
Abstract. Aim: To compare 4D flow magnetic resonance
imaging (MRI) and 2D phase contrast (PC) MRI when
evaluating bicuspid (BAV) and tricuspid (TAV) aortic valves.
Materials and Methods: A total of 83 subjects (35 BAV, 48
TAV) were explored with 4D flow and 2D PC MRI. Systolic
peak velocity, peak flow and regurgitation fraction were
analysed at two pre-defined aortic levels (aortic root, mid-
tubular). Furthermore, the two methods of 4D flow analysis
(Heart and Artery) were compared. Results: Correlation
between the 2D PC MRI and 4D flow MRI derived
parameters ranged from moderate (R=0.58) to high
(R=0.90). 4D flow MRI yielded significantly higher peak
velocities in the tubular aorta in both groups. Regarding the
aortic root, peak velocities were significantly higher in the
TAV group with 4D flow MRI, but in the BAV group 4D flow
MRI yielded non-significantly lower values. Findings on
peak flow differences between the two modalities followed
the same pattern as the differences in peak velocities. 4D
flow MRI derived regurgitation fraction values were lower
in both locations in both groups. Interobserver agreement for

different 4D flow MRI acquired parameters varied from poor
(ICC=0.07) to excellent (ICC=1.0) in the aortic root, and it
was excellent in the tubular aorta (ICC=0.8-1.0).
Conclusion: 4D flow MRI seems to be accurate in
comparison to 2D PC MRI in normal aortic valves and in
BAV with mild to moderate stenosis. However, the varying
interobserver reproducibility and impaired accuracy at
higher flow velocities should be taken into account in
clinical practice when using the 4D flow method.

A bicuspid aortic valve (BAV) is the most common
congenital cardiac malformation, occurring in 0.5-2% of the
general population, with men being three times more likely
to be affected than women (1). BAV is associated with a
broad spectrum of cardiovascular complications, including
aortic valve dysfunction (stenosis or regurgitation or
combined) and aortic dilatation (2), which become
manifested at an earlier age than in patients with normal
tricuspid aortic valve (TAV) (3). Furthermore, aortic
dilatation is a precursor to severe acute aortic events, such
as rupture of an aortic aneurysm and aortic dissection (4, 5).
Hence, accurate diagnosis at an early stage and optimal
timing of surgical intervention are essential to prevent
adverse events and reduce mortality in affected individuals. 

Currently, transthoracic echocardiography (TTE) and two-
directional phase-contrast magnetic resonance imaging (2D
PC MRI) are the imaging techniques of choice in the
diagnosis and monitoring of valvular diseases. However,
these methods use only single-directional velocity-encoding
and require experience from the operator to position
correctly the acquisition planes. One alternative approach to
blood flow quantification, i.e., time-resolved three-
dimensional phase contrast magnetic resonance imaging (4D
flow MRI), uses three-directional velocity-encoding along
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the cardiac cycle and thus achieves a more comprehensive
evaluation and detailed visualization of hemodynamic flow.
Moreover, 4D flow MRI enables the study of advanced
hemodynamic metrics, including wall shear stress (WSS),
aortic flow formations (helicity and vorticity), flow angle,
turbulent and viscous energy loss, which make it possible to
detect complex flow patterns. A particular advantage of 4D
flow MRI is the possibility to retrospectively position the
analysis planes at any location within the full volumetric
coverage of the acquisition area (6, 7). 

While there is a growing number of reports comparing 4D
flow MRI against different clinically used modalities in
healthy volunteers, there is still little published information
regarding patients with accelerated and complex flow. A
preliminary report indicated that 4D flow MRI
underestimated peak velocities in cases of severe aortic
stenosis compared to TTE and 2D PC MRI (8). However, in
patients with a pulmonary valve with lower velocities, the
4D flow method was claimed to be more accurate when
compared to 2D PC MRI (9).

Therefore, the principal aim of this study was to compare
the performances of 4D flow MRI against the standard 2D
PC MRI when quantifying blood flow in the aortic root and
ascending aorta of BAV and TAV patients. Additionally, our
aim was to compare the feasibility of the two different
analysis methods provided by the software applied. The 4D
Heart module allows quantification of flow at the level of
the aortic valve while the 4D Artery module allows
quantification at level of aortic root and further in the aorta.
We also aimed to determine the inter-observer
reproducibility of the 4D flow MRI derived measures.

The hypothesis was that 4D flow MRI provides more
accurate values compared to the 2D PC MRI translating to
higher peak velocities. Similarly, the 4D Heart module at
valvular level was expected to show higher velocities than
4D artery at aortic root. 

Materials and Methods

Study population. This study was approved by the Ethical
Committee of the Nothern Savo hospital district, and a written
informed consent was obtained from all participants. The study
followed the Declaration of Helsinki, and all procedures were
performed in accordance with relevant guidelines and regulations.

The study included 83 patients who were deemed candidates to
undergo an aortic MRI scan. Thirty-five BAV patients were
recruited from the Central Finland hospital district registry of adult
congenital heart diseases. The aortic MRI of these study patients
was offered to be performed in Kuopio University Hospital in order
to include the possibility to conduct 4D flow MRI. In addition, a
group of 48 patients with TAV having aortic MRI with a 4D flow
MRI protocol conducted in Kuopio University Hospital, was
evaluated. Patients with an aortic valve prosthesis or aortic root
replacement, poor image quality or missing imaging data for 2D or

4D flow analysis, or contraindications for MRI were excluded.
Evidence of aortic regurgitation, aortic stenosis, and dilatation of
the ascending aorta (diameter ≥42 mm) was noted in both groups.
The severity of aortic stenosis was graded according to clinical
guidelines (10). 

Magnetic resonance imaging (MRI). All scans were performed with
a 1.5T Siemens MAGNETOM Aera (Siemens GmbH), without
contrast media. To ensure comparability between 2D PC and 4D
flow MRI measurements, all data acquisition was performed during
the same examination session resulting in an overall scan time of
approximately 45 minutes. The MRI scan protocol has been
described in more detail in a previous study by Kauhanen et al. (11). 

4D Flow MRI. The 4D flow MRI sequence was acquired in a 3D
volume covering the entire thoracic aorta (Figure 1A). Prospective
electrocardiographic (ECG) gating was used to synchronize the 4D
flow MRI with the heartbeat. Scanning was performed in free-
breathing and the artefacts caused by respiratory motion were
minimized by averaging. 4D flow MRI sequences were obtained with
the following parameters: echo time 2.8 ms, repetition time 5.25 ms,
number of segments 2, spatial resolution 2.3×2.3×3.0 mm3, flip angle
7˚, 18-25 cardiac phases, 15 slices. The velocity encoding (VENC)
was set to the lowest non-aliasing velocity in the scout images.

2D PC MRI. The free-breathing 2D PC sequence was performed
with one-directional velocity encoding through the plane. ECG
gating was used for tracking the RR-interval. The 2D imaging plane
was positioned perpendicular to the long axis of the thoracic aorta
at the level above the aortic valve and the tubular aorta based on
the location and orientation information obtained from the
anatomical scout images.

Scan parameters for 2D PC MRI were as follows: repetition time
5 ms, echo time 2.7 ms, pixel spacing 1.6×1.6 mm, slice thickness 5
mm, and the number of cine frames 50. Initially, VENC was set to
150 cm/s and progressively increased until the image had no artefacts. 

Assessment of 2D and 4D flow MRI parameters. The 4D flow MRI
datasets were transferred to a software (CAAS MR 4D flow, Pie
Medical Imaging, Maastricht, the Netherlands) to handle image
reconstruction and flow quantification. A further analysis was
carried out using two different modules based on the location of
interest: CAAS MR 4D Artery at the level of 1) the aortic root at
sinotubular junction and 2) the mid-tubular aorta (Figure 1A).
CAAS 4D MR Artery module does not provide accurate flow
measurements at the level of the aortic valve. CAAS MR 4D Heart
was used to quantify flow at the level of the aortic valve (Figure
1B) and compared to the measurements carried out using 4D Artery
module at sinotubular junction. The analysis planes were manually
positioned by the observer after pre-processing and manual
segmentation of the aorta. The dimensions of ascending aorta were
measured from sinus valsalva (aortic root) and from the mid-tubular
aorta (Figure 1C).

The 2D PC datasets were analysed using Syngo.via-software
(Siemens GmbH). Processing of the data included segmentation of
the lumen borders of the aorta in the acquired planes in 1) the
sinotubular junction and 2) the mid-tubular aorta. Parameters
assessed in all predefined analysis planes with both 2D and 4D flow
methods were as follows: peak velocity (cm/s), peak flow (ml/min)
and regurgitation fraction (%).
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Inter-observer analysis. Two independent observers (TK, SH)
performed the 4D flow analysis using independent pre-processing,
aorta segmentation and placement of 2D analysis planes in a total
of 18 BAV patients. The obtained measurements, including peak
velocity, peak flow, and regurgitation fraction, in both levels of the
aortic root and in the mid-tubular aorta were then compared
between the observers to test for interobserver reproducibility. 

Statistical analysis. All statistical analyses were performed using
SPSS Statistics 27 (IBM, Chicago, IL, USA). Categorical variables
are presented as percentages and quantitative variables as
means±standard deviations. The means between the BAV and TAV
patient groups were compared using the independent samples t-test.

For non-normally distributed data, a paired comparison was
carried out using Wilcoxon signed-rank test between 2D PC MRI
and 4D flow MRI, as well as between 4D flow Artery and 4D flow
heart measurements, including systolic peak velocity, peak flow, and

regurgitation fraction. Medians and interquartile ranges were
calculated for flow measurements to account for skewed data. A p-
value <0.05 was considered statistically significant. 

The inter-observer reproducibility for the 4D flow measurements
was determined using the intraclass correlation coefficient (ICC)
with a two-way mixed and an absolute agreement model. The
guideline devised by Koo et al. was used for interpretation: below
0.50 – poor; between 0.50 and 0.75 – moderate; between 0.75 and
0.90 – good; above 0.9 – excellent (12).

Correlation between 2D PC MRI and 4D flow MRI measurements
were determined using Pearson correlation coefficient.

Results

Study population. A total of 83 subjects were analysed; these
consisted of 35 BAV patients [age 41.4±14.1 years; 14
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Figure 1. Demonstrative images of A) 4D flow magnetic resonance imaging (MRI) (CAAS 4D flow Artery), B) 4D flow MRI (CAAS 4D flow Heart),
C) anatomical view of ascending aorta where aortic diameters were measured and D) 2D phase contrast MRI view at the level of the aortic valve.



(40.0%) female] and 48 TAV patients [age 62.6±8.4 years;
11 (22.9%) female]. The mean age of the TAV patients was
significantly higher than that of the BAV patients (p=0.001).
The diameter of the aortic root was also noted to be
significantly wider in the TAV group (42.8±5.7 mm vs.
39.8±6.3 mm, p=0.03). In addition, the TAV patients were
more obese and had a larger body surface area (BSA) when
compared to the BAV patients. The characteristics of both
patient groups are presented in Table I. 

Mild and moderate aortic valve stenosis was mainly
present in the BAV group and accordingly the mean peak
velocities in the aortic root measured by 2D PC MRI were
significantly higher in BAV patients as compared to TAV
patients (185.1±54.3 cm/s vs. 118.5±23.4 cm/s; p<0.001). 

4D flow MRI quantification versus 2D PC MRI. The 4D flow
MRI and 2D PC MRI derived parameters were found to have
high positive correlation (R>0.70) for most part. The
regurgitation fractions at tubular aorta were found to have
moderate positive correlation (R=0.58). Detailed charts and
R-values are presented in Figure 2.

4D flow MRI yielded significantly higher peak velocities
in the tubular aorta in both BAV and TAV patients as
compared to 2D PC MRI [141.6 (121.3-179.6) cm/s vs.
128.0 (104.3-150.3) cm/s, p<0.001 in BAV and 86.9 (73.5-
96.8) cm/s vs. 76.0 (60.3-85.6) cm/s, p<0.001 in TAV]. In
contrast, in the BAV group, systolic peak velocities in the
aortic root obtained by 4D flow were non-significantly lower
[174.4 (149.4-210.9) cm/s] than values obtained with 2D PC
MRI [185.4 (148.7-216.8) cm/s, p=0.6]. However, peak
velocities in the aortic root in the TAV group resulted in
significantly higher values when recorded with 4D flow MRI

[130.5 (117.3-147.5) cm/s vs. 120.8 (105.7-134.5) cm/s,
p<0.001].

In the BAV group, findings on peak flow differences
between the two modalities followed the same pattern as the
differences in peak velocities. Thus, 4D flow MRI yielded
slightly lower values in the aortic root [470.5 (372.2-594.7)
ml/s vs. 480.5 (342.5-586.8) ml/s, p=0.97], whereas in the
tubular aorta, 4D flow [465.9 (331.4-531.5) ml/s] based peak
flow quantification resulted in significantly higher values as
compared to those obtained with 2D PC MRI [420.1 (316.6-
507.2) ml/s, p=0.02]. In the TAV group, there were good
agreements between the values of 4D flow and 2D PC MRI
derived peak flows in the aortic root (p=0.25) and the tubular
aorta (p=0.6).

When assessing the regurgitation fraction, it was noted that
4D flow MRI derived values were consistently lower in both
locations in both groups than the corresponding 2D PC MRI
derived values. A comparison of the values determined using
the two methods is presented in Figure 3 and Figure 4.

4D flow Artery versus 4D flow Heart analysis module. The
4D flow Artery and 4D flow Heart derived peak flow
measurements were found to have high positive correlation
(R=0.70). Peak velocities showed low positive correlation
(R=0.34) while regurgitation fractions showed moderate
positive correlation (R=0.61) (Figure 5).

When the performances of the 4D flow Artery and the 4D
flow Heart were compared, regurgitation fractions and peak
flows were observed to be slightly higher with the Heart
analysis. However, no statistically significant differences
were evident in either group. On the contrary, peak velocities
were found to be significantly lower when the Heart analysis
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Table I. Characteristics of the study population.

                                                                       Overall study population            Bicuspid aortic valve              Tricuspid aortic valve                   p-Value
                                                                                       n=83                                         n=35                                         n=48                                       

                                                                                   Mean±SD                                 Mean±SD                                 Mean±SD
Males/Females (n/%)                                            58 (70)/25 (30)                        21 (60)/14 (40)                        37 (77)/11 (23)                           0.09
Age (years)                                                                 53.7±15.3                                 41.4±14.1                                  62.6±8.4                              <0.001
Aortic regurgitation (%)                                             7.0±9.6                                    9.5±13.3                                    5.1±4.9                                 0.07
BMI (kg/m2)                                                               27.3±5.0                                   25.8±5.7                                   28.3±4.4                                0.03
BSA (m2)                                                                      2.0±0.2                                     1.9±0.2                                     2.1±0.2                                 0.005
Diameter of aortic root (mm)                                     41.5±6.1                                   39.8±6.3                                   42.8±5.7                                0.03
Diameter of mid-AA (mm)                                        39.5±7.3                                   38.1±8.2                                   40.5±6.5                                0.1
Height (cm)                                                                174.7±8.9                                172.9±10.4                                175.9±7.7                               0.2
Weight (kg)                                                                83.6±17.2                                 77.1±17.1                                 87.8±16.0                               0.006
                                                                                       n (%)                                        n (%)                                        n (%)                                     
Diabetes                                                                        7 (8.4)                                       0 (0.0)                                     7 (14.6)                                 0.02
Hypercholesterolemia                                                 25 (30.1)                                    4 (11.4)                                   21 (43.8)                                0.002
Hypertension                                                               46 (55.4)                                   11 (31.4)                                  35 (72.9)                              <0.001
                                                                                                                                                                                                                                        
Bolded values indicate a statistically significant (p<0.05) difference between groups. n: Number of patients; SD: standard deviation; AA: ascending
aorta; BMI: body mass index; BSA: body surface area.



was used in BAV patients [143.8 (127.1-180.2) cm/s] as
compared to the Artery analysis module [174.4 (149.4-210.9)
cm/s, p=0.04]. A similar trend, though non-significant was
observed also in the TAV group [119.9 (107.5-128.6) cm/s
vs. 130.5 (117.3-147.5) cm/s, p=0.06].

Inter-observer agreement. There was a good-to-excellent
agreement between the observers for 4D flow derived values
for systolic peak velocity (ICC=0.8), peak flow (ICC=0.8)
and regurgitation fraction (ICC=1.0) in the tubular aorta. In
contrast, the ICC scores were notably lower, varying from

poor-to-moderate, in the aortic root: systolic peak velocity
(ICC=0.3), peak flow (ICC=0.7) and regurgitation fraction
(ICC=0.07) (Figure 6). 

Discussion

In this study, the values obtained by the 4D flow MRI
measurements were compared to conventional 2D PC MRI
in evaluating patients with BAV and TAV. Modern 4D flow
MRI technology is an attractive method since it should be
better at assessing complex multidirectional hemodynamic
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Figure 2. Correlation between 2D phase contrast (PC) magnetic resonance imaging (MRI) and 4D FLOW MRI across all groups in the aortic root
(A, C, E) and in the tubular aorta (B, D, F).



flow patterns since it can capture velocity data in all three
directions. In addition, 4D flow MRI technology offers the
possibility for retrospective adjustment of the measuring
angle and plane. On the contrary, the conventional 2D PC
MRI uses only one-directional velocity encoding.
Additionally, if the 2D PC MRI acquisition plane is
positioned in the wrong location or direction; this can lead
to an underestimation of peak velocity (13).

Even though one would expect more elaborate and precise
velocity values with MRI technology-based method, and

indeed it has been shown to be excellent in measuring
velocities in a healthy population, it has been reported to be
poor in detecting high-velocity values in patients with
severely stenotic valves (8). This has been hypothesized to
derive from the intravoxel averaging of the narrow peak jets
in cases of severe valvular stenosis.

In this study, only cases of mild-to-moderate valvular
stenosis were detected. The study revealed that there were
no significant differences in the peak velocity in the valvular
level between the two methods in BAV patients. Instead, 4D
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Figure 3. Comparison of 2D phase contrast magnetic resonance imaging (MRI) vs. 4D flow MRI in the aortic root of patients with bicuspid (BAV)
(A, C, E) and tricuspid (TAV) (B, D, F) aortic valves.



flow MRI appeared to be better at estimating the higher
velocity values at the valvular level in TAV patients. The
finding that the peak velocities were significantly higher in
BAV as compared to TAV could be attributed to the higher
accuracy of the 4D method to detect the decreases in flow at
increasing flow velocities as described earlier by Halva et al.
(8). When measuring the flow velocities upstream of the
valve, 4D flow MRI produced systematically higher values
indicating its superiority over 2D PC MRI.

It has been shown previously that when measuring
lower flow velocities, 4D flow MRI achieves more
accurate values in comparison to 2D PC MRI (9). Our
results agree with this conclusion i.e., the 4D flow peak
velocity values acquired in the tubular aorta of BAV and
TAV patients were notably lower than in the aortic root
and hence, 4D flow yielded significantly higher peak
velocity estimates. This gives further support to the theory
that the benefits of 4D flow MRI are most pronounced in
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Figure 4. Comparison of 2D phase contrast magnetic resonance imaging (MRI) vs. 4D flow magnetic resonance imaging (MRI) in the tubular aorta
of patients with bicuspid (BAV) (A, C, E) and tricuspid (TAV) (B, D, F) aortic valves.
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Figure 5. Correlation between CAAS MR 4D flow heart and artery module across all groups in peak velocity (A), peak flow (B) and regurgitation
fraction (C).



situations in which there are lower velocities and regular
laminar blood flow. 

Since the measurement of the flow volume is not so
dependent on the crucial location of the sample volume, the
flow volume showed a better correlation between the two
methods in both valvular types. However, in the
measurement of the regurgitation fraction, 4D flow MRI
demonstrated significantly lower values when compared to
2D PC MRI. This is of clinical significance, as regurgitation
fraction is a critical flow parameter when determining the

severity of valvular disease and a systematic underestimation
could affect patient treatment and follow-up (10). However,
in this study there were no clinically significant incidents of
valvular regurgitation in any of the patients leading to a
result of extremely low values of the regurgitation fraction.
This might have an effect on the statistical calculations and
the accuracy of 4D flow MRI should rather be analysed in
patients with clinically relevant valvular regurgitation.

The second aim of our study was to compare two different
analysis modules (Heart and Artery) provided by CAAS MR
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Figure 6. Interobserver variability in assessments of different parameters in the aortic root (A, C, E) and in the tubular aorta (B, D, F).



4D flow (Pie Medical Imaging). Although the 4D flow Heart
tool made it possible to place the analysis plane closer to the
aortic valve, it was found that it still measured significantly
lower peak velocities than those acquired with the 4D flow
Artery method (p=0.04). There are no other studies that have
compared these two commercial algorithms. Thus, concerning
their clinical usability, this study reveals important information. 

Previous studies using 4D flow MRI have also provided
insights into the relationship between hemodynamic flow
abnormalities and ascending aortic dilatation, which is a
frequent finding especially in BAV patients (11, 14-17).
Kauhanen et al. detected elevated flow displacement values
in patients with ascending aortic dilatation as compared to
patients without dilatation. Furthermore, flow displacement
was found to result in increased WSS, which measures the
fractional shearing stress exerted by the fluid on the
displaced side of the vascular wall (11). Van Ooij et al.
examined 571 BAV patients and reported significantly
elevated 3D WSS patterns in those individuals with any
degree of aortic stenosis (14). Since the Heart analysis
algorithm lacks the possibility to analyse flow displacement
or WSS, these measurements were not performed in the
current study. Nonetheless, according to previous findings,
4D flow derived advanced flow markers could potentially
play an important role when examining patients with BAV.

Inter-observer reproducibility of 4D flow MRI was shown
to be excellent when measuring the flow parameters above
the aortic root. This is most probably related to the lower
velocity values acquired in the tubular aorta. However, the
repeatability was much lower at the aortic root. This might
be caused by the more difficult adjustment of the sample
volume to narrower peak jets present at this location.

One of the limitations of this study and the analysis
software used is the lack of automation for post-processing
of the 4D flow data. Manually performed data processing is
not only time-consuming but also a potential source of
errors. This may be a contributing factor to the poor
interobserver reproducibility found in our study.
Furthermore, due to poor image contrast, both the
segmentation and correct placement of the analysis planes in
the aortic root proved challenging and were inherently
affected by operator-dependent uncertainty, which is not
acceptable for clinical practice. The accuracy of 4D flow
MRI data may also be limited by its low temporal resolution.
Another limitation regarding the 4D flow MRI technique is
the long scan times, which are dependent on the heart rate
of the patient. Finally, the study population of BAV patients
was not large and the distribution of different valve fusion
types was unknown. Therefore, the impact of different
fusion-specific flow features on the performance of these two
imaging modalities is not addressed here.

In conclusion, 4D flow MRI is accurate in comparison to
the conventional method in normal aortic valves and in BAV

with mild-to-moderate stenosis. However, the variations in
inter-observer reproducibility and impaired accuracy at
higher flow velocities should be taken into account in
clinical practice when utilizing the 4D flow MRI approach.

Conflicts of Interest
The Authors have no conflicts of interest regarding this article.

Authors’ Contributions
Sofia Hautanen: Validation, formal analysis, investigation, writing
– original draft, visualization. Teemu Kiljander: Conceptualization,
formal analysis, investigation, writing – original draft, visualization.
Tarmo Korpela: Validation. Petri Saari: Resources, project
administration. Jorma Kokkonen: Resources. Pirjo Mustonen:
Conceptualization. Saara Sillanmäki: Project administration, writing
– review & editing. Elias Ylä-Herttuala: Software, writing – review
& editing. Minna Husso: Software, writing – review & editing.
Marja Hedman: Conceptualization, resources, writing – review &
editing, supervision, project administration, funding acquisition.
Petteri Kauhanen: Conceptualization, methodology, writing – review
& editing, supervision.

Acknowledgements
The study was supported by funding from Kuopio University
Hospital research residue funding (KP 11620), Mauri and Sirkka
Wiljasalo Funding, and financial support through a legacy provided
by Oiva Vaittinen.

References
1 Siu SC and Silversides CK: Bicuspid aortic valve disease. J Am

Coll Cardiol 55(25): 2789-2800, 2010. PMID: 20579534. DOI:
10.1016/j.jacc.2009.12.068

2 Liu T, Xie M, Lv Q, Li Y, Fang L, Zhang L, Deng W and Wang
J: Bicuspid aortic valve: an update in morphology, genetics,
biomarker, complications, imaging diagnosis and treatment.
Front Physiol 9: 1921, 2019. PMID: 30761020. DOI:
10.3389/fphys.2018.01921

3 Yuan SM, Jing H and Lavee J: The bicuspid aortic valve and its
relation to aortic dilation. Clinics (Sao Paulo) 65(5): 497-505, 2010.
PMID: 20535368. DOI: 10.1590/S1807-59322010000500007

4 Michelena HI, Khanna AD, Mahoney D, Margaryan E, Topilsky
Y, Suri RM, Eidem B, Edwards WD, Sundt TM 3rd and
Enriquez-Sarano M: Incidence of aortic complications in patients
with bicuspid aortic valves. JAMA 306(10): 1104-1112, 2011.
PMID: 21917581. DOI: 10.1001/jama.2011.1286

5 Tzemos N, Therrien J, Yip J, Thanassoulis G, Tremblay S,
Jamorski MT, Webb GD and Siu SC: Outcomes in adults with
bicuspid aortic valves. JAMA 300(11): 1317-1325, 2008. PMID:
18799444. DOI: 10.1001/jama.300.11.1317

6 Markl M, Frydrychowicz A, Kozerke S, Hope M and Wieben O:
4D flow MRI. J Magn Reson Imaging 36(5): 1015-1036, 2012.
PMID: 23090914. DOI: 10.1002/jmri.23632

7 Dyverfeldt P, Bissell M, Barker AJ, Bolger AF, Carlhäll CJ,
Ebbers T, Francios CJ, Frydrychowicz A, Geiger J, Giese D,

in vivo 37: 88-98 (2023)

97



Hope MD, Kilner PJ, Kozerke S, Myerson S, Neubauer S,
Wieben O and Markl M: 4D flow cardiovascular magnetic
resonance consensus statement. J Cardiovasc Magn Reson 17:
72, 2015. PMID: 26257141. DOI: 10.1186/s12968-015-0174-5

8 Hälvä R, Vaara SM, Peltonen JI, Kaasalainen TT, Holmström M,
Lommi J, Suihko S, Rajala H, Kylmälä M, Kivistö S and
Syväranta S: Peak flow measurements in patients with severe
aortic stenosis: a prospective comparative study between
cardiovascular magnetic resonance 2D and 4D flow and
transthoracic echocardiography. J Cardiovasc Magn Reson 23(1):
132, 2021. PMID: 34775954. DOI: 10.1186/s12968-021-00825-1

9 Jacobs KG, Chan FP, Cheng JY, Vasanawala SS and Maskatia
SA: 4D flow vs. 2D cardiac MRI for the evaluation of
pulmonary regurgitation and ventricular volume in repaired
tetralogy of Fallot: a retrospective case control study. Int J
Cardiovasc Imaging 36(4): 657-669, 2020. PMID: 31894524.
DOI: 10.1007/s10554-019-01751-1

10 Baumgartner H, Falk V, Bax JJ, De Bonis M, Hamm C, Holm
PJ, Iung B, Lancellotti P, Lansac E, Rodriguez Muñoz D,
Rosenhek R, Sjögren J, Tornos Mas P, Vahanian A, Walther T,
Wendler O, Windecker S, Zamorano JL and ESC Scientific
Document Group: 2017 ESC/EACTS Guidelines for the
management of valvular heart disease. Eur Heart J 38(36): 2739-
2791, 2017. PMID: 28886619. DOI: 10.1093/eurheartj/ehx391

11 Kauhanen SP, Hedman M, Kariniemi E, Jaakkola P, Vanninen R,
Saari P and Liimatainen T: Aortic dilatation associates with flow
displacement and increased circumferential wall shear stress in
patients without aortic stenosis: A prospective clinical study. J
Magn Reson Imaging 50(1): 136-145, 2019. PMID: 30659686.
DOI: 10.1002/jmri.26655

12 Koo TK and Li MY: A guideline of selecting and reporting
intraclass correlation coefficients for reliability research. J
Chiropr Med 15(2): 155-163, 2016. PMID: 27330520. DOI:
10.1016/j.jcm.2016.02.012

13 Lotz J, Meier C, Leppert A and Galanski M: Cardiovascular flow
measurement with phase-contrast MR imaging: basic facts and
implementation. Radiographics 22(3): 651-671, 2002. PMID:
12006694. DOI: 10.1148/radiographics.22.3.g02ma11651

14 van Ooij P, Markl M, Collins JD, Carr JC, Rigsby C, Bonow
RO, Malaisrie SC, McCarthy PM, Fedak PWM and Barker AJ:
Aortic valve stenosis alters expression of regional aortic wall
shear stress: new insights from a 4-dimensional flow magnetic
resonance imaging study of 571 subjects. J Am Heart Assoc
6(9): e005959, 2017. PMID: 28903936. DOI: 10.1161/JAHA.
117.005959

15 Bissell MM, Hess AT, Biasiolli L, Glaze SJ, Loudon M, Pitcher
A, Davis A, Prendergast B, Markl M, Barker AJ, Neubauer S
and Myerson SG: Aortic dilation in bicuspid aortic valve
disease: flow pattern is a major contributor and differs with
valve fusion type. Circ Cardiovasc Imaging 6(4): 499-507, 2013.
PMID: 23771987. DOI: 10.1161/CIRCIMAGING.113.000528

16 Mahadevia R, Barker AJ, Schnell S, Entezari P, Kansal P, Fedak
PW, Malaisrie SC, McCarthy P, Collins J, Carr J and Markl M:
Bicuspid aortic cusp fusion morphology alters aortic three-
dimensional outflow patterns, wall shear stress, and expression
of aortopathy. Circulation 129(6): 673-682, 2014. PMID:
24345403. DOI: 10.1161/CIRCULATIONAHA.113.003026

17 Hope MD, Sigovan M, Wrenn SJ, Saloner D and Dyverfeldt P:
MRI hemodynamic markers of progressive bicuspid aortic valve-
related aortic disease. J Magn Reson Imaging 40(1): 140-145,
2014. PMID: 24788592. DOI: 10.1002/jmri.24362

Received October 26, 2022
Revised November 6, 2022
Accepted November 8, 2022

Hautanen et al: Comparison of 4D Flow Versus 2D Phase Contrast MRI

98


