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Abstract

Contrast enhanced pulmonary vein magnetic resonance angiography (PV CE-MRA) has value in atrial ablation pre-pro-
cedural planning. We aimed to provide high fidelity, ECG gated PV CE-MRA accelerated by variable density Cartesian
sampling (VD-CASPR) with image navigator (iNAV) respiratory motion correction acquired in under 4 min. We describe its
use in part during the global iodinated contrast shortage. VD-CASPR/iNAV framework was applied to ECG-gated inversion
and saturation recovery gradient recalled echo PV CE-MRA in 65 patients (66 exams) using .15 mmol/kg Gadobutrol. Image
quality was assessed by three physicians, and anatomical segmentation quality by two technologists. Left atrial SNR and
left atrial/myocardial CNR were measured. 12 patients had CTA within 6 months of MRA. Two readers assessed PV ostial
measurements versus CTA for intermodality/interobserver agreement. Inter-rater/intermodality reliability, reproducibility of
ostial measurements, SNR/CNR, image, and anatomical segmentation quality was compared. The mean acquisition time was
3.58 +£0.60 min. Of 35 PV pre-ablation datasets (34 patients), mean anatomical segmentation quality score was 3.66 +0.54
and 3.63 +0.55 as rated by technologists 1 and 2, respectively (p=0.7113). Good/excellent anatomical segmentation quality
(grade 3/4) was seen in 97% of exams. Each rated one exam as moderate quality (grade 2). 95% received a majority image
quality score of good/excellent by three physicians. Ostial PV measurements correlated moderate to excellently with CTA
(ICCs range 0.52-0.86). No difference in SNR was observed between IR and SR. High quality PV CE-MRA is possible in
under 4 min using iNAV bolus timing/motion correction and VD-CASPR.
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Graphical Abstract
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Trigger and Variable-Density 3D Cartesian Sampling with Spiral-like Order (VD-CASPR)
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Abbreviations

bSSFP Balanced steady-state free precession

CE-MRA Contrast enhanced magnetic resonance
angiography

CNR Contrast to noise

CTA Computed tomography angiography

dNAV Diaphragmatic navigator

GBCA Gadolinium based contrast agent

iNAV Image based navigator

IPAT Integrated parallel acquisition techniques

IR GRE Inversion recovery gradient recalled echo

Dixon GRE Inversion recovery Dixon gradient recalled
echo

PV MRA Pulmonary vein magnetic resonance
angiography

MRA Magnetic resonance angiography

MRI Magnetic resonance imaging

LA Left atrial

LGE Late gadolinium enhancement

SNR Signal to noise

SR GRE Saturation recovery gradient recalled echo

VD-CASPR Variable-density 3D Cartesian sampling
with spiral-like order
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Introduction

Recent shortages of iodinated contrast have highlighted the
importance and role of magnetic resonance angiography
(MRA) for pre-procedural imaging. In May, 2022, the Food
and Drug Administration reported shortages of iohexol and
iodixanol intraveneous contrast media products for computed
tomography angiography (CTA) imaging [1]. This led to
2 months of rationing of iodinated contrast materials for use
in critical non-elective procedures such as invasive coronary
angiography. During this period, gadolinium-based contrast
agents (GBCA) remained widely available. Several centers
have used pulmonary vein MRA (PV MRA) for pre-ablation
imaging, however, certain limitations exist depending on the
acquisition strategy. Ungated first pass contrast enhanced
MRA (CE-MRA) cannot effectively freeze cardiac motion
and provides reduced quality of anatomical segmentation
compared to PV CTA [2], and overall quality compared
to respiratory gated PV MRA [3]. Registration of ungated
first pass PV CE-MRA with 3D late gadolinium enhance-
ment (LGE) is also compromised due to unsuppressed
cardiac motion, differences in spatial location, and differ-
ences in spatial resolution. Non-contrast based 3D balanced
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steady-state free precession (bSSFP) suffers from blood flow
artifacts and off-resonance effects in the pulmonary veins
and left atrium [4]. Although Magnetization transfer inver-
sion recovery (MTC-BOOST) substantially reduces bSSFP
artifacts and simultaneously provides dark blood images,
the scan efficiency is reduced by a factor of 2 [5]. Likewise,
Dixon GRE techniques (T2 prep, or combined T2 prep/IR
prep [6]) have longer repetition times, potentially requir-
ing the use of higher acceleration factors or larger temporal
windows for a given acquisition length. This may result in
increased spatial blurring.

The addition of cardiac gating to first pass CE-MRA
improves visualization of certain structures, such as the
aortic root, but motion suppression is still inferior to free
breathing respiratory gated MRA [7]. Traditionally, a dia-
phragmatic navigator (ANAV) can provide the prerequisite
respiratory gating; however, acquisition times are often
long and unpredictable. An image navigator (iNAV) over-
comes this limitation by directly providing estimation of
respiratory motion for motion correction. Both 2D and 3D
iNAV approaches have been utilized for motion correction
[8—11]. Instead of tracking the diaphragmatic interface, the
iNAV tracks structures such as the blood pool contrast of
the heart, thereby avoiding the use of a motion model [12].
Therefore, a restrictive respiratory gating window (typi-
cally+/—2.5-3 mm) is not needed, effectively resulting in
100% respiratory scan efficiency. 2D translational iNAV-
derived motion profiles in the head-to-foot, and left-to-right
directions can be extracted and estimated on a per cardiac
cycle basis and is used to bin data with respect to respira-
tion to the respective bin center. Once all data is collected,
further inter-bin retrospective non-rigid motion correction
is used to reconstruct the 3D dataset.

iNAV motion correction combined with variable-density
3D Cartesian sampling with spiral-like order (VD-CASPR)
[13] and non-rigid motion corrected reconstruction has suc-
cessfully been applied to 3D coronary MRA, 3D LGE, and
non-contrast MRA [14-17], among others. However, the
iNAV method requires relatively stable signal intensity of
the left ventricular blood pool in order to facilitate proper
tracking; rapid time-signal intensity variation results in
tracking failure (supplemental_video_1). Stability of the
blood pool signal can be quickly and efficiently achieved
after the first and second pass of a small bolus injection of
gadolinium based contrast agent (GBCA) with a continu-
ous GBCA infusion providing T1 shortening during image
acquisition (supplemental_video_2). However, GBCA
transit time has significant subject to subject variation, and
therefore direct observation of the first, second pass, and
arrival of the continuous infusion provides subject specific
timing for MRA scan initiation; avoids early scan initiation
which may result in iNAV tracking failure; and late scan ini-
tiation which may miss the arrival of the continuous GBCA

infusion. Here, we aim to utilize the aforementioned iNAV/
VD-CASPR framework to enable free-breathing motion cor-
rected 3D CE-MRA of the pulmonary veins at near isotropic
spatial resolution within a short scan time, using iNAV as a
monitoring tool to provide precision timing of the 3D CE-
MRA scan window in relation to contrast agent bolus arrival.

Materials and methods

This was a single-center Institutional Review Board-
approved study consisting of iNAV motion corrected PV
MRA scans obtained as part of research or clinical pro-
tocols from March 2022 to November 2022. A flow chart
of participant enrollment is provided in Fig. 1. 46 out of
65 patients’ exams were performed during the May—July
2022 period coinciding with the global shortage of iodi-
nated contrast. HIPAA-compliant research was performed
in accordance with the Declaration of Helsinki. All stud-
ies were performed on a 1.5 T system (MAGNETOM Sola,
Siemens Healthcare, Erlangen, Germany). For prospectively
acquired studies, all 40 consecutively enrolled patients pro-
vided informed consent to publish de-identified data and
medical images. Informed consent was waived by the same
IRB for retrospective collection of additional 25 consecu-
tively collected CMR exams. 12 patients had CTA exams
performed within 6 months of MRA (mean 23 days, range
0-144 days); specifically 10 patients had CTA exams per-
formed within 30 days or less of MRA (including 2 patients
with both exams on the same day, 2 patients with both exams
within 24 h, and 4 patients with both exams within 1 week).
One patient had an interim PVI between imaging studies,
with the MRA performed approximately 5 months subse-
quent to CTA and PVIL.

Overview of CMR workflow and MRA protocol

The CMR protocol consisted of 3 long axis bSSFP cines,
(4 chamber, 2 chamber, and 3 chamber), PV CE-MRA, and
short axis bSSFP cines acquired in that order. To determine
the highest (end expiratory) position of the left atrium, a
coronal free breathing bSSFP scout was run over the course
of 30 phases during free breathing. Typically, 80-88 axial
slices were needed to encompass the pulmonary veins, left
atrium, and left atrial appendage.

PV MRA was acquired using inversion or saturation
recovery single echo gradient recalled echo (IR GRE, SR
GRE). An overview of the pulse sequence acquisition is
provided in Fig. 2. The VD-CASPR 3D acquisition pattern
featured a golden angle rotation of spiral-like Cartesian
k-space trajectory between successive cardiac cycles [13].
A total acceleration factor of 2.9 was used. K-space data
was reconstructed using a non-rigid motion-compensated

@ Springer
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Informed consent
40 subjects prospectively enrolled

12 subjects with CTA <6
months from MRA

Waiver of informed consent
25 subjects retrospectively enrolled

Total sample
65 subjects enrolled
66 datasets utilized

Pre-procedural MRA available
34 subjects
35 datasets

12 datasets with SR GRE
54 datasets with IR GRE
(1 subject with both IR and SR)

4 datasets with SR GRE
35 datasets with IR GRE
(1 subject with both IR and SR)

Fig. 1 Flow diagram of participant enrollment

3D Contrast Enhanced MR Angiography with Variable-Density 3D Cartesian Sampling with Spiral-like Order

Trigger Delay

I -
= Data
—| Window l_
High
Resolution
3D MRA

IR/SR- PREP
*FAT SAT

Fig.2 Pulse sequence schematic for the contrast enhanced MR angi-
ography featuring saturation (SR) or inversion recovery (IR) gradient
echo readout; iNAV for joint estimation of respiratory motion in the

iterative 3D SENSE reconstruction implemented inline on
the scanner [14].

Gating window selection and MRA setup

The cardiac rest periods were determined using free
breathing 4 chamber bSSFP cine (35.9 ms temporal res-
olution) prior to CE-MRA. For patients with irregular
rhythms (including atrial fibrillation), or ventricular rates
of 80 BPM or higher, the systolic rest period of the lateral
mitral valve annulus was selected. Otherwise, the dias-
tolic rest period was selected. The data window duration

@ Springer

Trigger Delay

Data

_| Window |_
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Completed 3D MR
Angiography Acquisition

IR/SR- PREP
*FAT SAT

head-foot, left-right directions with 100% scan efficiency; and alter-
nating 3D spiral interleaves. Chemically shift selective fat saturation
(*) is only used in conjunction with saturation recovery preparation

was typically limited to 130 ms but further adjusted as
needed to allow a maximum imaging time of 4 min for PV
CE-MRA. This selection represented a tradeoff between
residual cardiac motion, overall scan time, and duration
of contrast infusion.

The iNAV and saturation band position (used to suppress
signal from the arms for CE-MRA) was determined using
free-breathing 3 plane localizers. The optimal position of
the navigator was defined as covering the base of the left
ventricle on the coronal localizer; avoiding the chest wall fat;
and encompassing on the aortic root on the axial localizer
while left/right centered on the left ventricle.
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The imaging parameters for iNAV IR GRE, and SR GRE
for pulmonary vein MRA are provided in Table 1. The inver-
sion time selected for IR GRE was similar to previous stud-
ies [18, 19]; for systolic imaging, the value was adjusted to
fit within the cardiac rest period. Additionally, for patients
with cardiac devices, a 6000 Hz hyperbolic secant adiabatic
wideband inversion recovery pulse was used, in conjunction
with a center frequency offset of + 1500 Hz [20].

Contrast administration and iNAV fluoro trigger

With conventional linear or centric ordering, maximal T1
shortening can be targeted to the appropriate time to center
of k-space. The spiral-like interleave reordering of the VD-
CASPR sampling acquires central portions of k-space during
each cardiac cycle throughout the acquisition length. The
first and second pass of the bolus are only observed and not
captured during CE-MRA acquisition. Therefore, giving the
smallest bolus dose to facilitate tracking of the iNAV, while
leaving the largest possible amount of remaining contrast
for the plateau continuous dose was thought to give the best
results. This also would provide the greatest flexibility in
case of variable heart rates (atrial fibrillation) and/or missed
vectorcardiogram triggers that could extend the acquisition
duration longer than expected. A saline bolus following the
contrast bolus was necessary for the contrast to clear the
tubing (8 ml) completely.

A total of 0.15 mmol/kg of Gadobutrol (Gadavist™,
Bayer Healthcare Pharmaceutical) was used per patient.
0.05 mmol/kg was used as the bolus dose, administered at
2 ml/s, followed by a saline bolus of 20 ml at the same rate.
Immediately, a slow infusion dose of 0.1 mmol/kg at a rate
of 0.2 ml/sec followed, with 20 ml of saline an identical rate.

Two identical copies (or program steps) of the iNAV 3D IR
GRE or SR GRE sequence were present in the protocol; the
first was triggered prior to contrast administration and func-
tioned solely as a “fluoro trigger” to monitor the first pass,
second pass, and continuous infusion passage. The second
program step made identical to the first was triggered upon
peak of the continuous infusion dose in the pulmonary artery
(Fig. 3a), and immediately after stopping the first program
step. Both iNAV 3D IR GRE and SR GRE sequences were
triggered in the exact same fashion. The window level was
adjusted as needed to visualize the three different compo-
nents of contrast passage (Fig. 3a). Image reconstruction
time was less than 2 min for each 3D dataset. Typical rep-
resentative images for iNAV 3D IR GRE and SR GRE, are
found in Figs. 4 and 5 respectively.

Measurement of SNR and CNR

A mid ventricular slice was selected for assessment
of left atrial (LA) SNR and LA/myocardial CNR (LA
CNR yocardium) 10 all pulmonary vein datasets. Circu-
lar regions of interest were included in the left atrium
(20-30 mm?) and myocardium; background region of
interest typically included the entire space anterior to the
chest wall. LA SNR was calculated as the mean signal in
the left atrium divided by the mean background signal. LA
CNR yocardium Was calculated as the mean signal intensity
difference between the left atrium and myocardium, divided
by the mean background signal. All measurements were per-
formed by a CMR physician with 10 years of experience
JO).

Table 1 3D whole heart iNAV
based sequence parameters

Imaging parameters for pulmonary vein MRA

Sequence

FOV

Spatial resolution
Slice thickness
Slice resolution
Fat Saturation
Motion correction
Acceleration Factor
Bandwidth

Flip angle
TI/Saturation time
TE/TR

Data window duration

Inversion recovery GRE (PV MRA)

Saturation recov-

ery GRE (PV
MRA)
320 mm (axial) 320 mm (axial)
1.3 x 1.3 mm 1.3 x 1.3 mm
1.4 mm 1.4 mm
90% 90%
No CHESS
iNAV iNAV
2.9 2.9
579 Hz/px 579 Hz/px
18° 18°
220-260 ms (systolic) 290 ms (diastolic) 150 ms
1.42 ms/3.89 ms 1.42 ms/3.89 ms
62—-130 ms 62-130 ms

PV pulmonary vein; MRA magnetic resonance angiography; GRE gradient recalled echo; FOV field of
view; CHESS chemically selective saturation; iNAV image navigator; TE echo time; TR repetition time

@ Springer
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e

Continuous
infusion
(trigger)

First pass Second pass

O

Precisely timed MR Angiography

Fig.3 A The image navigator (iNAV) fluoro trigger method for MR
angiography. Two identical 3D whole heart program steps are created
in the workflow. The first step (1) is used only for monitoring the pas-
sage of contrast with the image navigator. The second step (2), which
will run to completion, is triggered at the peak of the continuous infu-

Fig.4 Representative 3D
images for pulmonary vein MR
angiography with inversion
recovery readout

Inversion Recovery MR Angiography

CTA acquisition and ostial measurements

In order to provide a statistically meaningful analysis of
pulmonary vein ostial dimensions between CTA and MRA,
intended sample size exceeded that of previous research
comparing iNAV developmental PV MRA to reference
imaging [21]. CTA was performed on a 320-detector row
scanner (Acquilion One, Vision, Canon Medical systems)
with systolic-triggered cardiac gating at 45% RR interval.
An automated bolus tracking region of interest (threshold
of 100 Hounsfield units) centered in the left atrium was

@ Springer

3D Whole Heart- iNav fluoro trigger

sion in the pulmonary artery. Inversion recovery gradient echo is also
compatible with the 6000 Hz wideband pulse. B Depiction of the pul-
monary vein ostial dimensions by double oblique multiplanar refor-
mat technique

used, with delivery of 60 ml Omnipaque 350 at 4-5 ml/sec,
followed by 30 ml saline at the same rate. Pulmonary vein
major (maximum) and minor (minimum) ostial diameter
measurements perpendicular to the vessel long axis were
made using the double oblique MPR method and commer-
cially available software (Vitrea®, Vital images for CTA;
Syngo via®, Siemens Healthcare for MRI) by two independ-
ent, blinded cardiologists with 4 and 2 years of experience
respectively (Fig. 3b). A total of 96 ostial measurements
were obtained (4 pulmonary veins per patient, 2 dimensions
per vein).
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Fig.5 Representative 3D
images for pulmonary vein MR
angiography with saturation
recovery readout

Saturation Recovery MR Angiography

Evaluation of study quality

Image and anatomical segmentation quality scoring was
assessed based on a 4 point scale defined by Groarke,
et al., who used DNAV based gated IR GRE PV MRA
as the method of acquisition [22]. CE-MRA images were
imported into electroanatomical mapping software (Carto-
Merge Image Integration Module, Biosense Webster Inc.,
Diamond Bar, CA USA). Segmentation of the left atrium,
pulmonary veins and coronary sinus was performed using
CartoMerge semi-automated image integration software, by
two trained technologists with 11 years and 4 years of expe-
rience respectively. A total of 35 anatomical segmentations
from 34 pre-afib ablation (PAFA) patients were completely
redone independent of the pre-procedure anatomical seg-
mentations and rated by each technologist blinded to the
results of each other. One patient had both SR GRE and IR
GRE 3D datasets because motion was suspected on the first
(IR GRE) acquisition. However, both image sets were sub-
sequently found to be free of patient motion. The remaining
PAFA data sets consisted of 30 IR GRE exams, and 3 SR
GRE exams.

Anatomical segmentation quality was graded on the fol-
lowing scale [22]: Grade 1: poor segmentation due to inabil-
ity to separate LA and PVs from adjacent structures; Grade
2: moderate segmentation with incomplete separation of LA
and PVs from adjacent structures; Grade 3: good segmenta-
tion with near complete separation of LA and PVs; Grade
4: excellent segmentation with complete separation of LA
and PV.

Additionally, three cardiologists with 2 years, 2 years,
and 5 years of experience respectively reviewed all datasets
and rated image quality based on the following scale: 4-
(excellent) excellent suppression of cardiac and/or respira-
tory motion, sufficient SNR; 3- (good) mild residual blurring
of the pulmonary vessels (within 1 cm of the ostium) with
sufficient SNR; 2- (poor) suboptimal SNR and/or motion

suppression resulting in partially-diagnostic image; 1- (com-
pletely non-diagnostic image).

Statistical analysis

Continuous values and scores are reported as mean + stand-
ard deviation, categorical values as frequency and percent.
The inter-rater/intermodality reliability of ostial measure-
ments, image, and anatomical segmentation quality were
compared between board-certified imaging cardiologists,
and two experienced technologists respectively. SNR/CNR,
and quality scores between IR GRE vs SR GRE were com-
pared using Wilcoxon’s Rank-Score test and Fisher’s exact
test (for majority quality frequency). The reproducibility of
the quality score was evaluated continuously and per score
category through the use of the concordance correlation
coefficient or Cohen’s kappa with paired t-tests as appro-
priate, and presented using Bland—Altman plots. Interclass
correlation coefficients (ICC), paired t-tests, as well as
Bland—-Altman plots and scatter plots with ordinary least
squared regression lines were used to evaluate reproducibil-
ity of ostial measurements. Analyses were performed using
SAS version 9.4 (Cary, NC.). Where applicable, p values
of <0.05 were considered statistically significant.

Results
Patient demographics

Patient demographics are given in Table 2. There were 18
(28%) patients who were in atrial fibrillation at the time of
exam with a ventricular rate ranging from 54 to 102 bpm
(mean 804 12). This included 3 patients with chronic, 8
patients with paroxysmal, and 7 patients with persistent
atrial fibrillation. For all patients, the overall heart rate
ranged from 45 to 106 BPM (mean 70 + 14) during image

@ Springer
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Table 2 Patient demographics

N Variable Mean, N SD, %
for the study population
Age 67 13
Female gender (N, %) 26 40
Body mass index (kg/m?) 30 6
Body surface area (m?) 2.1 0.3
Heart rate (beats per minute) 70 14
Left atrial volume Index (mL/m?) 57 25
Rhythm at time of MRA
Normal sinus rhythm (N, %) 46 71
Atrial fibrillation (N, %) 18 28
Atrial fibrillation type (N)
Chronic 3
Paroxysmal 8
Persistent 7
Other rhythm (N, %) 1 2
Pacemaker device (N, %) 1 2
CHADS II VASC mean 2.8 1.8
CHADS II VASC frequency (N, %)
0 6 9
1 12 18
2 12 18
3 15 23
4 6 9
5 9 14
6 5 8
Stroke/TIA (N, %) 6
Hypertension (N, %) 42 65
Coronary artery or peripheral vascular disease (N, %) 22 34
Diabetes (N, %) 12 18
NYHA heart failure class >2 (N, %) 10 15
Prior pulmonary vein isolation or atrial ablation (N, %) 17 26
Beta-blocker use (N, %) 45 69
Anti-arrhythmic use (N, %) 21 32
Valve disease (stenosis, regurgitation) > mod-severe (N, %) 5 8

MRA magnetic resonance angiography; CHADS 1l VASC Congestive heart failure, Hypertension, Age, Dia-
betes, Stroke/transient ischemic attack (TTIA), Vascular disease; NYHA New York Heart Association

acquisition. Mean BMI was 30 + 6 kg/m?. One patient had
an implantable cardiac defibrillation, and one patient had a
permanent pacemaker (Fig. 6).

Image quality assessment

Scan time for pulmonary vein iNAV 3D CE-MRA was
3.58 £ 0.60 min. All exams (66) were considered diag-
nostic. A total of 12 SR exams and 54 IR exams were
included in the analysis. Image quality score data is pre-
sented in Table 3. Overall, the mean image quality score
was 3.30+0.58 as rated by physician 1, 3.59+0.5 as
rated by physician 2, and 3.71 +0.49 as rated by physi-
cian 3. The overall agreement (95% confidence limits)

@ Springer

was 0.56 (0.40, 0.69) for physicians 1 and 2, 0.45 (0.23,
0.62) between physicians 2 and 3, and 0.32 (0.14, 0.48)
between physicians 1 and 3. In total, 3 (2%) exams were
rated as poor by the physician majority, with 62 (95%)
exams receiving a majority score of good or excellent
and 1 SR GRE (2%) exam which received entirely mixed
scores (scored as poor, good, and excellent by the three
physicians respectively). For patients in atrial fibrillation
(systolic acquisition) versus normal sinus rhythm, mean
image quality score was 3.05 +0.62 versus 3.40 +0.54
(p=0.036) as rated by physician 1, 3.47 +0.51 versus
3.64+0.49 (p=0.2216) as rated by physician 2, and
3.63 +£0.60 versus 3.74 +0.44 (p =0.5457) as rated by
physician 3. Mean image quality score for IR GRE vs SR
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Fig. 6 Maximum intensity
projection and multiplanar A

Device type:
Pacemaker

Device type:
B Internal Cardiac Defibrillator

reformat wideband inversion
recovery gradient echo images
from two patients with cardiac
devices. The intracardiac leads
are denoted by asterisks. A Per-
manent pacemaker device type,
and B internal cardiac defibril-
lator device type with inciden-
tally discovered left ventricular
thrombus (arrows)

Table 3 Image quality scores

Overview of image quality scores
and agreement for all exams and

comparisons between IR and Mean (SD) quality score All exams IR SR p-value*
SR GRE among physicians 1,
2, and 3 Physician 1 3.30 (0.58) 3.35(0.55) 3.08 (0.67) 0.1885
Physician 2 3.59 (0.5) 3.65(0.48) 3.33(0.49) 0.0465
Physician 3 3.71 (0.49) 3.72 (0.49) 3.67 (0.49) 0.6363
Majority 3.52(0.59) 3.56 (0.60) 3.36 (0.50) 0.2057
Agreement (95% limits)
Physician 1 vs. 2 0.56 (0.40, 0.69)
Physician 2 vs. 3 0.45 (0.23, 0.62)
Physician 1 vs. 3 0.32 (0.14, 0.48)
Majority quality, N (%)** 0.1558
Uninterpretable 0 0 0
Poor 3(5) 3(6) 0
Good 25 (38) 18 (33) 7 (64)
Excellent 37 (57) 33 (61) 4 (36)

“Inversion recovery (IR) vs saturation recovery (SR) mean quality score (Wilcoxon’s Rank-score test) and
majority quality frequency (Fisher’s exact test)

“*One SR exam had no majority quality score

GRE for all physicians is displayed in Table 3. Overall,
mean image quality score was slightly better among IR
exams, but this difference was only statistically signifi-
cant for reviewer 2. Nineteen (33%) IR exams received
a majority score of good, 33 (61%) received a majority
score of excellent, and 3 (6%) received a majority score
of poor. Seven (64%) of SR exams received a consensus
score of good, 4 (36%) received as score of excellent, and
0 received a score of poor. A case rated as poor, primar-
ily due to suboptimal rate control in atrial fibrillation is
exemplified in supplemental_figure_1.pdf.

Measurement of SNR and CNR

The LA SNR and LA CNR,ycargium ratios were 116.87
and 37.75 for the permanent pacemaker wideband IR GRE
exam, and 228.73 and 103.27 for the implantable cardiac

defibrillator wideband IR GRE exam respectively. The
mean LA SNR for all IR GRE exams was 249.58 +190.58,
with a LA CNR,y cardgium Of 156.22 +128.11. For SR
GRE, the mean LA SNR was 243.13 +125.52 with a LA
CNR yocardium Of 83.27£47.73. There was no significant
difference between IR GRE and SR GRE LA SNR ratios;
whereas LA CNRy cargium Was significantly higher for IR
GRE (supplemental_figure_2.pdf).

Anatomical segmentation quality

Of the 35 pulmonary vein datasets (34 patients) used for
ablation procedures, mean anatomical segmentation quality
score was 3.66+0.54 and 3.63 +0.55 as rated by technolo-
gists 1 and 2, respectively (p=0.7113). Inter-rater agreement
was 0.65 (0.40, 0.81). Technologist 1 scored 24 (69%) sub-
jects as excellent, 10 (29%) as good, and 1 (3%) as moderate.
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Technologist 2 scored 23 (66%) subjects as excellent, 11 and Fig. 8. Regression analysis plots can be found in sup-

(31%) as good, and 1 (3%) as moderate. Example MRA ana-  plemental_figure_3.pdf. The interobserver comparisons
tomical segmentations compared with CTA are providedin ~ of CTA major/minor ostia dimensions had a mean differ-
Fig. 7. ence of 0.22+3.28 mm (p=0.66) and 0.64 +2.43 mm

(p=0.081), respectively, and 1.44 +3.33 mm (p=0.005) and
Ostial diameter comparison with CTA 2.47+2.83 mm (p=0.001) for MRA with reflecting ICC

values suggesting better reproducibility on CTA. The inter-
Interobserver and intermodality comparisons between  modality comparisons within reader 1 was —0.2 +£2.28 mm
major and minor ostial dimensions are reported in Table 4  (p=0.55) and —0.61 +3.3 mm (p =0.23) for major/minor

A CT Angiography MR Angiography B CT Angiography MR Angiography

Example 1
PA

Example 1

Example 1
RAO

Example 2
LAO

Example 2

Example 2
RAO

Fig.7 Example comparison between CT and MR angiography segmentations of the left atrium and pulmonary veins

Table 4 Intermodality and interobserver comparison between major and minor ostia dimensions performed on CTA and MRA

Intermodality comparison

Dimension* CTA mean MRA mean Mean difference p-value** ICcC

Reader 1 Major 19.5+3.56 19.7+£3.3 -0.2+2.28 0.55 0.78 (0.63, 0.87)
Minor 15.62+3.79 16.23+2.98 -0.61+3.3 0.23 0.52(0.28,0.7)
Quality 3.42+0.51 3.33+0.49 0.08+0.79 0.72

Reader 2 Major 19.28 +4.53 18.26+4.3 1.02+2.09 0.002 0.86 (0.77, 0.92)
Minor 14.98+£4.43 13.76 +£3.68 1.22+2.41 0.001 0.79 (0.66, 0.87)
Interobserver comparison
Dimension Reader 1 mean Reader 2 mean Mean difference p-value ICC

CTA Major 19.5+3.56 19.28 +£4.53 0.22+3.28 0.66 0.67 (0.49, 0.8)
Minor 15.62+3.79 1498 +4.43 0.64+2.43 0.081 0.82 (0.69, 0.89)

MRA Major 19.7+£3.3 18.26 4.3 1.44+3.33 0.005 0.58 (0.37,0.73)
Minor 16.23+2.98 13.76 +£3.68 2.47+2.83 0.001 0.51 (0.31, 0.66)

CTA computed tomography angiography; MRA magnetic resonance angiography
“All ostia dimensions are measured in millimeters

**Comparisons were performed using paired t-tests or Signed rank test as appropriate
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dimensions, respectively, and 1.02 +2.09 mm (p=0.002)
and 1.22+2.41 mm (p=0.001) for reader 2. The mean CTA
radiation dose was 2.01 +0.47 mSv.

Discussion

In this study, good to excellent PV iNAV 3D CE-MRA
image quality and high quality anatomical segmentation
was achieved in 95% and 97% of patients respectively by
using iNAV fluoro triggering combined with previously
described iNAV VD-CASPR for motion corrected whole
heart 3D imaging [17]. Although adequate for pre-ablation
imaging, a potential barrier to the use of gated MRA for
pre-ablation imaging has been prolonged acquisition times
and complexity compared to CTA. In this work, we have
satisfied the aim of providing a simplified injection scheme
practical for everyday clinical use without contrast dilu-
tion, manipulation of extra tubing and/or stop cocks [23,
24]; and imaging was completed in under 4 min. We have
been inspired by previous works in the field using dANAV,
and most recently iNAV to provide clinicians with motion
corrected high-resolution gated MRA [24, 25]. Compared
to this previous studies with protocols designed for whole
chest MRA, we used a smaller bolus dose of 0.05 mmol/
kg, which provides adequate background signal for iNAV
tracking. iNAV could allow for potentially smaller GBCA
doses due to the following: precision timing of scan ini-
tiation at the peak of the continuous infusion using the
fluoro-trigger method; and improved robustness to respira-
tory motion and 100% scan efficiency by directly tracking
the left ventricular blood pool rather than the diaphragm.
Additionally, the increased scan efficiency can be traded
for higher spatial resolution, assuming SNR adequacy is
maintained.

We also used two different preparations schemes- SR
GRE and IR GRE. Sheffer et al. first described use of SR
GRE for pulmonary vein imaging at 3 T [3] and found this
method less sensitive to RR variation compared to first pass
MRA for patients in atrial fibrillation. Saturation times of
150 and 250 ms have been described [26]. SR GRE has the
perceived advantage of consistent image contrast despite RR
interval variation; however, it is our observation that IR GRE
image contrast fidelity was overall maintained regardless of
sinus rhythm. Based on a limited number of SR GRE exam:s,
we found no significant difference in LA SNR compared to
IR GRE; conversely, LA CNR ,yocargium Was higher in the IR
GRE group. A further comparison of image quality, vessel
sharpness, CNR, and SNR may be the subject of investiga-
tion given the small size of our SR GRE cohort.

The TI selection for IR GRE was a balance between
SNR and background tissue suppression, and was gener-
ally longer than the value used by Groarke et al. (200 ms)

@ Springer

for PV CE-MRA [22]. However, there still was an adequate
amount of background tissue signal intensity suppression.
This largely eliminated the need for fat saturation prepara-
tory pulses which may lead to inadvertent water saturation.
In comparison, fat suppression combined with SR GRE is
mandatory to reduce artifacts and to suppress background
signal. It is estimated that approximately 50-100 Hz oft-
resonance is frequently observed at the interface of the pul-
monary veins and left atrium due to susceptibility effects
and inflow from the lungs [4]. Accordingly, use of bSSFP
readouts could be problematic resulting in signal inhomo-
geneity, poorer visualization of the proximal pulmonary
veins, and more laborious threshold- based segmentations.
Although radial, self NAV 3D bSSFP has been shown to
significantly reduce blood pool inhomogeneity artifacts in
other anatomical regions compared to the standard Carte-
sian readout [27], it has yet to be demonstrated whether this
method can provide artifact free imaging of the pulmonary
veins. Furthermore, radial readouts do not eliminate bSSFP
flow artifacts in this region [28]. Lastly, a 6000 Hz wideband
IR pulse in conjunction with a+ 1500 Hz center frequency
offset facilitated use in patients with an internal defibrillator
or pacemaker device respectively.

We decided not to exclude patients in atrial fibrillation
for our comparison with CTA. Although only 4 out of 12
patients in the CTA comparison group were in atrial fibril-
lation at the time of MRA, the inclusion of these patients is
more relevant to everyday clinical practice. Compared to
Hamdan et al. [29] and Fahlenkamp et al. [30], who exclu-
sively imaged patients in sinus rhythm, we found lower
intermodality agreement between CTA and MRA ostial pul-
monary vein measurements.. These differences may possibly
be explained by the larger sample sizes of the aforemen-
tioned studies and our inclusion of patients in atrial fibrilla-
tion. Residual ostial blurring due to cardiac motion may be
observed in patients with irregular rhythms. Despite this, the
mean differences in PV ostial measurements were at most
1.2 mm between the two modalities, which is comparable
to Hamdan et al.

Limitations

There are limitations to the current study that could be
addressed with additional research. A small number of
patients received CTA imaging for comparison, in part, due
to iodinated contrast shortages. Additionally, we did not
obtain first pass MRA for a comparison reference. As such,
we are not able to establish our method for PV MRA as
superior to ungated first pass CE-MRA in terms of image/
anatomical segmentation quality or reproducibility of PV
ostial measurements. As mentioned, one patient had an
interim PVI between imaging studies. Although a reduc-
tion in pulmonary vein ostial size may be expected 3 months
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post-PVI [31] (approximately 10%), little data exist regard-
ing persistent of these changes in the absence of pulmonary
vein stenosis.

Conclusion

Cardiac gated PV CE-MRA can be obtained in under 4 min
using iNAV based 3D IR GRE or SR GRE cardiac imaging.
The approach of using the iNAV as a (1) fluoro trigger and
(2) 100% respiratory efficient PV CE-MRA with variable
density sampling with non-rigid motion corrected recon-
struction allows for precision scan timing in relation to the
contrast infusion and high quality MRA.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10554-024-03111-0.
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