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were independent predictors of diastolic FD. Valve pheno-
type was not an independent predictor of systolic or diastolic 
FD. The linear relationships between systolic backward flow 
and systolic FD and diastolic forward flow and diastolic FD 
were strong (R = 0.77 and R = 0.76 respectively). Systolic 
backward flow and diastolic forward flow identified marked 
systolic and diastolic FD (≥0.35) with a positive likelihood 
ratio of 6.0 and 10.8, respectively. In conclusion, conven-
tional PC-FRC data can detect and quantify FD in patients 
with AR suggesting the curves as a research and screening 
tool in larger patient populations.

Keywords Aortic regurgitation · Cardiovascular 
magnetic resonance · Flow displacement · Aortic aneurysm

Introduction

A diversity of flow patterns in the ascending aorta (AA) has 
been documented in mainly patients with a bicuspid aor-
tic valve [1–3]. Flow displacement (FD) with high velocity 
close to the vessel wall is a hallmark and has been proposed 
as a surrogate for increased wall shear stress that might 
serve as a quantitative parameter for risk-stratifying patients 
regarding development of AA aneurysm [4].

It is well known that patients with bicuspid aortic valve 
frequently develop AA aneurysms and the risk of aortic 
dissection or rupture is markedly increased compared with 
patients with tricuspid aortic valve [5]. Still, AA aneurysm is 
a frequent finding in patients with moderate and severe AR 
and, importantly, a majority of patients with dilated AA and 
AR have a tricuspid aortic valve [6]. Previous studies on the 
flow profile in the AA excluded [7–9] or had only a few [1, 
3, 4, 10] patients with significant AR. From flow mechanics 
[11, 12] and previous studies [7, 13] it is conceivable that 
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apart from valve phenotype we can expect that AA dilata-
tion in itself and significant AR due to increased velocity are 
determinants of FD, but this has not been verified.

The high-resolution four-dimensional (4D) magnetic 
resonance imaging (MRI) acquisition needed for the most 
comprehensive description of flow is time-consuming and 
requires highly specialized expertise. The conventional 
method to measure aortic regurgitation (AR) from the 
amount of backward flow during diastole, is based on net 
through-plane phase contrast flow rate curves (PC-FRC). 
Such curves are derived from a cross-sectional plane typi-
cally in the proximal AA at the sino-tubular junction. Using 
the same cross sectional plane, the two-dimensional veloc-
ity profile across the vessel area for different phases of the 
cardiac cycle can be visualized (2D-PC). FD defined as the 
distance between the center of the lumen and the “center of 
velocity” normalized to the lumen radius can be described 
using conventional 2D-PC data [9]. Complex flow patterns 
leads to regions of simultaneous forward and backward flow 
across the vessel area [14, 15]. By decomposing the net PC-
FRC, the forward and backward volume flow throughout the 
cardiac cycle can be visualized and quantified separately for 
systole and diastole [14]. In the present study, we selected 
patients with moderate to severe AR in order to investigate 
both forward and backward flow through the entire heart 
cycle. We hypothesized that the PC-FRC contains quantita-
tive information about FD in both systole and diastole.

Thus, the aims of the study were threefold; (1) to study 
the systolic and diastolic flow profile in patients with moder-
ate or severe AR, (2) to identify predictors of FD and (3) to 
investigate whether PC-FRC contain quantitative informa-
tion related to FD.

Materials and methods

Study population

This prospective study comprised 40 patients with chronic 
AR and 22 controls. The patients were either investigated 
prior to valve surgery (n = 23) or as part of follow-up due to 
moderate (n = 14) or severe regurgitation (n = 3). Exclusion 
criteria were ≥moderate regurgitation in any other valve, 
presence of a cardiac shunt, any other form of significant 
cardiac disease and irregular heart rhythm. The controls 
were students or recruited from the hospital staff. They did 
not have any symptoms or history of cardiovascular disease.

The study was conducted according to the Declaration 
of Helsinki. The Regional Ethics Review Board gave ethi-
cal approval for the study protocol, and written informed 
consent was obtained from all participants.

MRI examination

The MRI examination was performed on a 1.5 T scanner 
(Achieva, Philips Healthcare, Best, The Netherlands) using 
a five-channel phased-array cardiac coil. After standardized 
patient-specific planning, a series of cine-images was per-
formed, first in the short-axis view covering the whole heart 
without gap (slice thickness 8 mm) from the atrioventricular 
ring to the apex, followed by cine-images in the standard 
long-axis projections including the left ventricular and right 
ventricular outflow tract view. All cine-images were acquired 
using balanced steady-state free precession sequences (rep-
etition time 3.4 ms, echo time 1.7 ms, flip angle 60°) with 
retrospective ECG gating (30 phases per cardiac cycle) and 
parallel imaging (acceleration factor 2) during gentle expir-
atory breath-hold. Through-plane PC-MRI measurements 
(field of view = 320 × 260 mm, voxel size = 2.5 × 2.5 mm, 
flip angle = 12°, repetition time = 4.8 ms, echo time = 2.9 ms, 
receiver band width = 477.8 Hz/pixel, frames per heart 
cycle = 40, acceleration factor = 2, turbo field echo factor = 4, 
turbo field echo shots = 13, number of averages = 1) were 
obtained at the sino-tubular junction and in the pulmonary 
trunk just above the pulmonary valve.

Analysis of the MRI data

Image analysis was performed using ViewForum (Philips 
Healthcare, Best, The Netherlands). Left ventricular vol-
umes were obtained by manually tracing the endocardial 
contour in end-diastole in the successive short axis slices 
of the continuous short axis stack, propagated through all 
phases using a semi-automated tracing algorithm, followed 
by manual adjustment, if necessary. Conventional analysis 
of the PC measurements with net PC-FRC was performed 
using the integrated workstation of the MRI scanner (Easy 
Vision, software release 5.1.7.1, Philips Healthcare, Best, 
The Netherlands). The regurgitant volume was calculated 
as the difference between the left ventricular stroke volume 
and the pulmonary stroke volume. The regurgitant fraction 
was calculated as the regurgitant volume/left ventricular 
stroke volume ×100. The dimensions of the left ventricu-
lar outflow tract, sinus valsalva, sino-tubular junction and 
AA were assessed using a cine three chamber and the left 
ventricular outflow tract projection. On the basis of the AA 
diameter, the aorta was defined as normal (<40 mm) or 
dilated (≥40 mm) [16]. The pattern of AA dilatation was 
categorized in three phenotypes: no-dilatation phenotype, 
ascending phenotype (dilated AA with less dilated root), 
and root phenotype (dilated root with normal or less dilated 
AA) [17].

The net PC-FRC, derived in the conventional analysis, 
was reanalyzed with a research software (Segment v1.9 
R2046), [18] that enabled decomposition of the net flow 
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into backward and forward flow. The systolic forward and 
backward flow volume was calculated from the systolic part 
of the forward and backward PC-FRC. The corresponding 
diastolic backward and forward flow volume was calculated 
similarly during diastole. Additionally, 2D velocity profiles 
describing the velocity distribution over the vessel area and 
cardiac cycle were plotted as color maps (Fig. 1). FD was 
quantified using a method previously described by Sigo-
van et al. [9] which defines FD as the distance between the 
center of the lumen and the ‘‘center of velocity’’ of the peak 
forward flow at systole and the peak negative velocity in 
diastole normalized to the lumen radius. The systolic and 
diastolic FD could due to limitations in spatial resolution, in 
most patients only be determined in intervals of 0.05.

Statistical analysis

Continuous variables are expressed as the mean ± SD or 
median (range) when appropriate. The degree of linear 
relationship was assessed by the correlation coefficient (R). 
To compare multiple groups we used one-way ANOVA test 
when the distribution was normal or Kruskal–Wallis test 
when the distribution was not normal. In cases where the 

null-hypothesis was rejected (p value <0.05 considered sta-
tistically significant) we continued with a post-hoc analy-
sis using the independent-sample t test or Mann–Whitney 
test when appropriate. Then comparisons between the 
three groups were performed and the p value adjusted to 
0.016 using the Bonferroni correction. To study predictors 
of systolic and diastolic FD, simple and multiple regres-
sion analysis was used. To establish optimal cut-off values 
for detection of marked systolic and diastolic FD receiver 
operator characteristic curves (ROC) were used and the area 
under the curves (95% confidence interval) was determined. 
Diagnostic utility was described using sensitivity, specific-
ity, positive and negative likelihood ratios [19]. Inter- and 
intra-observer variability was determined in 15 randomly 
selected investigations by two observers and assessed by the 
coefficient of variation (defined as the SD of the differences 
between observer measurements divided by the mean of the 
observer measurements). Statistical analysis was performed 
using IBM SPSS Statistics 23 (IBM Corporation, Somers, 
NY, USA).

Fig. 1  2D-PC cross-sectional 
peak systolic velocity patterns 
in 10 controls, 10 patients with 
tricuspid aortic valve (TAV) and 
ten patients with bicuspid aortic 
valve (BAV). Forward flow is 
red and backward flow is blue. 
(Color figure online)
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Results

The mean ± SD age of controls was 30 ± 7 years and 14 
(64%) were females. All controls had tricuspid aortic valve, 
normal aortic dimensions and a normal aortic phenotype. 
Healthy volunteers did not have any systolic backward flow 
except in late systole.

The mean ± SD age of patients was 50 ± 15 years and 85% 
were male. Nineteen patients (47%) had a tricuspid aortic 
valve and 21 (53%) a bicuspid aortic valve. The AR mecha-
nism was cusp prolapse in 28 patients (70%), annular dila-
tation in 5 patients (13%), cusp rupture or perforation in 4 
patients (10%) and restricted cusp motion in 3 patients (7%).

Flow profiles in the AA in controls and patients 
with AR

Table 1 compares clinical and CMR findings in patients with 
tricuspid aortic valve and bicuspid aortic valve. Patients with 
bicuspid aortic valve were younger than patients with tri-
cuspid aortic valve and had higher left ventricular ejection 
fraction. The regurgitant volume did not differ significantly 
between the groups, but there was a tendency towards lower 

regurgitant fraction in patients with bicuspid aortic valve 
compared with tricuspid aortic valve. Patients with a bicus-
pid aortic valve had significantly larger sino-tubular junc-
tion compared with tricuspid aortic valve and there was a 
tendency towards larger AA. There was no significant differ-
ence in aortic phenotypes between AR patients with bicuspid 
aortic valve compared with tricuspid aortic valve. Patients 
with bicuspid aortic valve had comparable SFF and DBF 
but significantly larger systolic backward flow and diastolic 
forward flow compared with tricuspid aortic valve.

Figure 1 shows the 2D velocity profiles at peak systolic 
flow in 10 controls, ten patients with tricuspid aortic valve 
and ten with bicuspid aortic valve. The value of the systolic 
FD is shown for each individual. Note that the actual size 
of the aorta is not presented, all vessels appear to have the 
same size. The typical 2D velocity profile in a normal con-
trol is a centrally located systolic outflow jet with uniform 
velocity distribution and only forward flow during systole. 
In contrast, patients with AR may have large areas of the 
vessel with systolic backward flow. The shape of the sys-
tolic forward flow velocity contour varies markedly both 
in patients with tricuspid aortic valve and bicuspid aortic 
valve. Patients with similar degree of marked systolic FD 

Table 1  Findings in patients 
with tricuspid aortic valve 
compared with patients with 
bicuspid aortic valve

Mean ± SD or median (range) when appropriate
BSA body surface area, LV left ventricular

Variables Tricuspid aortic valve 
(n = 19)

Bicuspid aortic valve 
(n = 21)

P value

Age (years) 59 ± 15 43 ± 12 0.001
BSA  (m2) 2.01 ± 0.28 2.05 ± 0.17 0.68
Systolic blood pressure (mmHg) 147 ± 27 130 ± 15 0.03
Diastolic blood pressure (mmHg) 65 ± 14 68 ± 13 0.5
Heart rate (bpm) 63 ± 9 61 ± 10 0.4
LV end-diastolic volume (ml) 332 ± 100 300 ± 94 0.30
LV end-systolic volume (ml) 151 ± 56 118 ± 44 0.046
Ejection fraction (%) 55 ± 7 61 ± 6 0.006
Regurgitant volume (ml) 95 (19–194) 79 (20–201) 0.23
Regurgitant fraction (%) 50 (21–73) 40 (15–73) 0.044
Left ventricular outflow tract (mm) 27 ± 3 32 ± 3 < 0.001
Sinus of valsalva (mm) 39 ± 5 42 ± 5 0.11
Sino-tubular junction (mm) 32 ± 6 36 ± 4 0.04
Ascending aorta (mm) 38 ± 8 43 ± 8 0.05
No-dilatation phenotype (no (%)) 10 (53) 6 (29) 0.20
Ascending phenotype (no (%)) 5 (28) 10 (48) 0.32
Root phenotype (no (%)) 4 (22) 5 (23) 1.0
Peak aortic velocity (m/s) 2.0 ± 0.5 2.1 ± 0.6 0.67
Peak doppler gradient (mmHg) 17 (7–52) 19 (6–52) 0.69
Systolic forward flow (ml) 156 (91–243) 181 (124–355) 0.44
Systolic backward flow (ml) 9 (0–41) 35 (1–71) 0.004
Diastolic backward flow (ml) 81 (24–141) 76 (30–208) 0.65
Diastolic forward flow (ml) 6.5 (1–28) 21 (1–53) 0.007
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have generally small areas of systolic forward flow but the 
degree of crescent-shaped attachment to the vessel wall dif-
fers considerably. The systolic FD tended to be (p = 0.04) 
more pronounced in patients with bicuspid aortic valve com-
pared with tricuspid aortic valve (Fig. 2). The diastolic FD 
was more pronounced in patients with bicuspid aortic valve 
compared with tricuspid aortic valve (Fig. 2).

Figure 3 shows three typical PC-FRCs where the net flow 
was decomposed into forward- and backward flow separately 
during the cardiac cycle. The corresponding flow patterns 
are also shown in terms of 2D-PC velocity profiles. Areas of 
forward flow velocity are depicted with red color and areas 
with backward flow with blue color. Twelve patients (30%, 
Group 1) had PC-FRC with only forward flow in systole 
and backward flow in diastole. Ten patients (25%, Group 2) 
had backward flow in systole beginning earlier than the time 
point of the peak systolic flow. A region of eccentric systolic 
forward flow and a region of systolic backward flow charac-
terized the 2D velocity profiles. The remaining 18 patients 
(45%, Group 3) had systolic backward flow as Group 2, but 
also PC-FRC with diastolic forward flow. The diastolic back-
ward flow and diastolic forward flow were typically present 
at separate regions of the vessel lumen (Fig. 3, patient 3). 
Patients in Group 1 had more severe regurgitation and no 
dilatation of the AA compared with Group 2 and Group 3 
(Table 2). Patients in Group 3 and Group 2 had comparable 
degree of regurgitation but Group 3 had more often bicuspid 
aortic valve, significantly larger AA and more pronounced 
FD both in systole and diastole.

Predictors of FD

The AA diameter independently predicted the systolic FD 
(Table 3), while the AA diameter and regurgitant volume 
independently predicted the diastolic FD. Valve phenotype 
was not an independent predictor of systolic or diastolic FD.

Relationship between PC-FRC and 2D-PC flow profile 
data

The linear relationship between systolic backward flow esti-
mated from PC-FRC and systolic FD estimated from 2D-PC 
was strong (Fig. 4). The corresponding relationship between 
diastolic forward flow and negative diastolic FD was strong 
(Fig. 4).

Figure 5 shows ROC curves for systolic backward flow 
and AA diameter for the detection of marked systolic FD 
(≥0.35) and ROC curves for diastolic forward flow and AA 
diameter for the detection of marked diastolic FD (≥0.35), 
respectively. The areas under the curve were larger for PC-
FRC-based volume flow parameters compared with AA 
diameter. Table 4 shows the diagnostic performance of dif-
ferent cut-off values. With systolic backward flow volume 
above the cut-off value the likelihood of marked systolic 
FD increased sixfold. With diastolic forward flow volume 
above the cut-off value the likelihood of marked diastolic 
FD increased 10.8 fold.

Inter- and intra observer variability

The intra-observer variability for regurgitant volume and 
regurgitant fraction was 0.2 and 0.5% respectively. The 
corresponding inter-observer variability was 0.3 and 0.6% 
respectively.

Discussion

In the present study, we found that conventional PC-FRC 
provide continuous variables that are related to the complex-
ity of flow in patients with AR and that PC-FRC data can be 
used to detect marked FD in the AA. Complex flow patterns 
are common findings in patients with bicuspid aortic valve 

Fig. 2  Box plots showing the 
systolic FD in controls, patients 
with tricuspid aortic valve 
(TAV) and bicuspid aortic valve 
(BAV) (left) and the diastolic 
FD in patients with TAV and 
BAV
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but they are also present in patients with tricuspid aortic 
valve when the AA is dilated.

Dissection of the AA is a medical condition with high 
acute phase mortality and high operative mortality despite 

surgical improvements [20]. There are several studies indi-
cating that the risk of aortic dissection is relatively low 
when AA diameter <50 mm but with a marked increase in 
risk when AA diameter >60 mm [5, 21, 22]. However, it 
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has been estimated that 60% of non-Marfan patients with 
aortic dissection and tricuspid aortic valve did not have 
a dilated AA prior to the dissection and only 3% fulfilled 
criteria (>55 mm) for elective AA replacement [23]. Thus, 
there is a knowledge gap regarding predictors of AA dis-
section, especially in patients with AA < 55 mm [22]. The 
most common risk factor associated with AA dissection is 
hypertension, however, considering the high prevalence in 
the general population, hypertension in itself is not useful 
in identifying individuals at risk [20]. Furthermore, bio- or 
genetic markers related to development of thoracic aortic 
disease are still not available [24]. More recently, in search 
for reliable risk predictors beyond AA dimension and aortic 
valve phenotype, the development of 4D MRI techniques 
has enabled visualization and quantification of flow abnor-
malities and FD with regional increased wall stress, which 
has been suggested as a physiological mechanism explaining 
the observed AA phenotype in patients with bicuspid aortic 
valve [1–3]. However, the advanced 4D MRI technique is 
time-consuming and complex and therefore not feasible to 
use in large patient populations. Therefore, our findings that 
conventional PC-FRC contains information about the com-
plexity of flow profiles and that patients with marked FD can 
be identified is interesting in this context. Today, the option 
to decompose a net PC-FRC is available in some but not all 
MRI-scanners. However, the software needed to perform the 
analysis is a freely available research tool [18]. Our findings 
suggest that conventional PC-FRC has the potential to be 
a research and screening tool but further studies in larger 
populations are warranted to elucidate whether FD is related 
to AA growth and/or aortic dissection or rupture.

Unlike previous studies investigating flow pattern and 
wall stress in AA, the present study included patients with 
isolated AR without valve calcification or important stenosis. 
The valve opening in the patients with tricuspid aortic valve 
is symmetrical and, therefore, it was an unexpected finding 
that patients with tricuspid aortic valve also may have com-
plex flow patterns with FD and systolic backward flow at 
the sino-tubular junction. In the present study, we found that 
AA dimension was the strongest predictor of systolic FD but 
that bicuspid aortic valve was not an independent predictor. 

These findings are seemingly in contrast to other studies 
that have highlighted the differences between bicuspid aor-
tic valve and tricuspid aortic valve [1, 3, 8, 25]. Mahadevia 
et al. used aorta size-matched controls as a reference group 
and concluded that they, like healthy controls, did not have 
abnormal FD in comparison with patients with bicuspid 
aortic valve [3]. However, it is notable that in their study 
FD was significantly higher in aorta size-matched controls 
with tricuspid aortic valve in comparison to healthy controls 
indicating some degree of abnormality although less than 
patients with bicuspid aortic valve [3]. Although the present 
study was not designed to elucidate physiologic mechanisms 
behind the observed eccentricity of flow close to the aortic 
valve, there are several contributing factors to be consid-
ered. These include the flow profile in the left ventricular 
outflow tract, the position of the valve orifice in the vessel 
cross-sectional area, the opening of the cusps, and the size 
and the shape of the aorta. The velocity profile is known to 
be eccentric in the left ventricular outflow tract with high-
est velocity in the anteroseptal part of the cross-sectional 
area in normal subjects [26]. Therefore, a slight asymmetry 
present in the flow profile in the aortic root is also present 
in patients with tricuspid aortic valve. This asymmetry will 
be more pronounced in patients with bicuspid aortic valve 
because the orifice is often anatomically eccentric and there 
might be restrictions in cusp motion that directs the flow 
toward the aortic wall. Basing on fluid mechanic theory the 
importance of the ratio between the valve area or area of 
forward flow and the AA area is recognized and dilatation 
favors turbulence [12]. The velocity in the forward systolic 
jet is higher than in the surrounding part with turbulent or 
backward flow. According to the Bernoulli’s principle the 
pressure will be lower in the high-velocity compared with a 
low-velocity region and, therefore, the arising pressure gra-
dient will push the eccentric outflow jet towards the aortic 
wall. Hence, substantial FD can be expected regardless of 
valve phenotype in patients with dilated AA.

The 2D-PC velocity profiles in patients with dilated AA 
showed backward flow in a large part of the trans-sectional 
area of the vessel during the systolic period. In patients 
with dilated AA and moderate to severe AR there was a 
large eccentric area of forward flow during diastole. This 
suggests that there are large flow vortices established in 
the dilated AA and not simply chaotic turbulent flow. To 
what extent this complex flow in both systole and diastole 
influences the PC assessment of stroke volume, regurgitant 
volume and regurgitant fraction is an important issue. The 
conventional PC method for grading of AR severity utilizes 
the through-plane velocity vector for calculation of the flow 
volume. With complex flow it is conceivable that the perpen-
dicular velocity vector underestimates the true velocity and 
thereby the true volume flow. One study by Muzzarelli et al. 
support this conclusion and showed that the stroke volume 

Fig. 3  PC-FRC a and 2D PC flow profiles (b, c) from three patients 
describing the three typical flow patterns observed. The upper panel 
shows a patient (Group 1) with tricuspid aortic valve and severe AR 
due to rupture of a cusp. The AA diameter was 27 mm. There were 
no systolic backward flow and no diastolic forward flow. The middle 
panel shows a patient (Group 2) with bicuspid aortic valve and severe 
AR due to prolapse of a cusp. The AA diameter was 47  mm. Note 
that there was systolic backward flow (*) but no diastolic forward 
flow. The lower panel shows a patient (Group 3) with bicuspid aortic 
valve and moderate AR due to prolapse of a cusp. The bicuspid aortic 
valve phenotype was fusion of the right and non-coronary cusp. The 
AA diameter was 47 mm. Note that there was systolic backward flow 
and diastolic forward flow (**)

◂
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Table 2  Comparison between three different PC-FRC patterns

Mean ± SD or median (range) when appropriate
AA ascending aorta
*To small number of observations to allow statistical calculations

Variables Group 1 (n = 12) Group 2 (n = 10) Group 3 (n = 18) Overall P Post hoc analysis

Group 1 
vs Group 
2

Group 1 
vs Group 
3

Group 2 vs Group 3

Bicuspid aortic valve (n (%)) 4 (30) 3 (30) 14 (70) * – – –
AA dimension (mm) 34 ± 4 37 ± 6 47 ± 6 <0.001 0.11 <0.001 < 0.001
Regurgitant volume (ml) 120 (39–185) 68 (32–201) 62 (19–194) 0.005 0.006 0.002 0.55
Regurgitant fraction (%) 59 (29–69) 40 (26–57) 37 (15–73) 0.009 0.006 0.007 0.58
Systolic backward flow (ml) 5 (0.3–13) 17 (5–39) 38 (20–71) <0.001 <0.001 <0.001 0.001
Diastolic forward flow (ml) 2 (1–7) 9 (4–11) 26 (11–53) <0.001 <0.001 <0.001 < 0.001
Systolic flow displacement 0.10 (0.05–0.25) 0.28 (0.15–0.40) 0.41 (0.30–0.47) <0.001 0.001 <0.001 0.001
Diastolic flow displacement 0.15 (0.05–0.20) 0.25 (0.10–0.40) 0.38 (0.30–0.55) <0.001 <0.001 <0.001 < 0.001

Table 3  Factors affecting systolic and diastolic FD

R correlation coefficient, B  slope of the regression line

Simple regression Systolic FD Diastolic FD

R P R P

Ascending aorta diameter (mm) 0.70 <0.001 0.61 <0.001
Regurgitant volume (ml) 0.28 0.08 0.48 0.002
Valve phenotype (bicuspid = 1) 0.35 0.03 0.45 0.003

Multiple regresion B Std error P B Std error P

Ascending aorta diameter (mm) 0.011 0.002 < 0.001 0.010 0.002 < 0.001
Regurgitant volume (ml) −0.001 0.0003 < 0.001
Valve phenotype (bicuspid = 1) 0.038 0.32 0.25 0.059 0.03 0.058
Regression equation 0.72 0.80

Fig. 4  Scatterplots showing the relationships between systolic backward flow (SBF) and systolic FD (left) and diastolic forward flow (DFF) and 
negative diastolic FD (right)
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based on PC measurements was underestimated in the AA in 
patients with bicuspid aortic valve and dilated AA compared 
with measurements in normal controls with tricuspid aortic 
valve [27]. The study did not address the problem regard-
ing assessment of AR severity. The PC method with the 
through-plane level at the sino-tubular junction or proximal 
AA is the most commonly used [28] and therefore further 
studies are warranted to elucidate how complex flow can 
influence the grading of AR severity.

The limitations of the present study are related to (1) the 
small number of patients, (2) that only patients with mod-
erate or severe AR were studied, (3) that we do not have 
any 4D MRI data for comparison and (4) that we did not 
perform a true test of reproducibility. We performed ROC 
analysis to determine the ability of PC-FRC data to detect 
marked FD. With a larger study population we could have 
established cut-off values in a derivation group and evalu-
ated them in a test group. Whether the findings regarding 
the relation between PC-FRC and FD by 2D-PC in systole 
in patients with AR can be extrapolated to patients without 
AR is an important issue. The peak velocity in the AA by 
echocardiography (Table 1) was only slightly elevated in AR 
patients compared with what is observed in normal individu-
als and, therefore, a more pronounced Bernouilli effect in 

AR patients due to high velocities is not likely. Still, a con-
trol group with dilated AA, tricuspid aortic valve and with-
out AR would have strengthened our results. In the present 
study we did not have 4D MRI data for comparison. This is 
not a limitation regarding the assessment of FD because the 
method used also in 4D MRI studies, is based on 2D-PC data 
[9]. Still, with 4D MRI data we could have investigated the 
relation between FD, valve phenotype and wall shear stress. 
We did perform an inter- and intra-observer variability test 
that showed extremely good reproducibility. These data 
should, however, be interpreted with caution because they 
are an expected finding considering the semiautomatic pro-
cedure. A test–retest design that implies taking the patient 
out of and then in again to perform a new acquisition is far 
more informative but with MRI this is time consuming and 
difficult to conduct.

Conclusions

We have shown that conventional PC-FRC can be used to 
quantify and detect individuals with marked FD, which has 
been suggested as a risk marker of AA expansion in previous 
studies. Valve phenotype is not an independent predictor of 

Fig. 5  ROC curves for the 
detection of marked systolic 
(left) or diastolic (right) FD 
(≥0.35)

Table 4  Diagnostic performance regarding the detection of marked systolic and diastolic FD (≥0.35)

CI confidence interval, AA ascending aorta, PLR positive likelihood ratio, NLR negative likelihood ratio, SBF systolic backward flow, DFF dias-
tolic forward flow

Variable Cut-off Sensitivity (95% CI) Specificity (95% CI) PLR (95% CI) NLR (95% CI)

Systolic FD
 AA diameter (mm) ≥40 80 (58–92) 80 (58–92) 4.0 (1.6–9.9) 0.25 (0.1–0.6)
 SBF (ml) ≥21 95 (76–99) 84 (62–94) 6.0 (2.1–17.1) 0.06 (0.01–0.4)

Diastolic FD
 AA diameter (mm) ≥40 82 (59–94) 74 (54–87) 3.2 (1.5–6.5) 0.24 (0.08–0.69)
 DFF (ml) ≥12 94 (73–99) 91 (73–98) 10.8 (2.9–41) 0.06 (0.01–0.43)
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systolic or diastolic flow displacement. The possible diag-
nostic and prognostic importance of FD is yet to be validated 
in larger patient populations. Our findings suggest that PC-
FRC can be an alternative to the highly technically demand-
ing 4D MRI method.

Acknowledgements This study was funded by a project grant from 
the Health & Medical Care Committee of the Regional Executive 
Board (Grant no: 100431), Västra Götaland Region, Sweden.

Compliance with ethical standards 

Conflict of interest The authors have no conflict of interest to de-
clare.

Open Access This article is distributed under the terms of the 
Creative Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to 
the Creative Commons license, and indicate if changes were made.

References

 1. Barker AJ, Markl M, Burk J, Lorenz R, Bock J, Bauer S, Schulz-
Menger J, von Knobelsdorff-Brenkenhoff F (2012) Bicuspid aortic 
valve is associated with altered wall shear stress in the ascending 
aorta. Circ Cardiovasc Imaging 5:457–466

 2. Bissell MM, Hess AT, Biasiolli L, Glaze SJ, Loudon M, Pitcher A, 
Davis A, Prendergast B, Markl M, Barker AJ, Neubauer S, Myer-
son SG (2013) Aortic dilation in bicuspid aortic valve disease: 
flow pattern is a major contributor and differs with valve fusion 
type. Circ Cardiovasc Imaging 6:499–507

 3. Mahadevia R, Barker AJ, Schnell S, Entezari P, Kansal P, Fedak 
PW, Malaisrie SC, McCarthy P, Collins J, Carr J, Markl M (2014) 
Bicuspid aortic cusp fusion morphology alters aortic three-dimen-
sional outflow patterns, wall shear stress, and expression of aor-
topathy. Circulation 129:673–682

 4. Hope MD, Sigovan M, Wrenn SJ, Saloner D, Dyverfeldt P (2014) 
MRI hemodynamic markers of progressive bicuspid aortic valve-
related aortic disease. J Magn Reson Imaging 40:140–145

 5. Michelena HI, Khanna AD, Mahoney D, Margaryan E, Topil-
sky Y, Suri RM, Eidem B, Edwards WD, Sundt TM, Enriquez-
Sarano M, (2011) Incidence of aortic complications in patients 
with bicuspid aortic valves. JAMA 306:1104–1112

 6. Iung B, Baron G, Tornos P, Gohlke-Barwolf C, Butchart EG, 
Vahanian A (2007) Valvular heart disease in the community: a 
European experience. Curr Probl Cardiol 32:609–661

 7. Burk J, Blanke P, Stankovic Z, Barker A, Russe M, Geiger J, 
Frydrychowicz A, Langer M, Markl M (2012) Evaluation of 3D 
blood flow patterns and wall shear stress in the normal and dilated 
thoracic aorta using flow-sensitive 4D CMR. J Cardiovasc Magn 
Reson 14:84

 8. Meierhofer C, Schneider EP, Lyko C, Hutter A, Martinoff S, Markl 
M, Hager A, Hess J, Stern H, Fratz S (2013) Wall shear stress 
and flow patterns in the ascending aorta in patients with bicuspid 
aortic valves differ significantly from tricuspid aortic valves: a 
prospective study. Eur Heart J Cardiovasc Imaging 14:797–804

 9. Sigovan M, Hope MD, Dyverfeldt P, Saloner D (2011) Com-
parison of four-dimensional flow parameters for quantification of 
flow eccentricity in the ascending aorta. J Magn Reson Imaging 
34:1226–1230

 10. Burris NS, Hope MD (2015) Bicuspid valve-related aortic disease: 
flow assessment with conventional phase-contrast MRI. Acad 
Radiol 22:690–696

 11. Caro CG (2012) The mechanics of the circulation. Cambridge 
University Press, New York

 12. Yoganathan AP, Cape EG, Sung H-W, Williams FP, Jimoh A 
(1988) Review of hydrodynamic principles for the cardiologist: 
applications to the study of blood flow and jets by imaging tech-
niques. JACC 12:1344–1353

 13. Hope TA, Markl M, Wigstrom L, Alley MT, Miller DC, Herfkens 
RJ (2007) Comparison of flow patterns in ascending aortic aneu-
rysms and volunteers using four-dimensional magnetic resonance 
velocity mapping. J Magn Reson Imaging 26:1471–1479

 14. Bogren HG, Klipstein RH, Firmin DN, Mohiaddin RH, Under-
wood SR, Rees RS, Longmore DB (1989) Quantitation of ante-
grade and retrograde blood flow in the human aorta by magnetic 
resonance velocity mapping. Am Heart J 117:1214–1222

 15. Bogren HG, Mohiaddin RH, Yang GZ, Kilner PJ, Firmin DN 
(1995) Magnetic resonance velocity vector mapping of blood flow 
in thoracic aortic aneurysms and grafts. J Thorac Cardiovasc Surg 
110:704–714

 16. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, 
Ernande L, Flachskampf FA, Foster E, Goldstein SA, Kuznetsova 
T, Lancellotti P, Muraru D, Picard MH, Rietzschel ER, Rudski 
L, Spencer KT, Tsang W, Voigt JU (2015) Recommendations for 
cardiac chamber quantification by echocardiography in adults: an 
update from the American Society of Echocardiography and the 
European Association of Cardiovascular Imaging. Eur Heart J 
Cardiovasc Imaging 16:233–270

 17. Della Corte A, Bancone C, Buonocore M, Dialetto G, Covino 
FE, Manduca S, Scognamiglio G, D’Oria V, De Feo M (2013) 
Pattern of ascending aortic dimensions predicts the growth rate of 
the aorta in patients with bicuspid aortic valve. JACC Cardiovasc 
Imaging 6:1301–1310

 18. Heiberg E, Sjogren J, Ugander M, Carlsson M, Engblom H, 
Arheden H (2010) Design and validation of Segment-freely avail-
able software for cardiovascular image analysis. BMC Med Imag-
ing 10:1

 19. Attia J (2003) Moving beyond sensitivity and specificity: using 
likelihood ratios to help interpret diagnostic tests. Aust Prescr 
26:111–113

 20. Hagan PG, Nienaber CA, Isselbacher EM, Bruckman D, Kara-
vite DJ, Russman PL, Evangelista A, Fattori R, Suzuki T, Oh JK, 
Moore AG, Malouf JF, Pape LA, Gaca C, Sechtem U, Lenferink 
S, Deutsch HJ, Diedrichs H, Marcos y Robles J, Llovet A, Gilon 
D, Das SK, Armstrong WF, Deeb GM, Eagle KA (2000) The 
International Registry of Acute Aortic Dissection (IRAD): new 
insights into an old disease. JAMA 283:897–903

 21. Davies RR, Gallo A, Coady MA, Tellides G, Botta DM, Burke B, 
Coe MP, Kopf GS, Elefteriades JA (2006) Novel measurement of 
relative aortic size predicts rupture of thoracic aortic aneurysms. 
Ann Thorac Surg 81:169–177

 22. Kim JB, Spotnitz M, Lindsay ME, MacGillivray TE, Isselbacher 
EM, Sundt TM (2016) Risk of aortic dissection in the moderately 
dilated ascending aorta. JACC 68:1209–1219

 23. Rylski B, Branchetti E, Bavaria JE, Vallabhajosyula P, Szeto WY, 
Milewski RK, Desai ND (2014) Modeling of predissection aortic 
size in acute type A dissection: more than 90% fail to meet the 
guidelines for elective ascending replacement. J Thorac Cardio-
vasc Surg 148:944–948 (e941)

 24. Suzuki T, Bossone E, Sawaki D, Janosi RA, Erbel R, Eagle 
K, Nagai R (2013) Biomarkers of aortic diseases. Am Heart J 
165:15–25

 25. Ha H, Koo HJ, Lee JG, Kim GB, Kweon J, Lee SJ, Kang JW, Lim 
TH, Kim DH, Song JM, Kang DH, Song JK, Kim YH, Kim N, 
Yang DH (2017) Association between flow skewness and aortic 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


429Int J Cardiovasc Imaging (2018) 34:419–429 

1 3

dilatation in patients with aortic stenosis. Int J Cardiovsc Imaging. 
doi 10.1007/s10554-017-1196-x

 26. Kupari M, Hekali P, Poutanen VP (1995) Cross sectional profiles 
of systolic flow velocities in left ventricular outflow tract of nor-
mal subjects. Br Heart J 74:34–39

 27. Muzzarelli S, Monney P, O’Brien K, Faletra F, Moccetti T, Vogt P, 
Schwitter J (2014) Quantification of aortic flow by phase-contrast 
magnetic resonance in patients with bicuspid aortic valve. Eur 
Heart J Cardiovasc Imaging 15:77–84

 28. Cawley PJ, Hamilton-Craig C, Owens DS, Krieger EV, Strugnell 
WE, Mitsumori L, D’Jang CL, Schwaegler RG, Nguyen KQ, 
Nguyen B, Maki JH, Otto CM (2013) Prospective comparison of 
valve regurgitation quantitation by cardiac magnetic resonance 
imaging and transthoracic echocardiography. Circ Cardiovasc 
Imaging 6:48–57

https://doi.org/10.1007/s10554-017-1196-x

	Characterization of complex flow patterns in the ascending aorta in patients with aortic regurgitation using conventional phase-contrast velocity MRI
	Abstract 
	Introduction
	Materials and methods
	Study population
	MRI examination
	Analysis of the MRI data
	Statistical analysis

	Results
	Flow profiles in the AA in controls and patients with AR
	Predictors of FD
	Relationship between PC-FRC and 2D-PC flow profile data
	Inter- and intra observer variability

	Discussion
	Conclusions
	Acknowledgements 
	References


