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Abstract

Objectives—To test the hypothesis that variants in cerebrovascular anatomy will affect the
number of patients demonstrating a plausible retrograde embolization mechanism from plaques in
the descending aorta (DAO).

Methods—Thirty-five patients (63+17years) with cryptogenic stroke underwent 4D flow MRI
for the assessment of aortic 3D blood flow and MR angiography for the evaluation of Circle of
Willis, posterior circulation, and aortic arch architecture. In patients with proven DAo plaque,
retrograde embolization was considered a potential mechanism if retrograde flow extended from
the DAO to a supra-aortic vessel supplying the cerebral infarct territory.
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Results—Retrograde embolization with matching cerebral infarct territory was detected in 6

(17%) patients. Circle of Willis and aortic arch variant anatomy was found in 60% of patients

which led to the reclassification of retrograde embolization risk as present in 3 (9%) additional
patients for a total 26% of cryptogenic stroke patients.

Conclusion—4D flow MRI demonstrated 26% concordance with infarct location on imaging
with retrograde diastolic flow into the feeding vessels of the affected cerebral area, identifying a
potential etiology for cryptogenic stroke. Our findings further demonstrate the importance of
cerebrovascular anatomy when determining concordance of retrograde flow pathways with
vascular stroke territory from DAo plaques.
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INTRODUCTION

Despite comprehensive diagnostic evaluation, stroke etiology remains undetermined
(cryptogenic) in 20-30% of patients'2 and is accompanied by a high risk for recurrent
events (5-10% per year3-56). It is well-known that complex and =4 mm thick plaques of the
ascending aorta and arch are associated embolic stroke’. However, plagues in the descending
aorta (DAO0), where they occur most frequently®, were not considered a source of stroke
since embolization would require reverse (upward) flow from the DAo plaque into the brain
supplying supra-aortic vessels to invoke this mechanism’-2. A number of studies, however,
provide compelling evidence that flow reversal in the DAo is a frequent phenomenon, even
in the absence of aortic regurgitation'9-12, In addition, previous 4D flow MRI13-18 studies
have shown that diastolic reversal of flow from DAo plaques provided a potential
mechanism for embolization to all cerebrovascular territories which constituted the only
probable source in 24% of patients with cryptogenic stroke.19:20

However, previous studies did not take into account the frequently encountered inter-
individual differences in the vascular anatomy of aortic arch and the Circle of Wills. As a
result, the causal link between aortic retrograde flow into the supra-aortic vessel origins and
the stroke territory may have been misclassified (over- or underestimated). 3D time-of flight
(TOF) MR angiography (MRA) and contrast-enhanced (CE) 3D MRA provide visualization
of Circle of Willis and great vessel anatomical variation, respectively, and are routinely
performed in diagnostic stroke evaluation. These two techniques enable a more definitive
assessment of potential connections between aortic flow reversal and the vascular supply to
the region of the cerebral infarction.

The purpose of this study was to further evaluate the presence of retrograde diastolic flow
from the DAo into the supra-aortic vessels as a potential mechanism for cryptogenic stroke.
We hypothesized that retrograde aortic flow pathways assessed using 4D flow MRI in
combination with the evaluation of cerebrovascular anatomy (e.g. Circle of Willis and aortic
arch anatomy) based on 3D TOF brain MR angiography (MRA) of the head and gadolinium-
enhanced 3D MRA of the neck will increase the number of patients with cryptogenic stoke
in which retrograde embolization constitutes a potential mechanism.
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Study Population

MR Imaging

Thirty-five patients (17 men, 63£17 years) with cryptogenic stroke were included via
retrospective chart review as approved by the Institutional Review Board (IRB). Inclusion
criteria were acute cerebral or retinal ischemic stroke with visible cerebral infarction on
MRI, or retinal infarction visible on ophthalmoscopy and complete standard stroke etiologic
evaluation including comprehensive brain MRI, TOF-MRA of the head, and CE-MRA of the
neck, and undetermined etiology of stroke (i.e., cryptogenic stroke) using the TOAST
classification?L. Exclusion criteria were known or documented atrial fibrillation or other
high risk cardiac source of embolism (left atrial or ventricular thrombus, left ventricular
ejection fraction <35%, valvular lesions with embolic potential, patent foramen ovale with
known source of venous thromboembolism, complex plague with >4mm thickness, mobile
components or superimposed thrombi in the ascending aortic arch), ipsilateral large vessel
intra- or extracranial atherosclerosis causing >50% stenosis, significant atherosclerotic
disease of the common carotid arteries, carotid bifurcations, cavernous carotid, and typical
lacunar infarction.

All MRI examinations were conducted using 1.5 or 3T MRI systems (Aera, Avanto, or
Skyra, Siemens Medical Systems, Germany). All stroke patients underwent routine brain
MRI including diffusion MRI, high resolution 3D time-of-flight (TOF) MRA, and
conventional gadolinium-enhanced MRA of the neck. To screen for potential cardiovascular
sources of cryptogenic stroke, a second routine cardiothoracic MRI exam was performed for
each patient which included 2D CINE SSFP imaging of the heart, pre- and post-contrast T1
weighted fat suppressed axial and coronal imaging of the chest, and 3D high-resolution
ECG-gated contrast-enhanced MR Angiography (MRA) followed by aortic 4D flow MRI.
ECG and respiration synchronized 4D flow MRI (time-resolved 3D phase contrast MRI with
three-directional velocity encoding) was performed to measure in-vivo time-resolved 3D
blood flow with full volumetric coverage of the thoracic aorta?2. Scan parameters were as
follows: spatial resolution=2.9-3.4 x 2.1-2.4 x 2.5-3.2 mm3, temporal resolution=38—40ms,
TE/TR/flip angle=2.2-2.4ms/4.6-4.8ms/15°, total scan time=8-15 minutes depending on
heart rate and respiration control efficiency. The velocity sensitivity (venc=150-375cm/s)
was individually adjusted based on the expected peak velocity in the ascending aorta as
determined by 2D PC MRI performed prior to 4D flow MRI.

Brain MR imaging included high-resolution (isotropic 0.5mm?3) time-of-flight (TOF) MRA.
Pulse sequence parameters for 3D TOF were as follows: spatial resolution=0.5 x 0.5 x 0.5
mm3, TE/TR/flip angle=3.5ms/21.0ms/20°. Neck MRA imaging included high-resolution
gadolinium-enhanced MR angiography in coronal orientation with in-line subtraction.

4D Flow Data Analysis and Evaluation of DAo Flow Reversal

All 4D flow data underwent pre-processing to correct for phase offset errors due to Maxwell
terms, eddy currents and velocity aliasing using in-house software programmed in Matlab
(The Mathworks, USA) as described previously?2:23, Next, a 3D phase contrast (PC) MRA
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of the aorta was calculated from the 4D flow data. The 3D PC-MRA was used for anatomic
orientation to evaluate the extent of flow reversal in the descending aorta using a 3D
visualization software package (EnSight, CEIl, NC, USA) as shown in figure 1A. 3D
visualization of aortic 3D blood flow patterns was based on the calculation of time-resolved
3D pathlines originating from a 2D analysis plane manually positioned orthogonal to the
aortic lumen (color coding = local absolute blood flow velocity). As shown in Figure 1A
(mid panel), 3D pathlines originating from an emitter plane distal to the left subclavian
artery at the beginning of the descending aorta were used to trace the temporal and spatial
evolution of blood flow through the cardiac cycle. This case illustrates normal forward flow
during systole (Figure 1B, top row) followed by marked flow reversal during diastole
(Figure 1B, mid and lower row). In this example, retrograde flow originating distal to the left
subclavian artery reached all supra-aortic branches (left subclavian artery (LSA), left
common carotid artery (CCA), and brachiocephalic trunk (BT)) during late diastole (Figure
1B, lower row).

To measure the maximum distance of diastolic flow reversal in the DAo, a series of 5 emitter
planes were positioned at 10 mm intervals distal to the left subclavian artery origin as shown
in Figure 2 and based on methods previously described by Harloff et all3: 14, Time-resolved
3D pathlines were emitted from all 5 planes and, for each brain supplying supra-aortic vessel
origin (LSA, CCA, and BT) the maximum distance (in 10 mm intervals) of diastolic reverse
flow originating in the DA0 was noted.

Plagues in the Descending Aorta

Plaques in the descending aorta were identified in the descending thoracic aorta by a single
experienced cardiovascular radiologist blinded to stroke location. Pre- and post-contrast T1-
weighted fat suppressed axial and coronal imaging was reviewed to identify regions of
irregular wall thickening at least 2 mm in thickness distal to the origin of the left subclavian
artery. These regions were co-localized on multi-planar review of unsubtracted 3D MRA
images to identify aortic lumen irregularities at the site of the wall thickening. Based on
information from T1 and MRA images, descending aortic plaques with a distance of 10—
20mm distal to the left subclavian artery were characterized as present.

Cerebrovascular Architecture

To account for frequently encountered inter-individual differences in vascular anatomy of
the Circle of Willis, posterior circulation, and aortic arch, an experienced neuro-radiologist
analyzed all TOF MRA and MRI data to classify cerebrovascular anatomy by grading the
patency of the anterior communicating artery (O=not present, 1=present), left and right
posterior communicating arteries (0 = not present, 1=present), left and right vertebral artery
dominance (O=not present, 1=present, 2=dominant), as well as presence and number of
basilar feeding arteries. In addition, aortic arch variant origins of the great vessels were
assessed.

Stroke Subtyping

The cerebral infarct topography was adjudicated by a single rate (SP) and based on diffusion
weighted MRI findings. Size, vascular distribution, and number of acute ischemic lesions
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were noted. Vascular territory was based on presumed vascular supply of the major arterial
branches in the brain (middle cerebral, anterior cerebral, posterior cerebral, internal carotid,
basilar, and vertebral arteries).

Matching Descending Aortic Reverse Flow and Stroke Pattern

Retrograde embolization in a patient with proven plaque in the DAo was considered a
potential mechanism if reversal of flow extended from the DAo to a great vessel origin
(LSA, CCA, or BT) that could supply the cerebral infarct territory, taking into account the
individual Circle of Willis architecture.

RESULTS

Baseline characteristics of the 35 stroke patients are summarized in table 1. 4D flow MR,
post-processing, and assessment of descending aortic flow reversal was successfully
completed in all 35 stroke patients.

Plagues in the Descending Aorta and Descending Aorta Flow Reversal

Plaques in the descending aorta (with 10-20mm distal to the left subclavian artery) were
found in 22 patients (63%). Examples of plaques in the descending aorta detected by MRI
are shown in figure 2. As summarized in figure 3, diastolic retrograde flow was observed in
20 patients (57%), visualized from the DAo into the brachiocephalic trunk and innominate
artery in 3 subjects (9%), into the left common carotid artery (CCA) in 8 (24%) and into the
left subclavian artery (LSA) in 20 (57%) stroke patients. Retrograde flow originated from
DAOo locations as far as 30mm distal to the LSA (emitter plane 4 in Figure 2). DAo plaques
were present in 13 of the 20 cryptogenic patients with diastolic retrograde flow (65%).

Cerebrovascular Architecture

As summarized in table 2, variant cerebrovascular anatomy was found in a large fraction
(60%) of patients: The anterior communicating artery was not present in 2 (6%) patients,
posterior communicating arteries were not present on the left in 18 (51%) and right in 15
(43%) patients. In addition, both vertebral arteries were present in all subjects but 13 patients
(37%) had left and 6 patients (17%) had right dominant vertebral artery; in 4 (11%) patients,
the vertebral arteries did not join together to form the basilar artery. A common origin of
brachiocephalic artery and left CCA was found in 12 (34%) patients.

Retrograde Embolization Mechanism

Based on the presence of DAo flow reversal alone, the retrograde embolization mechanism
with existing plaque in the DAo and matching cerebral infarct territory was detected in
approximately one fifth (17%, 6 of 35) of patients. The inclusion of cerebrovascular
architecture findings led to the reclassification of matching flow reversal as present (rather
than absent) in 5 (14%) patients (i.e. matching retrograde flow into an artery that supplied
the infarct territory after accounting for variant cerebrovascular anatomy). The variant
anatomy in these five patients included: left posterior communicating arteries not present
(n=3), dominant left vertebral artery (n=1), dominant right vertebral artery (n=1), common
origin of brachiocephalic artery and left CCA (n=3). Of these, three patients had proven

Eur Radjol. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Markl et al. Page 6
DAo plaque resulting in a total 26% (9 of 35) cryptogenic stroke patients with DAo plaques,
flow reversal and matching cerebral infarct territory. Interestingly, no patients were
reclassified from concordant to discordant vascular supply to the infarcted territory based on
variations in cerebrovascular anatomy.

DISCUSSION

The findings in this study of 35 patients with cryptogenic stroke demonstrated 26%
concordance with cerebral infarct location with retrograde diastolic flow into the supplying
vascular territory, identifying a potential etiology for cryptogenic stroke. Our findings
further document the importance of taking into account variant anatomy of the circle of
Willis, posterior circulation, and aortic arch in individual patients, which identified a
vascular pathway connecting retrograde embolization to the great vessel origins with infarct
location in an additional 14% of subjects.

Accurate identification of the underlying source of stroke is important to select the most
optimal therapy to prevent recurrent strokes. It is well-understood that aortic stiffening can
lead to atherosclerosis and subsequently the development of complex aortic plaques, which
act as potential sources for embolic stroke. Complex plaques in the descending aorta, where
they occur most frequently®, were traditionally not considered a source of stroke since
embolization would require diastolic reversal (upward) of flow from the DAo plaque into the
brain supplying supra-aortic vessels to establish a mechanism?:°.

The findings of our study confirm recent studies2%24:25 which have provided evidence that
DAo flow reversal is a common epiphenomenon, even in the absence of aortic valve
insufficiency. For example, a recent Doppler echocardiography study in 296 hypertension
patients demonstrated that aortic stiffening causes aortic flow reversal, which was found in
all subjects (reverse/forward flow ratio, 35£10%) and was positively correlated with
parameters of aortic stiffness such as pulse wave velocity, independent of age, aortic
diameter, and aortic pressure24.

Moreover, in two 4D flow MRI studies by Harloff et al., it has been shown that retrograde
flow from complex DAo plagques can constitute a potential mechanism for embolization to
all cerebrovascular territories'20. This mechanism constituted the only probable source of
retinal or cerebral infarction in 24% of patients with cryptogenic stroke. It should be noted
that the prevalence of aortic plaques (14%—-21%) is similar compared to the other two
important causes of embolic stroke, carotid artery disease (10%—-13%) and atrial fibrillation
(18%-30%)’. These findings indicate that diastolic DAo reverse flow could be a frequent
mechanism for otherwise cryptogenic stroke.

A number of previous studies have shown that variants in cerebrovascular are a common
fining in the general population26-28, For example, A study of 300 CT angiograms of the
circle of Willis (300 studies) and review of the literature?’ reported the absence of the
anterior communicating artery in 5% of subjects, similar to findings in our study cohort
(6%). Hypoplastic posterior communication arteries and vertebral arteries were found in a
large fraction of subjects (>75%) which supports our findings of frequently absent posterior
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communication arteries and vertebral arteries on MR angiography. Another autopsy study in
50 adult brains found that a majority of the Circles of Willis (52%) showed anomalies?®
which was comparable to our study cohort.

A recent meta-analysis2® demonstrated that different classes of medications commonly used
as first-line anti-hypertensive therapies (e.g. ACE-inhibitors, diuretics) can have very
divergent effects on aortic stiffness. While all drugs can successfully control blood pressure
and reduce stroke risk overall, ACE inhibitors were shown to affect aortic stiffness most
uniformly. Conversely, many drugs in the class of diuretics have a neutral effect on aortic
stiffness. This could provide the opportunity to utilize approved drugs for aortic destiffening
therapy and thus reduction of aortic flow reversal as a medical therapy for acute stroke
patients with a plausible retrograde embolization mechanism. Additional studies are
warranted to test the impact of different medical therapies on aortic stiffness, flow reversal,
and potential to reduce recurrent events in patients with DAo aortic plaques.

Study Limitations

Important limitations include the small number of patients with cryptogenic stroke with
attendant biases. Nevertheless, our findings are in line with previous studies and confirm that
retrograde aortic embolization based on diastolic DAo flow reversal to the great vessel origin
matching a cerebral infarct territory is frequently found in patients with cryptogenic stroke
and can be even more prevalent if the individual cerebrovascular anatomic variation is
considered.

’A limitation of our strategy to identify risk for retrograde embolization includes that this
approach can only identify associations and cannot determine causality. In addition, the 3D
visualization of flow reversal into the supra-aortic branches can provide insights into which
brain region maybe at risk for embolism but this approach cannot identify individual flow
pathways towards a certain infarct territory. For example, reverse flow from the descending
aorta to the brachiocephalic trunk, i.e. also bypassing the left common carotid artery and left
subclavian artery outlets, is be associated with embolic risk for all brain territories. Further
the brachiocephalic trunk supplies multiple cerebral regions (via right vertebral artery, right
common carotid artery and right subclavian artery) and a direct relationship between flow
reversal and variable pathways that could cause embolism cannot be derived from our
current analysis technique. As a result, the reported connection between descending aorta
plaque and great vessel origin in our study can only identify ‘possible’ infarcts when the
supplying vessel was connected with retrograde flow.

Another drawback of our study is related to the semi-quantitative analysis of DAo flow
reversal. Our study employed traditional pathlines to visualize reverse flow to individual
supra-aortic branches and was thus based on a visual assessment of flow trajectories in the
aorta. In addition, our analysis did not directly quantify the amount of reverse flow in the
supra-aortic arteries. As a result, potential retrograde embolization was considered present if
retrograde flow was observed and plaques were present in the descending aorta 10-20mm
distal to the left subclavian artery. Future studies should 1) employ quantitative methods to
calculate the lengths of flow trajectories and 2) emission of pathlines at the exact location of
the descending aortic plagque. A potential solution might be offered by backtracking of flow
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pathways, i.e. placing emitter planes at the supra-aortic outlets and tracking flow pathways
backwards in the cardiac cycle (from late to early diastole) to find the DAo origin of reverse
flow.

’A further drawback of our study is the lack of a dedicated MR imaging technique for plque
detection, which was based on standard MRI sequences (T1-weighted fat suppressed axial
and coronal imaging, contrast-enhanced 3D MRA). It should be noted that the method of
plaque imaging is crucial for detection of retrograde embolization as atherosclerosis of the
descending aorta is very common and may be an innocent bystander and not related to
stroke unless complex and vulnerable plaques are present.

Further, the patients included in this study did present with additional risk factors such as
smoking history or hypertension. However, we did not separately assess the role of these
factors compared to diastolic retrograde flow or control for these systemic risk factors in our
analysis. Future studies should thus include larger cohorts to enable a more comprehensive
analysis based on multiple regression to identify independent predictors of cryptogenic
events.

Conclusions

The findings in this study demonstrated that diastolic flow reversal in the descending aorta
was frequently associated with matching embolic stroke patterns in otherwise cryptogenic
stroke patients. Taking into account the individual anatomy of the Circle of Willis
architecture, posterior circulation, and aortic arch resulted in the identification of additional
stroke patients in whom retrograde aortic embolization was a plausible stroke mechanism.
Future longitudinal studies in larger cohorts are needed to investigate this mechanism further
including determining recurrent stroke risk and long-term clinical outcomes.
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KEY POINTS

1. Retrograde embolization from descending aortic plagues constitutes a

plausible etiology in cryptogenic stroke.

2. Common variants of cerebrovascular anatomy are important to determine

retrograde embolization mechanism.

3. Variant cerebrovascular anatomy can link retrograde flow pathways with

vascular stroke territory.
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MRI protocol for the assessment of aortic 3D blood flow using thoracic 4D flow MRI (A)

and the evaluation of cerebrovascular Circle of Willis architecture based on high-resolution
cerebral 3D time-of-flight (TOF) MRI (B). 4D flow MRI raw data (left) and 3D blood flow
visualization of aortic flow based on time-resolved pathlines (mid) illustrates diastolic flow

reversal in the descending aorta (DA0) and the mechanism of retrograde embolization:

marked diastolic retrograde flow originating from the DAo and reaching all brain supplying
arteries. AAo = ascending aorta, BT = brachiocephalic trunk, CCA = common carotid artery,

LSA = left subclavian artery.
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axial coronal

Fig. 2.
Examples for detected plaques in the descending aorta using post-contrast T1-weighted fat

suppressed axial and coronal images. For both examples DAo plagques were located just
distal to the outlet of the left subclavian artery with a maximum thickness of 3mm (A) and
7mm (B), respectively.
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Number of stroke patients

DAo flow retrograde flow origin
_rsversal to | total plane1 plane2 plane3 plane 4_
BT | 3 | 2 1
CCA 8 6 2 “
LSA |20 9 7 3 1

Fig. 3.

Ar?alysis of reverse flow in the descending aorta (DA0) based on five emitter planes in the
DAo. The first plane was positioned immediately distal to the left subclavian artery (LSA)
and all subsequent planes 2-5 were placed downstream in 10mm intervals. Diastolic DAo
flow reversal reaching the LSA, CCA, and BT was found in a total of 20, 8, and 3 stroke
patients, respectively. The table provides a summary of the DAo origin for retrograde flow
reaching the different supra-aortic branches. The gray shaded surface shows the aortic
anatomy based on the 3D PC-MRA data. AAo = ascending aorta, BT = brachiocephalic
trunk, CCA = common carotid artery.
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Baseline characteristics of the 35 stroke patients. BMI = body mass index, BP = blood pressure, EF = ejection
fraction, LDL = low-density lipoprotein. ACA = anterior cerebral artery, MCA = middle cerebral artery, PCA

= posterior communication artery.

Characteristic Value
Age [years] 62.6 + 16.8
Male sex — no. (%) 17 (58.8)
BMI [kg/m?] 26.2+4.9
Heart rate [bpm] 725133
Systolic BP [mmHg] 1452 +25.8
Diastolic BP [mmHg] 744 +£95
EF [%] 60.8+ 8.6
LDL level [mg/dl] 105.0 + 44.7
Hypertension — no. (%) 22 (63%)

Hypercoagulable state — no. (%)
Atrial fibrillation — no. (%)
Smoking history — no. (%)
Stroke Territory — no. (%)

- left sided

- right sided

- bilateral
supplying brain vessels

- left-sided — no. (%, vessel)

- right-sided — no. (%, vessel)

- bilateral & vertebrobasilar — no. (%)

Plaque in DAo

none (0%)
none (0%)
19 (54%)

21 (60%)
11 (31%)

3 (9%)

12 (34%, 3 ACA, 5 MCA, 4 PCA)

11 (31%, 3 ACA, 1 MCA, 4 PCA, 2 ACA/MCA watershed, 1 PCA/MCA watershed)

12 (34%)
22 (63%)
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Table 2

Summary of the classification of cerebrovascular architecture in n=35 patients with cryptogenic stroke.

Vascular Region Convectional architecture # of patients N (%)
Circle of Willis presence of bilateral posterior and anterior communicating arteries 14 (40%)
Aortic arch normal arch with patent vertebral arteries and conventional branching anatomy 23 (66%)
Basilar artery supply Both vertebral arteries join together to form basilar artery 31 (89%)
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