measurements, it is possible that the use of a higher resolution (1.2x1.2x1.2 mm) could improve 293 
its effectiveness in detecting smaller thrombi. Thus, further studies will be needed to 294 
characterize the sequence more accurately in LAA thrombus detection. The ability to detect 295 
larger thrombi is also supported by the case of a patient who was examined with the BOOST 296 
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CMR sequence outside the scope of this study (Figure 4). Although the BOOST image was 297 

performed with MT-preparation (MTC), which is not the most suitable for thrombus detection, 298 
the large thrombus located in the left atrium is clearly visible. 299 

4.3 PV anatomy assessment with the BOOST sequence prior to RFCA 300 

In addition to ruling out LAA thrombus, imaging prior to RFCA has an essential role in 301 
procedural planning by assessing LA anatomy. Certain atrial and PV variations have been 302 
shown to influence the recurrence of AF after ablation (23, 24, 33-35). In addition, PV 303 
variations may also influence the choice of ablation tools (e.g., the feasibility of cryoballoon 304 
ablation). Thus, pre-procedural imaging to assess LA anatomy before AF ablation is common 305 

practice (13, 36). Currently, the standard imaging examination used for AF ablation planning 306 
at our clinic is contrast-enhanced LA CT. We interviewed cardiac electrophysiologists in our 307 
clinic who used both contrast-enhanced LA CT and non-contrast-enhanced CMR BOOST 308 
sequences for pre-ablation imaging. They reported that, although image quality was inferior to 309 

contrast-enhanced CT, the CMR BOOST sequence imaging still provided adequate 310 
information on LA and PV anatomy for ablation planning (Figures 3A and 3B). The reliability 311 
of BOOST in RFCA planning and measurements is also supported by the fact that no 312 

significant difference was found in PV ostial area assessment compared with contrast-enhanced 313 
CT (all p>0.05) (Table 5). Thus, in the future, the BOOST sequence may be an alternative to 314 
TEE for excluding LAA thrombi and might also replace contrast-enhanced CT for determining 315 
LA anatomy before catheter ablation. This might be especially true in young patients with a 316 

higher concern regarding ionizing radiation and in cases of impaired renal function. 317 

4.4 Level of distress and discomfort associated with imaging, patient preference 318 

As previously stated, TEE requires esophageal intubation. Although local anesthetics and 319 
anxiolytics are used to reduce discomfort associated with the examination, patients might suffer 320 
considerable discomfort and pain. Our results indicated that patients were significantly more 321 

likely to experience pain during TEE than during CMR (p<0.0001). We also showed that the 322 
majority of patients (89%) would prefer to undergo CMR if given a choice due to less 323 

discomfort, pain, and lack of physical intrusion (see Supplementary file 3). Thus, the CMR 324 
BOOST sequence may, in the future, be a favorable alternative to TEE, not only because of its 325 

accuracy but also considering the patients’ choices. Of note, this has to be validated in a larger 326 
patient population. 327 

4.5 Limitations 328 

There are limitations of our work. It was a single-center observational study with a relatively 329 

low number of patients. Due to the low rate of LAA thrombi, the positive predictive value of 330 
the CMR BOOST sequence could not be adequately evaluated. Thus, further investigation of 331 
our findings on a large patient cohort is warranted. It is important to investigate the ability of 332 
BOOST with higher spatial resolution in the detection of smaller thrombi. The follow-up period 333 

was relatively short (3 months), however, sufficient to assess the procedure-related (RFCA or 334 
ECV) neurological events. 335 

 336 

5. CONCLUSION 337 

This is the first pilot study to investigate the new CMR BOOST sequence with respect to its 338 
thrombus detection ability, compared with TEE, and its usefulness in the pre-procedural 339 
planning of AF ablation procedures. We showed that the BOOST sequence provides 340 
appropriate image quality for RFCA planning. In addition, the sequence proves suitable for 341 
excluding larger LAA thrombi. However, its effectiveness in detecting smaller thrombi may 342 
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be limited, and further studies are warranted. Moreover, based on the distress questionnaire, 343 

the majority of patients would prefer CMR over TEE. 344 

 345 
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Table 1. Baseline characteristics of the study population 560 

Patient characteristics (n=71) 

Age (years) 65 (57-72) 

Female, n (%) 27 (38) 

AF type  

Paroxysmal, n (%) 37 (52) 

Persistent, n (%) 34 (48) 

BMI (kg/m2) 28 (26-32) 

Hypertension, n (%) 55 (77) 

Hyperlipidemia, n (%) 36 (51) 

Diabetes, n (%) 16 (23) 

CAD, n (%) 15 (21) 

Prior stroke/TIA, n (%) 2 (3) 

Other thromboembolic events, n (%) 3 (4) 

Thyroid gland disease, n (%) 13 (18) 

Prior RFCA, n (%) 23 (32) 

PVI, n (%) 16 (23) 

CTI ablation, n (%) 3 (4) 

PVI+CTI ablation, n (%) 4 (5) 

GFR (ml/min/1.73 m2) 71 (60-89) 

LVEF (%) 55 (52-59) 

CHA2DS2-VASc score 2 (2-4) 

Reason for admission  

RFCA, n (%) 47 (66) 

ECV, n (%) 24 (34) 

Abbreviations: AF = atrial fibrillation; BMI = body mass index; CAD = coronary artery 561 
disease; TIA = transient ischemic attack; RFCA = radiofrequency catheter ablation; PVI = 562 
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pulmonary vein isolation; CTI = cavotricuspid isthmus; GFR = glomerular filtration rate; 563 

LVEF = left ventricular ejection fraction; ECV = electrical cardioversion. Continuous variables 564 
are expressed as medians and interquartile ranges. 565 

 566 

Table 2. Imaging results and anticoagulants used prior to imaging 567 

Imaging results (n=71) 

CMR duration (min) 40 (30-45) 

TEE duration (min) 7 (5-9) 

LAA emptying velocity (cm/sec) 53 (37-71) 

SEC on TEE, n 4 

Both TEE and CMR excluded thrombus, n  67  

Both TEE and CMR showed thrombus, n  1 

Inconclusive TEE result, but CMR excluded thrombus, n* 1 

Both TEE and CMR uncertain about thrombus, n* 1 

Inconclusive CMR result, but TEE showed thrombus, n  1 

Anticoagulants (n=71) 

Rivaroxaban, n (%) 21 (30) 

Apixaban, n (%) 20 (28) 

Dabigatran, n (%) 12 (17) 

Edoxaban, n (%) 9 (13) 

Vitamin-K antagonists, n (%) 5 (7) 

LMWH, n (%) 1 (1) 

None, n (%) 3 (4) 

*In these cases, the presence of organized thrombus could not be excluded with TEE due to 568 
dense sludge. Abbreviations: CMR = cardiac magnetic resonance; TEE = transesophageal 569 
echocardiography; LAA = left atrial appendage; SEC = spontaneous echo contrast; TIA = 570 
transient ischemic attack; LMWH = low-molecular-weight heparin. Continuous variables are 571 
expressed as medians and interquartile ranges. 572 

 573 
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Table 3. Pulmonary vein anatomy variations 574 

PV anatomy variations (n=71) 

Normal PV anatomy, n (%) 47 (66) 

Variant PV anatomy, n (%) 24 (34) 

Only LSCT, n (%) 12 (17) 

Only LLCT, n (%) 2 (3) 

Only RUPV, n (%) 1 (1.5) 

Only RMPV, n (%) 6 (8) 

LSCT+RMPV, n (%) 1 (1.5) 

LSCT+RCT, n (%) 1 (1.5) 

LLCT+RMPV, n (%) 1 (1.5) 

Abbreviations: PV = pulmonary vein; LSCT = left short common trunk; LLCT = left long 575 
common trunk; RUPV = right upper accessory PV; RMPV = right middle PV; RCT = right 576 

common trunk. 577 

 578 In review



Running title: Contrast-free CMR for assessing LA 

17 
 

Table 4. Pulmonary vein ostial areas of all enrolled patients measured with CMR. 579 

PV ostial areas (mm2) 

RSPV  299 (262-386) 

RIPV 284 (219-378) 

LSPV 258 (201-346) 

LIPV 253 (185-376) 

LSCT 613 (471-697) 

LLCT 584 (401-679) 

RCT 280 

RUPV 251 

RMPV 77 (57-114) 

Abbreviations: CMR = cardiac magnetic resonance; PV = pulmonary vein; RSPV = right 580 
superior PV; RIPV = right inferior PV; LSPV = left superior PV; LIPV = left inferior PV; 581 

LSCT = left short common trunk; LLCT = left long common trunk; RCT = right common 582 
trunk; RUPV = right upper accessory PV; RMPV = right middle PV. Continuous variables are 583 

expressed as medians and interquartile ranges. 584 

 585 

Table 5. Differences between pulmonary vein ostial areas in cases where both CMR and 586 
contrast-enhanced CT were performed (n=25). 587 

 BOOST CMR Contrast-enhanced CT p-value 

RSPV (mm2) 299 (267-393) 312 (269-377) 0.51 

RIPV (mm2) 284 (244-394) 309 (244-439) 0.64 

LSPV (mm2) 267 (208-321) 276 (208-350) 0.71 

LIPV (mm2) 268 (213-392) 274 (247-393) 0.69 

Abbreviations: CMR = cardiac magnetic resonance; CT = computed tomography; BOOST = 588 
Bright-Blood and Black-Blood Phase Sensitive; RSPV = right superior pulmonary vein; RIPV 589 
= right inferior pulmonary vein; LSPV = left superior pulmonary vein; LIPV = left inferior 590 
pulmonary vein. Continuous variables are expressed as medians and interquartile ranges. 591 

 592 

 593 

In review



Running title: Contrast-free CMR for assessing LA 

18 
 

Table 6. Left atrial parameters measured with CMR. 594 

Left atrial parameters 

Patients in SR during CMR, n (%) 37 (52) 

Patients in non-SR during CMR, n (%) 34 (48) 

LAEF of patients in SR (%) 53 (44-60) 

LAEF of patients in non-SR (%) 19 (12-29) 

Minimum LAV (ml) 53 (43-107) 

Maximum LAV (ml) 106 (87-137) 

Minimum LAVi (ml/m2) 26 (21-51) 

Maximum LAVi (ml/m2) 50 (43-67) 

LA SV (ml) 35 (26-52) 

LA SVi (ml/m2) 17 (11-25) 

Abbreviations: CMR = cardiac magnetic resonance; SR = sinus rhythm; LAEF = left atrial 595 
ejection fraction; LAV = left atrial volume; LAVi = body surface area-indexed left atrial 596 

volume; LA SV = left atrial stroke volume; LA SVi = body surface area-indexed left atrial 597 

stroke volume.  Continuous variables are expressed as medians and interquartile ranges. 598 

 599 

FIGURE LEGENDS 600 

Figure 1A-1B: Left atrial appendage thrombus circled in red on CMR T2-preparation (T2-601 
prep) BOOST sequence images. Panel (A): Magnitude image of T2-prep BOOST. Panel (B): 602 

dark-blood image of T2-prep BOOST (Heart and Vascular Center, Semmelweis University).  603 

  604 

Figure 2: Left atrial appendage thrombus indicated with a red arrow on TEE (Heart and 605 
Vascular Center, Semmelweis University). 606 

 607 

Figure 3A-3B: Left atrial reconstructions before radiofrequency catheter ablation for 608 
procedural planning based on left atrial contrast-enhanced CT and CMR BOOST bright-blood 609 

images created with EnSite Precision electroanatomical mapping system. Both reconstructions 610 
show the left atrium of the same patient (Heart and Vascular Center, Semmelweis University). 611 
Panel (A): reconstruction based on left atrial contrast-enhanced CT images. Panel (B): 612 
reconstruction based on left atrial CMR BOOST bright-blood images. 613 
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 614 

Figure 4A-4B: Left atrial appendage thrombus circled in red on CMR MT-preparation (MTC) 615 
BOOST sequence images. Panel (A):  Bright-blood image of MTC BOOST. Panel (B):  dark-616 
blood image of MTC BOOST (Heart and Vascular Center, Semmelweis University). 617 
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