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rate in patients with chronic aortic dissection
of the descending aorta: a 4D flow
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Abstract

Background: Patency of the false lumen in chronic aortic dissection (AD) is associated with aortic dilation and long-
term aortic events. However, predictors of adverse outcomes in this population are limited. The aim of this study was

to evaluate the relationship between aortic growth rate and false lumen flow dynamics and biomechanics in patients
with chronic, patent AD.

Methods: Patients with a chronic AD with patent false lumen in the descending aorta and no genetic connective tis-
sue disorder underwent an imaging follow-up including a contrast-enhanced 4D flow cardiovascular magnetic reso-
nance (CMR) protocol and two consecutive computed tomography angiograms (CTA) acquired at least 1 year apart.
A comprehensive analysis of anatomical features (including thrombus quantification), and false lumen flow dynamics
and biomechanics (pulse wave velocity) was performed.

Results: Fifty-four consecutive patients with a chronic, patent false lumen in the descending aorta were included (35
surgically-treated type A AD with residual tear and 19 medically-treated type B AD). Median follow-up was 40 months.
The in-plane rotational flow, pulse wave velocity and the percentage of thrombus in the false lumen were positively
related to aortic growth rate (p =0.006, 0.017, and 0.037, respectively), whereas wall shear stress showed a trend for a
positive association (p=0.060). These results were found irrespectively of the type of AD.

Conclusions: In patients with chronic AD and patent false lumen of the descending aorta, rotational flow, pulse
wave velocity and wall shear stress are positively related to aortic growth rate, and should be implemented in the
follow-up algorithm of these patients. Further prospective studies are needed to confirm if the assessment of these
parameters helps to identify patients at higher risk of adverse clinical events.
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Background

Aortic dissection (AD) is one of the most devastating
complications of the thoracic aorta and is associated
with high morbidity and mortality [1]. In the recent
years, outcomes in the acute phase have improved due
to earlier detection, and advances in diagnostic imaging
techniques and surgical and endovascular interventions
[2]. Consequently, acute aortic syndromes are increas-
ingly converting to chronic aortic diseases that require
a close monitoring to avoid future complications.

Type A AD is more prevalent and requires a more
aggressive management, most often replacement of
the diseased part of the aorta containing the dominant
entry tear, whereas for type B AD, pharmacological
treatment or endovascular repair in case of complica-
tions [1] is conventionally used. Although emergent
surgery for acute type A AD has significantly improved
survival, most patients persist with a residual dissec-
tion of the descending aorta (surgically-treated type A
with residual descending AD) [3], thereby increasing
the number of patients with a chronic type B AD.

Survival rate in chronic type B AD has been estab-
lished around 50-80% at 5 years and 30-60% at
10 years [4-7]. Thus, frequent clinical and imaging
follow-up is recommended to evaluate the progression
of aortic dilation [8] since endovascular aortic repair
or open surgery is indicated in case of either fast pro-
gressive thoracic aortic enlargement (>10 mm/year)
or aortic diameter >60 mm [8, 9]. Predictors of aortic
dilation or adverse events in patients with a patent false
lumen in the descending aorta after an AD have mostly
been focused on morphological or anatomical variables
such as the baseline aortic diameter and entry tear size
and its location [10]. Additionally, partial false lumen
thrombosis has been related to a higher aortic enlarge-
ment at follow-up [11, 12].

Although a patent false lumen in the descending
aorta has been associated with aortic enlargement [13],
need of aortic intervention/repair or late mortality [14],
studies quantifying flow in the false lumen and its rela-
tionship with aortic growth rate are still limited. Studies
based on 4-dimensional (4D) phase-contrast cardio-
vascular magnetic resonance (4D flow CMR) analysing
flow dynamics in the true and false lumen have been
published [15-19]. However, these studies reported
qualitative or semi-quantitative analysis of flow data
[16, 17], included a limited number of patients (< 20),
and mixed individuals with and without genetic con-
nective tissue disorders [15-19]. Additionally, the

potential role of wall shear stress (WSS) and the biome-
chanical properties of the aortic wall (aortic stiffness)
in patients with a chronic, patent false lumen in the
descending aorta after an AD still remain unexplored.

This study aimed to test whether false lumen flow
dynamics and biomechanics may predict aortic growth
rate in a cohort of patients with a chronic, patent false
lumen in the descending aorta.

Methods

Study population

Between November 2015 and June 2019, consecutive
patients with a chronic AD and a patent false lumen in
the descending aorta followed at the Aortic Unit of Vall
Hebron Hospital underwent a 4D flow CMR. In January
2021, patients with at least two computed tomography
angiograms (CTA) acquired at least 1 year apart and after
the CMR protocol, were identified and included. Exclu-
sion criteria were age<18 years, bicuspid aortic valve,
genetic connective tissue disorders, previous endovascu-
lar or surgical repair of the descending aorta, main entry
tear located in the descending aorta below the level of
the pulmonary artery bifurcation, complete false lumen
thrombosis, baseline CTA study acquired<3 months
after the acute event, follow-up duration<1 year and
contraindication for CMR (Fig. 1). The study was
approved by the institutional Ethics Committee and writ-
ten informed consent was obtained from all participants.

Computed tomography protocol

CTAs were acquired on a 128-slice CT scanner (Defini-
tie AS+, Siemens, Forchheim, Germany). Arterial-
phase non-electrocardiographic (ECG) gated CTA was
obtained after intravenous bolus injection of 100 mL
of non-ionic iodinated contrast material at a flow rate
of 4 mL/s and using an automated bolus-tracking tech-
nique. Contiguous axial 1 mm sections were acquired
from the thoracic inlet to the pubic symphysis.

Cardiovascular magnetic resonance protocol

CMR studies were performed on a 1.5 T scanner (Signa,
General Electric Healthcare, Waukesha, Wisconsin,
USA). The protocol included a contrast-enhanced CMR
angiogram to obtain the 3D volumes of the true and false
lumina and two 4D flow CMR studies, one acquired with
a velocity encoding (VENC) of 70 cm/s to allow accu-
rate assessment of low velocities in the false lumen [20]
and the other with a higher VENC of 150 cm/s to assess
regions of high velocity flow.
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Fig. 1 Flow chart. CMR cardiovascular magnetic resonance, FL false lumen, MRA magnetic resonance angiography, CTA Computed tomography

A radially-undersampled acquisition (PC-VIPR [phase-
contrast vastly undersampled isotropic projection]) with
5-point balanced velocity encoding [21] and retrospec-
tive-ECG gating during free-breathing was used for 4D
flow CMR imaging of the entire thoracic aorta, using the
following parameters: field of view 400 x 400 x 400 mm,
acquisition  matrix 160 x 160 x 160, voxel size
2.5x2.5x 2.5 mm and flip angle 8 °. The dataset was
reconstructed according to the nominal temporal reso-
lution of each patient, ranging from 23 to 46 ms. Data

were corrected for background phase from concomitant
gradients, eddy currents and trajectory errors of the 3D
radial acquired k-space [21]. Brachial systolic and dias-
tolic blood pressures were registered immediately after
the CMR study.

Aortic growth rate and anatomical features

The aortic growth rate was calculated as the differ-
ence in the diameter between the last and first available
CTA divided by the time interval between them, at the



Ruiz-Munoz et al. Journal of Cardiovascular Magnetic Resonance

level of the largest diameter on the final CTA and using
the double-oblique approach. The maximum descend-
ing aortic diameter, the location and area of the domi-
nant entry tear as well as the distance from the dominant
entry tear to the surgical anastomosis in type A or to the
third supraortic vessel in type B AD were defined on the
baseline CTA by an experienced radiologist [22]. The
dominant entry tear was defined as the largest proximal
communication between the true and false lumen [23]. In
patients with a patent false lumen in the descending aorta
after a surgically-treated type A AD, in which a primary
entry tear had been closed at surgery, the largest proxi-
mal communication between both lumina was consid-
ered to be the residual dominant entry tear.

The percentage of thrombus in the false lumen was cal-
culated as the percentage of volume with thrombus with
respect to the total volume of the false lumen on a con-
trast enhanced CMR angiography (MRA) (Fig. 2A, B).

Flow dynamics and biomechanics in the false lumen by 4D
flow CMR

Patent and thrombosed regions in the false lumen were
semi-automatically segmented in the CMR angiogram
(Fig. 2A, B) and six anatomical landmarks (sinotubular
junction, first and third supra-aortic vessels, pulmonary
artery bifurcation, diaphragmatic level, and dominant
entry tear) were manually located using ITK-SNAP.
These anatomical landmarks, and centreline and segmen-
tation of both lumina were mapped to 4D flow CMR data
by applying a rigid transformation. To optimize the regis-
tration, the surroundings of the transformed 3D volumes
were explored with translations in the three directions
after excluding the pulmonary artery, and the final loca-
tion was selected as the one maximizing lumina blood
flow. Then, 4D flow CMR velocity data inside the true
and false lumina were extracted.

Flow dynamics in the false lumen were assessed on the
low VENC 4D flow CMR study by means of a custom-
designed Matlab code (Mathworks, Natick, Massachu-
setts, USA).

Flow rate, retrograde systolic and diastolic flow, ret-
rograde flow fraction, in-plane rotational flow (IRF) and
WSS were obtained in eight equidistant planes located
perpendicular to the aortic centreline in the false lumen
from the level of the pulmonary artery bifurcation to
the level of the diaphragm (Fig. 2C). Only those planes
at>3 cm distal to the dominant entry tear were consid-
ered to avoid flow disturbances induced by the direct
influence of the proximal entry tear. Then, for each
descriptor of aortic flow dynamics the average of its val-
ues in these planes of the descending aorta was retained
for the analysis.
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The end of systole and the start of diastole was deter-
mined when the flow rate-time curve at the level of the
sinotubular junction had reached the first 0 mL/s after
the maximum peak of flow rate. Retrograde systolic and
diastolic flow were calculated as the time-integral of
backward through-plane flow rate curve over systolic
or diastolic phases, respectively. False lumen retrograde
flow fraction was calculated as the ratio of retrograde
diastolic flow rate over the anterograde systolic flow
rate, as proposed [18]. IRF, a parameter used to quan-
tify flow rotation within a plane, was calculated as the
integral of vorticity with respect to cross-sectional area
at the systolic peak [24, 25] (Fig. 2D). Peak-systolic WSS
vectors were calculated at 64 points equally-distributed
along each false lumen contour by fitting the 3D veloc-
ity data and computing velocity derivatives on the ves-
sel lumen [24, 26, 27]. Maximum systolic kinetic energy
(KE), maximum systolic deceleration rate (MSDR) and
flow stasis were quantified in a volume covering the false
lumen from the level of the pulmonary bifurcation to the
diaphragmatic level. The KE was computed as the maxi-
mum value over the cardiac cycle of the sum of the KE
in all the voxels inside the volume of interest. MSDR was
computed as the maximum minus the minimum systolic
acceleration divided by the time interval between these
two acceleration peaks [28]. Flow stasis was calculated as
the percentage of cardiac time phases with a mean veloc-
ity<5 cm/s, as suggested [29]. Details about the assess-
ment of each flow descriptor and their inter-observer and
intra-observer reproducibility are included in Additional
file 1 (Table S1, Figures S2-S7).

Regional aortic pulse wave velocity (PWV) was com-
puted from 4D flow CMR data in the false lumen as pre-
viously described [30]. Transit time was calculated with
the wavelet-based method, the most robust technique
(31] (Fig. 2E).

Statistical analysis

Continuous variables are expressed as mean = standard
deviation if normally distributed and as median [1st-3rd]
quartiles otherwise. Categorical variables are presented
as frequency (percentage). The Kolmogorov—Smirnov
test was used to assess distribution normality. Differences
among groups for continuous parameters were assessed
by Student’s t-test if normally distributed and Mann—
Whitney U test otherwise. Chi-square test was used for
categorical variables. Multivariate linear regression with
a backward selection procedure was used to identify sta-
tistically-significant independent associations with aortic
growth rate. Independent variables entered the model
if p<0.2 on univariate analysis and were progressively
excluded if p>0.1. The inter-observer and intra-observer
reproducibility for flow descriptors were evaluated using
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correlation and Bland—Altman plots, Pearson correla-
tion coefficient (R) and intra-class correlation coeffi-
cients (ICC) (average measures, two-way mixed, absolute
agreement) (Supplementary Materials). A two-tailed
p-value<0.05 was considered statistically significant.
SPSS (version 21.0, Statistical Package for the Social Sci-
ences, International Business Machines, Inc., Armonk,
New York, USA) was used for the analysis.

Results

Demographic and clinical data

From a total cohort of 97 patients with a chronic AD of
the descending aorta, 54 patients met the inclusion crite-
ria and were included in the analysis (Fig. 1). The demo-
graphic and clinical characteristics stratified by AD type
are shown in Table 1. The cohort comprised 35 (65%)
surgically-treated type A AD and 19 (35%) medically-
treated type B AD all with a patent false lumen in the
descending aorta. Mean age of the overall population was
66 £11 years and most patients were male (44/54, 81%).
Ten (19%) patients had a mechanical prosthetic aortic
valve. Twenty-four (44%) patients received anticoagula-
tion and/or statin therapy, and 14 (26%) were treated with
antiplatelet agents. Most patients had a history of hyper-
tension (34/54, 65%) while few had a history of diabetes
(5/54, 10%) or dyslipidaemia (12/54, 23%). No subject
had a genetic connective tissue disorders, thus avoiding

Table 1 Demographics and clinical data
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bias in aortic dilation due to genetic disease. Demograph-
ics and clinical variables were similar in type A and type
B AD, however, mechanical aortic valve and antiplatelet
therapy were more prevalent in surgically-treated type A
than in type B AD (p=0.058 and 0.051, respectively). The
median time interval between the acute AD and the 4D
flow CMR study was 51 [15; 128] months.

Over a median follow-up duration of 40 months, inter-
quartile range (IQR) [24; 44] months, the median aortic
growth rate was 1.2 [0.6; 2.7] mm/year.

Predictors of aortic growth rate

Anatomical features, flow dynamics and biomechan-
ics in the false lumen stratified by AD type are shown in
Table 2. Bivariate and multivariate relationships between
the investigated descriptors and aortic growth rate are
reported in Table 3.

Clinical and anatomical features

Demographic (age, sex and body surface area (BSA)) and
clinical characteristics (blood pressure and treatment
with anticoagulants, antiplatelet agents and/or statins),
comorbidities (hypertension, diabetes mellitus and dys-
lipidaemia), the presence of a mechanical prosthetic aor-
tic valve, and the type of AD were not related to aortic
growth rate in bivariate analysis (Table 3).

Characteristics Overall (n=54)

Surgically-treated type A AD Medically-treated type P-value

with residual tear (n=35) BAD (n=19)

Age [years] 66+11 68+11 64410 0.174
Sex [male] 44 (81%) 27 (77%) 17 (89%) 0.265
BSA [m?] 19+£02 19+£0.2 19402 0.701
SBP [mmHg] 138£20 140+ 21 134£20 0.278
DBP [mmHg] 79+£13 76+12 84+15 0.128
Stroke volume [mL] 55419 53+£19 57+£20 0.488
Active smoker 10 (19%) 6 (18%) 4(21%) 0.800
Hypertension 34 (65%) 21 (64%) 13 (68%) 0.727
Diabetes mellitus 5 (10%) 3 (9%) 2 (10%) 0.866
Dyslipidaemia 12 (23%) 7 (21%) 5 (26%) 0.674
Mechanical prosthetic aortic valve 10 (19%) 9 (26%) 1 (5%) 0.058
Anticoagulation therapy 24 (44%) 18 (51%) 6 (32%) 0.163
Antiplatelet therapy 14 (26%) 12 (35%) 2 (10%) 0.051
Statin therapy 22 (44%) 14 (45%) 8 (42%) 0.833
Heart rate [bpm] 63+10 65+10 61+9 0.330
Follow-up duration between baseline and final CTAs 35+ 11 33411 34412 0.878
[months]

Time between acute AD and 4D flow [months] 78 £81 95492 47443 0.099
Aortic growth rate [mm/year] 1.8+16 1716 19+16 0.550

Values are mean =+ standard deviation or n (%)

AD aortic dissection, BSA body surface area, CTA computed tomography angiogram, SBP and DBP systolic and diastolic blood pressure, respectively
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Table 2 Anatomical features, flow dynamics and biomechanics in the false lumen

Overall (n=54) Surgically-treated type A AD with Medically-treated type  P-value
residual tear (n=35) BAD
(n=19)
Anatomical features
Maximum DAo diameter [mm] 48410 4811 4948 0.368
Dominant entry tear area [cm?] 12408 11408 1.34+09 0.326
Local distance of the dominant entry tear 28 +28 30+26 26+33 0.370
[mm]
Thrombus in the false lumen [%)] 1M+£14 1M1£14 1216 0.636
Flow dynamics in the false lumen
Retrograde systolic flow [mL] 16+13 1611 16+15 0.867
Retrograde diastolic flow [mL] 9.7+50 98445 9.5+60 0.553
Retrograde flow fraction [%] 82442 92+42 66438 0.109
IRF [cm?/s] 125+£5.79 1.04£4.55 163+£7.72 0923
WSS [N/m?] 0.26£0.10 0.26£0.10 0.24£0.10 0475
KE [mJ] 062+048 054+0.34 047+030 0.523
MSDR [cm/s?] 2996 42552 3448 42531 219342453 0.055
Flow stasis [%] 52+18 54418 47£18 0.200
Biomechanics in the false lumen
PWV [m/s] 77+37 7.7£37 76+36 0.808

Values are mean + standard deviation

DAo descending aorta, IRF in-plane rotational flow, KE kinetic energy, MSDR maximum systolic deceleration rate, PWV pulse wave velocity, WSS wall shear stress

The median of the maximum descending aortic diame-
ter at baseline was 45 [40; 54] and 46 [43; 54] mm in type
A and B AD, respectively (Table 2). In the whole cohort it
was significantly and positively related to aortic growth
rate (R=0.280, p=0.042) (Fig. 3A). Median dominant
entry tear area was non-significantly higher in type A
compared to type B AD (1.0 [0.5; 1.6] vs. 0.8 [0.6; 1.9],
respectively). In the whole population, it was 0.9 cm?
ranging from 0.12 to 10 cm? (Table 2), and was positively
but not significantly associated with aortic growth rate
(R=0.257, p=0.096) (Fig. 3B). The location of the domi-
nant entry tear was similar in both types of AD. Throm-
bus was present in 49% of the population, occupying
between 1 and 42% of the false lumen volume, it was sim-
ilar in type A and type B AD and was positively related
to aortic enlargement rate (R=0.336, p=0.037) (Fig. 3C).

Flow dynamics and biomechanics in the false lumen

Flow dynamics was not distinct in type A and type B AD,
only MSDR was increased in type A compared to type
B AD (3123 [1081; 4999] vs. 1576 [950; 2722]) (Table 2).
Systolic and diastolic retrograde flow, retrograde flow
fraction, KE, MSDR and flow stasis in the false lumen
were not related to aortic growth rate (Table 3). Median
WSS was 0.25 [0.18; 0.34] and 0.23 [0.15; 0.34] N/m? in
type A and type B AD, respectively, and 0.25 [0.16; 0.34]
N/m? in the whole population. It showed a positive,
nearly statistically-significant association with aortic

growth rate (R=0.279, p=0.060) (Fig. 3E). Median IRF
was non-significantly lower in type A than in type B
AD (1.60 [—1.80; 4.09] vs. 0.76 [—4.30; 7.17]). It was
1.3 [—1.9; 4.2] cm?/s in the whole population and was
positively related to aortic enlargement rate (R=0.393,
p=0.006) (Fig. 3D). Thus, a larger rotational component
of blood flow and an increased stress conveyed by blood
flow to the aortic wall were associated with faster growth.

Regarding local stiffness, median PWV was 6.8 [4.5;
10.9] m/s in type A AD, 7.7 [4.8; 10.0] m/s in type B
AD and 7.4 [4.8; 10.5] m/s in the entire cohort. It was
positively related to growth rate (R=0.370, p=0.017)
(Fig. 3F). Therefore, a stiffer false lumen was associated
with faster local growth.

Multivariate analysis

In a multivariate model corrected for dominant entry
tear area and the percentage of false lumen occupied by
thrombus, both IRF and PWYV were independently and
positively related to aortic growth rate (p=0.008 and
p=0.017, respectively) (Table 3).

Impact of aortic dissection type

As prognosis for surgically-treated type A AD or medi-
cally treated type B AD is different; anatomical fea-
tures, and false lumen flow dynamics and biomechanics
were analyzed, separately, according to the type of AD
(Table 2). No differences were found between both types
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Table 3 Bivariate and multivariate correlation of demographics, anatomical features, and flow dynamics and biomechanics in the false

lumen with aortic growth rate

Bivariate Multivariate
R P-value Beta P-value 95% Cl
Demographics and clinical data
Age [years] 0.018 0.899
Sex (male) 0.398
Body surface area 0.101 0494
Systolic blood pressure [mmHg] 0.086 0.566
Diastolic blood pressure [mmHg] 0.071 0637
Smoking 0.390
Hypertension 0.386
Diabetes mellitus 0.391
Dyslipidaemia 0.396
Mechanical prosthetic aortic valve 0.397
Anticoagulation therapy 0.396
Antiplatelet therapy 0.39%4
Statin therapy 0.394
Type of aortic dissection 0481
Anatomical features
Maximum DAo diameter [mm] 0.280 0.042
Dominant entry tear area [cm?] 0.257 0.096 0.371 0.018 [0.130; 1.251]
Local distance of the dominant entry tear [mm] -0.094 0513
Thrombus in the false lumen [%] 0336 0.037 0.293 0.049 [0.000; 0.065]
Flow dynamics in the false lumen
Retrograde systolic flow [mL] 0.165 0.237
Retrograde diastolic flow [mL] 0.102 0465
Retrograde flow fraction [%] 0.060 0.708
IRF [cm?/s] 0.393 0.006 0433 0.008 (0.034;0.202]
WSS [N/m?] 0279 0.060
KE [mJ] 0.015 0919
MSDR [cm/s’] 0214 0.136
Flow stasis [%] 0.106 0.457
Biomechanics in the false lumen
PWV [m/s] 0370 0.017 0.360 0.017 [0.031;0.281]

DAo descending aorta, IRF in-plane rotational flow, KE kinetic energy, MSDR maximum systolic deceleration rate, PWV pulse wave velocity, WSS wall shear stress

of AD in terms of growth rate, dominant entry tear area,
thrombus in the false lumen, IRF, WSS and PWV. More-
over, the inclusion of the type of AD into the multivariate
model reported in Table 3 did not provide any added pre-
dictive value for growth rate (p=0.864).

Reproducibility of flow descriptors

Details of inter-observer and intra-observer variability for
flow descriptors are shown in Additional file 1 (Table S1,
Figures S2-S7). Inter-observer and intra-observer repro-
ducibilities were good for maximum velocity, retrograde
systolic flow, retrograde flow fraction, IRF, WSS and KE
(ICC between 0.75 and 0.90) and excellent for retrograde

diastolic flow and flow stasis (ICC>0.90). MSDR
showed good inter-observer and excellent intra-observer
agreement.

Discussion

This study reported a comprehensive analysis of the rela-
tionship between anatomical features, flow dynamics
and biomechanical descriptors in the false lumen with
aortic growth rate in a cohort of patients with a patent
false lumen in the descending aorta after a surgically-
treated type A or medically-treated type B AD. The main
findings of this work were that in-plane rotational flow,
false lumen stiffness and the proportion of false lumen
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occupied by thrombus were positively and independently
related to aortic growth rate. Additionally, wall shear
stress showed a positively nearly-significant association
with aortic growth rate. This is the largest 4D flow CMR
study aiming at the assessment of predictors of progres-
sive dilation for chronic descending AD.

Anatomical features

Imaging studies suggested that complete thrombosis
of the false lumen has beneficial prognostic value [32],
whereas a patent false lumen predicts poor outcome
and progressive aortic dilation [6, 10, 11, 13, 33]. On the
other hand, there are discrepancies with respect to the
role of partial thrombosis for aortic adverse events and
growth rate in type B AD. In most previous studies, the
existence and distribution of thrombus was determined
semi-quantitatively. This is the first study to perform a
volumetric quantification of the presence of thrombus in
the false lumen and to evaluate its role in aortic dilation.
Our study is in line with a previous study which dem-
onstrated that new or increased false lumen thrombo-
sis area during follow-up was strongly associated with a
faster aortic growth and late adverse events [12].

Flow dynamics and biomechanics in the false lumen
The potential role of rotational flow in promoting aor-
tic enlargement has been suggested in previous studies
based on other aortic conditions such as in the pres-
ence of bicuspid aortic valve and Marfan syndrome [24,
27, 34]. To the best of our knowledge, this is also the
first quantitative study assessing rotational flow pat-
terns and WSS in the false lumen of chronic AD of the
descending aorta. Qualitatively-assessed, marked systolic
helical flow in the false lumen was reported [16] and was
related to the rate of aortic growth rate in bivariate analy-
sis [17]. These preliminary qualitative results were here
confirmed with quantitative data, since IRF was inde-
pendently associated with aortic growth. Present results
further specify the independent predictive value of rota-
tional flow on top of established predictors, such as entry
tear area [10], whose role was confirmed in the present
cohort. We speculate that a large rotational flow may
result in increased stress to the aortic wall that would
induce a greater aortic growth (similarly to other aortic
diseases). Additionally, it may also indicate a limited flow
progression within the false lumen, possibly associated
with higher local pressure. Therefore, these two factors
(higher pressure and increased wall shear stress) could
jointly induce aortic dilation. This hypothesis should be
demonstrated in larger scaled studies.

Although wall shear stress has been shown to affect
aortic dilation in bicuspid aortic valve and Marfan
syndrome patients [24, 27, 34, 35], no previous study
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investigated its potential role in chronic descending
AD. A pathological wall shear stress in the false lumen
may play a similar role to that found in the other
pathologies confined to the ascending aorta [35, 36].
In this study a positive, nearly-statistical significant
association was found between WSS and aortic growth
rate (p =0.060), but this relationship was not sustained
in multivariate analysis. However, the in-plane rota-
tional flow, which is a measurement of rotational flow
similar to circumferential WSS [34], was found to be
independently and positively related to aortic growth
rate (p=0.008). As commented above, we hypoth-
esized that the presence of rotational flow in the false
lumen may be related to the difficulty of the flow to
move forward the false lumen and the limited drainage
at the exit tear/s, which may lead to higher pressuri-
zation in the false lumen and thus may contribute to
aortic dilation. Further prospective studies including a
larger number of patients are needed to confirm these
hypothesis.

The relationship of KE and flow stasis in the false
lumen with aortic growth rate had not been previously
analysed in patients with chronic descending AD. This
study reported that KE, flow stasis and MSDR were not
associated with aortic growth rate. Our results concur
with those of Marlevi et al. who found the MSDR to
be equal between stable and enlarging growth groups
[37]. We speculate that a larger cohort may be needed
to unveil the possible role of KE and flow stasis in the
prediction of growth rate in descending AD.

Confirming findings in other conditions [38, 39],
this study showed that PWV is an excellent predic-
tor for aortic dilation. In chronic descending AD, an
increased PWYV, indicating an increased stiffness of the
false lumen wall, could furthermore induce resistance
in flow progression. Indeed, for a given volume of blood
filling the false lumen, higher stiffness would result in
higher false lumen pressure. This finding would be in
line with the observations of Burris et al. [37] in which
a higher false lumen ejection fraction (associated with
lack of flow progression due to greater false lumen
pressure) is associated with a greater aortic dilation.

Although long-term outcomes of patients with surgi-
cally-treated type A and medically-treated type B AD
are distinct [10], the increased helicity of flow and aor-
tic stiffness are conditions observed independently of
the type of AD for predicting faster growth rate. This
confirms the role and strength of the predictors deter-
mined in the present study.

Limitations
Despite being the largest study to date testing aor-
tic flow dynamics and stiffness as predictors of aortic
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dilation in chronic non-complicated descending AD,
the size of the cohort is still only modest. This was
partially due to the exclusion of patients with genetic
connective tissue disorders, whose evolution may sub-
stantially differ. Another limitation was the variability
of the time interval between the acute event and the 4D
flow CMR study. However, all CMR studies have been
performed in the chronic phase to ensure the stability
of flow variables that may be more variable in the acute
or subacute phase. Larger prospective studies initiated
systematically after the acute event are needed to con-
firm present findings. Finally, the use of time-resolved
segmentations of the false lumen may entail a more
accurate wall shear stress quantification by addressing
the effect of intimal flap motion, which is nonetheless
limited in chronic dissections [8].

Conclusions

Increased rotational flow, aortic stiffness and wall shear
stress are related to aortic growth rate in patients with
an uncomplicated chronic descending AD with no
genetic connective tissue disorders. Clinical follow-up
of these variables may help to identify patients at major
risk of late adverse events or in need of further inter-
ventions or more frequent monitoring.

Abbreviations

AD: Aortic dissection; BSA: Body surface area; CMR: Cardiovascular magnetic
resonance; CMRA: Cardiovascular magnetic resonance angiography; CTA:
Computed tomography angiogram; DAo: Descending aorta; ECG: Electrocar-
diogram; FL: False lumen; IRF: In-plane rotational flow; KE: Maximum systolic
kinetic energy; MSDR: Maximum systolic deceleration rate; PWV: Pulse wave
velocity; VENC: Velocity encoding; WSS: Wall shear stress.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512968-022-00852-6.

Additional file 1: Supplementary Material: detailed description of aortic
flow dynamics descriptors and inter- and intra-observer reproducibility.

Acknowledgements
We are grateful to Hannah Cowdrey for English revisions.

Authors’ contributions

ARM, AG: Conception and design, analysis and interpretation of data, drafting
of the manuscript, critical revision and final approval of the manuscript. LDS,
GTT, MLS, FV, JGO, LGG, LG, RFG, GC, TGA, HCC, KMJ, OW, IFG, AE: Data collec-
tion, critical interpretation of data, revision and final approval of the manu-
script. JRP: Conception and design, analysis and interpretation of data, critical
revision and final approval of the manuscript. All authors read and approved
the final manuscript.

Funding

This study has been supported by funding from the Instituto de Salud Carlos
Il (projects PI17/00381 and P120/01727), the Spanish Ministry of Science, Inno-
vation and Universities (RTC2019-007280-1), the Spanish Society of Cardiology

(2022) 24:20

Page 11 of 13

(SEC/FEC-INV-CLI 20/015 and SEC/FEC-INV-CLI 21/030) and the Biomedical
Research Networking Center on Cardiovascular Diseases (CIBERCV). Guala
A. has received funding from Spanish Ministry of Science, Innovation and
Universities (1JC2018-037349-1).

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Institutional Review Board approval was obtained and written informed
consent was obtained from all subjects (patients) in this study.

Consent for publication
Not applicable.

Competing interests

K.M. Johnson and O. Wieben have received significant research grants from GE
Healthcare through The University of Wisconsin-Madison (no personal com-
pensation). The other authors declare that they have no competing interests.

Author details

Wall d'Hebron Institut de Recerca (VHIR), Barcelona, Spain. 2CIBER-CV, Instituto
de Salud Carlos Ill, Madrid, Spain. *Department of Cardiology, Hospital Univer-
sitari Vall d"Hebron, Barcelona, Spain. “Department of Medicine, Universitat
Autdnoma de Barcelona, Bellaterra, Spain. >CIBERESP, Instituto de Salud

Carlos Ill, Madrid, Spain. ®Department of Radiology, Hospital Universitari Vall
d'Hebron, Barcelona, Spain. ’Departments of Medical Physics & Radiology,
University of Wisconsin, Madison, W1, USA. 8Instituto del Corazén. Quirénsalud-
Teknon, Barcelona, Spain.

Received: 15 October 2021 Accepted: 14 March 2022
Published online: 28 March 2022

References

1. Evangelista A, Isselbacher EM, Bossone E, Gleason TG, Di Eusanio M,
Sechtem U, Ehrlich MP, Trimarchi S, Braverman A, Myrmel T, et al. Insights
From the International Registry of Acute Aortic: A 20-year experience of
collaborative clinical research. Circulation. 2018. https://doi.org/10.1161/
CIRCULATIONAHA.105.000620.

2. Pape LA, Awais M, Woznicki EM, Suzuki T, Trimarchi S, Evangelista A,
Myrmel T, Larsen M, Harris KM, Greason K, et al. Presentation, diagnosis,
and outcomes of acute aortic dissection: 17-year trends from the interna-
tional registry of acute aortic dissection. J Am Coll Cardiol. 2015;66:350-8.
https://doi.org/10.1016/jjacc.2015.05.029.

3. NeriE, Tucci E, Tommasino G, Guaccio G, Ricci C, Lucatelli P Cini M, Ceresa
R, Benvenuti A, Muzzi L. Intimal re-layering technique for type A acute
aortic dissection—reconstructing the intimal layer continuity to induce
remodeling of the false channel. J Vis Surg. 2018;4:82. https://doi.org/10.
21037/jovs.2018.04.09.

4. GysiJ, Schaffner T, Mohacsi P, Aeschbacher B, Althaus U, Carrel T. Early
and late outcome of operated and non-operated acute dissection of the
descending aorta. Eur J Cardio-thoracic Surg. 1997;11:1163-70. https://
doi.org/10.1016/51010-7940(97)00091-2.

5. YuHY, Chen S, Huang SC, Wang SS, Lin FY. Late outcome of patients with
aortic dissection: Study of a national database. Eur J Cardio-thoracic Surg.
2004;25:683-90. https://doi.org/10.1016/j.ejcts.2003.12.041.

6. Bernard, Zimmermann H, Chocron S, Litzler JF, Kastler B, Etievent JP,
Meneveau N, Schiele F, Bassand JP. False lumen patency as a predictor of
late outcome in aortic dissection. Am J Cardiol. 2001,87:1378-82. https://
doi.org/10.1016/50002-9149(01)01556-9.

7. Zierer A, Voeller RK, Hill KE, Kouchoukos NT, Damiano RJ, Moon MR. Aortic
enlargement and late reoperation after repair of acute type a aortic dis-
section. Ann Thorac Surg. 2007;84:479-87. https://doi.org/10.1016/j.athor
acsur.2007.03.084.


https://doi.org/10.1186/s12968-022-00852-6
https://doi.org/10.1186/s12968-022-00852-6
https://doi.org/10.1161/CIRCULATIONAHA.105.000620
https://doi.org/10.1161/CIRCULATIONAHA.105.000620
https://doi.org/10.1016/j.jacc.2015.05.029
https://doi.org/10.21037/jovs.2018.04.09
https://doi.org/10.21037/jovs.2018.04.09
https://doi.org/10.1016/S1010-7940(97)00091-2
https://doi.org/10.1016/S1010-7940(97)00091-2
https://doi.org/10.1016/j.ejcts.2003.12.041
https://doi.org/10.1016/S0002-9149(01)01556-9
https://doi.org/10.1016/S0002-9149(01)01556-9
https://doi.org/10.1016/j.athoracsur.2007.03.084
https://doi.org/10.1016/j.athoracsur.2007.03.084

Ruiz-Munoz et al. Journal of Cardiovascular Magnetic Resonance

20.

21

22.

23.

Erbel R, Aboyans V, Boileau C, Bossone E, Di Bartolomeo R, Eggebrecht H,
Evangelista A, Falk V, Frank H, Gaemperli O, et al. 2014 ESC guidelines on
the diagnosis and treatment of aortic diseases. Eur Heart J. 2014;35:2873—
926. https://doi.org/10.1093/eurheartj/ehu281.

Riambau V, Bockler D, Brunkwall J, Cao P, Chiesa R, Coppi G, Czerny M,
Fraedrich G, Haulon S, Jacobs MJ, et al. Editor’s Choice — Management of
Descending Thoracic Aorta Diseases: Clinical Practice Guidelines of the
European Society for Vascular Surgery (ESVS). Eur J Vasc Endovasc Surg.
2017,53:4-52. https://doi.org/10.1016/j.ejvs.2016.06.005.

. Evangelista A, Salas A, Ribera A, Ferreira-Gonzélez |, Cuellar H, Pineda

V, Gonzélez-Alujas T, Bijnens B, Permanyer-Miralda G, Garcia-Dorado D.
Long-term outcome of aortic dissection with patent false lumen: predic-
tive role of entry tear size and location. Circulation. 2012;125:3133-41.
https://doi.org/10.1161/CIRCULATIONAHA.111.090266.

. Trimarchi S, Tolenaar JL, Jonker FHW, Murray B, Tsai TT, Eagle KA, Rampoldi

V, Verhagen HJM, Van Herwaarden JA, Moll FL, Muhs BE, Elefteriades JA.
Importance of false lumen thrombosis in type B aortic dissection progno-
sis. J Thorac Cardiovasc Surg. 2013;145:5208-12. https://doi.org/10.1016/j.
jtcvs.2012.11.048.

. Higashigaito K, Sailer AM, van Kuijk SMJ, Willemink MJ, Hahn LD, Hastie TJ,

Miller DC, Fischbein MP, Fleischmann D. Aortic growth and development
of partial false lumen thrombosis are associated with late adverse events
in type B aortic dissection. J Thorac Cardiovasc Surg. 2019. https://doi.
0rg/10.1016/}jtcvs.2019.10.074.

. Sueyoshi E, Sakamoto |, Hayashi K, Yamaguchi T, Imada T. Growth rate

of aortic diameter in patients with type B aortic dissection during the
chronic phase. Circulation. 2004;110:256-61. https://doi.org/10.1161/01.
CIR.0000138386.48852.b6.

. Fattouch K, Sampognaro R, Navarra E, Caruso M, Pisano C, Coppola

G, Speziale G, Ruvolo G. Long-term results after repair of type a acute
aortic dissection according to false lumen patency. Ann Thorac Surg.
2009;88:1244-50. https://doi.org/10.1016/j.athoracsur.2009.06.055.

. Jarvis K, Pruijssen JT, Son AY, Allen BD, Vali A, Barker AJ, Hoel AW, Soulat G,

Eskandari MK, Malaisrie SC, Carr JC, Collins JD, Markl M. Parametric Hemo-
dynamic 4D Flow MRI maps for the characterization of chronic thoracic
descending aortic dissection. J Magn Reson Imaging. 2019;51:1357-68.
https://doi.org/10.1002/jmri.26986.

. Francois CJ, Markl M, Schiebler ML, Niespodzany E, Landgraf BR, Schlen-

sak C, Frydrychowicz A. Four-dimensional, flow-sensitive magnetic
resonance imaging of blood flow patterns in thoracic aortic dissections. J
Thorac Cardiovasc Surg. 2014;145:1359-66. https://doi.org/10.1016/j jtcvs.
2012.07.019.

. Clough RE, Waltham M, Giese D, Taylor PR, Schaeffter T. A new imaging

method for assessment of aortic dissection using four-dimensional phase
contrast magnetic resonance imaging. J Vasc Surg. 2012;55:914-23.
https://doi.org/10.1016/jjvs.2011.11.005.

. Burris N, Nordsletten DA, Sotelo JA, Grogan-Kaylor R, Houben IB, Figueroa

CA, Uribe S, Patel HJ. False lumen ejection fraction predicts growth in
type B aortic dissection: preliminary results. Eur J Cardiothorac Surg.
2020;57:896-903. https://doi.org/10.1093/ejcts/ezz343.

. Burris N, Patel HJ, Hope MD. Retrograde flow in the false lumen: Marker

of a false lumen under stress? J Thorac Cardiovasc Surg. 2019;157:488-91.
https://doi.org/10.1016/j.jtcvs.2018.06.092.

Callaghan FM, Kozor R, Sherrah AG, Vallely M, Celermajer D, Figtree GA,
Grieve SM. Use of multi-velocity encoding 4D flow MRI to improve
quantification of flow patterns in the aorta. J Magn Reson Imaging.
2016;43:352-63. https://doi.org/10.1002/jmri.24991.

Johnson KM, Lum DP, Turski PA, Block WF, Mistretta CA, Wieben O.
Improved 3D phase contrast MRI with off-resonance corrected dual echo
VIPR. Magn Reson Med. 2008;60:1329-36. https://doi.org/10.1002/mrm.
21763.

Cuellar-Calabria H, Burcet G, Roque A, Rodriguez-Palomares J, Teixido G,
Rodriguez R, Bellmunt S, Zebdi N, Reyes-Judrez J, Sao-Avilés A, et al. Dif-
ferences in the Area of Proximal and Distal Entry Tears at CT Angiography
Predict Long-term Clinical Outcomes in Aortic Dissection. Radiol Cardio-
thorac Imaging. 2021. https://doi.org/10.1148/ryct.2021210029.

Quint LE, Platt JF, Sonnad SS, Deeb GM, Williams DM. Aortic intimal

tears: detection with spiral computed tomography. J Endovasc Ther.
2003;10:505-10. https://doi.org/10.1583/1545-1550(2003)010%3c0505:
AITDWS%3e2.0.CO;2.

(2022) 24:20

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Page 12 of 13

Rodriguez-Palomares J, Dux-Santoy L, Guala A, Kale R, Maldonado G,
Teixido-Tura G, Galian L, Huguet M, Valente F, Gutiérrez L, et al. Aortic flow
patterns and wall shear stress maps by 4D-flow cardiovascular magnetic
resonance in the assessment of aortic dilatation in bicuspid aortic valve
disease. J Cardiovasc Magn Reson. 2018,;20:28. https://doi.org/10.1186/
$12968-018-0451-1.

Hess AT, Bissell MM, Glaze SJ, Pitcher A, Myerson S, Neubauer S, Robson
MD. Evaluation of Circulation, I, as a quantifying metric in 4D flow

MRI. J Cardiovasc Magn Reson. 2013;15:E36. https://doi.org/10.1186/
1532-429x-15-s1-e36.

Stalder AF, Russe MF, Frydrychowicz A, Bock J, Hennig J, Markl M. Quan-
titative 2D and 3D phase contrast MRI: Optimized analysis of blood flow
and vessel wall parameters. Magn Reson Med. 2008;60:1218-31. https://
doi.org/10.1002/mrm.21778.

Guala A, Teixido-Tura G, Dux-Santoy L, Granato C, Ruiz-Murfioz A, Valente F,
Galian-Gay L, Gutiérrez L, Gonzalez-Alujas T, Johnson KM, et al. Decreased
rotational flow and circumferential wall shear stress as early mark-

ers of descending aorta dilation in Marfan syndrome: a 4D flow CMR
study. J Cardiovasc Magn Reson. 2019;21:1-11. https://doi.org/10.1186/
$12968-019-0572-1.

Ruiz-Munoz A, Guala A, Teixido-Tura G, Dux-Santoy L, Sao-Aviles A,
Lopez-Sainz A, Chiara G, Servato L, Casas G, Gonzalez-Alujas T, et al. Aortic
dilatation in patients with chronic descending aorta dissection is related
to maximum false-lumen systolic flow deceleration rate as evaluated by
4D-flow MRI. Eur Heart J Cardiovasc Imaging. 2020. https://doi.org/10.
1093/ehjci/jez319.1018.

Ziegler M, Welander M, Lantz J, Lindenberger M, Bjarnegard N, Karlsson
M, Ebbers T, Lanne T, Dyverfeldt P. Visualizing and quantifying flow stasis
in abdominal aortic aneurysms in men using 4D flow MRI. Magn Reson
Imaging. 2019;57:103-10. https://doi.org/10.1016/j.mri.2018.11.003.
Guala A, Rodriguez-Palomares J, Dux-Santoy L, Teixidé-Tura G, Maldonado
G, Galian L, Huguet M, Valente F, Gutiérrez L, Gonzalez-Alujas MT, et al.
Influence of aortic dilation on the regional aortic stiffness of bicuspid
aortic valve assessed by 4-dimensional flow cardiac magnetic resonance:
comparison with marfan syndrome and degenerative aortic aneurysm.
JACC Cardiovasc Imaging. 2019;12:1020-9. https://doi.org/10.1016/].
jcmg.2018.03.017.

Bargiotas |, Mousseaux E, Yu WC, Venkatesh BA, Bollache E, De Cesare

A, Lima JAC, Redheuil A, Kachenoura N. Estimation of aortic pulse wave
transit time in cardiovascular magnetic resonance using complex wavelet
cross-spectrum analysis. J Cardiovasc Magn Reson. 2015;17:65. https://
doi.org/10.1186/512968-015-0164-7.

Tsai TT, Evangelista A, Nienaber CA, Myrmel T, Meinhardt G, Cooper JV,
Smith DE, Suzuki T, Fattori R, Llovet A, et al. Partial thrombosis of the false
lumen in patients with acute type B Aortic Dissection. N Engl J Med.
2007;357:349-59. https://doi.org/10.1056/NEJM0a063232.

LiD,Ye L, HeY, Cao X, Liu J, Zhong W, Cao L, Zeng R, Zeng Z, Wan Z, et al.
False lumen status in patients with acute aortic dissection: a systematic
review and meta-analysis. J Am Heart Assoc. 2016;5:1-10. https://doi.org/
10.1161/JAHA.115.003172.

Dux-Santoy L, Guala A, Teixido-Tura G, Ruiz-Mufioz A, Maldonado G,
Villalva N, Galian L, Valente F, Gutiérrez L, Gonzalez-Alujas MT, et al.
Increased rotational flow in the proximal aortic arch is associated with its
dilation in bicuspid aortic valve disease. Eur Hear J Cardiovasc Imaging.
2019;20:1407-17. https://doi.org/10.1093/ehjci/jez046.

Guzzardi DG, Barker AJ, Van Ooij P, Malaisrie SC, Puthumana JJ, Belke

DD, Mewhort HEM, Svystonyuk DA, Kang S, Verma S, et al. Valve-related
hemodynamics mediate human bicuspid aortopathy: insights from wall
shear stress mapping. J Am Coll Cardiol. 2015;66:892-900. https://doi.org/
10.1016/jjacc.2015.06.1310.

Guala A, Dux-Santoy L, Teixido-Tura G, Ruiz-Mufioz A, Galian-Gay L,
Servato ML, Valente F, Gutiérrez L, Gonzélez-Alujas T, Johnson KM, et al.
Wall shear stress predicts aortic dilation in patients with bicuspid aortic
valve. JACC Cardiovasc imaging. 2022;15:46-56. https://doi.org/10.1016/].
jcmg.2021.09.023.

Marlevi D, Sotelo JA, Grogan-Kaylor R, Ahmed Y, Uribe S, Patel HJ,
Edelman ER, Nordsletten DA, Burris NS. False lumen pressure estima-

tion in type B aortic dissection using 4D flow cardiovascular magnetic
resonance: comparisons with aortic growth. J Cardiovasc Magn Reson.
2021;23:1-13. https://doi.org/10.1186/512968-021-00741-4.


https://doi.org/10.1093/eurheartj/ehu281
https://doi.org/10.1016/j.ejvs.2016.06.005
https://doi.org/10.1161/CIRCULATIONAHA.111.090266
https://doi.org/10.1016/j.jtcvs.2012.11.048
https://doi.org/10.1016/j.jtcvs.2012.11.048
https://doi.org/10.1016/j.jtcvs.2019.10.074
https://doi.org/10.1016/j.jtcvs.2019.10.074
https://doi.org/10.1161/01.CIR.0000138386.48852.b6
https://doi.org/10.1161/01.CIR.0000138386.48852.b6
https://doi.org/10.1016/j.athoracsur.2009.06.055
https://doi.org/10.1002/jmri.26986
https://doi.org/10.1016/j.jtcvs.2012.07.019
https://doi.org/10.1016/j.jtcvs.2012.07.019
https://doi.org/10.1016/j.jvs.2011.11.005
https://doi.org/10.1093/ejcts/ezz343
https://doi.org/10.1016/j.jtcvs.2018.06.092
https://doi.org/10.1002/jmri.24991
https://doi.org/10.1002/mrm.21763
https://doi.org/10.1002/mrm.21763
https://doi.org/10.1148/ryct.2021210029
https://doi.org/10.1583/1545-1550(2003)010%3c0505:AITDWS%3e2.0.CO;2
https://doi.org/10.1583/1545-1550(2003)010%3c0505:AITDWS%3e2.0.CO;2
https://doi.org/10.1186/s12968-018-0451-1
https://doi.org/10.1186/s12968-018-0451-1
https://doi.org/10.1186/1532-429x-15-s1-e36
https://doi.org/10.1186/1532-429x-15-s1-e36
https://doi.org/10.1002/mrm.21778
https://doi.org/10.1002/mrm.21778
https://doi.org/10.1186/s12968-019-0572-1
https://doi.org/10.1186/s12968-019-0572-1
https://doi.org/10.1093/ehjci/jez319.1018
https://doi.org/10.1093/ehjci/jez319.1018
https://doi.org/10.1016/j.mri.2018.11.003
https://doi.org/10.1016/j.jcmg.2018.03.017
https://doi.org/10.1016/j.jcmg.2018.03.017
https://doi.org/10.1186/s12968-015-0164-7
https://doi.org/10.1186/s12968-015-0164-7
https://doi.org/10.1056/NEJMoa063232
https://doi.org/10.1161/JAHA.115.003172
https://doi.org/10.1161/JAHA.115.003172
https://doi.org/10.1093/ehjci/jez046
https://doi.org/10.1016/j.jacc.2015.06.1310
https://doi.org/10.1016/j.jacc.2015.06.1310
https://doi.org/10.1016/j.jcmg.2021.09.023
https://doi.org/10.1016/j.jcmg.2021.09.023
https://doi.org/10.1186/s12968-021-00741-4

Ruiz-Mufoz et al. Journal of Cardiovascular Magnetic Resonance (2022) 24:20 Page 13 of 13

38. Redheuil A, Wu C, Yan RT, Bertoni AG, Hundley GW, Duprez DA, Jacobs
DR, Daniels LB, Bluemke DA, Lima JAC. Proximal aortic distensibility is an
independent predictor of all-cause mortality and incident cardiovascular
events in the multi-ethnic study of atherosclerosis. J Am Coll Cardiol.
2014;64:2619-29. https://doi.org/10.1016/jjacc.2014.09.060.

39. Maroules CD, Khera A, Ayers C, Goel A, Peshock RM, Abbara S, King KS.
Cardiovascular outcome associations among cardiovascular magnetic
resonance measures of arterial stiffness: The Dallas heart study. J Cardio-
vasc Magn Reson. 2014;16:1-9. https://doi.org/10.1186/1532-429X-16-33.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1016/j.jacc.2014.09.060
https://doi.org/10.1186/1532-429X-16-33

	False lumen rotational flow and aortic stiffness are associated with aortic growth rate in patients with chronic aortic dissection of the descending aorta: a 4D flow cardiovascular magnetic resonance study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study population
	Computed tomography protocol
	Cardiovascular magnetic resonance protocol
	Aortic growth rate and anatomical features
	Flow dynamics and biomechanics in the false lumen by 4D flow CMR
	Statistical analysis

	Results
	Demographic and clinical data
	Predictors of aortic growth rate
	Clinical and anatomical features
	Flow dynamics and biomechanics in the false lumen
	Multivariate analysis

	Impact of aortic dissection type
	Reproducibility of flow descriptors

	Discussion
	Anatomical features
	Flow dynamics and biomechanics in the false lumen
	Limitations

	Conclusions
	Acknowledgements
	References


