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Abstract

Background

The role of fiber orientation on a global chamber level in sustaining atrial fibrillation (AF) is

unknown. The goal of this study was to correlate the fiber direction derived from Diffusion

Tensor Imaging (DTI) with AF inducibility.

Methods

Transgenic goats with cardiac-specific overexpression of constitutively active TGF-β1 (n =

14) underwent AF inducibility testing by rapid pacing in the left atrium. We chose a minimum

of 10 minutes of sustained AF as a cut-off for AF inducibility. Explanted hearts underwent

DTI to determine the fiber direction. Using tractography data, we clustered, visualized, and

quantified the fiber helix angles in 8 different regions of the left atrial wall using two reference

vectors defined based on anatomical landmarks.

Results

Sustained AF was induced in 7 out of 14 goats. The mean helix fiber angles in 7 out of 8

selected regions were statistically different (P-Value < 0.05) in the AF inducible group. The

average fractional anisotropy (FA) and the mean diffusivity (MD) were similar in the two

groups with FA of 0.32±0.08 and MD of 8.54±1.72 mm2/s in the non-inducible group and FA

of 0.31±0.05 (P-value = 0.90) and MD of 8.68±1.60 mm2/s (P-value = 0.88) in the inducible

group.

Conclusions

DTI based fiber direction shows significant variability across subjects with a significant differ-

ence between animals that are AF inducible versus animals that are not inducible. Fiber
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direction might be contributing to the initiation and sustaining of AF, and its role needs to be

investigated further.

Introduction

Mechanisms perpetuating atrial fibrillation (AF), which is the most common clinical arrhyth-

mia, are incompletely understood [1, 2]. AF is initiated by triggers with multiple theories to

explain how it is sustained as it progresses to more advanced subtypes. One of these theories is

that persistent AF is maintained by the propagation of multiple wavelets in the atria. Another

theory is founded upon atrial re-entrant circuits and fibrillatory waves that drive AF progres-

sion [3–7]. Heterogeneity in electrophysiological properties and substrate provide the land-

scape for multiple wavelet reentry [8, 9].

The relevance of myocardial fiber orientation to the initiation and maintenance of cardiac

arrhythmias like AF has not been comprehensively studied. Atrial fiber architecture and orien-

tation are thought to be largely preserved across human subjects, although the orientation of

the major fiber bundles may vary [10]. Fiber orientation defines the main direction for the

propagation of excitation wave with the propagation being much faster parallel to the fiber

direction as compared to the perpendicular direction [11]. AF progression with endocardial-

epicardial dissociation has been shown to be related to differences in endocardial and epicar-

dial fiber orientations and their rearrangements [12, 13]. Hence, there remain considerable

gaps in our current understanding of fiber direction and arrhythmia genesis and progression;

thus, a similar fiber orientation is often assigned to all the atrial arrhythmia computational

models that do not differentiate between normal heart fiber orientation and fiber orientations

in a heart with different types of arrythmia [14–16]. Only in a recent study, the effect of fiber

orientation on the number of AF drivers and their location has been shown [17].

Most of the information about atrial fiber orientation is obtained from histological observa-

tions through sectioning the atria [18]. Creating the 3D fiber orientation data based on 2D sec-

tions can include bias and inaccuracies, and it is difficult to cover the whole chamber in detail

based on a limited number of sections sampled from various regions of the atria.

Diffusion tensor imaging (DTI) has been used as a non-destructive tool for ex vivo imaging

of the fiber orientation, which uses the restricted diffusivity of water molecules to assess the

microstructure of the tissue. Using DTI, mean diffusivity (MD) of water molecules and direc-

tional variability of the water diffusion quantified by fractional anisotropy (FA) are measured.

FA is a scalar measure between 0 (showing fully isotropic diffusion) to 1 (showing fully aniso-

tropic diffusion). MD describes the rotationally invariant magnitude of water diffusion within

the tissue, so an increase in MD normally indicates increased water content (due to inflamma-

tion or edema for example).The principal diffusion eigenvector in DTI gives the mean intra-

voxel orientation of the fiber. DTI has been used for different body organs, especially for

ventricular fiber assignment measures, and recently some studies have used it for evaluating

atrial fiber direction [10, 19]. The ventricular fiber orientations have been verified by histology

based measured angles [20, 21]. DTI has been used on ventricles for detecting regional varia-

tions in cardiac tissue microstructure and its remodeling during disease [22]. The thin atrial

wall makes the DTI acquisition more difficult, requiring higher resolution and quality com-

pared to ventricular wall imaging techniques.

In this study, we investigated the effect of fiber direction in different left atrial regions on

AF inducibility in TGF- β1 overexpressing transgenic goat models [23]. The TGF- β1
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transgenic goat model was selected as a large animal model as it has susceptibility towards pro-

gressive atrial myopathy and AF [24].

Methods

AF inducibility in the TGF- β1 overexpressing goat model

We selected TGF- β1 overexpressing transgenic goats (n = 14) as a model of AF as reported

earlier [23]. These studies were done under general anesthesia and after proper Institutional

Animal Care and Use Committee (IACUC) approval at University of Utah and Utah State

University. IACUC approval number at the University of Utah was 14–12010 and 17–

11005. IACUC approval number at the Utah State University was 11026. General anesthesia

was used for the electrophysiology studies. A combination cocktail of intravenous Ketamine

and Diazepam was given for induction. Then the animals were intubated and anesthesia

maintained with Isoflurane dosed to effect (2–4%) in inspired oxygen. Animals received flu-

nixin meglumine (a NSAID) at a dose of 1.1 mg/kg IV immediately post-operatively to alle-

viate any suffering. Animals were monitored and if displayed evidence of additional pain or

inflammation additional doses could be provided up to twice daily. AF inducibility was

checked with electrophysiology experiments by rapid pacing them from a minimum of 3

different locations in the right atrium. Right atrial access was obtained by accessing the

right jugular vein and placing a 6 Fr sheath. A deflectable quadripolar catheter was

advanced to the right atrium under fluoroscopic guidance and was moved to different loca-

tions for the inducibility study. We paced the animal models with S1-S2 pacing trains at an

S1 cycle length of 400ms and a single S2 stimulus with a decreasing coupling interval from

300 down to 200 in 20ms decrements and from 200ms in 10ms decrements until the atrial

effective refractory period was reached or AF was induced as seen on the 12-lead surface

ECG as well as the intracardiac signals. We also performed rapid burst pacing in the RA at

50Hz for 10 seconds at least three times if the S1-S2 pacing did not induce AF. The animals

were determined to be inducible if they remained in AF for more than 10 minutes; if not,

they were categorized as not inducible. We have included a summary of inducibility study

and imaging dates in addition to the location of pacing and final S2 interval (ERP in not

inducible animals) in supplementary materials. In these two groups, we compared the fiber

orientation in 8 different regions of the left atrium to investigate the possible contribution

of fiber orientation in the initiation and sustaining of AF.

Preparing the hearts for imaging

The animals were euthanized using intravenous Beuthanasia and their hearts were extracted

and imaged with an average of 107 days after the inducibility study as reported in supplemen-

tary material. After washing the hearts with sodium chloride and cleaning and cutting the fat

around the heart, they were placed in cold phosphate-buffered saline (PBS). We then prepared

the hearts for imaging by filling them with dental alginate mix through the pulmonary veins

and superior and inferior vena cava to keep the atrial geometry and shape intact and prevent

collapsing of the atrial wall. We then soaked them in fomblin to get rid of any trapped bubbles.

After taking them out of fomblin, we placed them in 4% buffered formalin and stored them at

room temperature at least 24 hours prior to MR imaging. The hearts that were not imaged

right away were filled with alginate and stored in 10% neutral buffered formalin for a week.

After a week of fixation, the hearts were stored in PBS in a refrigerator.
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MR imaging

MRI acquisitions were done on a Bruker 7.1 T horizontal bore MRI scanner (Bruker Biospin

Inc., Ettlingen, Germany). Each heart specimen was placed in a container filled with alginate

mix to keep the heart in place. Conventional DTI acquisition was performed using a standard

multi-slice diffusion-weighted spin-echo sequence with the following imaging parameters:

500/30 ms TR/TE with an in-plane resolution of 0.66 mm. The slice thickness was 0.94 mm. A

total of 12 diffusion sampling directions were acquired. The total scan time for each specimen

(just the atria) was approximately 12 hours.

In order to have an accurate segmentation of the atria, we also scanned the heart specimens

using a 3D T1-weighted gradient-echo MRI with an isotropic resolution of 0.20 mm3

(TE = 5.6 ms, TR = 30 ms, and scan duration about 9 hours). These higher resolution scans

were used for accurate segmentation of the left atrium.

Segmentation of the T1-weighted MRI

The segmentation of the high-resolution MRI was done in Corview image processing software

(University of Utah, Utah, USA). Using the Grow-Cut algorithm, the atrial wall was segmented

[25], and a left atrial mask was created and resampled to match the resolution of the DTI scan.

This mask was then used for accurate fiber tracking of the atrial wall as shown in Fig 1.

Fig 1. The segmentation of the high-resolution T1-weighted MRI used for the accurate fiber orientation detection using DTI.

https://doi.org/10.1371/journal.pone.0279974.g001
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Tractography

DSI studio (http://dsi-studio.labsolver.org) was used for visualizing the fiber directions. The

diffusion tensor was calculated. A deterministic fiber tracking algorithm was used [26]. A seed-

ing region was placed in the left atrium based on the mask created using LGE-MRI. The stop-

ping criteria were angular threshold of 45 degrees and the anisotropy (FA) threshold of 0.065

as used in prior published reports for the atrial fiber tracking (10). The fiber trajectories

(which we call tracts) were smoothed by averaging the propagation direction with a percentage

of the previous direction. Tracts with a length shorter than 10 mm were discarded for better

visualization. We visualized a total of 1,000,000 tracts for each goat model. FA and MD were

also calculated using DSI studio for the segmented atrial walls.

Fiber direction heterogeneity characterization

To characterize the heterogeneity in the fiber direction throughout the left atrium, 8 different

regions were created based on anatomical landmarks, as shown in Fig 2C and 2D. The 8

regions were spatially distributed on the surface of the left atrium with region 1 and 2 on the

posterior wall between the appendage and the pulmonary veins, region 3 and 4 on the anterior

side of the left atrium between the appendage and pulmonary veins, region 5 and 6 on the

appendage itself, region 7 on the posterior wall right next to the appendage and region 8 below

the pulmonary veins. To create the regions, spheres with a diameter of 5 mm that covered the

wall thickness were drawn to track the fibers going through them in each region as shown in

Fig 2D. The fiber tracking parameters were the same as tracking parameters for the whole

atrium with an additional limiting length factor. Tracts with a length shorter than 10 mm were

discarded and only up to 20 mm of the length of the tracks inside or starting from the regions

of interest were chosen to focus on the fiber direction in the selected regions only. A total of

10000 tracts were calculated for each specific region.

The tracts were exported from DSI studio and were imported into Trackvis [27] for further

analysis. To compare the fiber direction between different animals, we defined two reference

vectors that were consistent in all the animals. The two reference vectors were anatomy based;

Vector 1 was defined as being perpendicular to the mitral valve plane pointing to the LA roof

and vector 2 was defined in the plane passing through the mitral valve starting from the mid-

point between pulmonary veins and pointing to the tip of the appendage when looking at that

plane from the top, as shown in Fig 3.

The average fiber helix angles, along with their standard deviation (SD) in each of the

selected regions, was measured by using the aforementioned reference vectors. Helix angle

was defined by the inclination of the fiber after choosing the selected baseline vectors and was

calculated using Trackvis as used in previous fiber direction studies [28, 29].

Statistical analyses

Different variables are expressed as mean ± SD. Unpaired student t-test was used to compare

the measured helix angles across the 8 selected regions between the AF inducible group and

the non-inducible group using each reference vector separately.

Results

We were able to induce AF in 7 out of 14 goats. The DTI acquisition resolution was 0.66 × 0.66

×0.94 mm3. The average FA for all the segmented left atria was 0.31±0.07. The average MD for

14 animals was 8.61±1.66 ×10−4 mm2/s. In Table 1, FA and MD values for each animal along

with the average values for both AF inducibility based groups are reported. The average for FA
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and MD for the non-inducible group was 0.32±0.08 and 8.54±1.72 mm2/s, and for the induc-

ible group 0.31±0.05 (P-value = 0.90), and 8.68±1.60 mm2/s (P-value = 0.88), respectively,

showing no significant difference in diffusion anisotropy pattern or the presence of inflamma-

tion or edema between the two groups.

Fig 2. DTI based fiber orientation. a) Different views of the left atrium in one animal with the 3D fiber orientation before region selection. b) Fiber orientations color

coded with helix angle (from 0 to 90 degree) with the vector perpendicular to the mitral valve plane (vector 1) chosen as the reference vector. c) Fibers in the eight different

selected regions, each with a different color. d) Spheres chosen for regional seeding of the regions shown with different colors.

https://doi.org/10.1371/journal.pone.0279974.g002
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The measured helix fiber angles for all the regions are reported in Tables 2 and 3 for AF

inducible and non-AF inducible animals using vector 1 and vector 2 as a reference vector,

respectively. Based on the reported p-values in Table 2, there is a significant difference between

the reported helix angles in 5 out of 8 selected regions when choosing vector 1 as the reference

vector. When choosing vector 2 as the reference, based on the reported p-values in Table 3,

there is a significant difference between the reported helix angles in 7 out of 8 selected regions.

Based on the reference vector 1, as shown in Fig 2B, larger helix angle by definition means that

the fibers are positioned more vertically (with 0 degree being parallel with vector 1) and

smaller helix angle means they are closer to being on a plane parallel to the mitral valve plane

(with 90 degree being perpendicular to vector 1). Figs 4 and 5 show the anterior and posterior

views of all the scanned goats categorized based on their AF inducibility, respectively. In these

Figures, the atrial fibers are shown before the region selection along with the selected reference

Fig 3. Reference vectors for comparing the fiber direction s between different regions of the left atrium and across different animals. Vector 1 (shown in red) is

perpendicular to the mitral valve plane and vector 2 (shown in green) lays on the plane parallel to the mitral valve and starts from the midpoint between pulmonary veins

to the tip of the appendage.

https://doi.org/10.1371/journal.pone.0279974.g003

Table 1. Fractional anisotropy (FA) and mean diffusivity (MD) values for all the animals along with the average values for each AF inducibility based group.

Inducible FA MD (mm2/s) Not Inducible FA MD (mm2/s)

Goat 1 0.269 9.09 Goat 8 0.274 9.00

Goat 2 0.360 7.12 Goat 9 0.310 9.07

Goat 3 0.299 6.85 Goat 10 0.302 6.80

Goat 4 0.336 7.46 Goat 11 0.229 11.39

Goat 5 0.250 11.42 Goat 12 0.240 6.29

Goat 6 0.405 8.48 Goat 13 0.490 7.17

Goat 7 0.258 10.40 Goat 14 0.368 10.04

Average ± SD 0.31±0.05 8.68±1.60 Average ± SD 0.32±0.08 8.54±1.72

https://doi.org/10.1371/journal.pone.0279974.t001
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vectors for each of the caprine atria. Fig 2 shows the selected regions in an example of a non-

inducible goat. The fiber orientation in the regions on the posterior and anterior walls that are

Table 2. Measured average Helix angles in 8 regions with vector 1 chosen as the reference vector for the two AF inducibility based animal groups. P-values showing

the difference in the helix angles between the two AF inducibility-based groups in each region are also reported.

Inducible Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Region 7 Region 8

Goat 1 62 ± 15 64 ± 15 40 ± 10 32 ± 12 43 ± 35 84 ± 13 75 ± 14 51 ± 14

Goat 2 71 ± 10 80 ± 9 61 ± 21 69 ± 11 51 ± 15 81 ± 13 70 ± 19 33 ± 6

Goat 3 42 ± 15 38 ± 8 42 ± 13 39 ± 18 52 ± 16 35 ± 10 48 ± 22 66 ± 13

Goat 4 59 ± 16 49 ± 19 66 ± 10 45 ± 19 70 ± 17 71 ± 15 74 ± 10 81 ± 8

Goat 5 80 ± 9 81 ± 7 60 ± 17 67 ± 12 53 ± 13 61 ± 12 58 ± 18 68 ± 24

Goat 6 45 ± 13 46 ± 9 53 ± 11 70 ± 16 65 ± 10 41 ± 7 48 ± 19 69 ± 10

Goat 7 46 ± 11 42 ± 11 51 ± 25 35 ± 13 30 ± 21 65 ± 14 48 ± 14 44 ± 13

Average 58 ± 13 57 ± 12 53 ± 16 51 ± 15 52 ± 20 63 ± 12 60 ± 17 59 ± 14

Not inducible Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Region 7 Region 8

Goat 8 30 ± 6 31 ± 7 36 ± 13 31 ± 5 64 ± 14 19 ± 7 28 ± 30 65 ± 13

Goat 9 30 ± 15 39 ±6 25 ± 8 29 ± 10 38 ± 15 17 ± 6 33 ± 12 12 ± 12

Goat 10 36 ± 8 38 ± 9 43 ± 9 32 ± 18 29 ± 15 42 ± 7 56 ± 13 35 ± 8

Goat 11 38 ± 10 34 ± 8 42 ± 10 33 ± 6 42 ± 15 18 ± 7 22 ± 8 62 ± 12

Goat 12 32 ± 8 37 ± 8 40 ± 12 32 ± 9 28 ± 9 33 ± 14 30 ±10 36 ± 12

Goat 13 46 ± 6 24 ± 5 49 ± 8 72 ± 9 58 ± 6 33 ± 11 60 ±11 56 ± 6

Goat 14 33 ± 14 41 ± 20 44 ± 8 49 ± 8 70 ± 5 33 ± 10 65 ± 16 55 ± 12

Average 35 ± 10 35 ± 10 40 ± 10 40 ± 10 47 ± 12 35 ± 9 42 ± 16 46 ± 11

P-value 0.005 0.016 0.015 0.222 0.552 0.018 0.049 0.200

P-value (SD) 0.052 0.105 0.102 0.053 0.218 0.117 0.438 0.509

https://doi.org/10.1371/journal.pone.0279974.t002

Table 3. Measured average Helix angles in 8 regions with vector 2 chosen as the reference vector for the two AF inducibility based animal groups. P-values showing

the difference in the helix angles between the two AF inducibility-based groups in each region are also reported.

Inducible Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Region 7 Region 8

Goat 1 47 ± 13 53 ± 18 42 ± 10 59 ± 17 51 ± 18 43 ± 13 37 ± 5 34 ± 7

Goat 2 61 ± 5 58 ± 2 70 ± 9 65 ± 8 65 ± 4 63 ± 5 68 ± 8 75 ± 9

Goat 3 58 ± 12 56 ± 9 75 ± 11 73 ± 12 63 ± 15 49 ± 9 58 ± 10 82 ± 6

Goat 4 41 ± 4 42 ± 4 43 ± 4 40 ± 3 46 ± 9 45 ± 6 44 ± 6 44 ± 4

Goat 5 67 ± 12 61 ± 13 57 ± 15 65 ± 14 69 ± 13 65 ± 10 62 ± 14 51 ± 10

Goat 6 51 ± 14 54 ± 19 70 ± 19 35 ± 17 37 ± 10 56 ± 11 43 ± 19 74 ± 13

Goat 7 74 ± 14 63 ± 15 70 ± 12 68 ± 10 76 ± 11 66 ± 18 62 ± 18 64 ± 11

Average 57 ± 11 55 ± 13 60 ± 12 58 ± 12 58 ± 12 56 ± 11 53 ± 12 61 ± 9

Not Inducible Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Region 7 Region 8

Goat 8 80 ± 8 76 ± 7 71 ± 11 71 ± 7 78 ± 10 78 ± 7 55 ± 15 81 ± 6

Goat 9 78 ± 12 77 ± 9 80 ± 6 79 ± 6 76 ± 10 81 ± 8 70 ± 14 83 ± 4

Goat 10 65 ± 15 72 ± 10 80 ± 8 76 ± 12 67 ± 21 64 ± 16 65 ± 13 65 ± 12

Goat 11 68 ± 11 73 ± 7 64 ± 11 68 ± 6 78 ± 8 74 ± 9 84 ± 6 77 ± 7

Goat 12 69 ± 10 63 ± 11 66 ± 9 71 ± 8 77 ± 10 74 ± 13 75 ± 9 76 ± 11

Goat 13 68 ± 16 65 ± 7 74 ± 7 59 ± 16 82 ± 7 80 ± 5 66 ± 17 50 ± 12

Goat 14 71 ± 7 65 ± 8 65 ± 4 62 ± 4 73 ± 9 67 ± 6 54 ± 6 78 ± 6

Average 71 ± 12 70 ± 9 71 ± 8 69 ± 9 76 ± 12 74 ± 10 67 ± 12 73 ± 9

P-Values 0.027 0.010 0.048 0.046 0.034 0.006 0.048 0.261

P-Value (SD) 0.750 0.349 0.172 0.305 0.862 0.634 0.777 0.898

https://doi.org/10.1371/journal.pone.0279974.t003
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Fig 4. Anterior views of 3D fiber orientations in all scanned goats categorized based on their AF inducibility. The reference vector 1 is shown in red and reference

vector 2 is shown in green.

https://doi.org/10.1371/journal.pone.0279974.g004
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Fig 5. Posterior views of 3D fiber orientations in all scanned goats categorized based on their AF inducibility. The reference vector 1 is shown in red and reference

vector 2 is shown in green.

https://doi.org/10.1371/journal.pone.0279974.g005
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away from the appendage or pulmonary veins and the regions on the right side of the append-

age (regions 1, 2, 3, 6, and 7) are significantly different in these two groups as reported in

Table 2. The angle indicates that the fibers are positioned more horizontally (perpendicular to

vector 1) in the AF inducible group (significantly larger helix angles). Table 3 based on vector

2 as the reference, shows similar results with helix angles being significantly smaller in the AF

inducible groups (similarly implying that they are positioned more horizontally) in regions

1,2,3,4,5,6 and 7. The regions on the anterior or posterior wall that are close to the appendage

(region 4) or below the pulmonary veins (region 8) or on the appendage, region that are harder

to accurately image (region 5) did not show significant differences in the two groups based on

vector 1. However, based on vector 2, regions 4 and 5 were still significantly different leaving

us with only one region (region 8) not showing a significantly different fiber orientation. We

also checked the variation (SD) or heterogeneity of the measured helix fiber angles in the AF

inducible versus non-inducible group as reported in Tables 2 and 3. The average regional stan-

dard deviations (SDs) were larger in the AF inducible group; however, calculated P-values for

SDs in each region showed no significant difference between the two groups; no matter which

vector was used as the reference.

Discussion

In this study, we used caprine models with atrial fibrosis and AF susceptibility, and through

EP stimulation studies checked their AF inducibility, finding the arrhythmia in 7 out of 14 ani-

mals. We reconstructed the 3D myofiber organization nondestructively using high-resolution

DTI imaging of the hearts ex vivo and investigated the fiber orientations in 8 different left atrial

regions based on anatomical landmarks to cover the whole atrial wall. Due to the complex

geometry and the positioning of the atria, there was a need for defining a reproducible coordi-

nate system. Coordinate systems have previously been defined for ventricles or atria based on

the different study designs [10, 30]. We measured the mean helix fiber angles in each defined

region with respect to our consistent anatomical based coordinate system. Finally, the compar-

isons made between the inducible and not inducible groups assessing the measured angles in

each region showed significant differences in 7 out of 8 selected regions with the fibers being

more horizontally positioned in the AF inducible group.

Prior studies have shown that complex fiber orientation and architecture are keys for nor-

mal sinus conduction, conduction velocities, and regional delays and blocks in the atria [31–

33]. To our knowledge, this is the first study that has been done to look at the contribution of

the myofiber structure and orientation to AF inducibility at the whole left atrial level and not

just at a few specific locations. The roles of atrial myofiber structure and heterogeneous fiber

orientation in rhythm disorders have previously been studied in specific regions [8, 12, 32, 34,

35]. For example, the role of changes in fiber orientation in septopulmonary regions, causing

the sink to source mismatch and low safety for propagation, creating a substrate for atrial

fibrillation, has been previously shown [35].

On a microscopic scale, conduction velocity has been shown to be anisotropic, with higher

velocities along the parallel axis of the fiber and much slower velocities along the perpendicular

axis of the fiber. The anisotropy ratio of signal propagation (longitudinal versus transverse

with respect to fiber orientation) for isolated atrial muscle bundles of young individuals has

been reported to be 4.5, which has been shown to increase two folds for older patients [8, 36].

Modifying the input fiber field choice in AF simulations have shown changes both in the num-

ber of drivers and their location [17]. The observed changes in fiber direction in our study in

the inducible animals seem to direct the activity more horizontally as shown by the reported

helix angles, moving it along the atria more than in non-inducible animals where it is oriented
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more towards the ventricles. This may be a facilitator for re-entrant activity in the atria by giv-

ing the cells more time to get out of their refractory period and be able to get re-excited while

the signal travels down the atrium vertically.

Computational models are being used for proposing patient-specific ablation patterns that

terminate atrial flutter or AF [16, 37, 38]. The importance of the fiber orientation in the direc-

tion of conduction and conduction velocity makes the implementation of the correct fiber ori-

entation in simulations crucial. However, currently, the similar atlases or Laplace-based

algorithms for estimating fiber orientation based on anatomy are being used for both normal

cases and cases with arrhythmia [39, 40]. Only a recent computational study takes advantage

of a database of 8 different atrial fiber orientations and chooses the best fiber atlas resulting in

realistic atrial activation during arrythmia; however this study doesn’t focus on the differences

in fiber orientation in different left atrial regions that show AF inducibility [17]. Based on our

study, the fiber orientation can differ significantly between inducible and non-inducible

groups, so we need to be aware of this limitation in the current computational models and ide-

ally move towards acquiring more patient-specific information. The current study used iso-

lated hearts with imaging at 7T for determining such changes making it unsuitable for use in

patients, unless a database gets created and later used based on ex-vivo imaging of multiple

atria of deceased patients with AF or other cardiac arrythmia. The development of different

DTI sequences for measuring patient-specific fiber orientation in vivo will increase the accu-

racy of simulation results in the future.

Limitations

The resolution might not have been enough for detecting the changes in fiber direction across

thin regions of the left atrial wall especially the appendage. A higher resolution might be

needed for the detection of the fiber orientation changes from epicardium to endocardium.

This imaging technique can only be used ex vivo for the atria at this time. Hence, there remains

a need for fiber orientation detection and quantification in vivo to allow for practical applica-

tion. This study was done on caprine models that are susceptible to AF, which needs to be veri-

fied on other species and especially for human hearts. We only investigated the fiber

orientation on the left atrium, right atrium also needs to be investigated in future.

Conclusion

Based on this study, fiber orientation in certain regions of left atrium plays a role in the initia-

tion and sustaining of AF and it tends to be more horizontally positioned in the AF inducible

group. This needs to be considered in planning for AF treatments, especially in patient-specific

simulation-based ablation procedures.
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