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Abstract

Objectives Retrograde blood flow from complex atheroma in the descending aorta (DAo) has only recently been described as a

potential mechanism of stroke. However, prevalence of this mechanism in the general population and the exact factors influenc-

ing stroke risk are unclear.

Methods One hundred twenty-six consecutively recruited inhabitants of Freiburg, Germany, between 20 and 80 years of age

prospectively underwent 3-T MRI. Aortic plaque location and thickness were determined by 3D T1 MRI (1 mm?). 4D flow MRI

(spatial/temporal resolution 2 mm*/20 ms) and dedicated software were used to determine prevalence and extent of flow reversal

and potential embolization from DAo plaques. Flow was correlated with baseline characteristics and echocardiographic and MRI

parameters (aortic diameter, wall thickness, and pulse wave velocity).

Results The maximum length of retrograde blood flow connecting the DAo with the left subclavian artery (LSA) increased from

16.1 £8.3 mm in 20-29-year-old to 24.7 + 11.7 mm in 70-80-year-old subjects, correlated with age (»=0.37; p <0.001), and was

lower in females (p = 0.003). Age was the only independent predictor of increased flow reversal. Complex DAo plaques >4-mm

thickness were found in eight subjects (6.3%) and were connected with the LSA, left common carotid artery, and brachiocephalic
trunk in 8 (100%), 1 (12.5%), and 0 (0%) cases, respectively.

Conclusions Retrograde blood flow from the DAo was very frequent. However, potential retrograde embolization was rare due to

the low incidence of complex DAo plaques. The magnitude of flow reversal and prevalence of complex atheroma increased with

age. Thus, older patients with aortic atherosclerosis are especially vulnerable to this stroke mechanism.

Key Points

* 4D flow MRI allows in vivo visualization and quantification of individual and three-dimensional blood flow patterns within the
thoracic aorta including retrograde components.

* This population-based study showed that blood flow reversal from the proximal descending aorta to the brain-supplying great
arteries is very frequent and able to reach all brain territories. The extent of such flow reversal increases with age and with the
extent of aortic atherosclerosis.

» The combination of blood flow reversal with plaque rupture in the proximal descending aorta constitutes a potential stroke
mechanism that should be considered in future trials and in the management of stroke patients in clinical routine.
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Abbreviations

AAo Ascending aorta

BCT Brachiocephalic trunk

LCCA Left common carotid artery

DAo Descending aorta

GRAPPA  Generalized autocalibrating partial
parallel acquisition

LSA Left subclavian artery

PEAK Parallel MRI with extended and
averaged GRAPPA kernels

PWV Pulse wave velocity

TTE Transthoracic echocardiography

Introduction

Complex plaques in the ascending aorta or proximal arch are
considered to be a major source of stroke [1] and are associ-
ated with a four times higher risk for brain ischemia [2].
However, recent studies have demonstrated that plaques of
the descending aorta (DAo) also constitute an important
source of brain embolism due to the functional connectivity
to the proximal arch by diastolic blood flow reversal (= stroke
mechanism) [3—11]. Aortic blood flow reversal (or retrograde
blood flow) is a change of the direction of the blood stream
that starts at the aortic valve and goes downstream in the aorta
in systole. In diastole, a fraction of the aortic blood volume
reverses the direction and flows back towards the aortic valve
in diastole. This mechanism is of special interest to the circa
30% of patients with otherwise cryptogenic stroke etiology
due to its potential implications on treatment and future stroke
prevention [12].

Interestingly, flow reversal has been demonstrated on aver-
age in the first 2030 mm of the proximal DAo, i.e., distal to
the outlet of the left subclavian artery, with the potential to
reach all brain territories. In some individuals, however, flow
reversal occurred 50-60 mm distal to the left subclavian artery
(LSA) and was still able to reach the aortic arch [4-9]. The
extent of retrograde blood flow was similar in stroke and car-
diac patients, but potential embolization was more frequent in
stroke patients due to the higher prevalence of complex
plaques in the DAo [6, 7]. Independent predictors of enhanced
flow reversal were heterogeneous between studies and includ-
ed age [4], lower heart rate [5], as well as the presence of
complex aortic plaques and larger aortic diameter [6].
Another study, using ultrasound for the assessment of retro-
grade diastolic flow, identified increased aortic stiffness as
another reason for increased flow reversal [10].

The limitation of these previous studies is the lack of nor-
mal data, as a general population has not yet been examined

for this purpose. Accordingly, it is unclear to what extent
diastolic retrograde flow and the observed stroke mechanism
occur in the general population. In addition, influencing fac-
tors including age- and gender-related flow conditions have
not yet been systematically studied.

Therefore, we prospectively conducted a population-based
study, allowing the investigation of both the magnitude of
retrograde blood flow and the frequency of complex aortic
atheroma in the DAo using modern 3D MRI technology in a
larger and representative cohort. In addition, we aimed to
comprehensively study independent predictors of enhanced
flow reversal increasing the probability of retrograde brain
embolization in order to identify subjects at risk of this stroke
mechanism.

Methods
Study population

We performed a cross-sectional observational study of the
population of the city of Freiburg, Germany, based on data
obtained from the local residents’ registration office. Circa 20
subjects per decade (~ 10 females and ~ 10 males) between 20
and 80 years of age were consecutively and prospectively
recruited. From October 2012 to August 2014, 3500 age-
stratified and randomly selected residents were contacted by
mail and asked to participate in our study (for more details,
please see [9]). Because of insufficient response in the group
of 20-29- and 30-39-year-old males, the study was also ad-
vertised on the intranet of our institution for men of that age.
Finally, complete MRI and transthoracic echocardiography
(TTE) datasets of 126 subjects (111 were recruited by the
registration office and 15 by additional advertising in our in-
stitution) were available for analysis. The study was approved
by the local ethics committee and written informed consent
was obtained from all participants.

Baseline characteristics

We performed an interview on site to determine cardiovascu-
lar risk factors and demographics and measured blood pres-
sure at the left upper arm in a supine position after 5-min rest
before and after MRI examination. The heart rate was mea-
sured every 5 min during blood flow measurements in MRI.

Transthoracic echocardiography

Performance of TTE examinations was apportioned between
two physicians who were experienced in echocardiography.
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They used a Toshiba Artida system (4.8-2-MHz transducer;
Toshiba Medical Systems Corporation) based on the recom-
mendations and standards of the American Society of
Echocardiography [13] and in the majority on the same day
as MRI (median = 1).

Measurement of aortic atherosclerosis

MRI examinations were executed on a routine 3-T MRI (TIM
Trio, Siemens), using a standard 12-element body coil. T1-
weighted bright-blood (3D gradient echo sequence, echo
time/repetition time (TE/TR)=1.89 ms/152.53, flip angle=

20°, acceleration = GRAPPA (R =2, 32 ref. lines) with a spatial
resolution of 1.1 x 0.9 x 1.1 mm® was applied to measure the
maximum diameter of the ascending aorta (AAo) and DAo at
the level of the pulmonary artery. The aortic arch was defined as
the segment between the outlet of the brachiocephalic trunk and
the left subclavian artery. The diameter of the arch was mea-
sured at the summit and between the brachiocephalic trunk
(BCT) and the left common carotid artery (LCCA). The max-
imum plaque thickness was determined manually in each of
these three aortic segments in an orthogonal plane using elec-
tronic calipers and a routine picture archiving and communica-
tion system (PACS) (IMPAX EE, Agfa HealthCare). Plaques
>4-mm thickness were considered complex plaques [1, 14].

Measurement of aortic blood flow

Time-resolved and 3D blood flow information was obtained
in each individual by 4D flow MRI using prospective ECG-
and navigator-gating to allow free breathing and minimize
motion artifacts [15]: TE/TR =2.54/5 ms, flip angle = 7°, tem-
poral resolution =20 ms, matrix size =340 x 255 %75 mm°,
bandwidth =450 Hz/pixel, spatial resolution=2.5x 2.1 x

2.5 mm?, velocity sensitivity along all three directions =

1.5 m/s, and parallel imaging (PEAK-GRAPPA) along the
phase encoding direction (y) with an acceleration factor of
R =5 (20 reference lines). Depending on individual heart rate
and respiration, the overall acquisition time for the 4D flow
sequence was ca. 15-20 min.

Determination of retrograde blood flow

Datasets of 4D flow MRI measurements were analyzed oft-
line using MevisFlow software (Fraunhofer MEVIS) [16].
After corrections for Eddy currents and phase wraps, the aorta
was semi-automatically segmented. A centerline was auto-
matically positioned along the DAo from the aortic root to
the level of the diaphragm. Then, MRI analysis planes were
automatically distributed along the first 60 mm of the proxi-
mal DAo and along the centerline by manually setting start
and end points within the aortic lumen. Analysis planes were
orientated normal to the aorta, and inter-plane distance was
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5 mm. A contour surrounding the lumen was defined automat-
ically and adapted to all time points of the cardiac cycle [17].
Individual 3D blood was visualized using streamlines [18].
The strategy to assess individual maximum flow reversal
was described and illustrated in detail in a previous study
(figure 2 in [4]). In brief, on a visual basis, one reader assessed
individual embolic pathways. The maximum retrograde blood
flow was determined by identifying the most remote analysis
plane that was connected with the LSA by diastolic retrograde
blood flow. Examples of such flow reversal are given in Fig. 1
and in movies 1 and 2. Pulse wave velocity of the thoracic
aorta was calculated using 4D flow MRI data as described
previously [19].

Statistical analysis

Data are presented as mean (+ standard deviations) or median
(interquartile range) for continuous, absolute, and relative fre-
quencies of categorical variables. Differences between the
three calculation algorithms of pulse wave velocity (PWV)
were analyzed using a Wilcoxon test.

Regression analysis was performed to quantify the effect of
age and gender. The residuals from this regression were then
correlated with the residuals of regression of other factors on
age and gender in order to assess the association beyond the
general aging and gender effects. The factors considered were
baseline characteristics (males, or females 5 years after meno-
pause, body mass index, hypertension, hypercholesterinemia,
smoking habit), vital signs (systolic, diastolic, and mean blood
pressure before and after MRI examination, mean heart rate
during MRI), echocardiographic (ejection fraction), and MRI
parameters (maximum plaque thickness and diameter of the
ascending and descending aorta and the aortic arch). All tests
were two-sided with 0.05 as the level of statistical significance.
Statistical analyses were performed using IBM-SPSS Statistics
version 19.0.1 and Stata 14.1.

The corresponding author had full access to all the data in
the study and takes responsibility for its integrity and the data
analysis.

Data availability The data that support the findings of this
study are available from the corresponding author upon rea-
sonable request.

Results

Patients’ characteristics

Baseline characteristics and cardiovascular risk factors are giv-
en in Table 1. All participants were Caucasian. Hypertension

and hypercholesterolemia were more frequent in older subjects;
no other differences of cardiovascular risk factors were found
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Fig.1 Maximum retrograde blood flow from the descending aorta (DAo)
and its connection with the brain-supplying arteries is illustrated in two
subjects by considering two cardiac cycles based on streamlines (a, ¢) and
connectivity mapping (20) (b, d). Streamlines are color-coded in depen-
dency of their connectivity to the DAo with the brachiocephalic trunk
(BCT, blue), with the left common carotid artery (LCCA, orange), or with
the left subclavian artery (LSA, red). Connectivity mapping shows the
proportion of reverse flow in relation to the blood flow volume passing
the analysis plane in the very proximal DAo. In subject no. 1, a 67-year-
old female (a, b), maximum flow reversal is minor and only reaches the
LSA (red) from 10 mm downstream of the proximal DAo. Color-coded
tracking of streamlines indicates that there is no connection to the LCCA
and BCT. Accordingly, connectivity mapping shows that the majority of

between groups. Few subjects had diabetes (n = 2), prior stroke
(n =2), and coronary artery disease (n = 2), and none had pe-
ripheral vascular disease. TTE was normal in all but two indi-
viduals, with one having a mildly reduced left ventricular func-
tion (ejection fraction =45%) and one having an enlarged left
atrium (diameter = 49 mm).

Incidence of complex aortic atheroma

Based on 3D T1 MRI, 15 complex plaques (=4-mm thick-
ness) were found in the thoracic aorta of our cohort. One
atheroma was located in the ascending aorta (AAo), 6 were
found in the aortic arch, and 8 were found in the DAo. The
complex DAo plaques were isolated, i.e. these eight subjects
neither had another complex atheroma in the AAo nor in the
aortic arch.

backward flow enters the LSA whereas the residual blood volume re-
mains within the aortic lumen in the transition between aortic arch and
DAo. In subject no. 2, a 67-year-old male (¢, d), there is extensive blood
flow reversal in diastole, reaching back to the left subclavian artery from
55 mm downstream of the DAo. In addition, streamlines also reach the
LCCA and BCT from a distance of 45 mm (c¢). Connectivity mapping (d)
illustrates that the majority of flow reversal reaches the LSA (orange and
red coding), whereas the residual blood volume enters the BCT and
LCCA or remains in the aorta. Blood flow in diastole follows the inner
curvature of the DAo and then heads to the outlet of the supra-aortic
arteries at the outer curvature. Maximum flow reversal into the aortic
arch/ascending aorta from the analysis plane was 60 mm.

Determination of maximum retrograde blood flow

The increase of maximum flow reversal in the proximal DAo
to the LSA outlet with increasing age is illustrated in Fig. 2. In
addition, age- and gender-related values per decade are given
in Table 2. Only 3/126 (2.4%) of the participants showed no
flow reversal to the LSA outlet. Accordingly, retrograde flow
was present in 123/126 (97.6%) and reached back from even
very remote levels of the distal DAo (maximum, 50 mm
downstream). On average, retrograde flow originated in the
first 22 + 11.2 mm of the DAo.

Prevalence of potential retrograde embolization

We observed a connectivity of the DAo with the outlet of the
left subclavian artery (LSA) by diastolic blood flow reversal in

@ Springer



Eur Radiol (2019) 29:5172-5179

5176

Table1 Baseline characteristics and cardiovascular risk factors of study
participants

Characteristics N=126

Age, years (+ SD) 49.2 (£16.6)
Female, n (%) 64 (50.8)
Hypertension, n (%) 21 (16.7)
Hypercholesterolemia, n (%) 21 (16.7)
Diabetes, n (%) 2 (1.6)
Smoker, n (%) 22 (17.5)
BMI, kg/m? (+ SD) 24.8 (+4.1)
Prior stroke, n (%) 2 (1.6)
Coronary heart disease, n (%) 2 (1.6)
Peripheral arterial disease, n (%) 0(0.0)
Mean systolic BP, mmHg (+ SD) 126.6 (£16.3)
Mean diastolic BP, mmHg (+ SD) 79.8 (£9.2)
Heart rate, bpm (+ SD) 66.3 (+£8.2)

BMI body mass index, SD standard deviation, BP blood pressure, bpm
heart rate

123/126 (98.0%), with the left common carotid artery (LCCA)
in 53/126 (42.1%) and the brachiocephalic trunk (BCT) in 39/
126 subjects (31.0%) (Fig. 3).

Analysis of individual blood flow in the eight subjects with
complex DAo plaques (> 4-mm thickness) revealed that it was
sufficient to connect such plaques at their specific location
with the LSA, common carotid artery, and brachiocephalic
trunk in 8 (100%), 1 (12.5%), and 0 (0%) cases, respectively.
Accordingly, the potential for retrograde embolization to the
brain was found for all patients with DAo plaques which was
8/126 participants (6.3%) of the total cohort.

Determinants of retrograde blood flow

Flow reversal significantly correlated with increasing age (es-
timated increase per 10 years, 2.3 mm; 95% CI, 1.19, 3.40;
p<0.001) and gender (estimated increase in men, 5.7 mm;
95% CI 2.00, 9.31; p=0.003). After adjustment for age, we
observed only moderate correlations with the continuous char-
acteristics considered (Table 3) and small differences between
the levels of the binary characteristics menopausal status, hy-
pertension, hypercholesterinemia, and smoking status (maxi-
mal absolute difference in mean values, 0.28; p>0.22).
Surprisingly, PWV did not correlate with retrograde flow ex-
tent after adjustment of age (»=0.08, p =0.38).

Discussion
In the present study, we visualized and measured three-

dimensional and time-resolved aortic blood flow in a
population-based study using 4D flow MRI. Dedicated software
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enabled us to precisely analyze both the individual extent of
diastolic blood flow reversal and the potential risk of cerebral
embolization that arises from such flow phenomena in case of
complex plaques of the proximal DAo, detected by high-
resolution 3D T1 MRI. Our study is the first to systematically
investigate the prevalence of such flow phenomena and the in-
fluence of cardiovascular risk factors and echocardiographic and
MRI parameter on retrograde flow in a general population.

One of our main findings is that flow reversal in the prox-
imal DAo occurred in 98% and thus in almost all subjects
between 20 and 80 years of age. Accordingly, retrograde flow
must be considered physiological. On average, it originated in
the first 20-30 mm and even reached back from regions that
were located > 50 mm downstream of the DAo in individual
cases. The extent of retrograde blood flow increased with
increasing age whereas other predictors of previous studies
such as lower heart rate were not independent factors after
adjustment for age. Surprisingly, increased aortic pulse wave
velocity did not predict increased flow reversal, despite being
an indicator of increased aortic stiffness. We had hypothesized
that stiffening of the aorta would lead to a higher grade of
reflection of the blood volume and thus facilitate reversal of
blood flow to the aortic arch, but apparently such findings
were mainly driven by age in this cohort. However, the limited
number of participants and the relatively low prevalence of
cardiovascular risk factors and atherosclerosis in our popula-
tion should be taken into account. Findings in acute stroke
patients with more advanced aortic atherosclerosis and thus
stiffer aortas could differ from the present results.

The physiological function of diastolic flow reversal in the
DAo seems to be an improvement of cerebral perfusion in
diastole. Similar to the Windkessel function of the ascending
aorta and of the proximal arch, it may help to convert pulsatile
blood flow into a more continuous flow and to improve brain
perfusion in diastole after the pulse wave has passed in systo-
le. This phenomenon is very similar to the physiological flow
reversal in diastole that was observed in other parts of the
aorta, contributing substantially to supplying diastolic perfu-
sion of internal organs such as the heart and kidneys [20].
Typically, retrograde blood flow originates in the first 20—
30 mm of the proximal descending aorta and is able to reach
back to all brain-supplying arteries. Thus, existing atheromas
at this site have the potential to cause embolic stroke in any
brain territory in case of plaque rupture as demonstrated in
stroke cohorts [4-9].

The high prevalence of flow reversal occurring in the first
20-30 mm of the proximal DAo in this population is compa-
rable with that of previous studies in stroke and cardiac and
ophthalmological patients using 4D flow MRI [4, 5, 9].
However, only few subjects of our population study addition-
ally showed complex DAo plaques. Thus, potential retrograde
brain embolism from such atheroma to the brain-supplying
arteries, i.e., reaching at least the left subclavian artery, was
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observed in only 6%. This is lower than observed in cardiac
and equal to ophthalmological patients (9.5 and 5%, respec-
tively) [5, 9], and much lower than found in stroke patients
with determined (25%) or undetermined stroke etiology (32—
33% to 50%) [4, 5, 9]. Even when considering only subjects
aged 50-80 years (n = 96) in our population study, i.e., the age
group that is similar to the above-mentioned cohorts, potential
brain embolization from the DAo was found in 8/96 (8.3%),
which is still much lower than that reported in stroke cohorts.
Therefore, our findings underline that potential retrograde em-
bolization is not exclusive to stroke patients, but much more
likely in stroke cohorts and thus an indirect indicator of a
causal relationship. It is of importance that both the extent of
flow reversal and the likelihood of complex DAo plaques
increase with age. As a result, the risk to suffer a stroke based
on this mechanism increases with age.

Due to the prospective and consecutive inclusion of subjects
between 20 and 80 years, we are able to provide representative
age- and gender-related data regarding the extent of blood flow

I
20-29

! I ! I
40-49 50-59 60-69 70-80

age [years]

I
30-39

reversal and potential retrograde embolization. Participants were
relatively healthy, which is evident from the low incidence of
cardiovascular risk factors, normal TTE in almost all participants,
and the relatively low number of aortic plaques. The composition
of our study cohort is probably related to the higher motivation of
health-conscious people to participate in such a study, which po-
tentially reveals important information for their own health care
management. Accordingly, they were willing to undergo MRI
and TTE without reimbursement. This could be one factor, which
explains why correlations of flow reversal with PWV or plaque
thickness etc. were not found. A cohort of patients with advanced
atherosclerosis could thus reveal different associations. Another
potential limitation is that the MR examinations of our study
participants were all performed at rest and in a supine position.
The extent of maximum retrograde blood flow from the DAo
might change when volunteers or patients sit, stand up, or exer-
cise. Accordingly, the potential risk of stroke might differ in de-
pendence of the body position and physical strain and it would be
interesting to systematically study such effects in future studies.

Table 2 Age- and gender-dependent values of the maximum extent of maximum retrograde flow from the descending aorta

20-29 (years) 30-39 (years)

4049 (years)

50-59 (years) 6069 (years) 70-79 (years)

N=10
11.1£6.0 (1-20)

N=9
15.7+10.6 (1-35)

Females N=11

Retrograde flow
(mm)-range (mm)
Males
Retrograde flow
(mm)-range (mm)

N=10 N=14
21.0£7.4 (10-35) 20.7£9.6 (5-40)

N=10

19.5+8.6 (5-30)

25.0£7.5(15-35) 29.1+£11.8 (10-50) 36.1+13.2 (15-55)

N=13
21.1+8.8 (10-40)

N=12
21.3+11.5 (0-35)

N=9
30.0+11.2 (15-50)

N=10 N=9 N=9

19.4+10.1 (10-45)

+ indicates standard deviation
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35 mm

40 mm
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Fig. 3 The maximum flow reversal from the DAo to the outlet of the left
subclavian artery (LSA), left common carotid artery (LCCA), or
brachiocephalic trunk (BCT) is shown in each study participant regard-
less of the existence of an aortic atheroma. Such flow also reached back
from very remote regions of the DAo: in single-study participants, flow
reversal was powerful enough to reach the LSA outlet from 5 cm down-
stream or the brachiocephalic trunk from 4 cm downstream

Table 3 Correlation of baseline and MRI parameter with retrograde

blood flow from the descending aorta after adjustment for age and gender

Characteristic Correlation p value

coefficient ()

Average systolic blood pressure 0.08 0.35
(before/after MRI)

Average diastolic blood pressure 0.04 0.62
(before/after MRI)

Mean arterial blood pressure 0.08 0.42
(before/after MRI)

Average heart rate (during MRI) -0.16 0.08

Body mass index 0.13 0.15

Diameter aortic root in echocardiography -0.03 0.76

Maximum plaque thickness aorta in MRI 0.01 0.93

Diameter ascending aorta in MRI 0.05 0.61

Diameter aortic arch in MRI -0.07 0.39

Diameter descending aorta in MRI 0.11 0.23
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Conclusions

In this population-based study, we found that retrograde blood
flow from the DAo is very frequent. Thus, flow reversal alone
has to be considered physiological. However, it becomes a po-
tential stroke mechanism by connecting DAo plaques with the
brain arteries in diastole. This potential stroke mechanism was
rare as a consequence of the low incidence of complex DAo
plaques in our cohort. However, the magnitude of flow reversal
and prevalence of complex atheroma increase with age. Thus,
older patients with aortic atherosclerosis are especially vulnerable
to this stroke mechanism. Our findings strongly emphasize that
complex atheroma of the descending aorta should be considered
for trials investigating stroke prevention [21] and for the optimal
management of stroke patients in clinical routine.
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