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Abstract

Purpose—To determine the reproducibility of MRI aortic hemodynamic markers and to assess

their relationship to aortic growth in a cohort of patients with bicuspid aortic valves (BAV).

Materials and Methods—25 patients previously studied with 4D Flow imaging who had at

least 2 separate cross-sectional imaging studies to assess for aortic growth were included: tricuspid

aortic valve (TAV) controls without valvular disease (n = 12) and patients with BAV (n = 13).

Flow data from the ascending aorta was used for calculation of peak velocity, normalized flow

displacement, maximum wall shear stress (WSS), mean WSS, and minimal WSS. Pearson’s

correlation was used to evaluate inter-observer agreement, and linear regression to evaluate the

correlation between the different hemodynamic markers and growth. Patient informed consent was

waived by the institutional review board that approved the study.

Results—Peak velocity and flow displacement were very reproducible (r = 0.90–1.0 and r =

0.91–0.98, respectively). The range of WSS parameters was largely reproducible (0.47 < r < 0.96)

with the greatest variability at the data extraction stage of analysis (0.47 < r < 0.85). Flow

displacement best correlated with interval aortic growth (r = 0.65), peak velocity was moderately

correlated (r = 0.35), but the WSS parameters did not correlate well with growth (r < 0.17).

Conclusion—Flow displacement is a simple and reproducible hemodynamic marker that shows

good correlation with aortic growth in patients with bicuspid aortic valves.
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Background

Altered blood flow with a bicuspid aortic valve (BAV) has long been suspected of

influencing aortic disease progression (1), and advances in magnetic resonance (MR) blood

flow imaging have heightened speculation about the importance of hemodynamics in these

patients. Eccentric, helical flow patterns have been demonstrated (2–4) and linked to
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increased wall shear stress (WSS) at the aortic convexity (5,6). Intriguingly, aneurysms of

the ascending aorta with BAV are reported to bulge asymmetrically toward the convexity

(7–9). Until recently, however, there has been no clear link between abnormal

hemodynamics and disease progression. Now data is available that both indirectly and

directly correlates eccentric flow with BAV to increased aortic growth rates (10,11).

Previous reports demonstrate that normalized flow displacement is reproducible and

correlates well with growth (5,12). We seek to provide a more comprehensive analysis of

aortic hemodynamic features with BAV, including peak systolic velocity and WSS, which

has been shown to significantly influence endothelial function (13,14). Our study aims to

contribute to the development of reliable aortic flow evaluation by determining which MRI

hemodynamic markers are most reproducible in relation to assessment of aortic growth in a

cohort of patients with BAV.

Methods

Time-resolved, 3D phase-contrast MR imaging (4D Flow) was used to assess blood flow

patterns in the thoracic aorta of 135 subjects who presented for cardiac imaging between

February 9, 2007 and March 20, 2012. From this group, patients with serial, contrast-

enhanced magnetic resonance or computed tomographic angiography studies to evaluate

aortic growth were selected. Ascending aortic diameters were measured independently at

standard levels by two blinded observers (both radiologists with a combined 11 years

experience with cardiovascular imaging; MDH and SJW), and the growth rate of the

maximally enlarged segment was determined. Determination of aortic valve morphology

was made by echocardiography and/or MRI, and qualitative characterization of AsAo flow

patterns was made by previously reported criteria (MDH) (5). Patients were excluded from

the study if they 1) did not have an echocardiogram or had insufficient evaluation of the

aortic valve, 2) had congenital heart disease other than successfully repaired aortic

coarctation or 3) had poor quality 4D Flow datasets. The HIPAA compliant protocol

received institutional review board approval, and informed consent was obtained in all

cases.

MR Imaging Technique

The 4D Flow technique employed has been previously validated (15). Briefly,

measurements were performed on a 1.5T system (Signa CV/i, GE, Milwaukee, WI, Gmax =

40 mT/m, rise time = 268 μsec) using an RF-spoiled gradient echo pulse sequence and an

oblique-sagittal slab encompassing the thoracic aorta. Scans were performed with an 8-

channel cardiac coil, respiratory compensation, retrospective ECG gating and the following

imaging parameters: VENC = 160–250 cm/s, fractional FOV= (300 × 270) mm2, slab

thickness = 78 mm, matrix = (256 × 192 × 30), spatial resolution = (1.17 × 1.56 × 2.60)

mm3, temporal resolution = 74–77 ms. Parallel imaging (GRAPPA) with an acceleration

factor of 2 was used. 735 heartbeats were required for data acquisition, resulting in scan

times of 8 to 15 minutes. 4D Flow was performed after standard cardiac MRI protocols in all

patients. Data were corrected for Maxwell phase effects, encoding errors due to the gradient

field distortions, phase wraps and effects from eddy currents (16–18).
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Data Collection and Analysis

Corrected velocity data were imported into 3D visualization software (EnSight, CEI, Inc.

Apex, NC). For each patient, a cross-sectional plane was placed at the ascending aorta just

distal to the sinotubular junction separately by two blinded observers (Observerplanes#1 and

Observerplanes#2; both radiologists with a combined 11 years experience with cardiovascular

imaging; MDH and SJW) (19). The planes, complete with embedded velocity and

magnitude data, were exported for quantitative analysis of hemodynamic markers (Figure 1).

The contours of the aortic lumen were the segmented independently by two separate blinded

observers (Observercontours#1 and Observercontours#2; both cardiovascular imaging

researchers with a combined 10 years experience; MS and PD) using proprietary software

(flow tool) for WSS estimation (20). Segmentation was performed at peak systole as defined

by the peak of the flow versus time curve, and on the two adjacent images (i.e., the frame

pre- and post-peak systole). Maximum and minimum WSS at both peak systole and

averaged for the three time-points, as well as mean WSS at peak systole, were calculated

using these segmentations. Note that maximum WSS measurements were taken from the

right-anterior quadrant where prior studies have shown the highest values in patients with

BAV (5,6). Subsequently, peak systolic velocity and normalized flow displacement from the

vessel center were calculated in Matlab (The MathWorks Inc, Natick, MA) using the same

segmentation. Normalized flow displacement is a recently developed parameter to quantify

flow eccentricity (12), and is defined as the distance between the center of the lumen and the

“center of velocity” of the forward flow, which is then normalized to the lumen diameter

(Figure 1).

Statistics

A Shapiro-Wilk test was used to test for a normal distribution of measurements. Pearson’s

correlation was used to evaluate the inter-observer agreement. Bland Altman plots were used

as well to assess agreement and to test for proportional bias. Linear regression was used to

evaluate the correlation between the different hemodynamic markers and growth. A value of

p < 0.05 was considered significant. All statistical analyses were performed using

Intercooled Stata 10.0 (StataCorp LP, College Station, TX) and Matlab (The MathWorks

Inc, Natick, MA).

Results

Patient Characteristics

The average time of follow-up was 4.3 ± 2.9 years. 13 patients had BAV (26.5 years old,

range 17–43, 5 female, 3.5 ± 0.7 cm baseline aortic size) and 12 tricuspid aortic valve

(TAV) controls (30.7 years old, range 17–64, 3 female, 3.4 ± 0.5 cm baseline aortic size).

The patients with BAV were relatively free from significant aortic valve disease: only 3 had

greater than mild stenosis, and one greater than mild insufficiency (21). All patients with

BAV had fusion of the right and left aortic leaflets. None of the patients with TAV had

valve disease. One patient was excluded because of poor 4D Flow data quality.
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Reproducibility analysis

Inter-observer correlations with regards to plane selection and contour segmentation are

reported for each hemodynamic marker in Tables 1 and 2. Correlations were better between

the different contours than they were between the different planes exported. For the

contours, correlation coefficients were 1.0 for maximum velocity, 0.97–0.98 for normalized

displacement and 0.78–0.96 for the WSS parameters. For the planes, these correlation

coefficients were lower: 0.90 for maximum velocity, 0.91–0.93 for normalized displacement

and 0.47–0.85 for the WSS parameters.

We evaluated the agreement and proportional bias using Bland-Altman analysis. 36 plots

were generated, and demonstrated good results with the 95% limits of agreement from −0.6

to 0.9 m/s for maximum velocity; from −0.467 to 0.357 N/m2 for mean WSSsystole; from

−0.815 to 0.620 N/m2 for maximum WSSsystole; from −655.6 to 455 N/m2 for minimum

WSSsystole; from −0.622 to 0.416 N/m2 for maximum WSSavg; from −0.499 to 0.284

N/m2 for minimum WSSavg; and from −0.1 to 0.1 for normalized displacement.

Growth Correlation

The growth rates of patients with BAV were significantly higher than those of TAV controls

(0.8 versus 0.1 mm/yr, p-value = 0.004). Amongst patients with BAV, those with abnormal

flow patterns demonstrated significantly higher growth rates than those with normal flow

(1.0 versus 0.0 mm/yr, p-value = 0.02). Furthermore, patients with BAV demonstrating

markedly eccentric flow exhibited more rapid growth than other patients with BAV (1.2

versus 0.3 mm/yr, p-value = 0.02).

The measured growth values and calculated normalized displacement values were not

normally distributed. Because good to very good correlation was obtained between all

observers (except for minimum WSS), the linear regression between growth and the

hemodynamic markers was performed on values averaged between the 4 observations

(Table 3). Normalized displacement demonstrated the best correlation with growth (r = 0.65,

p < 0.001, Figure 2). Maximum velocity had a lower correlation (r = 0.35), but better than

the WSS parameters (0.06–0.16). Maximum WSS, however, demonstrated reasonable

correlation with normalized flow displacement (r = 0.5).

Discussion

We have demonstrated that for the assessment of systolic ascending aortic blood flow with

MRI, peak velocity and flow displacement are very reproducible, and WSS parameters

(including maximum, mean and minimum) are largely reproducible with the greatest

variability at the data export stage of analysis (Tables 1 and 2, Figure 3). Our assessment

focused on a homogeneous group of patients with BAV with the most common aortic leaflet

fusion pattern (i.e., left-right fusion). Flow displacement best correlated with aortic growth,

peak velocity was moderately correlated, but the WSS parameters did not correlate well with

growth.

We have performed redundant and blinded analysis at all important steps in our study to

assess the reproducibility of a range of MRI hemodynamic markers. We believe that our
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data is unique among multidimensional MRI blood flow studies in this regard; we are

unaware of any other study that has performed inter-observer reproducibility analysis both at

the data export and then data segmentation steps in patients with aortic valve pathology

(prior work has only addressed the segmentation step (22). We chose the imaging plane

typically used for assessment of ascending aortic flow (19). Our results clearly show that

reproducibility is better at the segmentation stage than at the plane exportation stage for all

hemodynamic markers measured (Tables 1 and 2). Normalized flow displacement and peak

systolic velocity are both very reproducible, but displacement demonstrates substantially

better correlation with aortic growth (r = 0.65 versus r = 0.35). WSS is both less

reproducible and exhibits only a weak correlation with growth at best.

Our data also indirectly address the issue of which imaging modality is required for flow

analysis of valve-related aortic disease. Echocardiography is preferable because it is

inexpensive, widely available and best captures peak systolic velocities due to its high

temporal resolution. Yet it does not allow for the cross-sectional analysis and evaluation of

multidimensional velocity data that is necessary for calculation of flow displacement. For

this, MR blood flow imaging is needed. While our current study used 4D Flow datasets, the

analysis we performed at a standard anatomic location with planes of 3D velocity data could

be performed with conventional phase contrast imaging (i.e., with 2D planes rather than

volumetric data). The potential advantage of the volumetric dataset may be the targeting of

hemodynamic analysis to regions of maximum flow disturbance or eccentricity, which

cannot be prospectively evaluated using routine 2D phase contrast methods.

The relationship of hemodynamics and disease progression in the ascending aorta has

become a topic of growing interest with advances in MR blood flow imaging. Dynamic

helical flow patterns have been visualized with BAV and linked to alterations in WSS as

estimated by MRI (2,3,5,6). Recently, higher growth rates have been reported in patients

with BAV and abnormal leaflet excursion and eccentric systolic flow (10,11). Patients with

markedly eccentric flow demonstrate the most rapid growth. It might seem surprising that

growth correlates better with normalized displacement than WSS. Supraphysiologic WSS

has, after all, been linked to vessel wall injury and aneurysm formation through mechanisms

including smooth muscle cell apoptosis and matrix breakdown (13,14,23,24). Yet, WSS is

not well resolved by MRI for a number of reasons including limited spatial resolution and

partial volume effects (20,25,26). Investigators have argued that despite this

underestimation, gross differences in MR-measured WSS values between patient groups

may be of value (5,6). However, recent assessment of MR-based WSS estimations using

numerical simulations suggest otherwise. At spatial resolutions typical of aortic 4D Flow

studies, high WSS values are not well resolved with MRI. In fact, estimated WSS becomes

progressively worse with increasing true WSS values (27). Thus, the lack of significant

correlation between WSS metrics and aortic growth may reflect the technical shortcomings

of MR-based WSS estimates as discussed above, rather than the absence of a true

correlation.

How can these observations that flow abnormalities appear to drive aortic growth in patients

with BAV be reconciled with the body of evidence that supports the theory that an intrinsic

wall abnormality predisposes to aneurysm with BAV (28)? A heritable, intrinsic vessel wall
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defect and a flow-mediated mechanism for aortic dilation with BAV need not be mutually

exclusive. The former may weaken the aortic wall, and the latter focally exacerbate disease

progression at specific locations. This would explain why BAV is associated with

asymmetric aneurysms at the aortic convexity even without aortic stenosis (7–9), why only a

subgroup of BAV patients have dilated aortas, and why right-left aortic leaflet fusion (seen

in all of the patients in this study) is associated with rapid aortic dilation (29,30).

Nevertheless, it should be noted that the present study did not directly address the issue of

causation. Larger, prospective are needed to validate our findings.

The analysis we present, while specific to the most common aortic leaflet fusion pattern with

BAV, is not limited to this fusion pattern or even congenital valvular abnormalities. Other

studies have shown similar systolic flow abnormalities with other leaflet fusion patterns with

BAV (31), stenotic tricuspid aortic valve (32), and after transcatheter aortic valve

implantation (33), making the data we present potentially relevant to valve-related aortic

disease in general. Other groups have extended similar analysis throughout the aorta and

have targeted other pathologies, including aortic dissection (34).

In conclusion, we have studied a range of MRI hemodynamic markers and have found that

normalized flow displacement is reproducible and best correlates with interval aortic growth

rates in a cohort of patients with bicuspid aortic valves. We therefore believe that flow

displacement should be used in future work aimed at identifying and risk-stratifying patients

who are likely to develop clinically significant aortic disease based on MRI blood

hemodynamic markers.
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Figure 1.
Example case demonstrating how cross-sectional planes of data were exported and then

segmented for quantitative analysis. An isosurface of the thoracic aorta is provided on the

left to show the location of the planes selected independently by two observers (one in red,

the other in yellow). Each plane was then independently segmented by two separate

observers for quantification of MRI blood hemodynamic markers (one contour in purple, the

other in green). Normalized flow displacement from the vessel center (blue circle) is

depicted for each of the planes.
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Figure 2.
Plot of interval aortic growth versus normalized displacement. Note that the average of the 4

data points shown in Figure 1 was used for normalized displacement. A good correlation (r

= 0.65, p < 0.001) was demonstrated, significantly higher than for any of the other MRI

blood hemodynamic markers.
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Figure 3.
Reproducibility analysis for normalized displacement at the plane placement (3a) and

segmentation (3b) stages.
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