1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Magn Reson Imaging. Author manuscript; available in PMC 2024 June 01.

-, HHS Public Access
«

Published in final edited form as:
J Magn Reson Imaging. 2023 June ; 57(6): 1752-1763. doi:10.1002/jmri.28432.

Hemodynamic Evaluation of Type B Aortic Dissection Using
Compressed Sensing Accelerated 4D Flow MRI

Ozden Kilinc, MD?, Stanley Chu, BS?, Justin Baraboo, MS12, Elizabeth K. Weiss, BS12,
Joshua Engel, BS1, Anthony Maroun, MD1, Daniel Giese, PhD34, Ning Jin, PhD>, Kelvin
Chow, PhD1:6, Xiaoming Bi, PhDS, Rachel Davids, BS®, Christopher Mehta, MD’, S.
Christopher Malaisrie, MD’, Andrew Hoel, MD8, James Carr, MD1, Michael Markl, PhD1:2,
Bradley D. Allen, MD, MS?

1.Department of Radiology, Northwestern University, Chicago, lllinois
2Department of Biomedical Engineering, Northwestern University, Chicago, lllinois
3:Magnetic Resonance, Siemens Healthcare GmbH, Erlangen, Germany

4Institute of Radiology, University Hospital Erlangen, Friedrich-Alexander-Universitat Erlangen-
Nurnberg (FAU), Erlangen, Germany

5-Cardiovascular MR R&D, Siemens Medical Solutions USA, Inc., Cleveland, Ohio
6.Cardiovascular MR R&D, Siemens Medical Solutions USA, Inc., Chicago, lllinois
"-Department of Surgery (Cardiac Surgery), Northwestern University, Chicago, lllinois

8Department of Surgery (Vascular Surgery), Northwestern University, Chicago, lllinois

Abstract

Background: 4D Flow MRI is a quantitative imaging technique to evaluate blood flow
patterns, however it is unclear how compressed sensing (CS) acceleration would impact aortic
hemodynamic quantification in type B aortic dissection (TBAD).

Purpose: To investigate CS-accelerated 4D Flow MRI performance compared to GRAPPA-
accelerated 4D Flow MRI (GRAPPA) to evaluate aortic hemodynamics in TBAD.

Study Type: Prospective.
Population: 12 TBAD patients, 2 volunteers.
Field Strength/Sequence: 1.5T, 3D time-resolved cine phase-contrast gradient echo sequence.

Assessment: GRAPPA (acceleration factor [R] = 2) and two CS-accelerated (R = 7.7 [CS7.7]
and 10.2 [CS10.2]) 4D Flow MRI scans were acquired twice for interscan reproducibility
assessment. Voxelwise kinetic energy (KE), peak velocity (PV), forward flow (FF), reverse flow
(RF) and stasis were calculated. Plane-based mid-lumen flows were quantified. Imaging times
were recorded.
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Tests: Repeated measures analysis of variance, Pearson correlation coefficients (r), intraclass
correlation coefficients (ICC). £< 0.05 indicated statistical significance.

Results: The KE and FF in true lumen (TL) and PV in false lumen (FL) did not show difference
among three acquisition types (p = 0.818, 0.065, 0.284 respectively). The PV and stasis in TL
were higher, KE, FF and RF in FL were lower, and stasis was higher in GRAPPA compared

to CS7.7 and CS10.2. The RF was lower in GRAPPA compared to CS10.2. The correlation
coefficients were strong in TL (r = [0.781 — 0.986]), and low to strong in FL (r = [0.347 — 0.948]).
The ICC levels demonstrated moderate to excellent interscan reproducibility (0.732 — 0.989).

The FF and net flow in mid-descending aorta TL were significantly different between CS7.7 and
Cs10.2.

Conclusion: CS-accelerated 4D Flow MRI has potential for clinical utilization with shorter scan
times in TBAD. Our results suggest similar hemodynamic trends between acceleration types, but
CS-acceleration impacts KE, FF, RF and stasis more in FL.
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INTRODUCTION

Aortic dissection results from a tear in the aortic intima forming a second blood filled
channel known as a false lumen (FL) parallel to the native aortic channel (true lumen [TL])
(1, 2). Aortic dissection can be associated with acute hemodynamic compromise and serious
adverse outcomes with morbidity and mortality rates depending on its subtype and extent (3,
4). Stanford type A aortic dissection (TAAD) occurs when a tear develops in the ascending
aorta creating a FL and is considered as a surgical emergency (3, 5). Dissection in the
descending aorta can occur in isolation (de novo type B aortic dissection [dnTBADY]), or as
a residual chronic dissection following TAAD repair (rTAAD) (6, 7). Uncomplicated TBAD
without end organ ischemia or rupture is managed medically with anti-impulse therapy

(8, 9). However, 20-50% of medically managed chronic TBAD patients eventually require
surgical intervention during their clinical follow-up (6, 8, 10-12). It is therefore important
to determine which patients will benefit from early surgical intervention such as thoracic
endovascular repair (TEVAR), graft replacement or open elephant trunk repair (ET) (13,
14). Considering all these variables, noninvasive imaging is important for diagnosis, risk
stratification and selection and accurate timing of the treatment method in TBAD cases.

Three-dimensional time-resolved cine phase-contrast MRI, also known as ‘4D Flow MRI’,
has increased clinical utilization over the past several decades and can be used to evaluate
several cardiovascular pathologies including aortic stenosis, bicuspid aortic valve disease,
aortic coarctation, and aortic dissection (1, 6, 15-19). It has more recently been used to
identify TBAD patients with growing aortas at risk for adverse outcomes by assessing the
blood flow at entry tears and in the FL (19-25). However, its clinical adoption is hindered by
relatively long scan times, especially in critically ill TBAD patients. Thus, a need exists for
validation of accelerated 4D Flow MRI protocols in TBAD.
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Compressed sensing (CS) acceleration utilizes the inherent sparsity of MRI data and has
been combined with various parallel imaging techniques to accelerate MRI acquisitions
over the past decade, including 4D Flow MRI (26-30). Even though the results of previous
studies have shown improvements in scan time compared to parallel imaging methods,
implementation of this technique into clinical workflows has been hindered by long offline
reconstruction times (26-28, 30-32). Ma et al recently demonstrated the feasibility of
CS-accelerated 4D Flow MRI with inline image reconstruction to obtain thoracic aorta
images in under 2 minutes (30). However, while nine different acceleration factor (R) levels
were used to evaluate the CS-accelerated 4D Flow MRI in a pulsatile flow phantom, the
assessment of CS acceleration of 4D Flow MRI in human subjects in this study was limited
to the investigation of a single acceleration factor (R = 7.7). In another recent study, Pathrosa
et al reported underestimation of peak velocity (PV) and peak flow with CS-accelerated 4D
Flow MRI acquisitions in a heterogenous group of patients with different aortic diseases
(19).

Thus, building on currently available studies, the aim of our study was to investigate the
performance of CS-accelerated 4D Flow MRI at two acceleration factor levels, R = 7.7
and R = 10.2, for aorta hemodynamic quantification in a prospectively recruited cohort of
patients with chronic TBAD with complex TL and FL flow patterns.

MATERIALS AND METHODS
Study Cohort

The study was approved by the Institutional Review Board and all subjects provided written
informed consent. Twelve TBAD patients (57.75 £ 7.04 years old; 5 female) and two healthy
volunteers (28-year old male, 21-year old female) were prospectively recruited between July
2021 and February 2022. Out of the 12 patients, 6 were medically managed dnTBAD and

6 were rTAAD. The details of the patient demographics including blood pressure and heart
rate measurements before the image acquisitions are shown in table 1. The overall cohort
consisted of both initial and repeat scan results of all subjects for the groupwise comparisons
of the quantitative hemodynamic parameters and correlations among the acquisition types.
Only patient data was used for FL analysis, both patient (TL) and volunteer data (entire
aorta) were used for TL analysis.

Image Acquisition

All 4D Flow MRI scans were acquired on a 1.5T MRI system (MAGNETOM Sola, Siemens
Healthcare, Erlangen, Germany) with prototype sequences using retrospective ECG gating
and coronal volumetric coverage including the whole heart and entire aorta during free
breathing without respiratory navigator gating (19, 30). The scan protocol was the same for
all subjects without contrast, with one conventional GRAPPA accelerated (R = 2) acquisition
and two CS-accelerated 4D Flow MRI scans with different acceleration levels, R = 7.7
(CS7.7) and 10.2 (CS10.2). The order of acquisitions were not systemically varied, with
GRAPPA generally performed first. The repeat scans were performed 5 to 10 days after

the initial scans for reliability assessment of each acquisition type. The imaging parameters
for all scans were as follows: Echo time (TE) = 2.18 msec, flip angle = 7° and velocity
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encoding (VENC) = 160 cm/s. The rest of the imaging parameters for each acquisition type
are summarized in table 2. All 4D Flow MRI images were reconstructed on the scanner (19,
30).

The scan time for each acquisition type for each subject was calculated through the

image comments. Number of heart beats required to acquire the 4D Flow MR images for
each acquisition type and average heart rate during the scan were reported in the image
comments. The acquisition times were calculated by multiplying these two parameters for
each subject and acquisition time. In the next step, the average scan time and standard
deviation (SD) were calculated in the entire cohort for each acquisition type.

Image Processing and Segmentation

The offline post-processing of the 4D Flow MRI data for all acquisitions included correction
for eddy currents, noise-masking of areas outside of flow regions, and velocity aliasing
(MATLAB; The MathWorks, Natick, MA) (33, 34). Time-averaged 3D phase contrast MR
angiograms (PC-MRA) and time-averaged magnitude images were generated to define
vessel anatomy. Time-averaged 4D Flow MRI magnitude data were used to manually
segment the entire aorta, excluding aortic arch branch vessels by one independent observer
(OK, 3 years of experience in imaging research) on a designated software (Mimics
Innovation Suite; Materialise, Leuven, Belgium). In the next step, TL was manually
segmented based on the PC-MRA data on the same designated software. Subtraction of

the TL segmentation from the entire aorta segmentation yielded the FL segmentation. In
volunteers, the entire aorta was segmented from the PC-MRA and used to mask the 4D
Flow MRI data. The data covering the entire aorta from the volunteers were combined with
the TL analyses of the patient group. Post-acquisition processing steps and volumetric map
examples of one dnTBAD case are shown in figure 1.

Parametric Hemodynamic Maps

3D parametric maps of aortic hemodynamics were derived using in-house analysis tools
(MATLAB; The MathWorks, Natick, MA) similar to a recently reported workflow (6, 24).
The 4D flow velocity data were interpolated to 1 mm?3 voxels using spline interpolation. For
each voxel KE, FF, 5th percentile PV, RF, and flow stasis were calculated inside the TL and
FL in the patient group and in the entire aorta of the volunteers. A 3D aortic centerline was
automatically calculated, and orthogonal analysis planes were automatically placed every
millimeter along the center line. Each voxel was matched to the nearest plane to determine
the direction of the flow from the normal vector, ie, forward (ascending aorta to descending
aorta) and reverse (descending aorta to ascending aorta).

FF and RF: Mean FF and RF were reported after summing the value in each voxel through
the cardiac cycle, and then averaging these sums over the entire luminal volume.

KE: Voxel-wise KE was defined by: KE = 0.5 x p x dV x v(t)2 where p is the assumed
blood density of 1060 kg/m3, dV is the unit voxel volume (ie, 1 mm3) and v(t) is the velocity
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magnitude for each voxel at each cardiac time-frame. Total KE was reported by summing
each voxel over the cardiac cycle.

PV: The time point with the maximum 95! percentile voxel-wise PV was used to determine
the 3D PV volumetric maps. The average of the maximum top 5% velocities was reported as
PV for TL and FL.

Stasis: Voxel-wise flow stasis was defined as the percentage of the cardiac timeframes in
which the velocity in that voxel was < 0.1 m/s and this definition was used to generate
volumetric stasis maps. Mean stasis was reported by averaging these percentages over the
entire TL and FL volume.

Plane-based Flow Analysis

For time-resolved flow evaluation and average FF, RF and net flow (NF) quantifications,

2D planes were placed orthogonal to the at the TL both in the mid-ascending and mid-
descending aorta and additionally to the midline of the FL in the descending aorta on the
segmented volume of the aorta derived from each 4D Flow MRI scan (EnSight, version 211;
CEl, Apex, NC, USA). The forward, retrograde and NFs were computed at each of these
planes for all 4D Flow MRI acquisition types.

Statistical Analysis

RESULTS

Scan Times

Groupwise comparisons between acquisition types were performed using repeated measures
analysis of variance (ANOVA) for voxelvise parameter values and plane-based flow
quantifications. Pearson correlation coefficients (r) were also calculated for pairwise
correlation of each voxelvise parameter in TL and FL among the acquisition types. Intraclass
correlation coefficients (ICC) were calculated for interscan reliability assessment of each
sequence type. ICC values less than 0.5 were indicative of poor reliability, between 0.5 and
0.75 moderate reliability, between 0.75 and 0.9 good reliability, and any value greater than
0.9 was indicative of excellent reliability (35). Average scan time and SD from the entire
cohort consisting of both initial and repeat scans type were also reported for each acquisition
type. For all analyses P < 0.05 was considered statistically significant.

Average scan time for conventional GRAPPA-accelerated 4D Flow MRI acquisition was
11.12 +/- 2.64 minutes whereas it was 5.13 +/- 1.80 minutes for CS7.7 and 4.01 +/- 1.23
minutes for CS10.2 acquisitions. The scan time reductions by CS-accelerated 4D Flow MRI
acquisitions were 53.8% and 63.9% for CS7.7 and CS10.2 respectively when compared

to the conventional 4D Flow MRI. The scan time reduction by CS7.7 was 21.8% when
compared to CS10.2.

Hemodynamic 4D Flow MRI Parameters: True Lumen

The KE and FF in TL did not show significant differences among the three acquisition
types (p = 0.818 and p = 0.065 respectively). The PV levels were significantly higher in
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GRAPPA compared to CS7.7 and CS10.2 acquisitions. The mean percent underestimations
for PV were 4.76% and 6.34% for CS7.7 and CS10.2 acquisitions respectively. Mean RF
was significantly lower in GRAPPA compared to CS10.2 with mean percent underestimation
level of 6.25%. The mean stasis was significantly higher in GRAPPA compared to both
CS7.7 and CS10.2 acquisitions with mean percent overestimation levels of 14.07% and
16.29% respectively. The Pearson correlation coefficients in the TL for all parameters in all
pairwise comparisons among three acquisition types were as follows: r = 0.977, 0.951 and
0.980 for KE; 0.971, 0.943 and 0.960 for PV; 0.957, 0.961 and 0.986 for FF; 0.870, 0.781
and 0.902 for RF and lastly 0.810, 0.841 and 0.951 for stasis between GRAPPA and CS7.7,
between GRAPPA and CS10.2 and between CS7.7 and CS10.2 acquisitions respectively.
Mean and SDs of all parameters for all three acquisition types and Pearson correlation
coefficients in the TL are summarized in table 3.

Hemodynamic 4D Flow MRI Parameters: False Lumen

The PV in the FL showed no significant difference among the three acquisition types (p =
0.284). In the FL, total KE, mean FF and mean RF values were significantly lower and mean
stasis was significantly higher in GRAPPA compared to both the CS7.7 and the CS10.2
acquisitions. KE was the most sensitive parameter to CS imaging acceleration in FL with
mean percent overestimations of 66.6% and 80.95% for CS7.7 and CS10.2 acquisitions
respectively compared to GRAPPA 4D Flow MRI. There was overestimation of FF and RF
in both CS acquisitions (26.3% and 25%, respectively), while stasis was underestimated by
-11.6% with CS7.7 and —13.2% by CS10.2. There was no significant difference in FL KE,
PV, FF, RF, and stasis between the two CS-accelerated acquisition (p = 0.374, 0.284, 0.452,
0.986 and 0.500, respectively).

Pearson correlation coefficients in the FL were as follows: r = 0.861, 0.879, 0.844, 0.542 and
0.798 for KE, PV, FF, RF and stasis respectively between GRAPPA and CS7.7 acquisitions;
and r = 0.733, 0.455, 0.810, 0.702 for KE, PV, FF and stasis respectively between GRAPPA
and CS10.2 acquisitions. No significant correlation was found for RF between GRAPPA and
CS10.2 acquisitions (r = 0.347, p = 0.09). Pearson correlation coefficients between CS7.7
and CS10.2 acquisitions were 0.928, 0.738, 0.938, 0.822 and 0.948 for KE, PV, FF, RF

and stasis respectively. Mean and SDs of all parameters for all three acquisition types and
Pearson correlation coefficients in the FL are summarized in table 3. Boxplots for each
parameter for the three acquisition types in TL and FL are shown in figure 2. Example
descending aorta level cardiac coronal and sagittal images of all three acquisition types in
one of the dnTBAD cases are shown in figure 3.

Plane-based Flow Analysis

Average FF values and their SDs in the TL were as follows: 73.76 +/- 20.98, 73.82 +/-
23.72 and 74.67 +/- 21.64 ml/cycle at the mid-ascending aorta level (p = 0.817) and 49.61
+/-14.34, 46.80 +/- 14.14 and 46.33 +/- 15.49 ml/cycle at the mid-descending aorta
level for GRAPPA, CS7.7 and CS10.2 acquisitions respectively. Mid-descending aorta TL
FF were not significantly different between GRAPPA and CS7.7 acquisitions (p = 0.067)
and between CS7.7 and CS10.2 acquisitions (p = 0.686). The FF analysis at the midline
of the FL in the descending aorta showed the following results: 10.35 +/- 7.63, 10.07
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+/-7.51 and 10.24 +/- 7.64 ml/cycle (p = 0.796). Average RF values and their SDs in

the TL were as follows: —2.16 +/- 2.87, —3.11 +/- 3.48 and —-3.77 +/- 3.50 ml/cycle at
mid-ascending aorta (p = 0.397) and —-1.17 +/- 1.65, -1.47 +/- 2.34 and -1.50 +/- 2.40
ml/cycle at mid-descending aorta (p = 0.403) for GRAPPA, CS7.7 and CS10.2 acquisitions
respectively. No significant result was observed in RF analysis in the mid-FL descending
aorta analysis (-5.11 +/- 3.87, =5.09 +/- 5.21 and —5.29 +/- 4.14 ml/cycle for GRAPPA,
CS7.7 and CS10.2 acquisitions respectively with a p value of 0.979). The last parameter in
the plane-based flow quantifications was NF. Average NF values and their SDs in the TL
were as follows: 70.63 +/- 19.39, 70.72 +/- 23.11 and 70.87 +/- 21.01 ml/cycle at the mid-
ascending aorta (p = 0.992) and 48.44 +/- 14.31, 45.34 +/- 14.24 and 44.82 +/- 15.65 ml/
cycle at the mid-descending aorta for GRAPPA, CS7.7 and CS10.2 acquisitions respectively.
Comparisons between GRAPPA and CS7.7 acquisitions and between CS7.7 and CS10.2
acquisitions in the descending aorta were not significant (p = 0.069 and 0.689 respectively).
And lastly NF analysis in the FL did not show significant difference among three acquisition
types (5.23 +/- 6.73, 4.01 +/- 7.01 and 4.94 +/-7.43 ml/cycle for GRAPPA, CS7.7 and
CS10.2 acquisitions respectively, p = 0.233).

Interscan Reliability Assessment

All TL parameters showed good to excellent reliability between initial and repeat scans for
all three acquisition types in ICC analysis. The ICC levels for the TL between the first

scan and second scans were 0.948, 0.957, 0.973, 0.936 and 0.955 for KE, PV, FF, RF and
stasis respectively in GRAPPA 4D Flow MRI acquisition; 0.952, 0.956, 0.952, 0.909 and
0.856 respectively for CS7.7 acquisition and finally 0.937, 0.952, 0.966, 0.944 and 0.908
respectively for CS10.2 acquisition. A similar trend was observed for all five parameters in
the FL. The ICCs for all five parameters including KE, stasis, PV, FF and RF between the
first and second scans for GRAPPA-accelerated 4D Flow MRI were; 0.983, 0.974 0.989,
0.975 and 0.907 respectively. The ICCs for all five parameters between the first and second
scans for CS7.7 acquisitions were 0.976, 0.973, 0.971, 0.925 and 0.884 respectively. Lastly,
the ICC levels between the first and second scans for CS10.2 4D Flow MRI were 0.969,
0.958, 0.864 and 0.966 for KE, stasis, PV, FF respectively. The RF showed slightly lower,
moderate level of agreement between the two scans for CS10.2 acquisition (r = 0.732). The
ICCs between the first and second scans for each acquisition type are summarized in table 4.

DISCUSSION

Clinical implementation of 4D Flow MRI is hindered by long scan times even though its
utility in evaluation of various cardiovascular pathologies has been widely supported (15—
19). In this study we investigated the feasibility and performance of CS-accelerated 4D Flow
MRI in TBAD cases with two different acceleration levels.

Despite the statistically significant difference between the TL PV and stasis values between
conventional 4D Flow MRI and both CS-accelerated 4D Flow MRI acquisitions, and TL RF
values between GRAPPA and CS10.2 acqusitions; these differences were small and within a
clinically acceptable range. Additionally, stasis and RF are slow flow parameters and likely
less clinically relevant in the TL compared to the FL.
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On the other hand, FL results demonstrated overestimation of flow parameters (FF and RF)
and KE, and underestimation of stasis values in both CS-accelerated acquisitions compared
to traditional 4D Flow MRI. Among the hemodynamic parameters quantified, PV was the
most stable parameter without any significant difference among the three acquisition types,
while KE was the most sensitive parameter to CS imaging acceleration in FL. The KE
value is obtained through a calculation directly proportional to velocity squared. In addition,
CS acceleration tends to increase the noise in the images. Increased noisy voxels in CS
reconstruction may be the driver of systematic overestimation and underestimation of these
various parameters, particularly in the FL where signal and relative blood flows are both
decreased, and the resultant velocity-to-noise ratio is already relatively low. Specifically

for KE which is proportional to the velocity squared, any increase in noise introduced by
the CS acceleration and quantified as a high velocity voxel will disproportionately impact
KE more than other linear velocity or flow parameters. As Previous studies using CS

based reconstruction methods have described underestimation of 4D Flow MRI derived flow
parameters (19, 28-31). Pathrose et al evaluated the performance of CS-accelerated 4D
Flow MRI at three acceleration factor levels (R =5.7, 7.7, and 10.2) in a heterogenous
cohort of patients with different aortic diseases including aortic root and ascending aortic
dilation, bicuspid aortic valve, chronic TBAD and a patient with mechanical aortic valve
replacement with ascending aortic aneurysm repair and demonstrated underestimation of
several hemodynamic parameters by all CS protocols (19). However, their study included
only four TBAD cases and they did not report the results specifically for the FL in the
dissection cases. The plane-based mid-ascending and mid-descending TL and mid-FL flow
analysis in our study showed statistically insignificant consistent values for almost all
parameters among the three sequence types. The differences in TL FF and NF at the level of
the mid-descending aorta between CS7.7 and CS10.2 are clinically negligible.

Neuhaus et al investigated the applicability of a six to eight-fold accelerated Cartesian CS
aortic 4D Flow MRI technique with an inline reconstruction on the scanner (Compressed
SENSE, Ingenia, Philips Healthcare). They showed no statistically significant differences
in measured flow parameters (peak flow, NF and PV) between the reference SENSE-
accelerated technique and the CS technique up to an acceleration rate of six (29).

However, the R = 8 accelerated CS acquisition demonstrated underestimation of NF and

a trend for underestimation of peak flow and statistically significant overestimation of

PV when compared to the conventional SENSE-accelerated 4D Flow MRI acquisition.
However, the CS technique used in their work combined the CS technique and the parallel
imaging (SENSE) approaches and temporal correlations were not used in the reconstruction
framework. In addition, their cohort did not include aortic dissection cases. The differences
in the study population and image analysis might have contributed to the less significant
differences between the conventional and CS-accelerated 4D Flow MRI approaches in their
study compared to ours (29). Jarvis et al demonstrated the feasibility of hemodynamic
mapping of conventional 4D Flow MRI as a quantitative technique for the characterization
of chronic descending aortic dissection however they did not use CS-accelerated 4D Flow
MRI (6). Chu et al used baseline 4D Flow MRI derived /n vivo hemodynamic parameters
to investigate their relationship with adverse aorta related outcomes in TBAD cases and
demonstrated larger baseline diameters, lower RF and stasis in the FL and lower KE, FF
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and PV in the TL in patients with adverse aorta related outcomes in their overall cohort
including both rTAAD and dnTBAD cases. Among patients with dnTBAD, patients with
adverse aorta related outcomes had larger baseline diameter, lower FL stasis and TL PV. In
both groups, subjects with aortic growth = 3mm/year had a higher KE ratio. However, in
that study traditional GRAPPA accelerated 4D Flow MRI was used and the impact of CS
acceleration of 4D Flow MRI data was not investigated (24).

In our study, the scan times were reduced by 53.8% and 63.9% for CS-accelerated 4D
Flow MRI scans with R = 7.7 and 10.2 respectively when compared to the conventional

4D Flow MRI. Three lines per segment were used for GRAPPA 4D Flow MRI acquisitions
to reduce the acquisition time and 2 lines per segment were used for CS7.7 and CS10.2
acquisitions. These results may facilitate the clinical translation of CS-accelerated 4D Flow
MRI as shorter scan times with increased imaging efficiency

The CS reconstruction techniques in our study were very similar to previously used
techniques (19, 30). We have used them to perform hemodynamic quantifications and
comprehensive evaluation of various flow parameters in TL and FL of TBAD. There are
limited diagnostic or prognostic criteria for 4D Flow MRI derived hemodynamic parameters
in TBAD, and a reference standard hemodynamic assessment for these patients is lacking.
Considering these challenges, it is difficult to interpret the clinical importance of the
differences seen in our study between CS-accelerated 4D Flow MRI acquisitions and
conventional GRAPPA-accelerated 4D Flow MRI. However, given the scan time savings
compared to conventional 4D Flow MRI, direct online reconstruction, and reliable results
between initial and second scans with high interscan agreements, our results suggest the
potential to integrate the CS-accelerated 4D Flow MRI in a clinical routine setting.

The patient cohort in this study was small. Further work with larger populations may help
evaluate hemodynamic features in TBAD with CS-accelerated 4D Flow MRI acquisitions
and to establish reference normal ranges for each quantitative parameter with this technique.
In addition, segmentation of aortic dissection remains challenging especially on non-contrast
images and it may be improved by utilizing high blood-tissue contrast anatomical imaging
registered to flow data or by exploring machine-learning algorithms to segment the FL. In
addition, only one observer performed the segmentations. While this limitation may explain
some of the variabilities in the values of the parameters among the acquisition types, our
previous studies have showed excellent interobserver agreement (24). The order of the
acquisition types was not systematically varied between subjects, which limits our ability to
test for effects of time in scanner or acquisition order on hemodynamic differences. Using

a static mask may have impacted the capture of the FL through the cardiac time point in
cases where the FL was actively moving, and the velocity spectrum can be extremely large
in TBAD patients which makes the choice of the VENC difficult. This could potentially

be alleviated by using accelerated multi-VENC 4D Flow MRI acquisitions. Additionally,

no other reconstruction parameters such as spatial and temporal regularizations and their
effects on hemodynamic evaluations were explored in this study, and further work would

be required to investigate these in TBAD cases. Additionally, the objective of this study
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was less about optimizing the CS acceleration performance and more about how currently
available CS acceleration impacts advanced hemodynamic parameters in this unique cohort
of patients. The main barriers currently to clinical implementation of the CS-accelerated
4D Flow MRI in TABD are: 1) an appreciation for impacts on hemodynamic quantification
with CS acceleration which has been addressed in our study, and 2) availability of these
acquisitions on clinical scanners.

Our study demonstrates that CS-accelerated 4D Flow MRI at acceleration factors of 7.7
and 10.2 had high agreement with conventional GRAPPA 4D Flow MRI in TL and
overestimation of dynamic flow parameters in the FL in TBAD patients. Considering the
unique patient population and the need to balance scan and reconstruction times, image
quality, and accuracy of hemodynamic quantification, CS-accelerated 4D Flow MRI has the
potential to become an integral aspect of hemodynamic evaluation in TBAD in the clinical
settings.
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A Post-Processing 3D segmentation Forward Flow Map

B
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Figure 1:
A) Represents postprocessing steps of the 4D Flow MRI data including processing of raw

4D Flow MR images on MATLAB and manual 3D segmentation of the true and false

lumen B) True lumen peak velocity and kinetic energy and false lumen stasis and reverse
flow maps in one subject with de novo type B aortic dissection and comparison of maps
generated by MATLAB between conventional and compressed sensing accelerated 4D Flow
MRI scans.
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Figure 2:
Boxplots represent the values for each parameter and the trend of their distribution among

three acquisition types in true and false lumen. Statistically significant differences in

pairwise comparisons are shown in the figure.
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Figure 3:

4D Flow MRI magnitude coronal and sagittal images for each acquisition type in one patient
with de novo type B aortic dissection covering the lungs and thoracic descending aorta.
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Details of the patient demographics including the average blood pressure and heart rate values before the
image acquisitions

Patient Demographics

Age (years)

BMI (kg/m?)

Systolic Blood Pressure (mmHg)

Diastolic Blood Pressure (mmHg)

Heart Rate (bpm)

Time since dissection diagnosis (months)

mean + SD

57.75+£7.04

27.66 +5.82

126.04 +16.48

72.79 £12.76

69.66 + 17.09

46.66 +35.14

Gender

Prior type A Repair

Medications

Anti-Hypertensive

Aspirin

Statin

Female =5, Male =7

6

11

7

10
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4D Flow MRI scan parameters and mean and standard deviation of the scan time for each acquisition type

Table 2:

Acquisition Type

GRAPPA 4D Flow MRI

CS7.7 4D Flow MRI

CS10.2 4D Flow MRI

Scanner 1.5T MRI 1.5T MRI 1.5T MRI
Contrast No No No
Scan Time (min) 11.12 +/- 2.64 5.13 +/-1.80 4,01 +/-1.23
Acceleration Factor (R) 2 7.7 10.2

Field of View (mm?)

365 — 459 x 459 — 499

365 — 459 x 459

365 — 459 x 459

Slice Thickness (mm) 28-35 28-3 28-3
Number of Lines/Segment 3 2 2
Repetition Time (msec) 45-6.2 41-57 4.1-57
Echo Time (msec) 2.18 2.18 2.18

Spatial Resolution (mm3)

26x26x28-35

26x26x28-3

26x26x28-3

Temporal Resolution (ms) 26.7-52.8 26.8-53.2 26.6 —53.5
Flip Angle (°) 7 7 7
Velocity Encoding (cm/s) 160 160 160
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Summary of the mean and standard deviations of each true and false lumen parameter for each acquisition

type, groupwise comparisons among three acquisition types and Pearson correlation coefficients.

GRAPPA vs CS10.2 | GRAPPAvs CS7.7 | CS10.2vs CS7.7 GRAPPA vs CS10.2 | GRAPPA vs CS7.7
True Lumen False lumen
GRAPPA | CS10.2 | GRAPPA | CS7.7 | CS10.2 | CS7.7 GRAPPA | CS10.2 | GRAPPA | CS7.7
0.184 0.186 0.184 0.186 0.038 0.035
Mean + SD Odlgfgi + 06133;39: + + + Mean + SD 06051131 + 06031131 +
Total : 0.064 : 0068 | 0064 | 0068 | Total : 0.022 : 0019
Kinetic Kinetic
Energy P value 0.818 Energy P value 0.008* 0.003*
@) )
Correlation 09517 09777 0.980 Correlation 0.733% 0.8617
126+ | 118+ | 126+ | 120 | 118+ [ 120 0371+ | 0441 | o371+ [ 0408
9 Mean + SD 0.26 0.22 026 * 0.22 * 9 Mean£SD | 529 : 0.148 x
ngfk : : 0.22 : 0.22 P?:’k : 0.152 : 0.108
Velocity P val * * 0.627 Velocity P val 0.284
(m/s) value 0.002 0.006 . (m/s) value .
(Correlation 0.943% 09717 0.960 Correlation 0.455~ 0.879”
0.121 0.125 0.121 0.125 0.024 0.024
Mean | MeansD Odlgéoi + 06133%0: + + + Mean | Mean=sD 0603881 + 0603381 +
Forward ' 0.031 ' 0037 | 0031 | 0.037 | Forward : 0.006 : 0,007
Flow Flow * *
(ml/ P value 0.065 (ml/ P value 0.012 0.012
cycle) cycle)
Correlation 09617~ 0957~ 0.986~ Correlation 0.810% 0.8447
0.017 0.017 0.017 0.017 0.020 0.020
Mean | MeansD 0603851 + Oboégsi + + + Mean | Mean=sD 0603&1 + 0603831 +
Reverse ' 0.004 ' 0.004 | 0004 | 0004 | Reverse : 0.003 : 0.003
Flow n Flow " .
(ml/ P value 0.023 0.269 0.141 (ml/ P value 0.023 0.010
cycle) cycle)
Correlation 07817~ 0.870° 0.902° Correlation 0.347 0542~
4939+ | 4134 | 4930+ | 424 | 4134 | 424 8013+ | 6954 | go13+ | 7076
Mean + SD 792 | z926 | 792 | 926 | 2 Mean+SD | "4 39 * 10.39 *
Mean : 9. ' 990 | **¥ 990 | Mean ' 11.60 : 10.69
Stasis n n Stasis n .
(%) P value 0.000 0.000 0.421 (%) P value 0.003 0.001
Correlation 0.8417 0.810~ 0951~ Correlation 0.702% 0798

*
indicates statistical significance in repeated measures ANOVA and Pearson correlation coefficients
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Summary of intraclass correlation levels between the first and second scans 5-10 days apart for each

acquisition type. All correlations showed statistical significance (p < 0.05)

GRAPPA Scan 1 vs

CS7.7 Scan 1 vs

CS10.2 Scan 1 vs

True Lumen Scan 2 Scan 2 Scan 2

Kinetic Energy (J) 0.948 0.952 0.937

Peak Velocity (m/s) 0.957 0.956 0.952

Intraclase Cortelation Forward Flow (ml/cycle) 0.973 0.952 0.966
Reverse Flow (ml/cycle) 0.936 0.909 0.944

Stasis (%) 0.955 0.856 0.908

GRAPPA Scan 1 vs

CS7.7 Scan 1 vs

CS10.2 Scan 1 vs

False Lumen Scan 2 Scan 2 Scan 2

Kinetic Energy (J) 0.983 0.976 0.969

Peak Velocity (m/s) 0.989 0.971 0.864

Intraclass Correlation Forward Flow (ml/cycle) 0.975 0.925 0.966
Reverse Flow (ml/cycle) 0.907 0.884 0.732

Stasis (%) 0.974 0.973 0.958
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