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Featured Application: Left atrial stasis is a useful metric to evaluate hemodynamic recovery of
the left atrial after pulmonary vein ablation.

Abstract: Atrial fibrillation (AF) is associated with systemic thrombo-embolism and stroke events,
which do not appear significantly reduced following successful pulmonary vein (PV) ablation.
Prior studies supported that thrombus formation is associated with left atrial (LA) flow alterations,
particularly flow stasis. Recently, time-resolved three-dimensional phase-contrast (4D-flow) showed
the ability to quantify LA stasis. This study aims to demonstrate that LA stasis, derived from 4D-
flow, is a useful biomarker of LA recovery in patients with AF. Our hypothesis is that LA recovery
will be associated with a reduction in LA stasis. We recruited 148 subjects with paroxysmal AF
(40 following 3–4 months PV ablation and 108 pre-PV ablation) and 24 controls (CTL). All subjects
underwent a cardiac magnetic resonance imaging (MRI) exam, inclusive of 4D-flow. LA was isolated
within the 4D-flow dataset to constrain stasis maps. Control mean LA stasis was lower than in the
pre-ablation cohort (30 ± 12% vs. 47 ± 18%, p < 0.001). In addition, mean LA stasis was reduced
in the post-ablation cohort compared with pre-ablation (36 ± 15% vs. 47 ± 18%, p = 0.002). This
study demonstrated that 4D flow-derived LA stasis mapping is clinically relevant and revealed stasis
changes in the LA body pre- and post-pulmonary vein ablation.

Keywords: atrial fibrillation; 4D-flow; stasis; pulmonary vein ablation

1. Introduction

Atrial fibrillation (AF) is the most common arrhythmia associated with high morbidity
and thrombo-embolism mortality [1]. At age 40 and older, AF lifetime risks increase for
both men and women [2]. Previous studies have suggested that reduced flow velocity, i.e.,
flow stasis, in the left atria (LA) and LA appendage among subjects with paroxysmal AF in
sinus rhythm can be an independent predictor of thrombus formation and stroke [3–5]. The
complex 3-dimensional nature of LA flow can be explored using four-dimensional flow
(4D-flow) by magnetic resonance imaging (MRI), which has proved to effectively assess LA
stasis [6–8]. Furthermore, 4D-flow facilitates the visualization of flow patterns [9,10], vortex
formation [8], and other advanced hemodynamic biomarkers [9,10]. In patients where rate
control and anti-arrhythmic drugs are insufficient, pulmonary vein (PV) ablation therapy
is used to maintain sinus rhythm. Therefore, the assessment of LA stasis changes due to
ablation therapy requires further exploration.
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This study aims to demonstrate that LA stasis, derived from 4D-flow, is a useful
biomarker of LA recovery in patients with AF undergoing PV ablation. Our hypothesis is
that LA recovery will be associated with a reduction in LA stasis.

2. Materials and Methods
2.1. Study Population

A total of 172 subjects were recruited prospectively. This included a control cohort
(n = 24), a pre-ablation cohort (n = 108) with paroxysmal AF with an over 2-year duration
of the first-time diagnosis, and a post-ablation cohort (n = 40) with PV ablation therapy per-
formed 3–6 months prior to imaging exam. A commercial software (Acuity®, Cohesic Inc.,
Calgary, AB, Canada) was used for the delivery of informed consent, health questionnaires,
and collection of MRI-related variables.

Pre-ablation and post-ablation patients were required to be ≥18 years of age and have
sinus rhythm at the time of imaging, with no more than mild mitral valve insufficiency, no
cardiomyopathy, or complex congenital heart disease. Patients with implantable devices,
severe renal impairment (eGFR ≤ 30 mL/min/1.73 m2), or other recognized contraindica-
tions to MRI were excluded. Control subjects were required to be ≥18 years of age and
have no history of cardiovascular disease, diabetes, or uncontrolled hypertension.

2.2. Risk Score

In all patients, the CHA2DS2-VASc risk score was calculated following current AF
guidelines [11,12]. In addition, medical records obtained prior to MRI exam were used to
document clinical risk factors for stroke/thrombo-embolism. Patients were given a single
point for congestive heart failure/left ventricular (LV) systolic dysfunction, hypertension,
diabetes mellitus, vascular disease, age 65–74, female gender, and two points for age ≥ 75
and prior stroke/transient ischemic attack thrombo-embolism [12].

2.3. Cardiac Magnetic Resonance Imaging Protocol

Cardiac imaging examination was performed using 3T MRI scanners (Skyra and
Prima, Siemens, Germany). All subjects underwent a standardized clinical imaging
protocol inclusive of retrospective electrocardiographic gating, time-resolved balanced
steady-state free precession (SSFP) cine imaging in four-chamber, three-chamber, two-
chamber, and short-axis views of LV at end-expiration. Contrast usage of gadolinium
contrast volume of 0.2 mmol/kg (Gadovist®, Bayer Inc., Mississauga, ON, Canada) was
administrated to acquire a contrast-enhanced 3D magnetic resonance angiogram (MRA)
of the pulmonary veins in all subjects for assessing LA structure. Time-resolved three-
dimensional phase-contrast MRI with three-directional velocity encoding (4D-flow, Siemens
WIP 785A) was performed for 5–10 min, following contrast administration to measure
in-vivo blood flow velocities within the whole heart. We have previously reported this
whole-heart protocol [8,13]. Briefly, 4D-flow data was acquired during free breathing using
navigator gating of diaphragmatic motion; sequence parameters were as follows: flip
angle = 15 degrees, spatial resolution = 2.0 − 3.5 × 2.0 − 3.5 × 2.5 − 3.5 mm; temporal
resolution = 39–48 ms; and velocity sensitivity = 150–200 cm/s. Total acquisition time
varies between 8–12 min, depending on heart rate and respiratory navigator efficiency. The
number of phases was adjusted to 25.

2.4. Standard Cardiac Imaging Analysis

Standard cardiac images were analyzed by a blinded reader to the study, using
dedicated software (cvi42, Circle Cardiovascular Imaging Inc., Calgary, AB, Canada) to
determine LV end-diastolic and LV end-systolic volume, LV ejection fraction, LV mass, and
LA maximum volume.
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2.5. 4D-Flow Data Analysis

4D-flow data were pre-processed for Maxwell terms, eddy current-induced phase
offset, and velocity aliasing (if present), Figure 1A. A 3D phase-contrast magnetic resonance
angiogram was generated for each subject and used to perform a LA segmentation using
an in-house program based on Matlab (Matlab, Mathworks, Natick, MA, USA), Figure 1B.
Then, the 4D-flow data set was masked to calculate velocity magnitude and stasis maps,
Figure 1C. Velocity magnitude was calculated as follows:

Vmag =
√

V2
x + V2

y + V2
z (1)
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Figure 1. Data processing and analysis workflow. Panel (A) shows an example of corrected 4D-flow
images. Panel (B) illustrates a time-average phase-contrast (PC) magnetic resonance angiogram
(MRA) with an optimal threshold for visualizing left atrial (LA) anatomy. The LA was manually
segmented using slice-by-slice, isolating the LA volume. Panel (C) shows the calculated LA stasis
maps within the LA volume using a sagittal and a top-view maximum intensity projection. Red areas
represent high stasis; blue areas represent low stasis.

Velocity magnitude from all voxels inside the isolated LA volume at all cardiac time-
frames was used to create a velocity histogram [6,14]. Local peak velocity was obtained by
averaging the top 5% of all velocity magnitude values. Local mean and standard deviation
velocity were obtained. The relative amount of flow stasis (in percent) was calculated for
each voxel by determining the incidence of voxels < 0.1 m/s among the total number of
time frames [7,8]. Mean LA stasis was obtained by averaging the relative amount of flow
stasis of voxels in the segmented LA volume. Volumetric LA stasis mapping was used to
characterize stasis distribution visually.

2.6. Statistical Analysis

Shapiro-Wilk test was used to determine if parameters were normally distributed. To
compare parameters within groups, 1-way analysis of variance or Kruskal-Wallis was used.
Since AF prevalence increases with age, subjects were divided into three groups (<50 years,
between 50 to 60 years, and >60 years) to assess age effect on LA stasis. Tukey’s test or
Mann-Whitney U-test were performed for multiple comparisons. Bonferroni correction was
used to adjust for multiple comparisons and the differences were considered significant
if p < 0.0166. Pearson correlation was calculated to investigate relationships between
parameters. Statistical analysis was performed using SPSS 25 (SPSS, Chicago, IL, USA).
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3. Results
3.1. Patient Characteristics

Patient baseline demographics are summarized in Table 1. The mean age of the
pre-ablation cohort was 58 ± 10 years with 76% of men; the post-ablation cohort was
58 ± 11 years with 80% of men. Both cohorts were significantly older than the control
cohort, 38 ± 15 years with 71% of men (p < 0.001). Similar differences were found for
weight, body surface area, and diastolic blood pressure (p = 0.001). The mean CHA2DS2-
VASc risk score of the pre-ablation patient population was 1.83 ± 0.98 (versus 0.33 ± 0.48
in controls, p < 0.001; and versus 0.81 ± 0.88 in post-ablation patients, p < 0.001). In
pre-ablation patients, 2 (1.8%) having a risk score of 0, 47 (43.5%) having a risk score of 1,
34 (31.5%) having a risk score of 2, 18 (16.7%) having a risk score of 3, and 7 (6.5%) having a
risk score of ≥4. Post-ablation patients showed a lower average risk score than pre-ablation
(0.81 ± 0.88, p < 0.001), with 21 (52.5%) having a risk score of 0, 10 (25%) having a risk score
of 1, 8 (20%) having a risk score of 2, and 1 (2.5%) having a risk score of 3. Cohorts showed
a significant difference in LA volume (p < 0.001), with higher pre-ablation LA volume than
controls (88 ± 29 mL vs. 66 ± 15 mL, p < 0.001), and lower post-ablation LA volume than
pre-ablation (74 ± 20 mL vs. 88 ± 15 mL, p = 0.018). LV function remained similar pre-
and post-ablation, however, controls differed, showing lower end-systolic volume than
pre-ablation cohort (54 ± 11 mL vs. 69 ± 20 mL, p = 0.002). Ejection fraction was reduced
in AF cohorts (p < 0.004), with similar values pre- and post-ablation.

Table 1. Data baseline.

Control (n = 24) Pre-Ablation (n = 108) Post-Ablation (n = 40) p-Value

Demographics
Age (years) 38 ± 15 58 ± 10 58 ± 11 <0.001

Sex n (% women) 7 (29) 26 (24) 8 (20) 0.707
Height (m) 1.73 ± 0.10 1.78 ± 0.09 1.79 ± 0.07 0.064
Weight (Kg) 75 ± 19 90 ± 18 87 ± 16 0.001

Body Surface Area (m2) 1.89 ± 0.28 2.11 ± 0.25 2.07 ± 0.21 0.001
Heart Rate (bpm) 65 ± 11 62 ± 13 65 ± 13 0.541

Systolic Blood Pressure (mmHg) 114 ± 15 119 ± 14 117 ± 26 0.479
Diastolic Blood Pressure (mmHg) 64 ± 12 71 ± 10 67 ± 7 0.011

Stroke Risk Score
CHA2DS2-VASc Score 0.33 ± 0.48 1.83 ± 0.98 0.81 ± 0.88 <0.001

Score 0 (n) 16 2 21
Score 1 (n) 8 47 10
Score 2 (n) 0 34 8
Score 3 (n) 0 18 1
Score 4 (n) 0 6 0
Score 5 (n) 0 1 0

Left Atrium
Left Atrial Volume (mL) 66 ± 15 88 ± 29 74 ± 20 <0.001

Left Ventricle
End-Diastolic Volume (mL) 154 ± 31 171 ± 35 158 ± 30 0.026
End-Systolic Volume (mL) 54 ± 11 69 ± 20 65 ± 16 0.003

Ejection Fraction (%) 65 ± 4 60 ± 7 59 ± 6 0.004
Left Ventricle Mass (g) 100 ± 29 114 ± 29 113 ± 23 0.07

3.2. Left Atrial Hemodynamic Assessment

Control mean LA stasis was lower than in the pre-ablation cohort (30 ± 12% vs.
47 ± 18%, p < 0.001). Mean LA stasis was reduced in the post-ablation cohort as compared
with pre-ablation (36 ± 15% vs. 47 ± 18%, p = 0.002), Figure 2A. Both pre- and post-ablation
cohorts showed elevated standard deviation LA stasis as compared with controls (23 ± 5%
vs. 17 ± 3%, p < 0.001; 22 ± 5% vs. 17 ± 3%, p = 0.001, Figure 2B). Similarly, mean LA
velocity and standard deviation also decreased, Figure 2C,D.
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Figure 2. Left atrial stasis and velocity in controls, pre-ablation, and post-ablation patients. Panel (A)
shows the comparison of all cohorts for mean left atrial (LA) stasis. Panel (B) shows the comparison
of standard deviation LA stasis. Panels (C) and (D) show the comparison for all cohorts for mean
and standard deviation LA velocity.

When comparing age groups, subjects older than 60-year-old showed an increased
LA volume compared with the younger group of 50-year-old (88 ± 29% vs. 73 ± 19%,
p = 0.01, Figure 3A). Standard deviation LA stasis increased with age when considering all
subjects (p < 0.001, Figure 3B). Subjects between 50 and 60 years showed an increment of
13% in standard deviation LA stasis as compared with the younger cohort of 50-year-old
(p = 0.008). Similarly, an increment of 21% was observed in the older cohort of >60-year-old
(p < 0.001). LA volume was >100 mL in 20% of subjects with an increased stasis compared
with a lower LA volume of 60 mL, which included 45 subjects (23 ± 6% vs. 20 ± 5%,
p = 0.033). Overall, subjects with risk score > 2 (n = 26) showed more increased standard
deviation LA stasis than those with a risk score of 0 (n = 122) (24 ± 5% vs. 21 ± 5%,
p = 0.031). No association was found with LA peak velocity, mean velocity, or standard
deviation velocity.
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4. Discussion

This study illustrates the usefulness of 4D-flow to quantify and assess LA stasis. The
main findings of our study were: (1) LA stasis can be substantially reduced after PV
ablation; (2) Standard deviation LA stasis and atrial volume significantly increase with age;
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(3) Standard deviation LA stasis was higher in patients with risk score > 2 pre-ablation and
was reduced post-ablation.

Virchow’s triad is widely accepted and defines the main factors leading to throm-
bogenesis [15]. These factors include abnormal stasis or reduced blood flow, endothe-
lial/endocardial injury or dysfunction, and hypercoagulability. Time-resolved 4D-flow
provides a non-invasive characterization of LA hemodynamics and has been used to assess
AF patients pre-ablation [7,8,16]. As derived from 4D-flow, LA stasis may serve as an
essential biomarker that characterizes the predisposition to atrial thrombogenesis to that of
regular risk predictors (e.g., CHA2DS2-VASc Score). Despite the comprehensive assessment
obtained by 4D-flow, an accurate 3D segmentation is required. In our study, semi-manual
segmentation was obtained. A careful selection of intensity threshold can facilitate the
appropriate visualization of PV and LA appendage. Fluckiger et al. reported comparable
mean flow velocity in the LA between paroxysmal AF patients and controls [14]. In our
study, the mean LA velocity was significantly reduced in pre-ablation and post-ablation,
which aligned with a more extensive study conducted by Lee et al. [17]. The latter was
supported by other recent studies [6,8,16]. Significant inverse relationships between LA
mean/peak velocity and risk score were reported in previous studies [6,17]. In our study,
no significant associations were found for LA mean/peak and standard deviation veloci-
ties. Much of the attention has been given to the LA appendage as the primary source of
thrombus formation in AF. A previous study from Markl et al. suggested that atrial flow dy-
namics are disrupted in AF patients, even during coordinated activity, thus suggesting an
AF component that may be unrecognized [6]. In one of our recent studies, we demonstrated
that vortex formation within the LA is influenced by pulmonary vein inflow velocities and
LA remodeling with a higher prevalence of stasis [8]. There may be an interplay between
the functional (LA volume, pressure overload, and dilation) and hemodynamic features
(stasis, vortex formation, energetics, and flow patterns). The associations between these
factors are complex and may have compensatory effects. However, identifying irreversible
recovery should warn for earlier detection of complications or adverse outcomes [18,19].
Despite the lack of significant change in LA velocities between the pre-ablation and post-
ablation cohort, we were able to detect an improvement via mean LA stasis. Note that LV
and LA standard metrics also failed to detect a significant change pre- and post-ablation.

Overall, these findings put in context new evidence characterizing paroxysmal AF
complex hemodynamics. However, current guidelines rely on clinical factors and co-
morbidities, with the exclusion of AF burden, atrial size, flow hemodynamics, and other
factors that may suggest more advanced atrial disease and this higher risk of thromboem-
bolic events [20]. Therefore, including the above-mentioned factors may help to improve
long-term LA recovery outcomes.

This study has some limitations, including limited patients matching pre and post-
ablation, follow-up of AF recurrence, age-matching, and manual static segmentation.
Our study excluded patients with more than mild mitral insufficiency, given that it is
anticipated to be a potential confounder to LA hemodynamics and baseline characteristics.
Clinical background decision for ablation referral was not individually investigated. Our
segmentations did not separate LA volume from the LA appendage, which can be useful
for a better characterization of LA stasis. However, LA appendage measurements may
be affected by the high noise levels and the influence of low spatial resolution. For all
subjects, we used an optimized 4D-flow WIP sequence for Siemens scanners. However,
this sequence is based on average data over multiple heart cycles, which is known to
limit the assessment of arrhythmic effects. The latter justifies, in part, that all our subjects
were in sinus rhythm. Recent developments are leading towards multi-dimensional and
self-gated acquisition frameworks that may allow better to explore heart variability and its
hemodynamics [21]. However, these developments are still in the early stage, require high
computational cost, and are not widely accessible for clinical application.
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5. Conclusions

This study demonstrated that 4D-flow could characterize relevant LA blood flow
stasis changes in patients with AF undergoing PV isolation.
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