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Abstract

Background—The purpose is to compare aortic hemodynamics and blood flow patterns using
in-vivo 4D flow MRI in patients following valve-sparing aortic root replacement (VSARR) and
aortic root replacement with bio-prosthetic valves (BIO-ARR).

Methods—In-vivo 4D flow MRI was performed in 11 patients after VSARR (47418 years, 6
BAV, 5 TAV), 16 patients after BIO-ARR (52+14 years), and 10 healthy controls (47116 years).
Analysis included 3D blood flow visualization and grading of helix flow in the ascending aorta
(AA0) and arch. Peak systolic velocity was quantified in 9 analysis planes in the AAo, aortic arch,
and descending aorta. Flow profile uniformity was evaluated in the aortic root and ascending aorta.

Results—Peak systolic velocity (2.0-2.5m/s) in the aortic root and AAo in both VSARR and
BIO-ARR were elevated compared to controls (1.1-1.3m/s, p < 0.005). Flow asymmetry in BIO-
ARR was increased compared to VSARR, evidenced by more AAo outflow jets (9 of 16 BIO-
ARR, 0 of 11 in VSARR). BIO-ARR exhibited significantly (p<0.001) increased helix flow in the
AAOo0 as a measure of increased flow derangement. Finally, peak systolic velocities were elevated
at the aortic root for BIO-ARR (2.5 vs 2.0m/s, p < 0.05) but lower in the distal AAo when
compared to VSARR..

Conclusion—VSARR results in improved hemodynamic outcomes when compared with BIO-
ARR as indicated by reduced peak velocities in the aortic root and less helix flow in the AAo by
4D flow MRI. Longitudinal research assessing the clinical impact of these differences in
hemodynamic outcomes is warranted.
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Introduction

The estimated incidence of thoracic aortic aneurysms (TAA) is 6 per 100,000 person-years,
most commonly involving the aortic root and/or the ascending aorta (AAo0). Complications
associated with TAA include intramural hematoma, aortic dissection, and aortic rupture. To
prevent these complications consensus guidelines recommend surgical correction when the
aortic diameter exceeds 5.5 cm in patients with trileaflet aortic valves (TAV) and 5.0 - cm in
patients with bicuspid aortic valve (BAV) and risk factors for acute aortic syndrome [1-3].

Surgical options for aortic root aneurysm include aortic root replacement with a valved-
conduit where both the aortic wall and valve are replaced or valve-sparing aortic root
replacement, replacing only the aortic wall. Despite the technical success of both
procedures, the impact of the surgical technique on post-repair hemodynamics is poorly
understood. It is unclear which procedure provides the most optimal hemodynamic outcome
as defined by a normal range of aortic peak velocities and restoration of cohesive aortic
outflow. Although previous studies have investigated the mechanics of reimplanted aortic
valves [4] only a small number of studies have analyzed in-vivo three-directional blood flow
in the thoracic aorta and assessed the potential consequences of the surgically altered aortic
geometry and compliance [5-11].

Previous reports based on time-resolved 3D phase contrast MRI (4D flow MRI) suggest that
this novel technique can provide information on the temporal evolution of 3D blood with full
volumetric coverage of the thoracic aorta over the cardiac cycle [9,12]. Recent studies that
have investigated aortic hemodynamics include analysis of vortex flow in the sinuses of
Valsalva following different valve-sparing aortic root replacement procedures. This work has
contributed to an ongoing discussion about the physiologic role of the sinuses and the
importance of maintaining sinus geometry [13]. Additionally, blood flow patterns and
turbulence downstream from a prosthetic aortic valve have been found to be dependent on
the specific valve design [5- 8,10,13,14].

Understanding the hemodynamic consequences of these surgical procedures has the
potential to identify surgical strategies that result in more physiologic post-operative thoracic
aortic blood flow. We hypothesize that post-surgical thoracic aortic blood flow is more
physiologic in patients following valve-sparing aortic root replacement (VSARR) than bio-
prosthetic valves (BIO-ARR), with more uniform flow profiles, less helical flow, a lower
incidence of jet flow, and reduced peak systolic velocities throughout the thoracic aorta.

Material and Methods

This retrospective study was approved by our local institutional review board (#STU61320).

Study cohort

Our study cohort was comprised of n=37 subjects divided into three groups. Group 1
included patients after VSARR with re-implantation of their native bicuspid aortic valve
(n=6, age=42+18 years, 5 men, pre-surgical aortic diameter = 4.7+1.3cm) and tricuspid
aortic valve (n=5, age=55+21 years, 4 men, aortic diameter =5.1+0.2cm). Group 2 (n=16)
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consisted of patients who underwent BIO-ARR (age=52+14 years, 15 men, pre-surgical
aortic diameter = 4.6+0.48cm). Group 3 (n=10) consisted of healthy volunteers (age 47+16
years, 7 men). The following demographic data and risk factors for TAA were obtained from
the electronic medical record: body mass index (BMI), systolic and diastolic blood pressure
(BP), resting heart rate, history of dyslipidemia, history of hypertension, and the left
ventricular ejection fraction (LVEF).

Surgical Technique

MR Imaging

Valve-sparing aortic root replacement—VSARR was performed using a modified
reimplantation technique, as described previously. Dacron grafts to replace the aortic root
ranged in size from 28 to 36 mm in order to recreate neo-sinuses. The coronary arteries were
anastomosed to the Dacron graft as buttons. A second smaller graft was used to replace the
tubular segment of the ascending aorta. Hemiarch repair was performed when the proximal
aortic arch diameter was >4.0 cm. Valve repair was performed at the discretion of the
surgeon and predominantly involved free margin plication. The coronary arteries were
anastomosed to the Dacron graft as buttons.

Aortic root replacement—BIO-ARR was performed using a modified Bentall procedure.
The composite valve-graft was constructed using a stented bovine pericardial valve sewn on
the bottom of Dacron graft. The graft size was typically 5 or 7 mm larger than the valve size.
Horizontal mattress sutures with pledgets on the ventricular side were passed through the
aortic annulus (non-everting technique) then through both the sewing ring of the valve and
the bottom of the Dacron graft. The coronary arteries were anastomosed to the Dacron graft
as buttons.

The following perioperative characteristics were recorded for BIO-ARR and VSARR
groups: perfusion time (min), cross-clamp time (min), CABG (%), post-operative length of
stay (days), pre-discharge complications (%), and 30-day mortality (%). The number of
VSARR subjects who underwent aortic valve repair was recorded.

All studies were performed on 1.5T or 3T MRI systems. Contrast-enhanced prospectively
ECG-gated 3D MRA was performed to assess aortic dimensions. Aortic hemodynamics
were evaluated using time-resolved 3D phase-contrast (PC) MRI with three directional
velocity encoding (4D flow MRI) measuring 3D blood flow velocities with full volumetric
coverage of the thoracic aorta. 4D flow MRI was acquired during free breathing using
respiratory and prospective ECG gating covering the entire thoracic aorta in an oblique
sagittal orientation as described previously [16].

Aortic Valve Morphology and Function

Aortic valve morphology and function was determined by reviewing CINE balanced steady
state free precession and 2D PC MR images obtained at the level of the aortic valve. BAV

morphology was classified according to Sievers [17]. Aortic valve stenosis and regurgitation
were classified as trace, mild, moderate, or severe as described per published guidelines [3].
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Thoracic Aortic Size

Pre-surgical aortic dimensions were quantified on a dedicated 3D workstation with
multiplanar reformatting capabilities (Vitrea, Vital Images, Minneapolis, MN).

3D Blood Flow Visualization

Helical Flow

Flow Profile

4D flow MRI data was pre-processed using a workflow described previously [18]. A 3D PC
MRA was calculated from 4D flow MRI and combined with 3D blood flow visualization to
overlay blood flow onto the vascular anatomy. Aortic blood flow patterns were evaluated
using time-resolved 3D pathlines enabling the visualization of time-resolved blood flow
throughout the cardiac cycle. Systolic 3D streamlines were calculated to visualize the 3D
distribution of the measured three-directional velocities across individual time-frames
(Figure 1). Traces were color-coded by the local blood flow velocity using a standard color
look up scale.

4D-blood flow visualization was performed in a blinded fashion by a single observer.
Visualization analysis included a semi-quantitative assessment of helix flow and outflow jet
patterns. Helix flow was considered rotational motion around the longitudinal axis of the
vessel centerline (i.e. the physiologic flow direction) creating a corkscrew-like flow pattern.
Helical flow was assessed in the ascending thoracic aorta, aortic arch, and descending
thoracic aorta. The grade of helical flow was assessed on a 3-point ordinal scale: 0, small
helix formation (flow rotation <180°); 1, moderate supra-physiologic helix (180° < flow
rotation <360°); 2, prominent supra-physiologic helix (flow rotation >360°).

Uniformity and Peak Systolic Velocity Quantification

For each patient, 3D PC-MRA data was used to manually position nine analysis planes at
defined anatomical landmarks distributed throughout the ascending aorta, aortic arch, and
descending thoracic aorta [18]. Analysis planes were placed at the following positions
(Figure 2B): Plane 1 at the aortic root distal to the aortic valve, plane 2 in the proximal
ascending aorta (AA0), plane 3 in the AAo at the level of the pulmonary artery, plane 4 in
the AAo proximal to the origin of the brachiocephalic trunk, plane 5 between the origins of
the brachiocephalic trunk and left common carotid artery, plane 6 between the origins of the
left common carotid and left subclavian arteries, plane 7 in the proximal descending aorta
(DA0), plane 8 in the DAo at the level of plane 1, and plane 9 in the distal DAo. The peak
systolic velocity was calculated for all analysis planes. Flow profile uniformity, defined as
symmetry of systolic flow profiles was evaluated in analysis planes 1-3. Flow profiles were
assessed by dividing the aortic cross sections into quadrants. A single observer identified
quadrants with systolic peak velocities >1m/sec in each of these three analysis planes across
the cohorts.

Statistical Analysis

Between-group differences for continuous variables were assessed with the student’s t-test.
Differences between categorical variables were assessed using the Chi-squared test. A p-
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value <0.05 was considered statistically significant; all tests were performed using a two-
tailed analysis.

Results
Study Cohort

Patient preoperative demographic data is summarized in Table 1. No subjects had severe
aortic stenosis or insufficiency. As assessed with CMR, three (18%) BIO-ARR subjects had
moderate aortic insufficiency prior to surgery; all other subjects had mild or less aortic
insufficiency. Three BIO-ARR patients (18%) had moderate aortic stenosis; all other B1O-
ARR patients did not have aortic stenosis pre-surgery. Five (45%) of VSARR patients
demonstrated mild aortic insufficiency. No VSARR subjects demonstrated moderate or
severe regurgitation or aortic stenosis at baseline.

BIO-ARR patients demonstrated a larger baseline thoracic aortic size compared to the
VSARR patients (average 5.2+0.3 vs. 4.8+1.1cm, p=0.005). Significant differences were
also noted regarding the baseline heart rates for VSARR compared to BIO-ARR subjects
(p=0.007). Of the six VSARR subjects with BAV (55%), two (33%) and four (67%)
demonstrated Sievers type 0 and type 1 morphology, respectively.

BIO-ARR and VSARR surgical characteristics are compared in Table 2. Surgical
characteristics were available in 15 (94%) of BIO-ARR and 9 (82%) of VSARR patients.
VSARR surgeries required significantly longer perfusion time and cross-clamp time; there
were no significant differences in post-surgery length of stay, pre-discharge complications,
or 30-day mortality between groups. The majority of VSARR subjects (n=8, 89%)
underwent aortic valve repair at the time of aortic root repair.

3D Blood Flow Visualization and Helical Flow

Flow Profile

4D flow MRI was successfully employed to visualize 3D blood flow in the thoracic aorta of
all n=37 subjects. Representative thoracic aortic blood flow visualization emphasizing
qualitative differences between groups is depicted in Figure 1. Semi-quantitative image
grading of all 3D visualization data revealed significantly increased helical flow in the
ascending aorta of BIO-ARR patients compared to both VSARR patients and control
subjects, independent of aortic valve morphology (Table 3).

Uniformity, Systolic Peak Velocity Quantification

3D blood flow visualization demonstrated increased flow asymmetry in BIO-ARR patients
(Figure 2A), consistent with a higher prevalence of AAo outflow jets (9 of 16 BIO-ARR
patients, 0 of 11 in VSARR patients). Noticeably, the valve sparing approach restored more
cohesive outflow as indicated by less eccentric flow profiles and complete absence of
ascending aortic flow jets impinging the aortic wall in all VSARR subjects as opposed to the
BIO-ARR group. All control subjects demonstrated uniform flow profiles.

Results of systolic peak velocity quantification are summarized in figure 2B. High systolic
peak velocities =2m/s at the aortic root and proximal AAo were found in both BIO-ARR and
VSARR groups compared to control subjects (1.1-1.3m/s, p < 0.005). For both patient
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groups, peak systolic velocities were significantly elevated throughout the AAo, arch, and
proximal DAo (analysis planes 1-7, p<0.0001 to p<0.05). In addition, BIO-ARR patients
demonstrated significantly increased peak systolic velocities at the aortic root (2.5 vs 2.0m/s,
p < 0.05). Conversely, VSARR patients demonstrated higher velocities in the distal AAo
(1.8 vs 1.4m/s, p < 0.05) with a trend towards higher velocities in the arch.

Comment

This study demonstrates the potential of 4D flow MRI to assess blood flow patterns in the
thoracic aorta as a surrogate outcome measure in patients undergoing aortic valve surgery at
the time of aortic root aneurysm repair. Our study compared metrics of aortic hemodynamics
(helix flow, flow asymmetry, peak systolic velocities) along the entire thoracic aorta for
patients who underwent VSARR and BIO-ARR and compared these results with those of
healthy volunteers as a measure of physiologic aortic blood flow. The findings of our study
provide evidence that, compared to BIO-ARR, VSARR resulted in more physiological
hemodynamics within the ascending aorta yielding reduced forward flow impingement on
the AAo wall. Both groups showed increased systolic peak velocities compared to values
found in control subjects (on the order of 1.3m/s). Noticeably, BIO-ARR patients had
significantly higher peak systolic velocities at the aortic root suggesting differential valve
function compared to VSARR.

High peak systolic velocities for both groups throughout the thoracic aorta are likely a
consequence of replacing of part of the ascending aorta with graft material (Figure 2B)
changing compliance of the vessel. We speculate that the reduced compliance of the aortic
graft martial compared to native aortic tissue and thus absence of the normal physiological
Windkessel effect resulted in increased velocities. This hypothesis is supported by studies
evaluating compliance mismatch between implanted grafts and native vessels in the
peripheral arteries as a cause for graft failure through the promotion of intimal hyperplasia at
the graft anastomosis [19,20]. A number of studies have shown that left ventricular outflow
results in right handed helical flow in the ascending aorta during ventricular systole, as a
normal physiological phenomenon [21]. For example, normal aortic helical flow typically
involves a flow rotation of <180°. In our cohort, helical flow was identified in the majority
of BIO-ARR patients but was rare in patients following VSARR indicating favorable
hemodynamics following valve repair with re-implantation. However, pronounced helix flow
(grading > 1) as only observed in three BIO-ARR subjects (18%) demonstrates that both
surgical techniques can restore relatively cohesive 3D blood flow in the majority of cases
with more physiologic post-operative hemodynamics observed following VSARR.

Recent studies have provided evidence that the more common morphology of right-non-
coronary cusp and right-left coronary cusp fusion results in eccentric forward flow jets
which impinge on the anterior aortic root and the mid ascending aorta respectively with the
attendant risk of aneurysm development in these locations [22—25]. With this in mind,
following VSARR and BIO-ARR, patients consistently demonstrated higher velocities along
the right anterior quadrant of the mid ascending aorta, in the region of the anastomosis,
which could increase the risk of aneurysm development in this region. Previous work by our
group demonstrated similar blood flow patterns independent of aortic valve morphology
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suggesting that resuspension of bileaflet aortic valves yielded similar post-operative blood
flow patterns to resuspended trileaflet aortic valves [13].

The non-physiologic aortic blood flow, as seen in both VSARR and BIO-ARR groups in our
study is of uncertain clinical significance. Increased peak velocities, flow asymmetry, and
helical flow leads to increased viscous energy losses, increasing the load on the heart. The
extent of viscous energy loss has been evaluated in the context of TAA and aortic valve
stenosis, compared to healthy volunteers. In this study there was significantly increased
viscous energy loss in both aortic dilation and aortic stenosis compared to healthy volunteers
[26]. Other investigators have quantified turbulent energy loss using 4D flow MRI in aortic
stenosis [27] and assessed flow derangements across valve prostheses in vitro [14]. These
studies suggest that the combined effects of viscous and turbulent energy loss increase the
workload on the heart; however longitudinal studies of the impact of such loading are
lacking. Available longitudinal follow-up data in patients who underwent aortic valve
replacement suggest an increased risk of aortic dissection and aortic aneurysm in follow-up
[28].

This study has several important limitations. The retrospective study design precluded
capture of all patient surgical characteristics as some patients were referred to our institution
for follow-up care after surgical treatment. Direct comparison of baseline to post-surgical
quantitative flow imaging was not possible as a minority of patients underwent 4D flow MRI
as part of their baseline assessment. Consequently, a comparison cohort of healthy
volunteers was used to assess the normalization of aortic hemodynamics following VSARR
or BIO-ARR. Our group has previously demonstrated similar hemodynamic outcomes
following VSARR in TAV and BAV patients, permitting their grouping into a single cohort
for comparison to BIO-ARR [13].

The results of our study suggest that 4D flow MRI can be successfully employed to evaluate
the hemodynamic outcome by measuring time-resolved 3D blood flow in the thoracic aorta
following VSARR and BIO-ARR. Aortic root replacement increases peak systolic velocities
not only in the aortic root and ascending aorta, but also in the arch in both VSARR and BIO-
ARR patients. Flow appears to be more physiologic in the VSARR groups with less helix
flow and eccentric flow profiles compared to BIO-ARR. The long-term effects of such
hemodynamic changes are not fully understood and additional follow-up studies are
warranted to investigate the longitudinal outcomes on valve durability and aortic physiology.
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Figure 1.

3D visualization of systolic blood flow characteristics in representative subjects with
VSARR BAV (A), VSARR TAV (B), BIO-ARR (C) compared to a and Control (D) subject.
VSARR delivers a more physiological blood flow pattern compared to BIO-ARR
independent of valve morphology but with a trend more ideal hemodynamics in the VSARR
TAV.
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Figure 2.
A. Aortic flow profiles averaged across all three groups (left) and illustration of analysis

plane locations in an image showing systolic 3D streamlines in a healthy control subject
(right). The individual pie charts represent the percentage of segments in each group
containing peak velocities greater than 1m/s. BIO-ARR subjects demonstrated non-uniform
flow profiles with eccentrically oriented forward flow jets. VSARR subjects demonstrated
elevated velocities with more flow uniformity while controls presented with uniform flow
profiles throughout the root and proximal AAo. B. Results of quantification of systolic peak
velocities in 9 standardized analysis planes distributed across the entire thoracic aorta. Peak
systolic velocities are increased across the thoracic aorta for VSARR and BIO-ARR
subjects. LA: left anterior, LP: left posterior, RA: right anterior, RP right posterior, TB:
Brachiocephalic trunk, CCA: Common carotid artery, LSA: Left subclavian artery.

* significant differences between VSARR and BIO-ARR (two sided t-test, p<0.05).

+ significant differences between VSARR and controls (two sided t-test, p<0.05).

# significant differences between BIO-ARR and controls (two sided t-test, p<0.05).
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Table 3

Results of the semi-quantitative grading of 3D blood flow visualization (helix flow).
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Helix flow AAo | Helix flow arch | Helix flow DAo
Controls 0 0 0
VSARR 0.0740.27% 0.07+0.27 0
BIO-ARR 094068 0.18+0.5 0

indicates significant difference between VSARR and BIO-ARR groups (p < 0.05), B indicates significant difference between Controls and BIO-

ARR.
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