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Purpose: This study used a 5D flow framework to explore the influence of arrhythmia
on thrombogenic hemodynamic parameters in patients with atrial fibrillation (AF).
Methods: A fully self-gated, 3D radial, highly accelerated free-running 5D flow se-
quence with interleaved four-point velocity-encoding was acquired using an in vitro
arrhythmic flow phantom and in 25 patients with a history of AF (68 + 8y, 6 fe-
male). Self-gating signals were used to calculate AF burden, bin data, and tag each
k-space line with its RR;,,,,,,- Data were binned as an RR-resolved dataset with four
RR-interval bins (RR1-RR4, short-to-long) for compressed sensing reconstruction.
AF burden was calculated as interquartile range of all intrascan RR-intervals divided
by median RR-interval, and left atrial (LA) stasis as the percent of the cardiac cycle
where the velocity was <0.1 m/s.

Results: In vitro results demonstrated successful recovery of RR-binned flow curves
using RR-resolved 5D flow compared to a real-time PC reference standard. In vivo,
5D flow was acquired in 8:48 minutes. AF burden was significantly correlated with
5D flow-derived peak (PV) and mean (MV) velocity and stasis (Ipl = 0.54-0.75,
P <.001). Sensitivity analyses determined a threshold for low versus high AF burden
at 9.7%. High burden patients had increased LA mean stasis (up to +42%, P < .01),
and lower MV and PV (-30%, —40.6%, respectively, P < .01). RR4 deviated furthest
from respiratory-resolved reconstruction (end-expiration) with increased mean stasis
(7.6% + 14.0%, P = .10) and decreased PV (—12.7 + 14.2%, P = .09).
Conclusions: RR-resolved 5D flow can capture temporal and RR-resolved 3D hemo-

dynamics in <10 minutes and offers a novel approach to investigate arrhythmias.

KEYWORDS

4D flow, atrial fibrillation, cardiovascular, compressed sensing, self-gating

© 2021 International Society for Magnetic Resonance in Medicine

Magn Reson Med. 2021;85:3125-3139.

wileyonlinelibrary.com/journal/mrm 3125


www.wileyonlinelibrary.com/journal/mrm
mailto:﻿
https://twitter.com/LilianaMa_MRI
https://orcid.org/0000-0001-8834-8519
https://twitter.com/LilianaMa_MRI
https://orcid.org/0000-0003-3426-9457
https://orcid.org/0000-0003-4663-3244
https://orcid.org/0000-0002-3301-6469
https://orcid.org/0000-0003-2660-8973
https://orcid.org/0000-0001-9843-2028
mailto:liliana.ma@northwestern.edu

MA ET AL.

ﬂl—Magnetic Resonance in Medicine
1 | INTRODUCTION

Atrial fibrillation (AF) is the most common sustained cardiac
arrhythmia, affecting over 33 million patients worldwide and
becoming increasingly prevalent with the aging population.'™
AF is associated with increased risk of ischemic stroke,’ at-
tributed to thromboembolism originating in the left atrium
(LA) and particularly in the left atrial appendage (LAA).
Changes in LA/LAA hemodynamics (low peak emptying
velocities and increased flow stasis) in AF have been associ-
ated with thromboembolism formation and, thus, stroke risk.’
However, these studies have primarily used transesophageal
echocardiography, which is semi-invasive, may require se-
dation, and cannot capture the complex 3D flow dynamics
inside the LA and LAA.

As an alternative, 4D flow MRI has been used for com-
prehensive evaluation of 3D hemodynamics in the LA in a
number of prior studies.®*'? These studies have found that
patients in AF have significantly increased LA and LAA
stasis and decreased peak velocities (PV), factors associ-
ated with an increased propensity for atrial thrombogen-
esis, compared to control populations.13 However, current
techniques are suboptimal in this context, as 4D flow tech-
niques average data over multiple heart cycles, which pre-
vents investigation of the effects of arrhythmic heartbeats
and variable RR-interval on atrial flow characteristics.
Recent explorations into multi-dimensional and self-gated
imaging have pushed the boundaries of “conventional” car-
diac imaging towards more efficient scan times and opera-
tor ease-of-use.'*%*

Recently, a fully self-gated free-running 5D flow
framework was introduced.'?'***°2% This framework
featured a continuous, free-running, 3D radial sequence,
with interleaved three-directional velocity encoding as
well as inherent self-gating projections to encode cardiac
and respiratory motion without external gating signals.21
The self-gating signal was used to retrospectively bin the
flow-encoded 3D data of the heart into cardiac-temporal
(4th dimension) and respiratory-resolved (5th dimension)
bins. A subsequent multidimensional compressed sensing
(CS) reconstruction was employed to calculate the final 5D
flow data (5D = 3D + time + respiration). In this study,
we have adapted this 5D flow framework and used the 5th
dimension (previously respiration) to capture different RR-
interval durations in AF patients with arrhythmic heart
rates. Our goal was to validate this 5D flow RR-resolved
framework (RR-resolved 5D flow) in vitro in a dedicated
arrhythmic pulsatile phantom experiment and to apply it
to a cohort of patients with AF to systematically explore
the influence of arrhythmic heart rates on left atrial throm-
bogenic hemodynamic parameters. We hypothesized that
RR-resolved 5D flow would be able to detect RR-interval-
driven variations in LA hemodynamics.

2 | METHODS

2.1 | 5D flow acquisition and reconstruction
A previously described prototype free-running 5D flow se-
quence was implemented with balanced 4-point velocity
encoding.”"*"** As shown in Figure 1A, a continuous scan
following a 3D radial, spiral phyllotaxis sampling pattern,28
delineated in 3D spherical coordinates with

r = constant

2r
P = %nqogold

T n
“w=a2yw

where 1 is the radius, ¢, the azimuthal angle, ¢, = 137.51°,6,,
the polar angle, and n = 1, 2, ... N increases with each readout.
This pattern was segmented into multiple interleaves, each initi-
ated with a superior-inferior (SI) projection for self-gating. The
5D flow imaging protocol used in this study was similar to a
previous study,”**’ where each interleaf consisted of six total ra-
dial k-space trajectory angles corresponding to 21 total readouts
(1 ST projection + 5*[4 velocity encodes]). Sequential inter-
leaves were rotated by the golden angle (137.51°) throughout the
entire scan.*® All scans were acquired on a 1.5T MAGNETOM
Aera (Siemens Healthcare, Erlangen, Germany).

Cardiac and respiratory motion signals were extracted
from SI projections using a previously validated principal
component analysis (PCA) appro.elch.m’%’m'32 Using a cho-
sen temporal resolution of ~40 ms (temporal resolution =
8*repetition time [TR]), cardiac signals were used to bin
the acquired k-space lines into the appropriate cardiac time
frame. Each line was also tagged with the length of the heart-
beat, RRy ¢pon» Within which it was acquired (Figure 1B,C).
All data were binned and reconstructed using the following
two strategies:

2.1.1 | Respiratory-resolved 5D reconstruction
Prior 5D flow methods focus on resolving respiration as
the 5th dimension.'®!%2!'*32" Thjs respiratory-resolved re-
construction scheme was based on strategies reported in a
number of prior studies.?*”*® Data were binned into a car-
diac timepoint- and respiratory-resolved 5D flow data set
(kx-ky-kz-flow-cardiac-respiration). Four respiratory bins
covering the full breathing cycle from end-inspiration to end-
expiration were used for all in vivo acquisitions. All data were
reconstructed using a previously described 5D flow frame-
work by solving the following optimization p1r0b1€:m21’27’3 %
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5D flow RR-binning framework. A, A transverse, 3D radial imaging volume was placed over the heart. The four-point velocity

encoding was combined with a 3D radial, spiral phyllotaxis, sampling pattern. A periodic superior-inferior (SI) projection started each interleaf

(red blocks). B, The SI projections were used to extract cardiac and respiratory signals. Each heartbeat was additionally assigned a heartbeat length

(RRy cngun) and binned into one of four RR bins (RR1-RR4). C, Histogram of RR intervals for a representative patient colored by bins corresponding

to RR bins. Black bars represent outlier heartbeats with that were not included in the binning. D, Multidimensional reconstruction. ECG is shown

for demonstration purposes only. Actual cardiac and RR binning were done via extracted SI projections

m = argmin [[FCm —s|I} + A||V.m||, + 4 ||V, m||, + 4,||V,m]|,
m

where m is the reconstructed 5D flow dataset, F is the
non-uniform fast Fourier transform operator, s, the acquired
radial data, 4., A, and A, the regularization weights along
the cardiac, respiratory, and spatial (x,y,z) dimensions, and

V the finite difference operator. A4, =0.0075, 4, =0.0015,
and A, =0.005 were used for all reconstructions. These
weights were empirically determined based on previous
studies in CS-accelerated 4D flow MRI and 5D MRIL?"*%%7
Respiratory bins were divided such that the same number of
radial k-space views were mapped in each bin. The 5D respi-
ration-resolved reconstruction resulted in four reconstructed
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4D flow datasets (3D + time), each corresponding to a differ-
ent respiratory phase.

2.1.2 | RR-resolved 5D reconstruction

Data were binned into a cardiac timepoint- and RRy cem-
resolved 5D datasets (kx-ky-kz-flow-cardiac-RR interval)
with 4 RR-interval bins. This reconstruction was not resolved
for respiratory motion to ensure sufficient data per bin for the
CS reconstruction. As a result, respiratory motion will cause
some blurring artifacts in the reconstructed images.

For each patient, all unique RR; s Were examined in
order to determine four non-overlapping RR; o, bins, where
each bin had the same number of RR-intervals (Figure 1C).
Cardiac time frames with <300 radial views were rejected
and truncated from the reconstruction. Because the temporal
resolution was kept constant in each RRy oo, bin, shorter RR
intervals had inherently fewer cardiac phases than longer RR
bins. The RR-resolved reconstruction, however, requires an
equal number of cardiac phases in each bin for matrix-based
data reconstruction. Thus, the last phase of shorter RR bins
(RR1-3) was repeated so that all RR bins had the same num-
ber of cardiac timepoints as the longest bin (RR4). These re-
peated bins were then truncated to the proper RR lengths for
dicom creation and image analysis.

The RR-Resolved reconstruction problem was as follows:
m=arg;nin IFCm —s|2 + A||Vem]|, + 4, ||Ve m||, + 4[| Vom],-
where A, was the RR-interval regularization weight. In ac-
cordance with the respiratory-resolved 5D reconstruction,
A, =0.0075, 4,=0.0015, and A, =0.005. The 5D RR-

resolved reconstruction resulted in four reconstructed 4D
flow datasets (3D + time), each corresponding to a different

RRy ¢y, Tange.

2.2 | Invitro flow phantom experiments

An MRI-compatible pulsatile flow circuit was used to simulate
blood flow with arrhythmic beat-to-beat variation (Figure 2).
Pulsatile flow was generated using a pneumatically driven
ventricular assist device (VAD) driven by a pressure pump
control unit (MEDOS, Germany). The pumping action of the
VAD was generated by a membrane sealed with water and the
fluid circuit on one side, and air continuous with pneumatic
tubing and the pump control unit on the other. When the vol-
ume of air on the pneumatic side increased, the membrane
displacement drove fluid through the flow circuit. The VAD
was placed in the scanner such that the periodic membrane
movement was orthogonal to the table. An in-house LabVIEW
(National Instruments, Austin, Texas, USA) program
(Figure 2A) was used to send signals corresponding to user

defined heart rates to the pump control unit and the MRI
scanner (as a gating signal). The selection of arrhythmic heart
rates was based on the mean in vivo RR-intervals measured in
a prior pilot study in 12 AF patients.33 The arrhythmic pulsa-
tile flow experiment used a repeating sequence of VAD pump
cycles with 68 bpm (RR; ¢, = 882 ms) for 10 beats, 86 bpm
(RRy engin = 698 ms) for 6 beats, 46 bpm (RR ¢po, = 1304 ms)
for 4 beats, followed by 56 bpm (RR e, = 1071 ms)
for 7 beats. In addition, a 2nd pulsatile flow experiment with
constant (sinus-rhythm) VAD pump cycles was performed
with RRy ¢, = 1000 ms (60 bpm).

5D flow data were acquired in a coronal imaging
volume placed over the VAD and its inflow and outflow of tubes
(Figure 2C), which allowed SI projections to capture the
motion of the VAD membrane for extraction of self-gating
cardiac signals. 5D flow imaging parameters were as fol-
lows: 101220 radial views, velocity sensitivity (Venc) = 150
cm/s, field of view (FOV) = 280 x 280 x 280 mm3, TE/TR =
2.93/4.70 ms, flip angle (FA) = 15°, acquired matrix size = 112 X
112 x 112, reconstructed temporal resolution = 37.6 ms. 5D
flow data were reconstructed using the respiratory-resolved 5D
and RR-resolved reconstructions. Because the pulsatile phan-
tom could not simulate respiration, one respiratory bin was used
in the respiratory-resolved 5D reconstruction, while 4 RR bins
were used for the RR-Resolved reconstruction. For reference, a
real-time (RT) EPI-based 2D phase contrast (PC) scan®*¥ was
also acquired in an orthogonal axial cut through the VAD in-
and out-flow tubes for 40 s of fixed scan time, corresponding
to 40 heartbeats (GRAPPA R = 3, echo train length = 7, temp
res: 53.5 ms, FA = 15°, TE = 2.34 ms, spatial res: 2.7 X 2.7 X
9.1 mm?).

For the 2nd sinus-rhythm in vitro flow experiment, an
additional clinical standard electrocardiograph (ECG)-gated
2D PC MRI scan was acquired (GRAPPA R = 2, temp res:
35.6 ms, FA = 20°, TE = 2.34 ms, BW = 455, spatial res:
2.1 x 2.1 x 7.0 mm?) at the same 2D plane location.

All MRI acquisitions were repeated with flow turned off
in order to collect background phase correction data.

2.3 | Invitro data analysis

The RR-Resolved 5D reconstruction resulted in four distinct
in vitro datasets (3D + time + 3-directional velocities), each
corresponding to one of the four different RR-interval du-
rations. Pre-processing of each of the in vitro 5D flow data
included noise filtering and background phase correction by
subtraction of the “flow-off” data from their correspond-
ing “flow-on” scans. In addition, 5D flow pre-processing
included calculation of a 3D phase-contrast MR angiogram
(3D PC-MRA), which was used to segment the pipe sec-
tions of interest for flow quantification (VAD outflow tube,
Figure 2C, red arrow). A 2D analysis plane was placed at the
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FIGURE 2 Pulsatile phantom. Computer with LabView program (A) sends preprogrammed sequence of desired heartbeats to both the VAD
pump control unit (B) and MRI scanner (C). The pump control unit drives the VAD from outside the scanner room by sending air through a
pneumatic line. C, 5D flow imaging volume includes the VAD, which drives pulsatile flow through an air-water separating membrane that moves
orthogonally to the inflow outflow tubes (in/out of the page). This VAD was included in the imaging volume to extract cardiac motion signals. D,
RT 2D PC flow curve over the 40 s scan. RR intervals are under each cardiac trigger (red asterisks), each color corresponds to a different RR bin.
Colors correspond to RR interval bins in Figure 3. Three heartbeats (gray) were not within the range of any of the 5D flow RR bins, and thus not
used for comparisons. VAD indicates pneumatically driven ventricular assist device; BPM, beats per minute; ROI, region of interest

location of the 2D RT and standard PC acquisitions for calcu- consecutive time-resolved flow curves over the 40 heart-
lation of time-resolved flow curves, and net and peak flows. beats (Figure 2D). A local minima approach was employed

For analysis of the RT-PC data, an region of interest (ROI) to identify the beginning of each “heartbeat” and to assign
was drawn over the phantom tube cross section to generate an RR; oo to each beat (Figure 2D). Each RT-PC heartbeat
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was assigned to one of the 4 RR-interval bins used for 5D
reconstruction (RR1-RR4). Because RT data were acquired
for many heartbeats, time-resolved flow data for the binned
RT data (four RR1-RR4 bins) were interpolated to 50 time
points and averaged to calculate a single flow curve that can
be directly compared to the RR-resolved 5D flow data. Net
and peak flows were calculated from each of these averaged
flow waveforms.

2.4 | Invivo study cohort

25 adult patients (Age: 68.0 + 8.0 years; 6 females) with a
previous history of AF were prospectively recruited for a
non-contrast whole-heart 5D flow research MRI from June
2019 to March 2020. Relevant demographics and AF details
are in Table 1. Eight patients had a history of cerebrovascular
event. 5D flow imaging parameters matched those of the in
vitro protocol, but with a flip angle of 7°, Venc = 100 cm/s,

FOV = 250 x 250 x 250 mm”, matrix size = 96 X 96 x 96,
voxel size = 2.5 mm® and a transverse imaging volume to
capture superior-inferior respiratory motion. This HIPPA-
compliant study was approved by our local Institutional
Review Board and all patients provided written informed
consent.

2.5 | Invivo data analysis
Cardiac self-gating signals were used to calculate a measure
of AF burden, where

AF Burden = m x 100,
Median all RR

and IQR represents the interquartile range.
A relatively large AF burden would suggest a wider range of
intrascan heartrates and thus increased incidence of arrhythmias

TABLE 1 Patient demographics®

Subject No. Gender Ageatscan CHA2DS2-VASc History of stroke AF history AF duration (y) AF burden AF group
1 M 77.0 5 yes PAF 7 3.0 low
2 M 76.3 4 yes PAF 18 34 low
3 F 71.1 2 no PAF >5 43 low
4 B 63.3 2 no PAF 5 4.5 low
5 F 61.6 2 no PAF 4 4.5 low
6 M 52.8 0 no PAF >5 4.5 low
7 F 62.8 3 no PAF >5 4.6 low
8 M 57.4 0 no PAF 2 4.6 low
9 M 67.5 3 yes PAF <1 4.9 low
10 M 74.9 2 no PAF >5 53 low
11 M 80.2 5 yes PAF >5 54 low
12 E 68.6 6 no PAF <1 5.8 low
13 M 532 1 no PAF 2 6.7 low
14 M 68.8 7 yes PAF 1 7.8 low
15 F 66.1 5 no PAF 2 9.5 low
16 M 70.2 3 no PAF 10 9.7 low
17 M 76.9 3 no PAF 4 11.2 high
18 M 66.3 5 yes PAF >5 13.0 high
19 M 68.6 2 yes Persistent 8 17.0 high
20 M 63.6 1 no Persistent 3 19.9 high
21 M 69.2 3 no Persistent >8 21.8 high
22 M 70.3 1 no Permanent  >20 27.7 high
23 M 56.4 0 no PAF >3 38.5 high
24 M 78.5 4 yes Persistent 2 554 high
25 M 81.3 3 no Permanent  unknown 57.2 high

*AF history and demographic information for all 25 AF patients.
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FIGURE 3

In vivo 5D flow analysis workflow. A, Representative respiratory and cardiac signals acquired from an AF patient. Phase and

magnitude images were reconstructed offline using both the respiratory-resolved 5D flow reconstruction (E) and the RR-binned reconstruction

(B) from continuously acquired raw data. D, A single RR-resolved reconstruction (RR2) was used to calculate a 3D PC-MRA for segmentation

of the LA. This segmentation was applied to all RR datasets (RR1-RR4) as well as the respiratory-resolved 5D reconstruction, for analysis of

hemodynamic parameters, and visualization using mean stasis maps, where stasis is calculated for every voxel in the LA, and the mean stasis is

projected onto a 2D plane (C, F). Note: some aliasing can be seen in the phase images, however, this is not in the volume of interest (LA) and was

nonetheless corrected in pre-processing. AAo indicates ascending aorta; RV, right ventricle; LV, left ventricle; LA, left atrium

compared to a relatively low AF burden. Correlation analyses
between AF burden and hemodynamic parameters (PV, MV,
mean stasis) were performed. The results of these correlation
analyses guided a sensitivity analysis to evaluate hemodynamic
parameters (PV, stasis, and MV) from 0.1 to 20% AF burden to
determine the optimal threshold for separation of patients into
groups with low and high AF burden.

5D flow data of all patients were reconstructed using both
respiratory- and RR-resolved 5D methods (Figure 3B.E).
Only end-expiratory data (single respiratory phase) was used
for respiration-resolved reconstruction analyses. Data pre-
processing included noise-filtering, 3D background phase cor-
rection using a second-order polynomial fit to identifiable static
tissue, and correction for velocity aliasing. In all patients, a 3D
PC-MRA was calculated, and the LA was segmented from
an RR-Resolved 5D dataset (RR2, Figure 3C). This 3D LA
segmentation was used across all four RR-Resolved 5D data
(RR1-RR4) and the respiratory-resolved 5D flow data to calcu-
late the averaged top 5% PV and MV of the LA. Velocity data
were also used to create velocity histograms of the LA over the
cardiac cycle. In addition, stasis, defined as’®

#cardiac time frames where velocity < 0.1m/s

— x 100,
total # cardiac time frames

was quantified for each voxel in the LA. The stasis values were
then projected as a mean intensity projection onto a 2D plane
for calculation of stasis maps (Figure 3C,F), and used to calcu-
late a single mean LA stasis value for each patient.

2.6 | Statistical analyses

All hemodynamic parameters are reported as mean + SD.
Continuous variables were evaluated for parameter normal-
ity using a Lilliefors test, and a non-parametric rank sum or
two-tailed unpaired t-test was accordingly used to evaluate
differences between high and low AF burden subgroups.
Bonferroni correction to adjust for multiple comparisons
was used when relevant. Differences between RR interval
bins were evaluated using a linear mixed effects model with
the subjects treated as a random effect or a non-parametric
Friedman test, with a paired t-test or Wilcoxon signed rank
test performed in the case of significance. Correlations be-
tween parameters was investigated using a Pearson correla-
tion coefficient (Pearson’s r) or non-parametric Spearman’s
rank-order coefficient (Spearman’s p).

3 | RESULTS

3.1 | Invitro 5D flow

Pulsatile phantom results are summarized in Figures 2 and 4,
and Table 1. Figure 4 depicts the RR-interval histogram
used to assign the radial k-space lines into four bins over
non-overlapping RRy ¢no, ranges. While a pre-determined se-
quence of four different heartrates was sent to the pump, in-
herent system delays resulted in a more varied distribution of
RR-intervals that could also be seen on operator observation



3132 . . o o
—I—Magnetlc Resonance in Medicine

MA ET AL.

(A) 3500 5D flow RR Histogram
(7] ————
(0] 3000 . RR1=748 t0 888 ms
= I RR2-888 to 1058 ms
© 2500 [ RR3=1058 to 1242ms
il [ RR4=1242 to 1523 ms
© 2000
©
« 1500
)
o)
£ 1000
>
< 500 i
0 | II | N
800 900 1000 1100 1200 1300 1400 1500
RR interval (ms)
B
(B) RR1 (748 to 888 ms) (C) RR2 (888 to 1058 ms)
400 5D flow RR1 (814 = 45 ms) 400 [ [= = = 5D flow RR2 (982 * 48 ms)
5D flow Resp (748 to 1523 ms) 5D flow Resp (748 to 1523 ms)
350 | 2D RT RR1 350 | | e 2D RT RR2
6‘ 300 6‘ 300+
8 250 D 250l
2 200 = 200
€ I / € I
; 150 | ; 150 |
S 100} S 100}
L 5 L 50!
0 0
-50 . . . -50 . . .
0 500 1000 1500 0 500 1000 1500
Time (ms) Time (ms)
(D) RR3 (1058 to 1242ms)  (E) RR4 (1242 to 1523 ms)
400 _|= = = 5D flow RR3 (1160286 ms) 400 .|= = = 5D flow RR4 (1447 = 46 ms)
5D flow Resp (748 to 1523 ms) 5D flow Resp (748 to 1523 ms)
350 || === 2D RT RR3 350 | L==== 2D RT RR4 =
.8
/g 300 | '8\ 300 | .; 1
o 2501 Y » 2501
= 200 3 = 200
S I ' S I
; 150 | 4 ; 150 |
S 100} ‘ 3 100}
L 50 v L 50
0 e 0
-50 . . s -50 . . s
0 500 1000 1500 0 500 1000 1500
Time (ms) Time (ms)
(F) Sinus
400
3 #T4 |===1s5Dflow
@ ) 2D RT PC
£ 200 Clinical 2D PC
g B\
. O \ [
0 500 1000
Time (ms)

FIGURE 4 Flow waveforms of in vitro 2D RT and 5D flow. A, Histogram of RR-intervals during 5D flow scan with colors representing 4 RR
bins (RR1-RR4) used for both 5D flow and RT flow analysis. B-E, RR1 through RR4 for arrhythmic pulsatile experiment. RT colors correspond to
the colors shown in Figure 2B. 5D flow curves from a planar location for each reconstructed RR-duration bin are delineated with dotted lines. The

respiratory-resolved 5D flow reconstruction is overlaid over each plot (thin orange

line). RR binning was able to recover the 5D flow waveforms

(black line) corresponding to the real time scan while the respiratory-resolved 5D reconstruction did not match any RT flow curves. F, Sinus

experiment with RR = 1000 ms demonstrates relative RT underestimation compared to the clinically respiratory-resolved ECG-gated 2D PC scan
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of the pumping membrane (Figure 4A). Nonetheless, the re-
sultant AF burden in the in vitro arrhythmic experiment was
22.0%.

Figure 4 demonstrates that the RR-Resolved 5D flow re-
construction (dotted, bold lines) successfully recovered the
flow waveforms characteristic of the corresponding RR inter-
vals compared to the 2D RT-PC reference flow (solid, bold
lines). In contrast, respiratory-resolved 5D flow data (orange
lines) failed to capture the shapes of 2D RT-PC flow wave-
forms over any of the RR intervals. Notably, the RR-Resolved
5D reconstruction was able to recover the bimodal flow curve
shape of the longest RR interval (RR4) seen in the 2D RT-PC
reference. As summarized in Table 2, 5D flow data gener-
ally overestimated peak flow (12.0% to 25.0%) and net flow
(26.5% to 71.3%) in comparison to 2D RT-PC but was in ex-
cellent agreement with the standard ECG-gated 2D PC MRI
(net flow: +4.1%, peak flow: +0.9%) in the sinus-rhythm in
vitro flow experiment.

3.2 | Invivo 5D flow

3.2.1 | AF burden

5D flow data were successfully acquired in all participants
(scan time: 8:48 min). AF burden of most patients (16 pa-
tients, 64% of cohort) was <10% (Table 2, overall range 3.0%-
57.2%). Nine patients were above the AF burden threshold
and classified with “high AF burden” (AF burden =29.1% +
17.5% [11.2%-57.2%]), while the remaining 16 patients had
“low AF burden” (AF burden = 5.5 + 1.9% [3.0%-9.7%]).
When AF burden over all patients was evaluated, correlation
analyses revealed significant correlations between increas-
ing AF burden and respiratory-resolved 5D flow parameters
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(reduced MV: p = —0.68, reduced PV: p = —0.54, elevated
mean stasis: p = 0.75, P < .01, Supporting Information
Figure S1), and preserved significance in RR3 and RR4
(Supporting Information Table S1, which is available online)
in the RR-resolved reconstruction, with insignificant rela-
tionships only between AF burden and RR1, RR2 PV.

3.22 | Sensitivity analysis

Because correlation analyses revealed significant correlations
between AF burden and 5D flow parameters in RR3, RR4,
and respiratory-resolved 5D reconstruction, these three re-
construction sets (RR3, RR4, respiratory-resolved 5D) were,
thus, used as the basis for the sensitivity analysis (Supporting
Information Figure S2A-C). For PV, sensitivity analyses de-
termined that classifying AF patients as those with an AF bur-
den above 9.7% was necessary to differentiate low and high
AF burden (threshold RR3 = 9.7%, RR4 = 9.5%, Standard
Recon = 9.5%). Mean stasis analyses determined a threshold
above 6.7% (RR3 = 5.8%, RR4 = 5.5%, respiratory-resolved
= 6.7%) and MV above 7.8% (RR3 = 6.7%, RR4 = 5.5%,
respiratory-resolved = 7.8%). Thus, the highest threshold, AF
burden = 9.7%, was selected as the threshold above which
patients would be assigned to the high AF burden group.

For simplicity in the presentation of results, for patients
with a low AF Burden (ie, likely in sinus rhythm during im-
aging), only the respiratory-resolved 5D flow reconstruction
is presented in the subsequent figures, depicting comparisons
between the low and high AF burden cohorts, while both the
standard and RR-resolved reconstructions are presented for
patients with a high AF burden, because they demonstrated
more RR variability. Additional results can be found in
Supporting Information Table S2.

TABLE 2 In vitro flow parameters for 5D flow, 2D RT, and the clinically standard, ECG-gated 2D PC scan
5D flow
RR=1000ms RR1=814+45ms RR2=982+48ms RR3=1160+86ms RR4=1147 + 46 ms
Net flow (mL/cycle) 95 90 104 135 118
Peak flow (mL/s) 340 281 292 304 345

RT 2D PC averaged over RR range

RR = 1000 ms RR1 = 749 to 856 ms
Net flow (mL/cycle) 78 62 74
Peak flow (mL/s) 284 251 238

Clinical, ECG-gated 2D PC
Net flow (mL/cycle) 92
Peak flow (mL/s) 337

RR = 1000 represents the sinus experiment.

RR2 =910 to 1017 ms

RR3 =1070to 1177 ms RR = 1284 to 1445 ms
79 94

269 276
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3.2.3 | Low versus high AF burden

Figure 5 depicts two representative patients with low and
high AF burden. The RR, o, histogram of the high AF
Burden patient (Figure 5A) covered a much wider range
of potential RRyqy4ms With corresponding lower LA mean
stasis levels (Figure 5D-H) compared to the patient with a
low AF burden (Figure 5C). The patient with high AF bur-
den demonstrated similar hemodynamics in all RR-resolved
stasis maps (Figure 5D-G), but increased stasis (white
arrow) and leftward narrowing of the velocity histogram

with increasing RR. Respiratory-resolved 5D flow analyses
demonstrated that patients with high AF burden had sig-
nificantly higher mean stasis and lower mean and peak ve-
locity compared to patients with low AF burden (Figure 6,
Table 3, mean stasis: 36% higher; MV: 20% lower; PV:
28% lower, P < .01). These relationships were preserved
when comparing the high AF burden, RR-resolved results
from each of the four RR bins to the respiratory-resolved 5D
flow results of the low AF burden patients (Figure 6, Table
3, mean stasis: 36-42% higher; MV: 20-30% lower; PV:
25-41% lower, P < .01).
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FIGURE 5 Example results from AF and sinus patient. A, stasis maps and velocity histograms of the LA for a patient in AF. A,B, Histogram

with color-coded bins of low and high AF burden patients. Patient with low AF burden (C) during imaging shows much lower stasis and higher

velocities compared to RR interval binned reconstruction of high AF burden patient (D-H). All high AF burden stasis maps appear similar (RR-

binned and respiratory-resolved 5D reconstruction, with slight increases in stasis with longer RR; o, (White arrows)
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FIGURE 6 Box plots of patients with low vs. high AF burden. The first five columns of each boxplot correspond to the RR-resolved and
respiratory-resolved 5D reconstruction for high AF burden patients (n = 9), while the last column corresponds to low AF burden (n = 16). Patients
with high AF burden (blue circles) had significantly higher mean stasis (A) and lower MVs and PVs (B,C) in all RR bins and the respiratory-
resolved 5D reconstruction (“respiratory-resolved”) compared to patients with low AF burden during imaging (black x’s). P values are indicative of
comparison between high AF burden reconstructions compared to the respiratory-resolved 5D reconstruction for low AF burden patients

TABLE 3 Low vs high AF burden hemodynamics and binning-related parameters

High AF burden Low AF burden
Respiratory- respiratory-
RR1 RR2 RR3 RR4 resolved SD resolved SD
Mean RR interval 646 + 127 853 + 191 1056 + 290 1321 + 412 968 + 245 1011 + 91 (881
(ms) (532 t0 962) (656 to 1291) (771 to 1578) (960 to 2018) (746 to 1460) to 1163)
Bin edges (ms) 330 + 89 to 761 + 154 to 942 + 222 to 1170 + 357 to 330 + 89 to 613 + 230 to
760 + 154 941 + 222 1169 + 357 1711 + 545 1711 + 545 1305 + 183
No. of radial views 12528 + 3172 30851 = 10041 32098 + 9721 20922 + 8350 101220 101220
Mean stasis (%) 76 + 15 75 £ 17 77+ 16 78 + 14 75 + 19 55+8
PV (m/s) 0.22 +£0.07 024 + .11 0.22 +0.07 0.19 + 0.05 0.23 £0.10 0.32 +£0.07
MV (m/s) 0.08 + 0.02 0.08 + 0.03 0.08 +0.02 0.07 £ 0.02 0.08 + 0.03 0.10 £ 0.01

The first three rows include scan- and binning-related parameters while the last three rows include quantified hemodynamic LA values. Respiratory-resolved 5D
reconstructions were analyzed for all patients. For high AF burden patients, a RR-resolved reconstruction was included (columns RR1-RR4), along with relevant

parameters for all RR bins.

Among patients with high AF burden, RR2 had the high-
est number of radial views compared to other RR bins. RR2-
derived mean stasis and mean velocity values were closest to
respiratory-resolved 5D flow data (mean stasis: RR2 = 1.3 +
7.0%, MV: RR2 =0.2 + 6.5%, P > .4). Friedman or mixed ef-
fect model analysis revealed no significant differences in eval-
uated hemodynamic parameters between RR bins in patients
with high AF burden (PV: P = .17, mean stasis: P = .22, MV:
P = .12). However, these results allude to trends in inter-RR
bin relationships: RR4 had the furthest deviation from respi-
ratory-resolved 5D results with increased mean stasis (7.6% =+
14.0%, P = .10), decreased PV (—12.7 + 14.2%, P = .09), and
decreased MV (—5.8 + 10.5%, P = .15) over all patients. RR3
also tended to have relatively increased mean stasis (5.4% +
1.2%, P = .08) and decreased MV (—4.5% + 6.8%, P = .14).

4 | DISCUSSION

Here, we have developed and validated a free-running, highly
accelerated, SD flow framework for investigating the effects
Of RRycpom 0N LA hemodynamics in AF. We have demon-
strated that (1) 5D flow with RR-interval binning can resolve
hemodynamics associated with varying heartbeats in an in
vitro pulsatile flow circuit; (2) RR-resolved 5D flow is fea-
sible in vivo in patients with AF and enables calculation of
measures of AF burden; (3) 5D flow MRI can detect differ-
ences between patients with low and high AF burden; (4) en-
couraging trends between RR intervals suggest the potential
role of RR-resolved 5D flow in investigating the effects or
different RR-intervals on LA flow dynamics, and their rela-
tionship to thrombosis and stroke.
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In vitro results validated the RR-resolved 5D flow frame-
work in a controlled environment. While a pre-determined
sequence of four different heartrates was sent to the pump,
inherent and somewhat unpredictable mechanical latency of
the pump resulted in a different set of resultant heartrates,
with five rather than four peaks in the histogram. While the
programmed sequence was thus not the intended “ground
truth,” the previously validated self-gating cornponentﬂ’37
of the framework was used to track pump membrane move-
ment, and RR-resolved 5D flow was able to recover RR cpom
-driven flow waveform shapes that were not captured by the
respiratory-resolved 5D reconstruction. The peak and net
flow tended to be overestimated by RR-resolved 5D flow
compared to the RT 2D-PC “reference standard.” This RT
sequence was previously shown to underestimate peak flows
and velocities in vivo, likely due to the lower available spa-
tial resolution, echo planar imaging (EPI) readout, and use of
view sharing.34 Consequently, a non-arrhythmic (sinus) ex-
periment was acquired as well, demonstrating agreement of
5D flow and clinical ECG-gated 2D PC-derived parameters.
In addition, the 5D and 2D scans were acquired for different
lengths of time, and thus the exact number of heartbeats in
each RR bin in the RT scan was lower than in the 5D scan
(40 s scan time versus ~ 9 min). However, the RT-PC
sequence scan time was set so that the entire cyclic sequence
of arrhythmic was played out at least once fully.

In vivo results further demonstrated the feasibility of the
pipeline and revealed differences in left atrial flow and stasis
for different arrhythmic RR interval durations. While stasis
maps and LA hemodynamics revealed some trends, differ-
ences were not statistically significant. Among all RR bins,
RR4, the longest bin, had more thromboembolic hemody-
namic parameters (lower peak velocities, higher mean sta-
sis) compared to the respiratory-resolved 5D reconstruction.
These results suggest that typical, ECG-gated 4D flow tech-
niques are able to capture the major features of LA hemo-
dynamics, but may miss increased thromboembolic risk that
may be associated with longer heartbeats.

Prior 4D flow studies have primarily focused on patients
with a history of AF who were in sinus rhythm during im-
aging,%’39 or alternatively on using a binary system and
categorizing patients into “in AF” or “in sinus” at the time
of imaging based on the ECG display at the MRI scanner.*’
These prior studies have demonstrated that patients in AF
during imaging exhibited significantly altered LA hemody-
namics (increased stasis, decreased velocities) associated
with thrombotic risk, compared to patients in sinus rhythm
during imaging. However, most of these studies neglected
to accommodate for arrhythmias in the acquisition protocol.
Alternatively, many studies used arrhythmia rejection, where
arrhythmic beats were rejected and reacquired, leading to de-
creased scan efficiency and less predictable scan times. The
5D flow MRI technique evaluated in this study was able to

simultaneously explore the influence of arrhythmias while
also reaffirming the results of prior studies within a predict-
able scan time. Specifically, 5D flow found that patients with
high AF burden during imaging have significantly higher
mean stasis, and significantly lower mean and peak velocities
compared to those with a low AF burden. While these results
were confirmed with the respiratory-resolved 5D flow recon-
struction, this study aimed to introduce an approach that en-
ables initial investigation of RR-influenced hemodynamics.
Future studies incorporating larger varieties of AF presenta-
tion may further investigate the true influence, be it small or
large, of arrhythmia on 3D hemodynamics.

In vivo results further demonstrated the utility of calculat-
ing 5D flow acquisition-derived AF burden for all patients,
by identifying relationships between hemodynamic variables
and continuous AF burden. The American Heart Association
(AHA) has begun to advocate for the classification of AF
not as a binary entity, but rather based on AF burden, a con-
tinuous variable representing the proportion of time that the
patients are in AE! Longitudinal studies have found that
patients with persistent AF (high AF burden) are not only
at higher risk of stroke than those with paroxysmal AF, but
these patients have also had poorer neurological outcomes
after cardioembolic stroke.*'*> While the AHA mentions that
AF burden is typically calculated from an electrophysiolog-
ical monitor over a period of minutes to days, our technique
was nonetheless able to calculate a relative measure of AF
burden that was potentially significantly correlated with the
severity of thromboembolic hemodynamic parameters (ie, in-
creasing stasis with increasing hemodynamic burden).

Piekarski et al. previously reported a similar measure of
self-gating signal that could separate non-arrhythmic patients
from arrhythmic patients.37 While Piekarski does not report
an AF burden threshold for low versus high AF burden, their
results suggest a threshold of just under 17.0%, a value that
is close to the AF burden of the least arrhythmic patient with
persistent AF (Table 1, subject 19). We investigated split-
ting patients into groups of persistent/permanent AF versus
paroxysmal AF (PAF), and found it preserved the hemody-
namic relationships seen between low and high AF burden.
However, the relationships between persistent RR2 and Resp-
Resolved reconstructions versus PAF Resp-Resolved were no
longer statistically significant (P = .1, P = .05, respectively),
potentially due to the smaller sample size (n = 6, persistent).
Piekarski was also limited by small sample sizes of 33 pa-
tients total, and only 6 with AF; thus, larger studies are still
needed to investigate the true threshold over different mea-
sures of AF burden. In addition, without constant monitoring
of patients, PAF is often difficult to classify fully accurately
in all patients, especially in small sample sizes. Future studies
will ideally include a Holter/continuous monitoring device to
use the ECG waveform to more accurately quantify the per-
cent of time spent in AF over a period of at least 24 h.



MA ET AL.

This study was primarily limited by the small sample
size and lack of RT in vivo validation. The lack of an in vivo
reference standard made it difficult to fully validate the in
vivo application of this technique. This will be an ongoing
challenge, as real-time data are operator-dependent, and often
difficult to place in the same relative area across patients in
intracardiac imaging (ie, LA). Moreover, as mentioned pre-
viously, RT techniques have limitations in themselves. These
differences will be better explored with larger study cohorts.

Accordingly, AF can present along a continuous spectrum
of potential RR; oo, and the majority of the patients in this
study had a low AF burden. This study initially considered
binning data into bins with equal numbers of projections,
while maintaining the temporal resolution across RR bins
for more accurate comparisons of inter-bin stasis. This ap-
proach likely would have further improved the performance
of the TV-based reconstruction, especially in the RR-interval
dimension, where relatively low regularization weights were
used. However, the wide range of RR intervals in histograms
of patients with a high AF burden demonstrate that the major-
ity of the scan is spent in a narrower range of heartrates, and
that equal bin sizes would have inevitably caused overflow
of the hemodynamics that are more representative of the “av-
erage” heartrate into the more “arrhythmic” bins in patients
with high AF burden. Moreover, the weights used in this
study were based on previous 5D flow studies with similar
dimensionality. Long reconstruction times for multi-dimen-
sional CS reconstruction, and the need to determine robust
reconstruction weights are well known limitations of accel-
erated imaging studies. Future studies will further explora-
tion of robust regularization weights, and incorporate longer
scan times over a wide variety of AF burden presentations
to identify a binning strategy that works best for all AF pa-
tients, or alternatively, may suggest that patients with higher
AF burden should be binned and investigated differently from
those with low AF burden. Further investigations of data uni-
formity in this study are included in Supporting Information
Figure S3. Nonetheless, this preliminary study demonstrated
the sensitivity of this 5D flow framework to RRy ¢p,-driven
hemodynamic differences, and was able to identify an AF
burden threshold that was sensitive to differences between
high and low burden groups.

In addition, radial 5D flow with compressed sensing re-
construction, as used in this study, is currently still limited by
long reconstruction times, on the order of 5 to 15 h, depend-
ing on the size of the dataset. However, compressed sensing
reconstruction times have been decreasing with increasingly
advanced hardware and vendor support as well as improve-
ments in the field of Al-based image reconstruction.***” In
addition, the respiratory-resolved 5D flow reconstruction un-
dersamples data to <3% of Nyquist, and thus to prevent fur-
ther data dilution and keep the same number of dimensions,
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the RR binning dimension was not used concurrently with a
respiratory dimension. This likely caused some blurring of
the LA for a more difficult segmentation. However, 3D radial
imaging is inherently relatively robust to motion, and thus the
LA was still identifiable in all patients. In addition, the last
bin of shorter RR bins needed to be duplicated to match the
number of cardiac timepoints along the RR-interval dimen-
sion for the CS reconstruction. This solution is potentially
suboptimal and may have introduced undesired artifacts.
Cardiac bins with fewer than 300 radial views were also trun-
cated to prevent further dilution when split into RR and re-
spiratory bins. This primarily affected the longest RR bins,
however, initial patients verified that flow waveforms did not
demonstrate truncation over the cardiac cycle. Further bin-
ning investigations could also include weighting of quanti-
fied parameters (stasis, velocities) by the relative number of
k-space lines in each RR bin, as well as testing using multiple
in vitro arrhythmic experiments with a variety of arrhythmic
sequences. This weighting could potentially account for the
relative effects of the amount of time spent in short or long
RR intervals. In addition, future studies will include a lon-
ger acquisition protocol to expand the 5D flow framework
dimensionality, with cardiac timepoint, RR; oo, O alterna-
tive arrhythmia measures,” and respiration concurrently
resolved, and potential respiratory motion compensation for
reduction of motion blurring.

In conclusion, we have demonstrated the feasibility of a
<10 min, whole-heart scan within a novel RR-based 5D flow
framework to investigate arrhythmia-resolved reconstruction
of 3D hemodynamics. With larger cohorts, RR-resolved 5D
flow MRI may further discern the true effects of RR interval
on hemodynamics in AF, as well as provide a more efficient
alternative for imaging complex arrhythmic patients.
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SUPPORTING INFORMATION
Additional Supporting Information may be found online in
the Supporting Information section.

FIGURE S1 In vivo correlation and sensitivity analyses.
A-C, representative correlation plots between AF Burden of
all 25 patients and hemodynamic parameters of interest. Only
RR-averaged plots are shown here, but corresponding RR re-
sults are in Table 4

FIGURE S2 Sensitivity analyses. A-C, sensitivity analyses
results for all four RR bins and the RR-averaged reconstruc-
tion. RR3 and RR4 converge to a significance threshold at a
lower AF Burden than the other reconstructions

FIGURE S3 Uniformity Analyses. Top row (A-C) represents
analyses for RR-resolved data and D-F represents data for
respiratory-Resolved 5D flow (end expiration). Black lines
represent averaging over patients with low AF burden, and
red, patients with high AF burden. SD = standard deviation,
Resp-Res = respiratory-resolved

TABLE S1 Correlation analysis with AF burden. Results of
correlation analysis between AF burden and hemodynamic
parameters over all 25 patients depicted by Spearman p and
the corresponding P value. AF Burden was not normally dis-
tributed, and thus all p are reported as Spearman correlations
TABLE S2 Low vs high AF burden hemodynamics and
binning-related parameters for respiratory-resolved and RR-
resolved reconstructions. RR-resolved parameters are de-
picted for both patients with a low and high AF burden
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