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RESEARCH ARTICLE

Evaluating a Phase-Specific Approach
to Aortic Flow: A 4D Flow MRI Study

Mitch J.F.G. Ramaekers, MD,"?3>** © Jos J.M. Westenberg, PhD,*
Max F.G.H.M. Venner, MSc,? Joe F. Juffermans, MSc,* ©® Hans C. van Assen, PhD,*
Bastiaan J.C. te Kiefte, MD,* Bouke P. Adriaans, MD, PhD,"? ® Hildo J. Lamb, MD, PhD,*
Joachim E. Wildberger, MD, PhD,"? and Simon Schalla, MD, PhD?*3

Background: Aortic flow parameters can be quantified using 4D flow MRI. However, data are sparse on how different
methods of analysis influence these parameters and how these parameters evolve during systole.

Purpose: To assess multiphase segmentations and multiphase quantification of flow-related parameters in aortic 4D
flow MRI.

Study Type: Prospective.

Population: 40 healthy volunteers (50% male, 28.9 & 5.0 years) and 10 patients with thoracic aortic aneurysm (80% male,
54 + 8 years).

Field Strength/Sequence: 4D flow MRI with a velocity encoded turbo field echo sequence at 3 T.

Assessment: Phase-specific segmentations were obtained for the aortic root and the ascending aorta. The whole aorta
was segmented in peak systole. In all aortic segments, time to peak (TTP; for flow velocity, vorticity, helicity, kinetic
energy, and viscous energy loss) and peak and time-averaged values (for velocity and vorticity) were calculated.

Statistical Tests: Static vs. phase-specific models were assessed using Bland-Altman plots. Other analyses were performed
using phase-specific segmentations for aortic root and ascending aorta. TTP for all parameters was compared to TTP of
flow rate using paired t-tests. Time-averaged and peak values were assessed using Pearson correlation coefficient.
P < 0.05 was considered statistically significant.

Results: In the combined group, velocity in static vs. phase-specific segmentations differed b¥ 0.8 cm/sec for the aortic
root, and 0.1 cm/sec (P = 0.214) for the ascending aorta. Vorticity differed by 167 sec ' mL™" (P = 0.468) for the aortic
root, and by 59 sec” ' mL~" (P = 0.481) for the ascending aorta. Vorticity, helicity, and energy loss in the ascending aorta,
aortic arch, and descending aorta peaked significantly later than flow rate. Time-averaged velocity and vorticity values cor-
related significantly in all segments.

Data Conclusion: Static 4D flow MRI segmentation yields comparable results as multiphase segmentation for flow-related
parameters, eliminating the need for time-consuming multiple segmentations. However, multiphase quantification is nec-
essary for assessing peak values of aortic flow-related parameters.

Level of Evidence: 2

Technical Efficacy Stage: 3

J. MAGN. RESON. IMAGING 2024;59:1056-1067.

hree-dimensional and three-directional phase-contrast  shear stress, vorticity, helicity, and energy loss can be quanti-
MR, also known as 4D flow MRI, is used for visualizing ~tatively determined from 4D flow MRI velocity data." These
aortic blood flow.! Hemodynamic markers, including wall ~flow-related parameters have been assessed during follow up
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of patients with aortic disease and may play a role monitoring
progression of disease.”® Currently, there are several
approaches to quantitative analysis of 4D flow MRL.>®” To
identify optimal methods, these need to be evaluated in a
homogenous population at different time frames during the
cardiac cycle. The first step in quantifying flow parameters is
luminal segmentation, which comprises the conversion of vol-
ume, such as the ascending aorta, to 3D geometry. Luminal
segmentations can be defined at one cardiac phase (or time
step: static) or over multiple phases (phase-specific). For the
aortic root and the ascending aorta, a phase-specific method
could be the preferred method, due to the degree of aortic
root displacement during systole.® Static segmentation, how-
ever, allows faster analysis and could limit observer variation
between segmentations, both considering the fact that less
segmentations need to be performed.” The influence of using
phase-specific segmentations on the accuracy of quantified
flow parameters is currently unclear. The second step in
quantifying flow-related parameters is to calculate them
within the volume defined by the luminal segmentation at,
for example, peak flow or different time points during systole.
However, data on the evolution of different flow-related
parameters during systole is limited.'” Some studies have used
time-averaged values (area under the curve), others have used
peak values, and others have reported both.>71"12 The agree-
ment between these values has not been widely studied.

Thus the aims of this study were to: 1) compare
multiple-phase to single-phase (static) segmentation in the
aortic root and ascending aorta for the quantification of flow
velocity and flow vorticity; 2) assess time to peak (TTP)
values for various flow parameters (i.e., velocity, vorticity,
helicity, kinetic energy, and viscous energy loss); and 3)
compare time-averaged and peak values of flow parameters in
healthy young volunteers and patients with ascending thoracic
aortic aneurysms (aTAA).

Materials and Methods

The study was approved by the local medical ethical committees and

all subjects provided written informed consent.

Study Population

Forty (20 male and 20 female) young (age 1840 years) healthy vol-
unteers (no history of cardiovascular disease, including aortic disease
or connective tissue disease (chromosomal inherited syndromic aortic
aneurysms), no contraindication for MRI, heart rate < 100 bpm,
and blood pressure < 140/90 mmHg) were prospectively included at
Maastricht University Medical Center + to obtain measurements
and calculations in normal aortas.

To investigate whether the findings in young healthy individ-
uals could also be observed in dilated aortas, 10 patients (7 male and
3 female) with aTAA were also included at Leiden University Medi-
cal Center.
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MRI Acquisition
All subjects underwent imaging on a 3T MR system (Philips
Ingenia; Philips Healthcare, Best, the Netherlands) using the same
scan-protocol. The velocity encoded turbo field echo 4D flow MRI
sequence consisted of a full volumetric coverage of both left ventric-
ular outflow tract and total aorta (including the iliac bifurcation).
Details of the acquisition parameters are given in Table 1.

Images were acquired using navigator respiratory gating (using
a 5 mm navigator window and one navigator per cardiac cycle),
based on diaphragm excursion, and retrospective ECG gating. Veloc-
ity encoding was typically set at 150 cm/sec and adjusted if deemed
necessary. Scan duration varied between 15 and 25 minutes,
depending on heart rate and navigator efficiency. Left and right bra-
chial blood pressure was measured directly after the MR examination

while still in supine position.

Data Analysis

Analysis was performed by two readers (MR and MV, 4 and 1 years
of experience), respectively (all segmentations were supervised by
MR and adjusted if necessary) using commercially available (CAAS
MR Solutions 5.2.1; Pie Medical Imaging, Maastricht, the
Netherlands) and in-house developed software. Data analysis
included phase-offset and aliasing correction prior to luminal seg-
mentation. Semiautomatic segmentation was performed by CAAS
MR Solutions as previously described and manually adjusted if
deemed necessary.'? Segmentation of the aortic root and ascending
aortic lumen was performed in all systolic cardiac phases with a suffi-
cient velocity-to-noise ratio (determined by the assessor [MR])
(Fig. 1). Diastolic cardiac phases were not analysed due to the very
low velocity-to-noise ratio and thus lack of contrast in the velocity
maps. Since the aortic segments distal to the ascending aorta are

TABLE 1. 4D Flow MRI Parameters

450 x 298 x 68
25%x25x%x25
1.41 x 1.41 x 2.5

FOV (mm)
Acquired voxel size (mm)

Reconstructed voxel size (mm)

Flip angle (°) 10

TE (msec) 2.7

TR (msec) 4.6

K-space segmentation factor 2

SENSE factor 2.5 (P) x 1.2 (S
VENC (cm/sec) 150-175%
(Reconstructed) cardiac phases 24-34

Temporal resolution (msec) 36.8

FOV, field of view; TE, echo time; TR, repetition time; VENC,
velocity encoding.
*Or higher in case of aortic valve stenosis in patients.
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Phase
Static

Phase specific

FIGURE 1: Aortic movement during the cardiac cycle. This figure illustrates the movement of the aortic root and ascending aorta
during systole from 4D flow MRI images. The total aorta is segmented in peak systole (green). Other aortic root and ascending aorta
segmentations for early systole (blue) and late systole (red) are superimposed. There is clear movement of these segments during
the cardiac cycle. The table shows, which segmentation is used for the static (peak systole) and phase-specific methods (colors
[green, blue, and red] correspond to those in the illustration). PS: peak systole.

considered to be static, one peak systolic segmentation was propa-
gated to the other systolic phases for these segments. For the analysis
of static segmentations of the aortic root and ascending aorta, the
peak systolic segmentation (i.e., the phase with the highest flow rate)
was propagated to the other systolic phases (Fig. 1). Seven planes
were placed perpendicular to the centreline at the following anatomi-
cal locations: 1) aortic valve, 2) sino-tubular junction, 3) proximal to
brachiocephalic trunk, 4) distal to the left subclavian artery, 5)
diaphragm, 6) distal to the renal arteries, and 7) Proximal to the
aortic bifurcation. By placing these planes, the aorta was divided into
six segments: 1) aortic root (AoR), 2) ascending aorta (AAo), 3)
Aortic arch (AoA), 4) descending aorta (DAo), 5) Supra-renal aorta
(SRA), and 6) Infra-renal aorta (IRA) (Fig. 2). Analysis in patients
with aTAA was limited to the AoR, AAo, AoA, and DAo since only
the thoracic aorta was scanned. Maximum aortic diameters per seg-
ment were calculated automatically from the segmentation using
in-house developed software. Flow-related parameters were calculated
for each segment as averages per volume and per phase. Subse-
quently time-averaged and peak values, as well as TTP values, were
obtained for all segments. Time-averaged values were calculated as
the mean of 14 phases around the peak value (two highest phases,
six before and six after). TTP was defined as milliseconds to peak
value. The hemodynamic parameters that were evaluated during this
study included flow rate, flow velocity, vorticity magnitude, absolute
helicity, kinetic energy, and viscous energy loss.'*'> Vorticity and
helicity were corrected for segment volume. Analysis of static
vs. phase-specific segmentation and time-averaged vs. peak values
were only performed for velocity and vorticity, as these parameters
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form the basis for calculating other parameters. For example, kinetic
energy is calculated from velocity, and helicity is calculated from vor-
ticity. Static segmentations were only used for the static vs. phase-
specific analysis. Other analyses were performed using the phase
specific segmentations for aortic root and ascending aorta.

Statistical Analysis

Statistical analyses were performed using SPSS Statistics 25 (IBM,
Armonk, NY). Continuous variables are presented as mean + standard
deviation for normal distribution, or as median and interquartile range
for skewed distribution. Categorical variables are presented as frequen-
cies and percentages. TTP for all parameters was compared to TTP of
flow rate using a paired rtest (separately for healthy volunteers and
patients). Correlations between time averaged values and peak values
(separately for healthy volunteers and patients) were analyzed using
Pearson’s correlation coefficient (or Spearman’s rank correlation coeffi-
cient in case of skewness of the data). For the comparison of static
vs. phase-specific models Bland Altman plots were used for the com-
bined group of healthy volunteers and patients, with limits of agree-
ment (LOA: mean £ 1.96 standard deviations). A P-value of <0.05
was considered statistically significant.

Results

Demographics

The mean age of the 40 healthy volunteers was 28.9 = 5.0 years.
Mean systolic blood pressure was 120.2 £ 11.4 mmHg for the
left arm and 120.7 & 13.4 mmHg for the right arm. Mean
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diaphragm

FIGURE 2: Anatomical segments assessed in this study. AoR:
aortic root; AAo: ascending aorta; AoA: aortic arch; DAo:
descending aorta; SRA: supra-renal aorta; IRA: infra-renal aorta.

diastolic blood pressure was 71.4 &+ 7.4 mmHg for the left arm
and 68.8 £ 6.6 mmHg for the right arm. The mean age for the
10 patients was 54 £ 8 years. Six patients had degenerative aortic
aneurysms, three patients had connective tissue disease, one
patient had a bicuspid aortic valve related aortopathy, and one
patient with aneurysm had both a bicuspid aortic valve and con-
nective tissue disease. Aortic diameters for all segments are
reported in Table 2.

Static- vs. Phase-Specific Segmentation

Bland-Altman plots of pairs of measurements from static-
vs. phase-specific segmentations with mean differences and
limits of agreement for the total group (healthy volunteers
and patients) are shown in Fig. 3a—d. Mean differences for
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TABLE 2. Aortic Diameters (mm)
Males Females Total Patients
n=20 n=20 n =40 n=10
AoR 33+3 30 £2 3243 45 + 4
AAo 28 £ 2 26 +1 27 +£3 44+ 3
AoA 25 +2 25+1 25+2 34+3
DAo 22 +2 22 +1 2242 28 +4
SRA 19 £2 17 £1 18+1 -
IRA 17 £ 1 15+1 16 +2 -
Data presented as mean + standard deviation.
AoR: aortic root; AAo: ascending aorta; AoA: aortic arch; DAo:
descending aorta; SRA: supra-renal aorta; IRA: infra-renal aorta.

velocity were statistically significant in the AoR (0.8 cm/sec
[LOA —3.7 to 5.2 cm/sec]) for the AoR. Mean differences
for velocity in the AAo were 0.1 cm/sec (LOA —2.3 to
2.6 cm/sec) for the AAo. Mean differences for vorticity mag-
nitude were 167sec 'mL™' (LOA —1675 to
2009 sec ' mL™") for the AoR and 59sec ' mL™' (LOA
—1088 to 1205 sec ' mL™'; Table 3). Velocity measure-
ments in the static segmentation showed a strong correlation
with phase-specific segmentations in the AoR (r= 0.975)
and AAo (r=0.995). Vorticity measurements in the static
segmentation also showed a strong correlation with phase-
specific segmentations in the AoR (r=0.992) and AAo
(r=0.995) (Table 3 and Fig. 4).

TTP in Healthy Volunteers

Peak flow arrived significantly later in each consecutive seg-
ment in healthy volunteers. Differences in TTP for flow rate
in healthy volunteers were 16 & 17 msec (AoR to AAo),
16 £ 19 msec (AAo to AoA), 30 + 20 msec (AoA to DAo),
9 + 15 msec (DAo to SRA), 32 £ 16 msec (SRA to IRA;
Fig. 5a).

In the root, with respect to blood flow rate, vorticity,
helicity, and energy loss all peaked significantly later
(120 £ 20 msec vs. 129 + 19 msec; 136 + 30 msec; and
132 £ 31 msec, respectively). The largest differences in TTP
were seen in the ascending aorta: with respect to blood flow,
vorticity, helicity, and viscous energy loss peaked significantly
later (136 & 23 msec vs. 162 = 35 msec; 168 =& 33 msec;
and 169 =+ 29 msec, respectively). In the arch, with respect to
blood flow rate, vorticity, and helicity peaked significantly later
(151 & 25 msec vs. 164 &= 27 msec; and 183 % 29 msec,
respectively). In the DAo, with respect to blood flow rate,
helicity peaked significantly later (206 vs. 181 msec). The
other parameters in the DAo and the distal segments (SRA
and IRA) also showed significant, yet smaller, differences in
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FIGURE 3: Phase-specific vs. static aortic models. The figures show Bland-Altman plots for differences in values for a phase-specific
aortic model (M1) and a static aortic model (M2). Presented variables are velocity in the aortic root (a), ascending aorta (b),
normalized vorticity in the aortic root (c), and ascending aorta (d). The blue line represents average differences, the red lines
represent +1.96 standard deviations. Black dots represent healthy volunteers, red triangles represent patients.

TTP, which are presented in Table 4 and Fig. 5a. One exam-
ple of flow visualization in multiple phases is presented
in Fig. 6.

TTP in aTAA Patients

TTP values for patients are presented in Table 4 and Fig. 5b.
There were significant differences in TTP for flow rate in
consecutive segments in patients: 24 £ 28 msec (AoR to
AAo), 7+t 19 msec (AAo to AoA), and 16 =% 27 msec
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(AoA to DAo; Fig. 5b). In the root, with respect to blood
flow rate, helicity peaked significantly later (126 £ 33 msec
vs. 144 £ 37 msec). In the ascending aorta, with respect to
blood flow rate, velocity, vorticity, helicity, kinetic energy,
and energy loss all peaked significantly later (150 £ 38 msec
vs. 176 54 msec; 205 & 55 msec; 193 £ 51 msec;
178 £ 29 msec; and 204 % 55 msec, respectively). In the
aortic arch, with respect to blood flow rate, only helicity
peaked significantly later (157 £ 47 msec vs. 189 & 61 msec).

Volume 59, No. 3
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TABLE 3. Phase-Specific (M1) vs. Static Segmentation (M2)
Correlation
Paired #test Correlation coefficient
M1-M2 coefficient differences —
difference P-value M1-M2 P-value means P-value
Velocity AoR (cm/sec) 08+£23 0.021% 0.975 <0.001%* 0.076 0.598
Velocity AAo (cm/sec) 0.1 £1.26 0.214 0.995 <0.001%* —0.049 0.733
Vorticity AoR (sec ' mL™") 167 4 940 0.468 0.992 <0.001% 0.073 0.612
Vorticity AAo (sec” ' mL™") 59 + 82 0.481 0.995 <0.001* —0.020 0.889
AoR: aortic root; AAo: ascending aorta; M1: phase-specific aortic model; M2: static aortic model.
*P < 0.05.
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FIGURE 4: Correlation between values calculated in phase-specific and static aortic models. The figure shows the scatter plots and
correlation coefficients for velocity (cm/sec) and normalized vorticity (sec”" mL™")in the AoR and AAo. All correlations are statistically
significant. Black dots represent healthy volunteers, red triangles represent patients.

One example of flow visualization in multiple phases is pres-
ented in Fig. 6.

Time Averaged vs. Peak Values in Healthy
Volunteers

Time-averaged values for velocity and vorticity correlated
strongly with peak-values for each segment in healthy volunteers
(Fig. 7a). Time-averaged and peak velocity values in healthy vol-
unteers correlated very strongly for AoR (r = 0.827), AAo

March 2024

(r=0.833), AoA (r=0.787), DAo (r=0.813), SRA
(r=10.863), and IRA (r=0.880). Time-averaged and peak
vorticity correlation was very strong for AoR (r = 0.928), AAo
(r=0.887), AoA (r=0.891), DAo (r=0.930), SRA
(r = 0.940), and IRA (r = 0.941).

Time Averaged vs. Peak Values in Patients
Time-averaged values for velocity and vorticity correlated
strongly with peak-values for each segment in patients
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FIGURE 5: Mean TTP for flow parameters per segment for healthy volunteers (a) and patients (b). Red dots represent TTP for blood
flow rate. Blue dots represent significant differences in TTP as compared to flow rate TTP. AoR: aortic root; AAo: ascending aorta;
AoA: aortic arch; DAo: descending aorta; SRA: supra-renal aorta; IRA: infra-renal aorta.

(Fig. 7b). Time-averaged and peak velocity values in patients
correlated  very strongly for AoR (r=0.860), AAo
(r = 0.858), AoA (r = 0.888), and DAo (» = 0.946). Time-
averaged and peak vorticity correlation was very strong for
AoR (r=0.961), AAo (r = 0.946), AoA (r = 0.955), and
DAo (r = 0.982).

Discussion

In this observational study in healthy young volunteers and
aTAA patients, multi-phase multi-segmentation approaches
for aortic 4D flow MRI analysis were evaluated. Assessment
of flow-related parameters during systole was performed with
phase-specific segmentations for aortic root and ascending
aorta considering their systolic displacement and with static
segmentations for all other aortic segments. Diastole was not
analyzed considering the low flow velocities and thus low
velocity-to-noise ratio. The main conclusions of this study
were: 1) a static single-phase segmentation of the aortic root
and ascending aorta in peak systole resulted in similar quanti-
tative values of velocity and vorticity as compared to a
multiphase segmentation in healthy young volunteers and
patients. Only for the AoR, differences were statistically sig-
nificant (but small); 2) the flow peak occurred later in distal
segments as compared to proximal segments; 3) in healthy
volunteers, vorticity and helicity peaked significantly later
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than flow in most segments, especially in the AAo, AoA, and
DAo; in patients, similar trends were seen; and 4) peak values
and time averaged values correlated strongly in both healthy
volunteers and aTAA patients. Additionally, this study in a
homogenous group of healthy young volunteers and a small
group of aTAA patients might offer perspective in predicting
aortic disease by assessing the systolic evolution of quantified
flow-related parameters.

It takes time for the pulse wave created by left ventricu-
lar contraction to propagate along the aorta. The pulse wave
velocity (PWV) reflects this phenomenon, and represents the
propagation speed of the pulse.'® When the aorta stiffens,
propagation times shorten'”'® and thus PWV will increase.
The dynamic properties of 4D flow MRI allow analysis at
each cardiac phase, with a 4D flow scan generally consisting
of 25-35 phases, generating time-dependent results of aortic
blood flow. Some of the results of this study, describing the
delay in peak flow from proximal to distal aorta, may seem
rather obvious. However, they are useful as they indicate
which phases should be included in the analysis of peak
values for flow-related parameters at specific segments. Seg-
mental analysis of all flow-related parameters also showed a
wide time range for parameters to peak within a single seg-
ment. In the ascending aorta, for example, vorticity, helicity,
and energy loss peak 76-90 msec later as compared to blood
flow rate. This means that, even for single anatomical
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BAV+TAA

FIGURE 6: Streamline representation of aortic blood flow in a healthy volunteer (top row) and in a patient (bottom row). The figure
shows streamlines in peak systole, one phase before, and two phases after peak systole. PS: peak systole; BAV: bicuspid aortic

valve; TAA: thoracic aortic aneurysm.
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segments, multiple phases should be evaluated to obtain peak
values. In this cohort, the necessary range of phases to find
peak values for all parameters and all segments extended from
—100 to 90 msec around peak systole.

The differences in TTP within a segment were found to
be largest in the aortic arch and adjacent segments (AAo,
AoA, and DAo). Kilner et al. described helical flow patterns
in the aortic arch as early as 1993, using 4D flow MRI."
Three stages of systolic flow in the aortic arch were described.
The first stage, early systole, consists of high axial velocities
that follow the shortest flow path, close to the inner curva-
ture. During the second stage, more towards late systole when
flow deceleration starts to occur, the axial velocity profile
moves outwards, and secondary helical flow patterns develop.
The third stage, end systole, reveals decreasing velocity, and
more recirculating and rotational flow. The current study also
showed delayed TTP for nonaxial velocities, which are related
to helical flow patterns, and thus confirms earlier findings for
quantified vorticity and helicity associated with secondary
helical flow patterns that occur toward late systole in the
AAo, AoA and DAo. These findings considering nonaxial
velocities could also explain why kinetic energy peaks later
than velocity (which appears unexpected since it is calculated
from velocity).

Literature on TTP data is sparse. Burk et al., investigat-
ing 3D flow patterns in healthy volunteers, aged volunteers,
and patients with aTAA, revealed differences in TTP veloc-
ity.” Following these results, an interesting hypothesis is that
changes in TTP occur before the actual flow deviates, and,
therefore, could identify aberrant flow in an early stage:
Assessing the dynamics of all flow parameters during the car-
diac cycle may be helpful in recognizing flow disturbances at
an early stage of aortic disease. Future studies could assess dif-
ferences in TTP values in different age and patient groups.

Time-Averaged vs. Peak Values

Studies investigating aortic flow patterns have used time-
averaged values, peak values, or both.>”1"12 The current
study showed that there was a very strong correlation between
peak values and time-averaged values in healthy volunteers
and patients. Thus, quantification of peak values appears to
be sufficient for clinical and research purposes. Limiting the
analysis to the phases in which the peak is expected will
reduce computational time for quantification of flow-related
parameters compared to the full systolic quantification
required for time-averaged values.

Static vs. Phase Specific Segmentations

In 4D flow analysis, the aortic volume needs to be deter-
mined from the luminal segmentation when normalizing
quantified flow related parameters. However, a 4D flow con-
sensus publication does not offer recommendations consider-
ing the luminal segmentation20 and different methods have

March 2024

Ramaekers et al.: A Multiphase Approach to Aortic Flow MR

been used.”?' These include two dimensional (2D), static
three-dimensional (3D) and phase-specific luminal segmenta-
tion. In two-dimensional (2D) segmentation, a 2D plane is
placed, in which contours of the aortic lumen are drawn, and
within this contour, through-plane calculations can be per-
formed (e.g., flow velocity, WSS).” To quantify regional or
segmental values, 3D luminal segmentations are used. A 3D
segmentation can be created for a single phase, after which
the 3D model will be propagated to other phases for time-
specific quantification of flow related parameters (static 3D
segmentation®). A more time-consuming method is to per-
form phase-specific luminal segmentations and anatomical
partitioning of the aorta, after which calculations per phase
are performed within the corresponding segmentation.'”

The static 3D luminal segmentation has been applied in
several studies.”***® Theoretically, it may be inaccurate con-
sidering the aortic movement during the cardiac cycle. As a
result of left ventricular contraction, the aortic valve moves
downward during systole, and returns to its original position
during diastole.® The aortic root and ascending aorta show a
clockwise axial six-degree twist in addition to an 8.9 mm
downward motion on average.24 At the arterial ligament,
between pulmonary artery and aorta, the aorta is considered
fixed. Together with the fixed branches in the aortic arch, the
aortic movement diminishes after the ascending aorta. Our
study assessed the differences between static and phase-
specific 3D models for the AoR and AAo, since these are the
segments that displace most during the cardiac cycle. Only
minimal differences in velocity were observed in the aortic
root (although stadistically significant in the aortic root, differ-
ences were small) and no differences were seen in the ascend-
ing aorta between static and phase-specific methods, with
limits of agreement <10% of mean values. Differences in vor-
ticity were also minimal between methods in the aortic root.
In the ascending aorta, differences in vorticity between
methods were present in almost all subjects but remained
small. However, LAO were quite large relative to the mean
vorticity. In general, these results correspond with the time-
to-peak results in these segments. Since velocity and flow rate
peak at approximately the same time, the phase in which it
peaks matches with the phase in which the segmentation is
made, which leads to no differences in most subjects. Vortic-
ity, however, peaks significantly later than flow. Thus, the
phase in which it peaks does not match with the segmenta-
tion phase for some cases, which leads to differences between
static- and phase specific methods.

Acquisition and Processing Time in 4D Flow MRI

4D flow MRI requires long acquisition time and extensive
image analysis in comparison with 2D flow. To develop a
faster analysis method, this study assessed some of the pro-
cesses in the analysis of 4D flow MRI. Based on the current
study, analysis time can be substantially reduced since only a
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single-phase (peak systole) needs to be segmented. While our
quantification methods are almost fully automated, the seg-
mentation is a semi-automatic process that requires manual
input. Despite this, 4D flow MRI acquisition and post-
processing remains a time-consuming task. With respect to
the acquisition time, compressed sensing could accelerate
acquisition.25 With respect to postprocessing, recent studies
have shown the potential of machine learning for both lumi-
nal segmentation and extraction of relevant flow-related
parameters.”®?” These advances in acquisition and automati-
zation of 4D flow MRI analysis, together with our contribu-
tion to a uniform analysis method, could reduce acquisition

and postprocessing time.

Limitations
First, this study is mainly based on the data from relatively
young, healthy volunteers. The results may not be translatable
to all patients with aortic aneurysms or to elderly subjects
with hypertension. Aortic flow is changed in patients with
aortic aneurysms and may also change in elderly subjects,’
and timing of different flow-related parameters could there-
fore also be different. By incorporating a small sample of
aTAA patients, we confirmed that patients showed similar
results to those in healthy young volunteers.

Second, we did not perform an assessment of inter-
reader reproducibility. Ideally, the results of this study would
be confirmed by different readers.

Conclusion

In conclusion, single-phase, static segmentation does not
result in significant differences in flow-related parameters
compared to multiphase segmentation. However, multiphase
quantification is required to assess time-to-peak values of aor-
tic flow-related parameters.
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