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ORIGINAL RESEARCH

Reproducibility of Aorta Segmentation on
4D Flow MRI in Healthy Volunteers

Joe F. Juffermans, MSc,1* Jos J.M. Westenberg, PhD,1 Pieter J. van den Boogaard, BSc,1

Arno A.W. Roest, PhD, MD,2 Hans C. van Assen, PhD,1 Roel L.F. van der Palen, MD,2 and

Hildo J. Lamb, PhD, MD1

Background: Hemodynamic aorta parameters can be derived from 4D flow MRI, but this requires lumen segmentation. In
both commercially available and research 4D flow MRI software tools, lumen segmentation is mostly (semi-)automatically
performed and subsequently manually improved by an observer. Since the segmentation variability, together with 4D flow
MRI data and image processing algorithms, will contribute to the reproducibility of patient-specific flow properties, the
observer’s lumen segmentation reproducibility and repeatability needs to be assessed.
Purpose: To determine the interexamination, interobserver reproducibility, and intraobserver repeatability of aortic lumen
segmentation on 4D flow MRI.
Study Type: Prospective and retrospective.
Population: A healthy volunteer cohort of 10 subjects who underwent 4D flow MRI twice. Also, a clinical cohort of six sub-
jects who underwent 4D flow MRI once.
Field Strength/Sequence: 3T; time-resolved three-directional and 3D velocity-encoded sequence (4D flow MRI).
Assessment: The thoracic aorta was segmented on the 4D flow MRI in five systolic phases. By positioning six planes per-
pendicular to a segmentation’s centerline, the aorta was divided into five segments. The volume, surface area, centerline
length, maximal diameter, and curvature radius were determined for each segment.
Statistical Tests: To assess the reproducibility, the coefficient of variation (COV), Pearson correlation coefficient (r), and
intraclass correlation coefficient (ICC) were calculated.
Results: The interexamination and interobserver reproducibility and intraobserver repeatability were comparable for each
parameter. For both cohorts there was very good reproducibility and repeatability for volume, surface area, and centerline
length (COV = 10–32%, r = 0.54–0.95 and ICC = 0.65–0.99), excellent reproducibility and repeatability for maximal diame-
ter (COV = 3–11%, r = 0.94–0.99, ICC = 0.94–0.99), and good reproducibility and repeatability for curvature radius
(COV = 25–62%, r = 0.73–0.95, ICC = 0.84–0.97).
Data Conclusion: This study demonstrated no major reproducibility and repeatability limitations for 4D flow MRI aortic
lumen segmentation.
Level of Evidence: 3
Technical Efficacy Stage: 2

J. MAGN. RESON. IMAGING 2021;53:1268–1279.

FOUR-DIMENSIONAL (4D) flow magnetic resonance
imaging (MRI), also known as time-resolved three-

directional and three-dimensional velocity-encoded MRI or
phase-contrast MRI, is an imaging modality that is used to ana-
lyze aortic flow hemodynamics. With 4D flow MRI, multiple
patient-specific flow properties can be quantified, such as the

wall shear stress.1-3 It has been hypothesized that changes in wall
shear stress may affect endothelium properties within the vessel
wall,4 which may promote vascular dilation and remodeling.5

For the numerical calculation of the 4D flow MRI-
derived hemodynamic parameters, a cardiac phase-specific 3D
lumen segmentation of the aorta is required.3,6 In both
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commercially available and research 4D flow MRI software
tools, lumen segmentation is mostly (semi-)automatically per-
formed and subsequently manually improved by an observer.
Therefore, the observer’s lumen interpretation may lead to
segmentation variability.2,3,7,8 The aortic lumen segmentation
reproducibility was not assessed in previous studies that evalu-
ated the reproducibility of several 4D flow MRI-derived
hemodynamic parameters.8-12 Since the segmentation vari-
ability, together with 4D flow MRI data and image
processing algorithms, contributes to the reproducibility of
patient-specific flow properties,6 the observer’s lumen seg-
mentation reproducibility and repeatability needs to be
assessed.

Furthermore, the aortic lumen segmentation could be
used to automatically derive several morphological parame-
ters, like the maximal vessel diameter. Clinical guidelines rec-
ommend measurement of maximal diameter perpendicular to
the vessel longitudinal axis for the highest reproducibility.13,14

This recommendation is challenging for observers, since they
have to manually determine the optimal plane location and
angulation towards the vessel.15 These difficulties could
potentially be minimized by automatically deriving the

maximal diameter from a lumen segmentation. However, as a
result of the unknown lumen segmentation reproducibility, it
remains uncertain if the automatically derived maximal diam-
eter could be used to accurately describe patient characteris-
tics. This information is especially important for the clinical
follow-up of patients with aorta pathologies, such as aneu-
rysms or coarctations.13,14

Therefore, the purpose of this study was to determine:
1) interexamination, 2) interobserver reproducibility, and 3)
intraobserver repeatability of aortic lumen segmentation on
4D flow MRI.

Materials and Methods
Study Population
This study protocol was approved by the Medical Ethics Committee
of the Leiden University Medical Center and written informed con-
sent was obtained from all subjects. The interexamination reproduc-
ibility and intraobserver repeatability was assessed in a healthy
volunteer cohort, and the interobserver reproducibility was assessed in
a healthy volunteer cohort and a clinically relevant cohort. The pro-
spective included a healthy cohort consisting of 10 healthy volunteers
(27 � 3 years, 50% male) without a history of cardiovascular disease
who underwent two 4D flow MRI examinations between July 2015
and March 2017. These examinations were planned consecutively
with a 10-minute break between them and included repositioning and
replanning of all subjects. The retrospective included a clinical cohort
consisting of two patients after surgical coarctation repair
(13 � 1 years, one male and one female, one with a restenosis, and
one with a bicuspid aortic valve), two aneurysm patients
(65 � 8 years, one male and one female), and two older healthy vol-
unteers (59 � 5 years, one male and one female) who underwent a
4D flow MRI examination between September 2015 and November
2019. The data from 10 of the 10 subjects of the healthy volunteer
cohort has been previously reported10 in a prior article that assessed
the interexamination, interobserver, and intraobserver reproducibility
of 3D wall shear stress in the thoracic aorta.

MRI ACQUISITION. The MRI examination consisted of a 4D
flow MRI sequence incorporating the thoracic aorta from the aortic
valve to descending aorta at the level of the diaphragm. For the MRI
sequence parameters, see Table 1. All subjects were scanned with a
3T scanner (Ingenia, Philips Medical Systems, Best, The Nether-
lands) using a FlexCoverage anterior and dStream Torso posterior
coil. Concomitant gradient correction and local phase correction
were performed using standard available scanner software.

IMAGE ANALYSIS. The image analysis consisted of two parts to
derive the aorta morphology. First, the thoracic aorta lumen was seg-
mented between the aortic valve and the descending aorta, excluding
the subclavian and carotid arteries. The aortas of the healthy cohort
were segmented twice by the first observer (R.P. with 6 years 4D
flow MRI experience) on the first 4D flow MRI, once by the first
observer on the second 4D flow MRI, and once by the second and
third observers (P.B. and J.J. with 12 and 3 years 4D flow MRI
experience, respectively) on the first 4D flow MRI. The aortas of the
clinical cohort were segmented once by the first, second, and third

TABLE 1. MRI Sequence Parameters

Parameter 4D Flow MRI

Respiratory
compensation

Hemidiaphragm respiratory
navigator

Electrocardiographic
gating

Retrospective

Field of view [mm3] 350 × 250 × 75

Acquired spatial
resolution [mm3]

2.5 × 2.5 × 2.5

Temporal resolution
[msec]

35.1–36.5

Echo time [msec] 2.5–2.7

Repetition time [msec] 4.4–4.6

Flip angle [degree] 10

Planned acquisition
timea [seconds]

403 � 35

Turbo field echo 2

Acceleration method SENSE 2.5 in anterior–
posterior direction

Velocity encoding
gradient [cm/s]

200

Data notated as the mean � standard deviation.
aExcluding hemidiaphragm respiratory navigator.
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observerd. The interobserver analysis between the first and second,
first and third, and second and third observers are numbered 1, 2,
and 3, respectively.

The 4D flow segmentation was performed from a combined
weighted magnitude and velocity image with CAAS MR 4D Flow
v1.1 and CAAS MR Solutions v5.1 (Pie Medical Imaging, Maas-
tricht, The Netherlands). Utilizing CAAS software, the peak systolic
phase and two consecutive phases before and two after this peak sys-
tolic phase were segmented. By manually placing start and endpoints
in the aorta, a lumen segmentation was automatically created, which
subsequently was manually improved for each phase. Next, the tho-
racic aortic lumen was divided into five consecutive segments by
manually placing anatomical planes perpendicular to the aortic cen-
terline: the proximal ascending aorta (from the sinotubular junction
to the mid-ascending aorta), distal ascending aorta (from the mid-
ascending aorta to the brachiocephalic artery), aortic arch (from the
brachiocephalic artery up and including the left subclavian artery),
proximal descending aorta (from the left subclavian artery to the
mid-descending thoracic aorta), and distal descending aorta (from
the mid-descending thoracic aorta to the descending aorta at the
level of the aortic valve, Fig. 1). For the clinical cohort, the image
analysis required ~30 minutes to segment and partition the aorta for
the five systolic phases per subject per observer. In total, the aortas
of the 16 subjects were segmented at five different cardiac phases
and then partitioned into five anatomical segments resulting in a
total of 1700 individual anatomical aortic lumen segments. The
aorta segmentation is described in more detail by Van der Palen
et al.10

Next, the morphometry of the aorta segmentation was fully
automatically processed using in-house developed Python v3.6.4
(Python Software Foundation, Wilmington, DE) software.16-19 For
each anatomical segment, the volume, surface area, centerline length,
maximal diameter, and the curvature radius (longitudinal bending
radius) were computed. The maximal diameter was derived by first
constructing a perpendicular plane to the centerline every millimeter.
Next, the cross-sectional lumen areas between the perpendicular
planes and the lumen segmentation were used to derive the lumen
diameter, assuming a circular lumen area. The curvature radius was
derived by first finding the best-fitting plane to the segment’s center-
line. Next, the centerline points were projected on the fitting plane
and a circle was fitted through them (see Fig. 1). To determine the
accuracy of the in-house-developed tool, synthesized and 4D flow
MRI phantom data were investigated (see Supplementary S1).

STATISTICAL ANALYSIS. The statistical analysis of the, inter-
examination, interobserver reproducibility, and intraobserver repeat-
ability was performed using the SPSS v23 software (IBM, Armonk,
NY). All continuous parameters were expressed as the mean with
standard deviation (mean � standard deviation). The characteristic
differences within the healthy subject cohort were evaluated with
paired t-tests. To assess reproducibility, Bland–Altman analysis,20

coefficients of variation (COV), Pearson correlation coefficients (r),
and intraclass correlation coefficients (ICC) were calculated. For the
Bland–Altman analysis the mean difference (Diff) and limits of
agreement (LoA; �1.96 standard deviation of Diff) were computed.
The COV was classified as: low (≤10%), intermediate (11–20%),
high (21–30%), and very high (>30%). The r and ICC were

classified as: poor (<0.50), moderate (0.50–0.69), good (0.70–0.84),
very good (0.85–0.94), and excellent (≥0.95). P < 0.05 was consid-
ered statistically significant.

Results
The baseline characteristics of the healthy volunteers and clin-
ical cohort are shown in Table 2. Between the first and sec-
ond examinations, the healthy volunteer cohort had no
significant differences in heart rate (61 � 8 vs. 62 � 6 bpm,
P = 0.65) and trigger delays for the five systolic phases
(P = 0.91, 0.86, 0.85, 0.83, and 0.83, respectively, for phases
one to five). The phantom analysis demonstrated that the
aorta morphometry can be derived from a lumen

FIGURE 1: The aortic lumen segmentation with (a) the
anatomical segments, (b) the lumen cross-section to derive
maximal diameter, (c) and a circle fitted to the proximal
ascending aorta. Example of an aorta lumen segmentation of a
healthy volunteer. (a) The anatomical segments. (b) The cross-
sections to derive the lumen diameter. To improve visibility, the
cross-sections are displayed every 5 mm instead of every mm
that was used during the analysis. (c) A circle fitted to the
proximal ascending aorta. pAAo = proximal ascending aorta
(from the sinotubular junction to the mid-ascending aorta),
dAAo = distal ascending aorta (from the mid-ascending aorta to
the brachiocephalic artery), AoA = aortic arch (from the
brachiocephalic artery up and including the left subclavian
artery), pDAo = proximal descending aorta (from the left
subclavian artery to the mid-descending thoracic aorta) and
dDAo = distal descending (from the mid-descending thoracic
aorta to the descending aorta at the level of the aortic valve).
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segmentation with a very-low (<5%) relative error by the
in-house-developed software tool (see Supplementary S1).
The morphometric baseline characteristics derived from
the first 4D flow MRI of all subjects are displayed in
Table 3.

The interexamination, interobserver reproducibility, and
intraobserver repeatability results of the healthy cohort over
all subjects, anatomical segments, and cardiac phases are pres-
ented in Table 4. In general, for the healthy cohort the analy-
sis demonstrated a very good reproducibility and repeatability
for volume, surface area, and centerline length
(COV = 10–21%, r = 0.54–0.92 and ICC = 0.65–0.96),
excellent reproducibility and repeatability for maximal diame-
ter (COV = 3–4%, r = 0.96–0.97, ICC = 0.94–0.99), and
good reproducibility and repeatability for curvature radius
(COV = 44–62%, r = 0.73–0.89, ICC = 0.84–0.92). The

Bland–Altman plots (Figs. 2–6) demonstrated LoAs equal to
or smaller than: volume 4.5 mL, surface area 7.3 mm2, cen-
terline length 10.3 mm, maximal diameter 2.0 mm, and cur-
vature radius 68.0 mm.

The interexamination, interobserver reproducibility,
and intraobserver repeatability results of the healthy
cohort per anatomical segment are presented in Supple-
ments S2, S3, and S4, respectively. These results showed a
comparable reproducibility and repeatability per anatomi-
cal segment for most parameters. However, the volume,
surface area, and centerline length reproducibility and
repeatability were decreased for the proximal ascending
aorta (pAAo). The curvature radius reproducibility was
decreased for the distal descending aorta (dDAo)
(LoA = 90.6–130.9 mm) compared with the other ana-
tomical segments (LoA = 4.7–23.5 mm).

TABLE 3. Morphometric Characteristics of Study Population

Seg Cohort Subgroup
Volume
[mL]

Surface
area [cm2]

Centerline
length [mm]

Maximal
diameter [mm]

Curvature
radius [mm]

pAAo Healthy Volunteer 13.6 � 3.2 22.6 � 3.9 28.8 � 4.0 25.7 � 2.1 33.1 � 6.3

Clinical CoA 11.7 � 1.6 21.8 � 0.9 31.9 � 2.1 24.5 � 3.7 35.5 � 5.5

TAA 49.1 � 17.1 51.5 � 14.7 41.8 � 9.2 42.1 � 3.8 44.5 � 3.3

Volunteer 29.6 � 10.0 35.2 � 15.9 45.9 � 4.6 31.2 � 4.5 69.2 � 3.5

dAAo Healthy Volunteer 12.7 � 3.1 20.5 � 3.7 25.9 � 3.7 25.7 � 2.0 37.6 � 8.4

Clinical CoA 9.5 � 1.1 19.0 � 1.3 30.1 � 0.6 21.3 � 0.3 47.8 � 17.7

TAA 50.7 � 16.8 53.6 � 15.8 44.6 � 11.4 41.8 � 3.8 46.8 � 13.9

Volunteer 36.1 � 12.4 40.1 � 16.5 46.5 � 4.6 31.7 � 4.2 36.1 � 3.0

AoA Healthy Volunteer 12.8 � 4.1 22.8 � 5.5 31.3 � 5.5 24.3 � 2.0 30.0 � 8.1

Clinical CoA 4.2 � 1.2 9.9 � 1.6 18.1 � 1.1 18.5 � 2.1 13.3 � 2.6

TAA 29.4 � 1.6 40.3 � 0.9 43.4 � 0.3 34.0 � 0.2 80.6 � 29.4

Volunteer 21.0 � 6.6 27.2 � 13.1 37.8 � 7.4 28.9 � 3.1 59.5 � 3.1

pDAo Healthy Volunteer 10.6 � 2.6 21.5 � 4.1 34.3 � 5.9 21.4 � 1.8 30.3 � 5.5

Clinical CoA 5.0 � 0.2 14.2 � 1.1 31.4 � 3.8 15.8 � 1.2 56.4 � 19.6

TAA 35.5 � 0.3 52.0 � 2.8 58.6 � 7.8 30.5 � 3.2 33.3 � 13.0

Volunteer 29.7 � 3.4 39.0 � 13.1 58.9 � 4.7 26.5 � 0.1 35.4 � 1.5

dDAo Healthy Volunteer 8.7 � 2.0 18.8 � 2.7 32.1 � 3.8 19.5 � 2.2 107.7 � 49.7

Clinical CoA 5.3 � 1.0 14.7 � 2.4 32.1 � 4.6 15.0 � 0.3 93.5 � 8.4

TAA 24.1 � 3.3 42.2 � 5.6 58.4 � 7.7 24.8 � 0.5 102.4 � 36.5

Volunteer 25.8 � 4.5 35.0 � 14.2 57.1 � 4.9 24.7 � 1.2 196.8 � 32.9

Characteristics are presented per cohort and subgroup over all cardiac phases and expressed as the mean � standard deviation.
CoA = coarctation patient, TAA = thoracic ascending aneurysm patient, pAAo = proximal ascending aorta, dAAo = distal ascending
aorta, AoA = aortic arch, pDAo = proximal descending aorta, dDAo = distal descending aorta; Seg = segmentation.

1272 Volume 53, No. 4

Journal of Magnetic Resonance Imaging



TABLE 4. Interexamination, Interobserver Reproducibility and Intraobserver Repeatability Results of the Healthy
Cohort

Bland–Altman Pearson correlation

Study Mean Diff LoA COV [%] r P ICC

Volume [cm3 = mL]

IE–E −0.1 2.9 13 0.92 <0.01 0.96

IA–O −1.8 4.2 17 0.85 <0.01 0.86

IE–O1 −2.0 4.5 18 0.80 <0.01 0.82

IE-O2 −2.3 5.4 21 0.78 <0.01 0.79

IE-O3 −0.3 3.6 13 0.92 <0.01 0.95

Surface area [cm2]

IE–E −0.1 4.7 11 0.86 <0.01 0.92

IA–O −1.7 6.0 14 0.75 <0.01 0.82

IE–O1 −2.8 7.3 16 0.61 <0.01 0.66

IE-O2 −2.9 8.0 18 0.62 <0.01 0.68

IE-O3 0.0 5.8 12 0.80 <0.01 0.88

Centerline length [mm]

IE–E 0.1 6.2 10 0.84 <0.01 0.91

IA–O −0.6 7.7 13 0.73 <0.01 0.84

IE–O1 −3.2 10.3 16 0.60 <0.01 0.68

IE-O2 −2.6 9.8 16 0.54 <0.01 0.65

IE-O3 0.6 8.2 13 0.74 <0.01 0.83

Maximal diameter [mm]

IE–E 0.0 1.6 3 0.97 <0.01 0.98

IA–O −1.3 2.0 4 0.96 <0.01 0.94

IE–O1 −0.8 1.8 4 0.96 <0.01 0.97

IE-O2 −1.1 1.8 4 0.96 <0.01 0.95

IE-O3 −0.3 1.5 3 0.97 <0.01 0.99

Curvature radius [mm]

IE–E −3.4 59.9 62 0.73 <0.01 0.84

IA–O −4.7 56.0 57 0.80 <0.01 0.87

IE–O1 −7.6 54.9 55 0.82 <0.01 0.88

IE-O2 −3.4 44.5 46 0.82 <0.01 0.90

IE-O3 4.2 46.0 44 0.89 <0.01 0.92

Results are presented over all healthy volunteers, cardiac phases, and anatomical segments (n = 250).
Mean Diff = mean difference, LoA = limits of agreement (1.96 * standard deviation mean difference), COV = coefficient of covariance,
r = Pearson correlation coefficient, P = probability value, ICC = intraclass correlation coefficient, IE-E = interexamination, IE-O = inter-
observer, IA-O = intraobserver.
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The interobserver reproducibility results of the clinical
cohort over all subjects, anatomical segments, and cardiac
phases are presented in Table 5. In general, for the clinical
cohort the analysis demonstrated a very good reproducibility

for volume, surface area, centerline length, and curvature
radius (COV = 10–41%, r = 0.83–0.95, ICC = 0.91–0.99)
and excellent reproducibility for maximal diameter
(COV = 4–11%, r = 0.94–0.99, ICC = 0.97–0.99). The

FIGURE 2: The Bland–Altman plots for volume assessment of the interexamination, intraobserver, and interobserver studies. Plots
demonstrate the results over all healthy volunteers, anatomical segments, and cardiac phases (n = 250). The plots display volume
differences against volume means in mL. Horizontal lines show mean difference (Diff, solid line) and the limits of agreement (LoA,
dashed lines).

FIGURE 3: The Bland–Altman plots for surface area assessment of the interexamination, intraobserver, and interobserver studies.
Plots demonstrate the results over all healthy volunteers, anatomical segments, and cardiac phases (n = 250). Displayed on the
vertical and horizontal axis, the difference and means, respectively, in mm2. Horizontal lines show the mean difference (Diff, solid
line) and the limits of agreement (LoA, dashed lines).
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Bland–Altman analysis demonstrated LoAs equal to or smaller
than: volume 14.9 mL, surface area 18.9 mm2, centerline
length 13.1 mm, maximal diameter 5.8 mm, and curvature
radius 54.9 mm.

The interobserver results of the clinical cohort per
subgroup are presented in Supplementary S5. These
results showed a comparable reproducibility per
subgroup.

FIGURE 4: The Bland–Altman plots for centerline length assessment over the interexamination, intraobserver, and interobserver
studies. Plots demonstrate the results of all healthy volunteers, anatomical segments, and cardiac phases (n = 250). Displayed on the
vertical and horizontal axis, the difference and means, respectively, in mm. Horizontal lines show the mean difference (Diff, solid line)
and the limits of agreement (LoA, dashed lines).

FIGURE 5: The Bland–Altman plots for the maximal diameter assessment the interexamination, intraobserver, and interobserver
studies. Plots demonstrate the results over all healthy volunteers, anatomical segments, and cardiac phases (n = 250). Displayed on
the vertical and horizontal axis, the difference and means, respectively, in mm. Horizontal lines show the mean difference (Diff, solid
line) and the limits of agreement (LoA, dashed lines).
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Discussion
In this study the interexamination, interobserver reproducibil-
ity, and intraobserver repeatability of aortic lumen segmenta-
tion on 4D flow MRI was evaluated in a healthy subject and
clinically relevant cohort. The main findings of this study
were as follows: 1) The interexamination, interobserver, and
intraobserver analysis demonstrated a very good aortic lumen
segmentation reproducibility and repeatability. 2) The analy-
sis demonstrated an excellent reproducibility and repeatability
for assessment of the maximal diameter. 3) The analysis dem-
onstrated slightly larger, but still acceptable, LoAs for the clin-
ical cohort compared to the healthy cohort.

The interexamination, interobserver, and intraobserver
analysis demonstrated comparable reproducibility and repeat-
ability for each parameter for both cohorts. Comparable inter-
observer reproducibility and intraobserver repeatability have
previously been described for volume, centerline length, maxi-
mal diameter, and curvature radius in studies analyzing
nonelectrocardiographic-gated contrast-enhanced MRI, 4D
flow MRI, and computed tomography images in
patients.21-25

The reproducibility results of the current study demon-
strated no major limitations for the (semi-)automatic aortic
lumen segmentation of 4D flow MRI. However, some seg-
mentation variability was observed that will affect the repro-
ducibility and repeatability of flow-derived parameters (eg,
quantification of kinetic energy for a specific volume26). The
Bland–Altman plots demonstrated consistent differences over

a range of values for all morphometric parameters except for
the curvature radius. In order to obtain the smallest relative
error, it is recommended that aortic morphometrics and flow-
derived parameters are derived over a large anatomical
segment.

However, for the clinical cohort slightly larger, but still
acceptable, LoAs were observed compared to the healthy
cohort. For patients and older subjects, more vessel irregular-
ity, complex flow patterns, heart rate variance, and breathing
variance is expected compared to healthy volunteers and
young subjects. These clinical cohort characteristics poten-
tially reduce the velocity-to-noise of the 4D flow MRI, which
possibly decreased the reproducibility. But, with the use of a
multiple-velocity-encoding and highly accelerated sequences,
the velocity-to-noise of the 4D flow MRI can potentially be
improved and possibly improves the segmentation
reproducibility.27-29

Furthermore, for the healthy and clinical cohort the
Bland–Altman analysis demonstrated that the inter-
examination, interobserver, and intraobserver LoAs for the
maximal diameter were 1.5–2.0 mm and 2.4–5.8 mm,
respectively. These LoAs for the clinical cohort were below
the spatial resolution of the 4D flow MRI. Due to variation
in manually repeated measurements of maximal aortic diame-
ters, the European Society of Cardiology considers a change
in maximal aortic diameter larger than 5 mm as significant.14

Hence, the image analysis method for deriving maximal
lumen diameter used in this study could have the potential to

FIGURE 6: The Bland–Altman plots for the curvature radius assessment of the interexamination, intraobserver, and interobserver
studies. Plots demonstrate the results over all healthy volunteers, anatomical segments, and cardiac phases (n = 250). Displayed, on
the vertical and horizontal axis, the difference and means, respectively, in mm. Horizontal lines show the mean difference (Diff, solid
line) and the limits of agreement (LoA, dashed lines).
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describe patient characteristics and would be beneficial for the
clinical follow-up of patients with pathological aorta diame-
ters, like aneurysms or coarctations.

The low LoAs for the maximal diameter, especially in
the healthy cohorts, is presumably driven by the automatic
diameter analysis utilized in this study, which determines the
maximal diameter over an anatomical segment by con-
structing a perpendicular plane every millimeter along the
segmentation’s centerline. The automatic analysis is less
influenced by the observer than the manual measurement
method, where the observer potentially chooses different mea-
surement locations and plane obliquity towards the vessel.15

Eventually, both intra- and interobserver variability may
potentially be removed by the application of a fully auto-
mated 4D flow MRI segmentation method, although inter-
examination variability would remain.25,30 However, these

applications are currently only able to create a single segmen-
tation from a time-averaged 4D flow MRI. For moving and
stretching vessels (eg, ascending aorta), these time-averaged
segmentations can have a misalignment between the segmen-
tation and actual lumen border for specific phases. This mis-
alignment could potentially be problematic when calculating
time-specific patient flow properties.

When analyzing the healthy cohort results per anatomi-
cal segment, it was observed that the volume, surface area,
and centerline length reproducibility was decreased for the
pAAo. This may be explained by the minimal anatomic land-
mark information recorded within the 4D flow MRI,
resulting in difficulties in positioning the most proximal plane
at the sinotubular junction.10 The reduced pAAo reproduc-
ibility may also be explained by the pronounced longitudinal
stretching and movement of the ascending aorta during

TABLE 5. Interobserver Reproducibility Results of the Clinical Cohort

Bland–Altman Pearson correlation

Study Mean Diff LoA COV [%] r P ICC

Volume [cm3 = mL]

IE–O1 −1.0 5.9 12 0.98 <0.01 0.99

IE-O2 1.2 14.9 32 0.89 <0.01 0.94

IE-O3 2.2 14.2 30 0.89 <0.01 0.94

Surface area [cm2]

IE–O1 −3.3 11.1 16 0.95 <0.01 0.96

IE-O2 −0.6 18.9 29 0.83 <0.01 0.90

IE-O3 2.7 14.2 21 0.89 <0.01 0.93

Centerline length [mm]

IE–O1 −0.6 8.8 10 0.94 <0.01 0.97

IE-O2 2.0 13.1 16 0.87 <0.01 0.91

IE-O3 2.6 11.9 15 0.88 <0.01 0.92

Maximal diameter [mm]

IE–O1 −0.2 2.5 4 0.98 <0.01 0.99

IE-O2 0.1 5.1 8 0.93 <0.01 0.96

IE-O3 0.3 5.4 8 0.93 <0.01 0.96

Curvature radius [mm]

IE–O1 −0.9 31.1 25 0.95 <0.01 0.97

IE-O2 4.3 48.1 40 0.85 <0.01 0.90

IE-O3 5.2 53.6 44 0.84 <0.01 0.89

Results are presented over all subjects, cardiac phases, and anatomical segments (n = 150). Mean Diff = mean difference, LoA = limits of
agreement – �1.96. *Standard deviation mean difference.
COV = coefficient of covariance, r = correlation coefficient, P = probability value, ICC = intraclass correlation coefficient.
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systole compared to the aortic arch and descending
aorta.23,31,32 A decreased reproducibility was also observed for
the dDAo curvature radius. This may be explained by the
minimal longitudinal bending of the dDAo, resulting in
instabilities when trying to fit a circle to a nearly straight cen-
terline. This reasoning is supported by the considerably larger
curvature radii observed in dDAo and the Bland–Altman
plots, which demonstrate higher differences for larger radii.

Limitations
This study incorporated a healthy volunteer and clinical
cohort of only ten and six subjects, respectively. The relatively
larger group of healthy volunteers in the study population has
probably a less varying heart rate and breathing pattern,
which presumably contributed to a better image quality com-
pared to clinical patients. The cohorts, including the sub-
groups, also had a relatively small age range. Also, only two
types of patients with pathological aortas were evaluated,
excluding the possibility of verifying the segmentation repro-
ducibility in other pathological aortas.

However, the thoracic aorta lumen was segmented by
three observers for five cardiac phases and then partitioned
into five anatomical segments, which resulted in a total of
1700 aortic lumen segments, which improved the robustness
of the study.

Conclusion
This study demonstrated no major reproducibility and
repeatability limitations for 4D flow MRI aortic lumen
segmentation.

REFERENCES
1. Stalder AF, Russe M, Frydrychowicz A, Bock J, Hennig J, Markl M.

Quantitative 2D and 3D phase contrast MRI: Optimized analysis of
blood flow and vessel wall parameters. Magn Reson Med 2008;60:
1218-1231.

2. Frydrychowicz A, Stalder AF, Russe MF, et al. Three-dimensional analy-
sis of segmental wall shear stress in the aorta by flow-sensitive four-
dimensional-MRI. J Magn Reson Imaging 2009;30:77-84.

3. Petersson S, Dyverfeldt P, Ebbers T. Assessment of the accuracy of MRI
wall shear stress estimation using numerical simulations. J Magn Reson
Imaging 2012;36:128-138.

4. Davies PF. Hemodynamic shear stress and the endothelium in cardio-
vascular pathophysiology. Nat Clin Pract Cardiovasc Med 2009;6:
16-26.

5. Boussel L, Rayz V, McCulloch C, et al. Aneurysm growth occurs at
region of low wall shear stress: patient-specific correlation of hemody-
namics and growth in a longitudinal study. Stroke 2008;39:2997-3002.

6. Dyverfeldt P, Bissell M, Barker AJ, et al. 4D flow cardiovascular mag-
netic resonance consensus statement. J Cardiovasc Magn Reson 2015;
17:72.

7. Bieging ET, Frydrychowicz A, Wentland A, et al. In vivo three-
dimensional MR wall shear stress estimation in ascending aortic dilata-
tion. J Magn Reson Imaging 2011;33:589-597.

8. Markl M, Wallis W, Harloff A. Reproducibility of flow and wall shear
stress analysis using flow-sensitive four-dimensional MRI. J Magn Reson
Imaging 2011;33:988-994.

9. Van Ooij P, Powell AL, Potters WV, et al. Reproducibility and inter-
observer variability of systolic blood flow velocity and 3D wall shear
stress derived from 4D flow MRI in the healthy aorta. J Magn Reson
Imaging 2016;43:236-248.

10. van der Palen RLF, Roest AAW, van den Boogaard PJ, de Roos A,
Blom NA, Westenberg JJM. Scan-rescan reproducibility of segmental
aortic wall shear stress as assessed by phase-specific segmentation with
4D flow MRI in healthy volunteers. MAGMA 2018;31(5):653-663.

11. Dyverfeldt P, Hope MD, Sigovan M, Wrenn J, Saloner D. Reproducibil-
ity of quantitative analysis of aortic 4D flow data. J Cardiovasc Magn
Reson 2013;15:P126.

12. Hope MD, Sigovan M, Wrenn SJ, Saloner D, Dyverfeldt P. MRI hemo-
dynamic markers of progressive bicuspid aortic valve-related aortic dis-
ease. J Magn Reson Imaging 2014;40:140-145.

13. Hiratzka LF, Bakris GL, Beckman JA, et al. 2010
ACCF/AHA/AATS/ACR/ASA/SCA/SCAI/SIR/STS/SVM guidelines for
the diagnosis and management of patients with thoracic aortic disease.
J Am Coll Cardiol 2010;55:e27-e129.

14. members ATF, Erbel R, Aboyans V, et al. 2014 ESC guidelines on the
diagnosis and treatment of aortic diseases: Document covering acute
and chronic aortic diseases of the thoracic and abdominal aorta of the
adult Task Force for the Diagnosis and Treatment of Aortic Diseases of
the European Society of Cardiology (ESC). Eur Heart J 2014;35:2873-
2926.

15. Elefteriades JA, Farkas EA. Thoracic aortic aneurysm clinically pertinent
controversies and uncertainties. J Am Coll Cardiol 2010;55:841-857.

16. Virtanen P, Gommers R, Oliphant TE, et al. SciPy 1.0: fundamental
algorithms for scientific computing in Python. Nat Methods 2020;17:
261-272. https://doi.org/10.1038/s41592-019-0686-2

17. Van Der Walt S, Colbert SC, Varoquaux G. The NumPy array: A struc-
ture for efficient numerical computation. Comput Sci Eng 2011;13:
22-30.

18. Schroeder WJ, Lorensen B, Martin K. The Visualization Toolkit: An
Object-Oriented Approach to 3D Graphics: Kitware; 2004. https://raw.
githubusercontent.com/lorensen/VTKExamples/master/src/VTKBook
LaTeX/VTKTextBook.pdf

19. Antiga L, Piccinelli M, Botti L, Ene-Iordache B, Remuzzi A,
Steinman DA. An image-based modeling framework for patient-specific
computational hemodynamics. Med Biol Eng Comput 2008;46:1097-
1112.

20. Bland JM, Altman DG. Statistical methods for assessing agreement
between two methods of clinical measurement. Lancet 1986;1:
307-310.

21. Ghatwary T, Karthikesalingam A, Patterson B, et al. St George’s vascu-
lar institute protocol: An accurate and reproducible methodology to
enable comprehensive characterization of infrarenal abdominal aortic
aneurysm morphology in clinical and research applications. J Endovasc
Ther 2012;19:400-414.

22. Chen C-K, Chou H-P, Guo C-Y, et al. Interobserver and intraobserver
variability in measuring the tortuosity of the thoracic aorta on com-
puted tomography. J Vasc Surg 2018;68:1183-1192. e1.

23. Bons LR, Duijnhouwer AL, Boccalini S, et al. Intermodality variation of
aortic dimensions: How, where and when to measure the ascending
aorta. Int J Cardiol 2019;276:230-235.

24. van Prehn J, van der Wal MB, Vincken K, Bartels LW, Moll FL, van
Herwaarden JA. Intra- and interobserver variability of aortic aneurysm
volume measurement with fast CTA postprocessing software.
J Endovasc Ther 2008;15:504-510.

25. Berhane H, Scott M, Elbaz M, et al. Fully automated 3D aortic segmen-
tation of 4D flow MRI for hemodynamic analysis using deep learning.
Magn Reson Med 2020;84:2204-2218.

26. Dyverfeldt P, Hope MD, Tseng EE, Saloner D. Magnetic resonance mea-
surement of turbulent kinetic energy for the estimation of irreversible
pressure loss in aortic stenosis. JACC Cardiovasc Imaging 2013;6:64-71.

1278 Volume 53, No. 4

Journal of Magnetic Resonance Imaging

https://doi.org/10.1038/s41592-019-0686-2
https://raw.githubusercontent.com/lorensen/VTKExamples/master/src/VTKBookLaTeX/VTKTextBook.pdf
https://raw.githubusercontent.com/lorensen/VTKExamples/master/src/VTKBookLaTeX/VTKTextBook.pdf
https://raw.githubusercontent.com/lorensen/VTKExamples/master/src/VTKBookLaTeX/VTKTextBook.pdf


27. Schnell S, Rose MJ, Wu C, et al. Improved assessment of aortic hemo-
dynamics by kt accelerated dual-VENC 4D flow MRI in pediatric
patients. J Cardiovasc Magn Reson 2016;18:1-2.

28. Ma LE, Markl M, Chow K, Vali A, Wu C, Schnell S. Efficient triple-VENC
phase-contrast MRI for improved velocity dynamic range. Magn Reson
Med 2019;83:505-520.

29. Peper ES, Gottwald LM, Zhang Q, et al. Highly accelerated 4D flow
cardiovascular magnetic resonance using a pseudo-spiral Cartesian
acquisition and compressed sensing reconstruction for carotid flow and
wall shear stress. J Cardiovasc Magn Reson 2020;22:1-15.

30. Bustamante M, Petersson S, Eriksson J, et al. Atlas-based analysis of
4D flow CMR: Automated vessel segmentation and flow quantification.
J Cardiovasc Magn Reson 2015;17:87.

31. Bell V, Mitchell WA, Sigurðsson S, et al. Longitudinal and circum-
ferential strain of the proximal aorta. J Am Heart Assoc 2014;3:
e001536.

32. Rengier F, Weber TF, Henninger V, et al. Heartbeat-related distension
and displacement of the thoracic aorta in healthy volunteers. Eur J
Radiol 2012;81:158-164.

April 2021 1279

Juffermans et al.: Aorta Segmentation in 4D Flow MRI


	 Reproducibility of Aorta Segmentation on 4D Flow MRI in Healthy Volunteers
	Materials and Methods
	Study Population
	MRI ACQUISITION
	IMAGE ANALYSIS
	STATISTICAL ANALYSIS


	Results
	Discussion
	Limitations
	Conclusion
	REFERENCES


