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Abstract

Aims—The objective of this study was to evaluate the potential of 4D flow MRI to assess valve
effective orifice area (EOA) in patients with aortic stenosis as determined by the jet shear layer
detection (JSLD) method.

Methods and Results—An in-vitro stenosis phantom was used for validation and in-vivo
imaging was performed in 10 healthy controls and 40 patients with aortic stenosis. EOA was
calculated by the JSLD method using standard 2D phase contrast MRI (PC-MRI) and 4D flow
MRI measurements (EOA ;s p-2p and EOA s p-ap, respectively). As a reference standard, the
continuity equation was used to calculate EOA (EOAcg) with the 2D PC-MRI velocity field and
compared to the EOA ;5 p measurements. The in-vitro results exhibited excellent agreement
between flow theory (EOA=0.78 cm?) and experimental measurement (EOAs| p-4p=0.78+0.01
cm?) for peak velocities ranging from 0.9 to 3.7 m/s. In-vivo results showed good correlation and
agreement between EOA s p-2p and EOACE (r=0.91, p<0.001; bias: —0.01+0.38cm?; agreement
limits: 0.75 to —0.77cm?), and between EOA ;5| p-ap and EOACEg (r=0.95, p<0.001; bias:
-0.09+0.26¢cm?; limits: 0.43 to —0.62cm?).

Conclusion—This study demonstrates the feasibility of measuring EOA;s| p using 4D flow
MRI. The technique allows for optimization of the EOA measurement position by visualizing the
3D vena contracta, and avoids potential sources of EOAcg measurement variability.

© 2014 Elsevier Inc. All rights reserved.
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INTRODUCTION

Aortic valve stenosis (AS) is the most prevalent valvular heart disease and has a 2 year
mortality rate of 50% among untreated symptomatic patients with severe stenosis [1]-[3]. In
the case of symptomatic severe AS, the only effective treatment is aortic valve replacement
[3], [4]. Assessment of AS severity is commonly performed using transthoracic
echocardiography (TTE) to quantify the valve anatomic orifice area (AOA), the effective
orifice area (EOA), and the aortic valve transvalvular pressure gradient (TPG) [3], [5]. In
particular, the accuracy of EOA measurement is of vital importance, given its use in
stratifying challenging AS cases [3], [4], [6]. For example, irrespective of symptoms or
TPG, an unfavorable outcome is predicted if a valve EOA is less than 1.0 cm? (where EOA
is the cross-sectional area of the jet vena contracta) [6]. In other words, depending on EOA
size, patients may benefit from aortic valve replacement irrespective of symptoms or other
quantitative measurements of severity. Unfortunately, EOA severity assessment suffers from
error propagation artifacts, is often not feasible by TTE, and is discordant with TPG in up to
20-30% of patients [6]-[8]. Hence, there exists a need to robustly and non-invasively assess
valve EQA. In this respect, the jet shear layer detection (JSLD) method [9], [10] has
demonstrated promise for EOA assessment when TTE measurements are discordant or
difficult to obtain [3], [5], [11].

Cardiac magnetic resonance imaging (MRI) has been used in several studies to assess EOA.
In particular, EOA obtained by 2D phase contrast (PC) MRI and the continuity equation has
shown good correlation with TTE measurements [9], [12]-[16]. However, for both imaging
modalities, the calculation of EOA requires measurements that are susceptible to error such
as: aorta area, left ventricular outflow tract (LVOT) area, LVOT velocity, stroke volume,
and the transvalvular velocity-time integrals [3], [9], [14], [15], [17]. For this reason, error
propagation is a major drawback for the use of the continuity equation regardless of imaging
modality. As an alternative, we recently demonstrated that valve EOA can be determined
directly with 2D PC MRI using the JSLD method [9].

Recent implementations of MRI-derived EOA have used 2D PC MRI, which relies on the
accurate placement of a 2D slice to sample complex 3D post-valve flow dynamics [9], [12],
[15], [16]. This technique can be problematic in cases with highly eccentric flow, such as
bicuspid aortic valves, where accurate placement is not easily feasible [18]. Given that 4D
flow MRI has been shown to comprehensively capture complex 3D velocity blood flow
patterns in the proximal thoracic aorta [19], [20], we hypothesize that applying the JSLD
method in combination with this sequence will allow for a more accurate localization of the
vena contracta and thus valve EOA estimation. The objectives of this study are to: 1) apply
the JSLD method for the measurement of aortic valve EOA using 4D flow MRI, and, 2)
compare 4D flow MRI-derived EOA against 2D PC-MRI-derived EOA using the JSLD and
continuity equation methods.
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In vitro validation

An in vitro assessment was used to characterize the feasibility of the proposed EOA method.
A simple stenosis phantom (@ 20.4 + 0.5 mm, stenosis @, 10 + 0.5 mm, EOA = 0.78 cm?)
with a contraction coefficient = 1 (i.e. EOA/AVA, where AVA is the anatomic valve area
which there it is the cross sectional area of the stenosis phantom) by the potential flow
theory was filled with water and connected to a pump under constant flow conditions
(Chemflo Unit, MP Pumps, Inc; Fraser MI, USA). To increase the signal-to-noise ratio
(SNR), the fluid was doped with contrast agent (Magnevist®, Bayer Schering Pharma AG,
Germany) at a concentration of 1.08 mmol/L [21]. 4D flow measurements were performed
on a 1.5T System (Aera, Siemens AG, Erlangen, Germany). Measurement parameters were:
Venc = 1-4 m/s along all three velocity encoding directions, spatial resolution 1.0x1.0x1.0
mm3, field of view (FOV) = 350x350 mm?, flip angle = 15°, TE/TR = 2.7-3.1/5.6-5.9 ms,
scan time = 10 min.

Study population

The IRB-approved, retrospective study included 50 consented participants: ten (10) healthy
control subjects (4 females, mean age 39+11 years), 15 patients (6 females, mean age 58+15
years) with tricuspid AS (0.90 cm? < EOAcE < 3.95 cm?), and 25 patients (6 females, mean
age 44+11 years) with mild to severe bicuspid AS (0.95 cm? < EOAcE < 4.56 cm?).
Exclusion criteria were: age<21 years old, mitral valve disease diagnosed as mild or greater,
and standard contraindications to MRI. Patients with mitral valve disease were excluded
because mitral regurgitation may alter the estimation of stroke volume.

Cardiac magnetic resonance imaging

Imaging was performed at 1.5T and 3T using a dedicated phased-array cardiac coil (Espree,
Avanto, Skyra, Siemens AG, Erlagen, Germany). Dynamic 2D cine imaging of the heart
provided a comprehensive overview of the cardiac cycle including vascular morphology and
valve function as previously reported [22] [24]. Through-plane 2D PC imaging was
performed in the ascending aorta (Ao, downstream of the aortic annulus) as described
previously [12], [15], [23]. If phase wraps occurred, the MRI acquisition was repeated using
appropriate velocity encoding. 4D flow MRI was acquired in a sagittal oblique 3D volume
covering the thoracic aorta using prospective ECG gating and a respiratory navigator placed
on the lung-liver interface [25]. Pulse sequence parameters for 1.5T Avanto (Espree) scans
included: TE/TR = 2.3-3.4/4.8-6.6 (2.7-2.8/5.3-5.4) ms; flip angle a = 7-15° (15°), 7° if no
contrast; bandwidth = 446-543 (449) MHz; temporal resolution = 38.4-52.5 (42.4-43.2) ms,
and the field of view was 340-400x200-300 (240-360x255-320) mm? with a voxel size of
1.8-2.1x1.8-2.1x2.0-2.8 (1.7-2.5%1.8-2.2x2.2—-2.3) mm3. The 3T Skyra scan parameters
were: TE/TR =2.5 ms, flip angle a = 15°, bandwidth = 449 pixel/MHz, temporal resolution
= 40 ms, and field of view 400x308 mm?2 with a voxel size of 2.1x2.1x2.4 mm3. Velocity
encoding was adjusted to minimize velocity aliasing (1.5-3.0 m/s) based on 2D PC MRI
scout images. Velocity encoding selection resulted in varied values for TE and TR settings.
Acquisition times varied from 8 to 15 min.
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Image analysis

SSFP cine images were evaluated by two observers blinded to the clinical reports, and
assessment included aortic valve morphology and left ventricular function. Aortic stenosis
severity was graded according to international guidelines using the valve EOA and standard
2D PC MRI continuity equation [3], [15]. Regurgitation was assessed using 2D PC MRI
measurements at the level of the aortic valve [23]. Aortic size was assessed at the level of
the midpoint between sinotubular junction and the origin of the innominate artery in
accordance with international guidelines [26]. The presence of an ascending aortic dilation
was defined by a diameter > 2.2 cm/m? or >4.0 cm. All 4D flow MRI data were corrected
for eddy currents, Maxwell terms, and velocity aliasing using a custom-made research
application in Matlab (Mathworks, Natick, Ma, USA) [27].

Determination of valve effective orifice area using the continuity equation

The MRI-derived valve EOA was calculated using the continuity equation (EOAcg) and
velocity measurements acquired from 2D PC-MRI [12], [14] [16]:

_LVEDV-LVESV _ SV,

EOA(;E_ fésystole‘/Ao dt VTI 1)

Ao

where SV is the stroke volume derived from LV short-axis by semi-automatic
segmentation (LVEDV: left ventricular end-diastolic volume; LVESV: left ventricular end-
systolic volume) and VTl is the velocity-time integral of the peak aortic flow velocity

(V a0) measured downstream of the aortic valve during systole. This method has been
reported to reduce EOA error estimation when using MRI [14].

Determination of valve effective orifice area using JSLD

Aortic velocity (V) acquired from 2D PC MRI or 4D flow MRI was used to estimate the
JSLD field via the equation JSLD = V.- (o A V), where o is the calculated vorticity as
computed by EnSight (CEI Inc, Apex, NC) [28]-[30] and A represents the wedge product.
In brief, the JSLD field scales the vorticity field by the velocity magnitude, thereby
providing an enhanced visualization of flow jet separation from recirculating flow (for
example, downstream from a stenotic aortic valve). As a result, the transvalvular flow jet
shear layer and thus the position of the vena contracta cross-sectional area (i.e. valve EOA)
can be identified [9]. This technique is independent of stroke volume or velocity-time
integral measurements, and thereby avoids error propagation commonly experienced with
the continuity equation EOA calculation [9], [31].

The calculated 4D flow JSLD field was used to visualize the 3D vena contracta structure and
position. This was achieved by defining the minimum 3D JSLD cross-sectional area and
peak velocity position downstream of the aortic valve. A semiautomated contour detection
algorithm (level set) was used to measure the aortic valve 2D and 4D flow EOA

(EOA;s1 p-2p and EOA s p-4p) along the vena contracta cross-section (Figure 1) [9]. To
initialize this algorithm, the area within the JSLD field was seeded via user interaction. The
exact area was finalized using the contour algorithm to detect the contour limits of the vena
contracta (i.e. EOA). The level set threshold was set to 0.1 using the weighted mean area/
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length energy values obtained from each JSLD region, as reported in previous studies using
2D JSLD [9], [10]. 2D cine SSFP images were co-registered with the 4D flow data to aid
with visualization of anatomic valve structure and flow [18].

Inter- and intra-observer variability

Inter- and intra- observer variability for 2D and 4D flow JSLD methods were assessed using
percentage absolute error and Bland-Altman analysis in a randomized subset of 15 AS
patients by two blinded observers.

Statistical analyses

Results are expressed as mean + SD. Paired 2-tailed Student’s t-tests or one-way ANOVA
was used when appropriate. The correlation and agreement between 2D and 4D EOA ;s p
and EOAcg measurements were assessed by the use of a Pearson’s correlation coefficient
and Bland-Altman plots.

RESULTS

In vitro study

Figure 2A-B shows a longitudinal slice of the 3D stenosis phantom and the resulting
velocity magnitudes. The 4D flow velocity data were used to compute the normalized JSLD
field and Figure 2C shows that the structure of the JSLD vena contracta remains constant for
the first 4-5 EOA-equivalent diameters (distal to the stenosis). Intra-voxel dephasing due to
turbulence at the flow reattachment regions was observed distal to the stenosis at
approximately 5 EOA-equivalent diameters. A volumetric representation of normalized
JSLD is shown in Figure 2D and an axial visualization of this structure allows the direct
determination of stenosis EOA (Figure 2E). Three consecutive measurements at 10 mm
downstream were averaged and resulted in an EOA ;g p-4p Of 0.78+0.01 cm? (Table 1). This
agrees well with the theoretical EOA, which when calculated by the potential flow theory is
0.78 cm? [32].

In vivo study

In the 40 patients with AS, the LV mass was 140+58 g, the LV ejection fraction was 58+12
%, the aortic through-plane velocity-time integral was 50+22 cm and the stroke volume was
97+30 mL. Mild to moderate aortic regurgitation was present in 43% (n=17, regurgitation
fraction = 19+16%) of the patients and mild/moderate aortic dilation in 60% (n=24) of the
patients.

Examples of valve EOA for a control subject and patients with moderate and severe AS are
shown in Figure 3. The correlation of EOA ;s p-ap to EOAcE was excellent (r=0.95,
p<0.001, Figure 4A). Bland-Altman analysis also showed good agreement between
EOA st p-ap and EOAcE (mean difference=-0.09+0.26 cm?, limits of agreement from 0.43
to —0.62 cm?, Figure 4B). Inter-observer variability was excellent with an absolute error of
746 %. Intra-observer absolute error was 2+2 % and 5+5 % for observer 1 and 2,
respectively (Figure 5A). The EOA;s p-2p and EOAcE also showed good correlation (r=
0.91, p<0.001, Figure 4C). Bland-Altman analysis demonstrated good agreement between
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EOAcE and 2D EOA;s p methods as well (mean difference=—0.01+0.38 cm?, limits of
agreement from 0.75 to —0.77 cm?, Figure 4D). Inter-observer variability was good with an
absolute error of 9111 %. Intra-observer absolute error was 4+3 % and 7+9 % for observer 1
and 2, respectively (Figure 5B). All EOA 5 p measurements required less than 1 min for
visualization, positioning, and detection using home-customized tools.

An ANOVA analysis and Tukey’s range test for healthy controls and patient stenosis groups
(mild, moderate, and severe AS) (Figure 6A) revealed significant differences between
EOAcE measurements (p<0.05). When using EOA;s p-4p, a significant difference
(p<0.001) was found for healthy controls, patients with mild and moderate AS. The EOA
estimated by the EOA ;5 p-4p and EOAcg methods was compared in each of the following 4
subsets of patients: 1. Control; 2. Presence of valve regurgitation; 3. Presence of aortic
dilation (aortic diameter > 4cm); 4. Presence of valve regurgitation and aortic dilation. All
patients in groups 2—4 have at least mild AS. An ANOVA test demonstrated a significant
difference between groups using both CE and JSLD methods (p<0.001). Tukey’s range test
revealed a significant difference between healthy controls (group 1) and patients with aortic
dilation (group 3, Figure 6B) using EOAcg measurements (p<0.05). When EOA;s; p-4p
measurements were used, a significant difference (p<0.001) was found between healthy
controls (group 1), patients with aortic regurgitation (group 2), and patients with aortic
dilation (group 3). A summary of EOA methods measurements is presented in table 2.

DISCUSSION

The main findings of this study were: 1) using the 4D flow technique, valve EOAj5 p can
be feasibly and robustly obtained in AS patients; 2) 2D and 4D flow EOA;g| p correlate and
agree well with the standard continuity equation method for estimation of EOA, 3) 4D flow
JSLD, especially when co-registered with cine 2D SSFP images, allows for the conceptual
visualization of the relationship between valve structure, 4D flow data, and the 3D structure
of vena contracta, especially in cases with challenging hemodynamic conditions (such as
eccentric flow jets). These findings highlight the main advantages of the EOA;s| p-4p
method over the standard continuity equation, namely, the EOA can be directly visualized
regardless of transvalvular flow jet eccentricity, and EOA calculation does not require SV
and VTI measurements. This lack of dependence on SV and VTI can potentially reduce the
chance for EOA measurement error and image time processing when using the EOA;s| p-4p
method. TTE is the most frequently used imaging technique to assess AS severity, and often
determines therapeutic management in clinical practice [3], [4]. However, TTE
measurements are limited by reproducibility, often leading to discordant results or
inadequate grading of AS severity [7], [15], [17]. In particular, the LVOT diameter
measurement can significantly alter valve EOA estimation using the continuity equation
[17]. In such cases, other more invasive imaging techniques such as transeophageal
echocardiography, 3D echocardiography or cardiac catheterization are used to confirm AS
severity.

AS severity assessment is especially important in elderly patients who exhibit a high
incidence of low TPG and/or severe AS despite normal ejection fraction. However, the
calculation of EOAcE in these subjects is challenging, leading to referral for stress exams
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(using projected valve EOA) or alternative imaging modalities to determine AS severity via
valve EOA measurement [11], [33]. Additionally, the lack of reliable quantitative severity
assessments often leads to a “wait for symptoms” strategy to determine if the patient will
undergo aortic valve replacement, but this delay may compromise LV function recovery and
patient survival [34], [35]. Consequently, risk stratification and treatment of asymptomatic
patients with low TPG and low flow is a difficult challenge [11], [33], [36]. Moreover, a
recent study demonstrated that valve EOA<1.0 cm? predicts unfavorable patient outcomes,
irrespective of symptoms or TPG [6]. With these results in mind, the difference between
EOA and AOA becomes important: EOA is usually smaller than AOA in patients with
moderate and severe AS (Figure 3A) with both parameters physically related to each other
by the valve inflow shape (Figure 3A) [32]. AOA can be assessed clinically using aortic
valve planimetry, however, it can be difficult to measure AOA in heavily calcified valves
and it has been shown less sensitive for predicting outcome [23], [37]. Thus, the EOA
method proposed in this study may prove useful for improved risk stratification given that
the technique extracts the EOA from the 3D velocity field, bypasses the reliance on
additional measurements, and complements the multifactorial management of AS patients.

In this study, tricuspid and bicuspid AS patients were evaluated using 2D and 4D flow
velocity measurements to compute the EOA;g p and assess AS severity. Quantification of
SV in AS patients with severe aortic regurgitation is susceptible to error when using LV
volumetric measurements, which will propagate and result in inaccurate EOA estimation.
This difficulty may be the reason for the differences in the AR patients in Figure 6B and
highlights an advantage of the JSLD method. In addition, bicuspid AS patients often present
with eccentric transvalvular flow jet patterns and/or ascending aorta dilation [18]. In these
scenarios, the 2D PC MRI-derived valve EOA may be overestimated due to an inadequate
localization (angle or distance from the valve) of the vena contracta, and it may lead to an
underestimation of velocity-time integral and TPG as calculated by the Bernoulli equation
(Figure 6B) [9], [38]. In this case, Doppler echo-derived calculations will also be susceptible
to errors because it is challenging to accurately position the probe to capture the eccentric jet
angle for velocity assessment.

The EOA 51 p-4p Method offers a technique that is much less dependent on plane position,
systolic jet angle and flow characteristics compared with 2D phase-contrast MRI methods
for EOA calculation. The inherent flexibility of the 4D flow technique is a possible reason
better correlation and agreement were found between EOAs) p.4p and EOAcg as compared
to EOAjs| p-2p measurements (Figure 4). Furthermore, operator and observer variability
was reduced in the EOA ;5 p-4p (Figure 5) indicating that the methodology has the potential
to provide a consistent, repeatable measure of EOA.

Additional promising applications for the JSLD method include the evaluation of aortic
valve kinematics by computing the instantaneous valve EOA, a measurement that has
recently been performed by computing the continuity equation at all-time points in the
cardiac cycle [16]. Using this technique, aortic valve kinematics have been associated with
plasma levels of BNP and risk scores for asymptomatic AS patients (as recently proposed by
Monin et al) [16], [39], [40]. Furthermore, the 4D flow JSLD method may also be used to
evaluate the EOA of aortic valve implants (bioprosthetic and transcatheter valves), thus

Magn Reson Imaging. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Garcia et al. Page 8

improving post-operative functional assessment and possibly helping guide device
development.

Study Limitations

The main limitation of this study is the small number of patients with severe AS (n=6),
which is a group that would benefit the most from timely diagnosis. However, the technique
was successful at identifying the severe AS patients that were included, as well as
appropriately classifying patients with less severe disease. Additionally, accurate estimation
of valve vorticity magnitude is dependent on the temporal and spatial resolution of the MRI
scan (typically 40-50 ms per time-frame and 2-2.5 mm, respectively), which is impacts the
total scan time and SNR. An adequate selection of encoded velocity or the use of
unwrapping algorithms may avoid measurement errors. A general limitation of 4D flow
MRI is the relatively long scan time (t=8-15 min for full aortic coverage) and data
processing times (t = 20-30 min). Faster acquisition flow sequences and hardware (i.e. k-
space trajectories and parallel imaging) are currently in development, and improved post-
processing workflow is an active area of interest[41]. Finally, the 4D flow MRI-derived
valve EOA method proposed in this study was not validated against TTE as a reliable non-
invasive method to grade AS; however, the 2D JSLD method has previously shown good
agreement with TTE measurements[9]. It is important to mention that, at present, there is no
gold standard technique or method for the measurement of valve EOA [42]. Further studies
with larger number of patients with severe stenosis are necessary to confirm the incremental
diagnostic and prognostic value of this new MRI method for the valve EOA measurement.

Conclusions

The current study of aortic valve EOA calculation using the 4D flow JSLD technique
demonstrates the feasibility of this method in patients with aortic stenosis. Results were
compared with previously validated 2D flow-derived EOA methods and demonstrated
excellent agreement. The 4D flow JSLD method may be useful to non-invasively assess AS
severity without requiring the measurement of stroke volume and the transvalvular velocity-
time integral. This advantage, in combination with the ability to locate the true vena
contracta position, may minimize potential sources of measurement error and variability
when computing valve EOA, and could ultimately lead to a larger role for EOA assessment
in risk stratification and treatment planning in patients with AS. In summary, the advantages
of this technique must be considered in balance with the fact that the exam time will be
longer than traditional 2D methods. Thus, the proposed method targets a select AS
population who exhibit discordant hemodynamic measurements with echo-Doppler and may
benefit from a comprehensive flow assessment using 4D flow MRI.
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FIGURE 1. 4D flow jet shear layer detection method
Panel A shows the 3D visualization of aortic flow based on streamlines at peak systole. The

white box defines the region of interest for the evaluation of aortic valve stenosis severity.
Panel B shows the region of interest with the dashed white line indicating the vena contracta
location. Panel C shows the same lateral 3D view of the jet shear layer detection structure
used to estimate valve effective orifice area (EOA;js| p-4p)- Panel D shows the visualization
of valve anatomic opening. Panel E shows the direct visualization and measurement of valve
EOA by JSLD method, the dashed white line defines the vena contracta surface (i.e. EOA).
Ao: Aorta, AoV: Aortic valve, LV: Left ventricle, PA: Pulmonary artery.
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FIGURE 2. In vitro validation
Panel A: Magnitude image along the stenosis phantom z-axis. The white arrow indicates the

primary flow direction. Panel B: Absolute velocity plane (in m/s) along the stenosis
phantom z-axis. The white arrows indicates the phantom diameters (d1 = 20.4 £ 0.5 mm,
stenosis @, = 10 + 0.5 mm). Panel C: normalized jet shear layer detection (JSLD) along the
z-axis of the stenosis phantom. Panel D: 3D structure along the JSLD z-axis which was used
to estimate the effective orifice area (EOA). A red line is marked with hash marks to
indicate stenosis diameter. Panel E: Axial view of the 3D JSLD structure: the cross-sectional
area (white dashed line) corresponds to EOA determined by the JSLD method. The oval
orifice shape detected by the JSLD method matched the oval orifice geometry produced
during manufacturing with a rapid prototyping printer.
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FIGURE 3. Schematic of valve effective orifice area estimation
Panel A shows an idealized representation of transaortic valve flow separation. AOA is the

anatomic orifice area and EOA is the valve effective orifice area at the vena contracta
(smaller area of transvalvular flow reattachment, orange lines, and maximal velocity
position), note AOA>EQA. Panel B shows three different cases (control, moderate and
severe aortic stenosis) using valve area estimation with the 4D flow jet shear layer detection
(JSLD) method. The first column illustrates the aortic flow velocity streamlines at peak
systole; the second column shows a 3D lateral view of the JSLD structure, with the red iso-
surface, computed from 4D flow MRI data at peak systole; the third column shows a 3D
frontal view of JSLD at peak systole. The dashed white line indicates transvalvular maximal
velocity position, i.e. the vena contracta. Ao: Aorta, AoV: Aortic valve.
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FIGURE 4. Regression and Bland-Altman plots of valve effective orifice area measurement

methods

Panel A shows the regression fit of the valve effective orifice area (EOA) measured by the
continuity equation using 2D PC MRI (EOAcg) and the 4D flow MRI EOA measured by
the jet shear layer detection method (EOA;s| p-4p)- Panel B shows the corresponding Bland-
Altman agreement plot for both methods. Panel C shows the regression fit of the valve EOA
measured by 2D PC MRI jet shear layer detection method (EOA;s. p-2p) and the EOAGE.
Panel D shows the corresponding Bland-Altman agreement plot for both methods.
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FIGURE 5. Inter-observer measurements using the 2D flow and 4D flow jet shear layer
detection method

Panel A shows the Bland-Altman agreement plot for measurements performed using the 4D
flow jet shear layer detection method using two blinded readers in a randomized subset of 15
patients. Panel B shows the Bland-Altman agreement plot for measurements performed
using the 2D jet shear layer detection method using two blinded readers in the same subset
of patients.
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FIGURE 6. Comparison of effective orifice area using 2D PC MRI continuity equation and 4D
flow jet shear layer detection method

In Panel A four subject groups (control, mild, moderate and severe aortic stenosis) were
compared by an ANOVA test. In Panel B four subjects groups (control, aortic valve
regurgitation, aortic aneurysm, combined valve regurgitation and aortic aneurysm) were
compared by an ANOVA test. t: p<0.05 or t: p<0.001 as compared to controls; *: p<0.05 or
**: p<0.001 as compared to mild AS; +: p<0.001 as compared to moderate AS.
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Table 1

Summary of in-vitro measurements.

Peak VeIOCity (m/s) Theoretical EOA (sz) EOACE (sz) EOA;s.p-2p (sz) EOA ;s p4p (sz)

0.9 0.78 0.75 0.75+0.02 0.77+£0.01
1.8 0.78 0.78 0.81+0.03 0.78 £0.02
2.8 0.78 0.79 0.77 £ 0.03 0.78 +0.01
3.7 0.78 0.81 0.81+0.03 0.77 £0.02

Theoretical effective orifice area (EOA) was calculated by the potential flow theory. EOA by continuity equation (EOACE) was computed used a
simplified version given by EOACE=SV/Vmax. EOA by jet shear layer detection method was calculated in 2D (EOAJS|D-2D) and 4D
(EOAJSLD-4D) using the calculated JSLD field.
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Table 2

Summary of EOA measurements in evaluated subjects.

EOAce (cm?)  EOAjs pop (6Mm?)  EOA;s p.gp (€m?)

Controls (n=10) 2.98 £0.59 3.01+0.63 2.98 +£0.64
Patients (n=40) 1.96 +0.85 1.94 +0.86 1.81+0.81
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