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IMPORTANCE Data on neurologic manifestations of fibromuscular dysplasia (FMD) are rare,
and current knowledge remains limited.

OBJECTIVES To present a comprehensive review of the epidemiologic characteristics,
management, and prognosis of the neurologic manifestations associated with
cerebrovascular FMD (ie, involving cervical or intracranial arteries) and to guide future
research priorities.

EVIDENCE REVIEW References were identified through searches of PubMed from inception to
December 2017 using both the medical subject headings and text words. Additional sources
were also identified by reviewing reference lists of relevant articles and through searches of
the authors’ personal files. Selected articles described at least 1 clinical or radiologic feature
and/or outcome of cerebrovascular FMD. Isolated case reports could be included if they
described interesting or noteworthy manifestations of FMD.

FINDINGS A total of 84 relevant references were identified. Diagnosis of cerebrovascular
FMD is based on the appearance of alternating arterial dilatation and constriction (“string

of beads”) or of focal narrowing, with no sign of atherosclerotic or inflammatory lesions.
Although the diagnosis is easily apparent on results of radiographic imaging, making a
diagnosis can be challenging in children or individuals with atypical phenotypes, such as
purely intracranial FMD and arterial diaphragm. Involvement of multiple arteries is common,
and there is increased incidence of cervical artery dissection and intracranial aneurysms.

A variant in the PHACTRI1 gene has been associated with FMD as well as cervical artery
dissection and migraine, although less than 5% of cases of FMD are familial. Headaches,
mainly of the migraine type, are observed in up to 70% of patients with FMD.
Cerebrovascular FMD is mostly asymptomatic, but the most frequent neurologic
manifestations include transient ischemic attack and ischemic stroke, notably in the presence
of associated cervical artery dissection. Other conditions associated with FMD include
subarachnoid hemorrhage and, rarely, intracranial hemorrhage. Management relies on
observational data and expert opinion. Antiplatelet therapy is considered reasonable to
prevent thromboembolic complications. Endovascular therapy is typically restricted to cases
with symptomatic stenosis despite optimal medical therapy or in those with rupture of an
intracranial aneurysm.

CONCLUSIONS AND RELEVANCE Longitudinal cohort studies of individuals of multiple
ethnicities with biosampling are needed to better understand the risk factors,
pathophysiological features, and outcomes of FMD. Patient advocacy groups could assist
researchers in answering patient-centered questions regarding FMD.
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ibromuscular dysplasia (FMD) is an idiopathic, noninflam-

matory, nonatherosclerotic vascular disease of small to me-

dium-sized arteries."? In patients with FMD, the frequency
of involvement of cervical (carotid and vertebral) and intracranial ar-
teries is higher than previously thought and as common as those of
the renal artery, but data on neurologic manifestations of FMD (or
cerebrovascular FMD) remain rare.">* Although it is generally con-
sidered a benign entity when discovered incidentally, cerebrovas-
cular FMD can lead to potentially devastating cerebrovascular com-
plications, including ischemic and hemorrhagic stroke.>>© Also, more
than half of patients with cerebrovascular FMD have concomitant
lesions in the renal artery, which implies that they are exposed to
additional potentially severe renal complications, including hyper-
tension, preeclampsia, and renal infarction."*“ This review summa-
rizes the data on cerebrovascular FMD, along with a proposal for fu-
ture research priorities.

Methods

Search Strategy

We searched studies indexed in PubMed using the MeSH term “fibro-
muscular dysplasia” or the text words “fibromuscular dysplasia” OR “fi-
bromuscular hyperplasia” until December 31, 2017, with no language
restrictions. We also identified additional studies by reviewing the bib-
liographies of relevant studies and searches of our personal files. We
included articles describing at least 1aspect of epidemiologic features,
clinical characteristics, radiologic features, or outcomes of cervical or
intracranial FMD and preferentially focused on studies published within
thelast 5 years and those including 15 patients or more. However, case
reports or small case series describing interesting or noteworthy mani-
festations could beincluded. When publications involved overlapping
study samples, only the largest and most recent study was included un-
less an article described new parameters or additional relevant data.
The quality of evidence was rated according to the Oxford Centre for
Evidence-Based Medicine levels of evidence.”

.|
Results

We selected 68 studies of the 2788 titles identified through the
PubMed search and 16 studies from hand searching, leading to the
inclusion of 84 studies (eFigure 1in the Supplement). Studies were
mainly case series or retrospective studies with, therefore, alow qual-
ity of evidence (eTable 1in the Supplement).

Classification and Diagnostic Criteria

The historical classification for FMD has focused on arterial wall involve-
ment (medial, intimal, and adventitial subtypes).' However, in clinical
practice, histologic specimens are rarely obtained, and diagnosis is most
commonly based on radiologic findings. Therefore, the European con-
sensus statement and the American Heart Association scientific state-
ment on FMD have described a new classification based on angiographic
appearance to replace the histopathologic classification (Table).>®

Imaging

High-level evidence data onimaging modalities for the diagnosis of
cerebrovascular FMD are lacking, and no imaging modality can be
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Key Points

Question What are the neurologic manifestations of
fibromuscular dysplasia?

Findings This systematic review describes the epidemiologic
characteristics, clinical and radiologic manifestations, prognosis,
and management of fibromuscular dysplasia involving the cervical
or intracranial arteries.

Meaning Cerebrovascular fibromuscular dysplasia is now
considered as frequent as renal fibromuscular dysplasia, and
longitudinal, international cohort studies with outcomes and
genetic sequencing are needed to further understand its clinical
course and enable the development of evidence-based
treatments.

recommended rather than another. Digital subtraction arteriogra-
phy remains the gold standard for diagnosis of FMD owing to its
higher sensitivity than computed tomography-angiography or mag-
netic resonance angiography (Figure 1and Figure 2; eFigures 2 and
3 in the Supplement).21° However, because of the risk of iatro-
genic dissection with conventional arteriography (which may be
higher in patients with FMD than in the general population), its use
is typically restricted to severe cases of FMD requiring endovascu-
lar management while computed tomography-angiography or con-
trast-enhanced magnetic resonance angiography are commonly used
as the initial imaging modality in most centers. Duplex ultrasonog-
raphy may be used to diagnose and monitor patients with FMD in-
volving the extracranial carotid arteries, but it is less accurate than
computed tomography-angiography or magnetic resonance angi-
ography (Figure 3)"*® and inadequate for the assessment of ver-
tebral orintracranial arteries." Preferred techniques for eachimaging
modality are described in the eAppendix in the Supplement.

Fibromuscular dysplasia occurs primarily in the cervical portion of
the carotid and vertebral arteries, while intracranial FMD is rare, usu-
ally extending from extracranial FMD or as the predominant location
of FMD subtypesin children.® Cerebrovascular FMD typically involves
the middle and distal portions of the internal carotid artery and the V3-
V4 segment of vertebral arteries at the level of the Cland C2 vertebrae,
areas that are usually spared by atherosclerosis.

Epidemiologic Characteristics
As in patients with renal FMD, cerebrovascular FMD is much more
common in women and typically becomes symptomatic in the fifth
decade (eTable 2in the Supplement). Thereis typically no family his-
tory of FMD, with less than 5% of patients reporting an affected fam-
ily member.3>

The role of hormonal factors in the development of FMD re-
mains uncertain, and case-control studies have found no associa-
tion between FMD and gravidity or exposure to exogenous
hormones.! Although smoking has been reported to be associated
with renal FMD," no similar data exist for cerebrovascular FMD.™
However, smoking and hormonal factors are associated with aneu-
rysm growth and may therefore influence the risk of stroke in pa-
tients with FMD.8"

The prevalence of cerebrovascular FMD in the general popula-
tion is unknown. Only 0.02% of consecutive autopsies performed
at the Mayo Clinic during a period of 25 years detected FMD of the
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internal carotid artery." Several studies suggest that the fre-
quency of involvement of a cervical artery is now as frequent as that
of the renal artery.3" Cerebrovascular FMD affects the carotid ar-
tery (often bilaterally) in 95% of cases and the vertebral artery (usu-
ally with co-involvement of the carotid artery) in 60% to 85% of
cases.” Also, multiple locations, especially in the multifocal form but
not limited to that form, are considered more common than previ-
ously thought. In the US Registry for Fibromuscular Dysplasia, in-
volvement of the renal artery was reported in 64% of patients with
cervical FMD, while cervical FMD lesions were found in 65% of pa-
tients with renal artery FMD.3 In the ARCADIA (Assessment of Re-
nal and Cervical Artery Dysplasia) Registry, where assessment for
multisite involvement was systematic, the prevalence of multisite
locations was 48% in patients with FMD and 54% in those with cere-
brovascular presentation. Also, among patients with FMD with a
cerebrovascular presentation, the prevalence of renal artery FMD
involvement was 3 times higher among those with a history of hy-
pertension, suggesting that a history of hypertension could help to
identify patients who may benefit from screening for renal FMD.*
Data on the prevalence of involvement of other arterial beds (eg, bra-
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chial, celiac, iliac, and coronary) in patients with cerebrovascular FMD
are scarce.”™® Although FMD is rarely reported in the coronary
arteries,'® a strong association between FMD and spontaneous coro-
nary artery dissection has been identified, with a high prevalence
of extracoronary FMD lesions in patients with spontaneous coro-
nary artery dissection." In a large series of patients with spontane-
ous coronary artery dissection (N = 168), cervical FMD was de-
tected in 52% of the patients and intracranial aneurysms were
detected in 14% of the patients.'® In patients with cerebrovascular
FMD, although the prevalence of spontaneous coronary artery dis-
section is very low, silent coronary lesions may exist; however, the
cost-effectiveness of screening for associated coronary artery dis-
ease is unknown, and screening is not recommended.

Genetic Risk

Heritability estimates of FMD are challenging owing to the fre-
quency of anasymptomatic phenotype and the lack of accurate char-
acterization in family histories. Several candidate gene studies of FMD
have had negative results or have had positive results only in iso-
lated case reports (eTable 3 in the Supplement),® and genome-

Table. Angiographic Classification of Fibromuscular Dysplasia (FMD) With 2 Categories: Focal and Multifocal®

Characteristic Multifocal FMD

Focal FMD

Angiographic Alternating arterial dilatation and constriction (“string of

appearance beads” appearance); areas of dilatation are larger than
the normal caliber of the artery; commonly occurs in the
middle or distal portion of the artery

Histologic Medial fibroplasia (most common) involves a functional

transformation in smooth muscle cells of the arterial
media, ultimately associated with plurifocal medial
fibroplasia, attenuation of elastic fibers, and abnormal
collagen synthesis®; perimedial fibroplasia (rare)®

Frequency 90%

characteristics

Associated features  Aneurysm, dissection, and tortuosity of medium-sized
arteries may be present, but their presence alone is
insufficient to diagnose FMD; multifocal and focal lesions

may coexist in the same patient (20%)

Unifocal concentric (<1 cm in length)
or tubular (=1 cm) smooth
narrowing®; can occur in any portion
of the artery

Intimal fibroplasia (most common);
adventitial (periarterial) fibroplasia
(rare); medial hyperplasia (rare)

2 Information gathered largely from
Olin et al' and Persu et al® except as
noted.

5There may be multiple areas of focal
disease (eg, carotid and vertebral
artery) in the same patient.

€ This rare form of FMD typically
occurs in young girls (eg, 5-15 years).
Although there is a beaded
appearance to the renal arteries, the
beads are smaller than the normal
renal artery and less numerous.

10% (Unifocal FMD, <10%; tubular
FMD, <1%)

Same as multifocal FMD

Figure 1. Multimodal Imaging of the Same Vessel of a Typical Multifocal Cervical Fibromuscular Dysplasia

@ CTA, volume-rendering . CTA, maximum-intensity
reconstruction projection reconstruction

i\l

. Conventional angiography @ Magnetic resonance

angiography

A, Computed tomography-
angiography (CTA), volume rendering
reconstruction of a left cervical
internal carotid artery with “string of
beads" appearance. B, CTA,
maximum-intensity projection
reconstruction of the same artery.

C, Oblique projection of conventional
angiography. D, Three-dimensional T1
contrast-enhanced magnetic
resonance angiography in
maximume-intensity projection
reconstruction.
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Figure 2. Cervical Fibromuscular Dysplasia (FMD) Associated With Intracranial Aneurysms

Angiogram of left internal
carotid artery in same patient

E Magnetic resonance imaging of patient
with FMD

Angiogram of left internal carotid
artery in different patient

- A, Coronal view of a
maximum-intensity projection on
tridimensional, time-of-flight
sequence magnetic resonance
imaging of a patient harboring a
cervical FMD associated with
intracranial aneurysms (white
arrowheads). B, Anteroposterior
angiogram of a left internal carotid
artery on the same patient showing
more details of this intracranial form
(white arrowheads). C, Anteroposterior
angiogram of aleftinternal carotid artery
in a different patient, showing on the
same image the large intracranial aneu-
rysm and cervical FMD

<
<

(black arrowheads).

wide association studies are lacking. Although FMD shares some phe-
notypic features with monogenic connective tissue diseases, such
as Marfan syndrome, Ehlers-Danlos syndrome, and Loeys-Dietz syn-
drome, systematic screening of genes mutated in these syn-
dromes failed to yield associations with FMD.'®2° Whole-exome se-
quencing analysis in 16 patients with FMD from 7 families found no
gene variants shared among all affected sibling pairs.?' Large-scale
studies using low-density exome chip arrays have identified an in-
tronic variant (rs9349379) in the PHACTRI gene (6p24) (GenBank
221692) as a first susceptibility locus for FMD, with anincreased risk
of approximately 40% amongindividuals who carry therisk allele.?
This same risk allele has previously been associated with migraine
and cervical artery dissection and has recently been found to regu-
late the expression of endothelin-1 with known physiologic effects
on the systemic vasculature.?®

Presenting Manifestations

Although cerebrovascular FMD is frequently asymptomatic and di-
agnosed incidentally via results of imaging performed for other in-
dications, the most common presenting symptoms are headaches
and pulsatile tinnitus.>* Compared with the general population,
patients with FMD have a high prevalence of associated cervical
(carotid or vertebral) artery dissection and intracranial saccular
aneurysm.>2* The main complications of cerebrovascular FMD are
transient ischemic attack (TIA) or ischemic stroke, followed by sub-
arachnoid hemorrhage and intracerebral hemorrhage (eTable 2 in
the Supplement).

Headaches are reported by 70% of patients with cerebrovas-
cular FMD, with 30% experiencing migraine.>*!® Despite the high
coprevalence of headaches and migraine with cerebrovascular FMD,
the underlying pathophysiologic features remain unclear. Possible
mechanisms include alterations in cerebrovascular flow (eg, labile
hypertension, hyperperfusion, or hypoperfusion), neurovascular dys-
regulation or dysautonomia, structural injury (eg, dissection or mi-
crotrauma), or heightened sensitivity to pain.>

Carotid bruit (the most common presenting sign of cervical FMD)
and/or pulsatile tinnitus, often described by patients as an auditory
"whooshing,” are observed in up to 40% of patients with cervical
FMD.3 Less frequently reported symptoms include neck pain or ca-
rotidynia, blurry vision, and dizziness, with the latter being de-
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scribed mostly as lightheadedness or presyncope as opposed to ver-
tigo. These nonspecific symptoms may represent manifestations of
fluctuating blood pressure, persistent migraine aura, or dysautono-
mia secondary to neurovascular disruptionin the vessel wall. Inrare
cases, lightheadedness may be due to cerebral hypoperfusion re-
lated to severe multivessel cerebrovascular FMD.

Recent data from the US Registry for Fibromuscular Dysplasia
have shown that the prevalence of carotid artery dissections in all
patients with FMD is estimated to be 16% and the prevalence of ver-
tebral artery dissections is estimated to be 5%.3 Among patients with
FMD who experience a dissection, the carotid artery is the most fre-
quently involved (64%), followed by the vertebral artery (21%), and
the prevalence of multiple cervical dissections is high (up to 37%).
Among patients with FMD with a neurologic presentation in the
ARCADIA registry, the prevalence of cervical dissection was 27%.*
Concomitantly, studies of individuals with cervical artery dissec-
tion report that the prevalence of cervical FMD may be as high as
15% to 20%%2° and is increased in the presence of multiple cervi-
cal dissections.?”

Cervical dissection is seen most often in the middle to distal seg-
ments of the extracranial internal carotid artery and vertebral arter-
ies, where traction on the arteries is maximal. Extension and lateral
rotation of the head and neck enhance stretching of the cervical ar-
teries, which may play a role in the association between FMD and
cervical dissection. Whether these mechanical factors are involved
in the possible causes of cerebrovascular FMD remains speculative.”

Intracranial saccular aneurysms are mainly unruptured and diag-
nosed incidentally on results of imaging rather than discovered after
rupture. A meta-analysis of more than 500 patients with cerebrovas-
cular FMD reported a prevalence of unruptured intracranial aneurysm
of 7%, which was higher than that expected in the general population
(<5%).28 Inthe US Registry for Fibromuscular Dysplasia, 13% of wom-
enwith FMD had at least Tintracranial aneurysm and 4% had more than
Tintracranial aneurysm. A total of 29% of these aneurysms were 5mm
orlarger, which s the threshold usually considered to classify intracra-
nial aneurysms with a higher risk of rupture.?® Also, there was no dif-
ference in the prevalence of intracranial aneurysms between patients
with renal and cervical FMD.3° Whether the risk of rupture of intracra-
nial aneurysmis higher in patients with FMD thanin the general popu-
lation (<1% per year) remains uncertain.
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Figure 3. Typical Duplex Ultrasonographic Findings of Carotid Fibromuscular Dysplasia

@ Beading and tortuosity of middle and distal
internal carotid artery

Doppler imaging of distal internal carotid artery

Doppler imaging showing turbulence and severe stenosis

@ Severe tortuosity

A, B-mode imaging showing the

beading and tortuosity of the middle
and distal internal carotid artery.

B, Color Doppler imaging of the distal
internal carotid artery exhibiting the
typical pattern of tortuosity and
marked turbulence. C, Color Doppler
imaging showing turbulence and
spectral analysis demonstrating high
peak velocity (419 cm/s) and
end-diastolic velocity (186 cm/s).
The yellow arrows indicate that the
stenosis is quite severe. D. Color
power angiography demonstrating
severe tortuosity and redundancy

(S curve) of the internal carotid
artery. Adapted with permission of
Circulation.!

Transient ischemic attack orischemic stroke in patients with FMD
can result from different mechanisms: hypoperfusion from cervi-
cal orintracranial arterial stenosis or occlusion (hemodynamic mecha-
nism), emboli from a thrombosis in the area of a stenosis or dila-
tion, or via thrombosis of small, perforating arteries, due to chronic
hypertension secondary to the coexistence of renal FMD (lacunar
stroke). However, TIA and ischemic stroke seem to occur mainly in
the presence of associated cervical artery dissection due to artery-
to-artery thromboembolism or cerebral hypoperfusion. In the US
Registry for Fibromuscular Dysplasia, 10% of patients with FMD pre-
sented with ischemic stroke and 20% with TIA.3

Intracerebral hemorrhage is rare in patients with FMD but can
occur inthe presence of hypertensive microangiopathy or fromthe
rupture of an intracranial aneurysm or dissection.® Subarachnoid
hemorrhage results mainly from the rupture of an intracranial an-
eurysm and less commonly from a dissecting vertebral artery into
the intracranial segment.” The prevalence of subarachnoid hemor-
rhageis estimated to be 3% in all patients with FMD and 20% among
those who present with acute neurologic manifestations.*

Specific Subtypes of FMD

Purely Intracranial FMD

Although intracranial FMD most often corresponds to the extension
of extracranial cervical FMD,” isolated intracranial FMD with a typical
“string of beads” angiographic appearance in the basilar artery, distal
internal carotid artery, and middle cerebral artery has also been
reported. Purely intracranial FMD seems to be rare and is more fre-
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quentin children thanin adults.>>' In addition, autopsy reports of pa-
tients with fatalintracranial artery dissection or aneurysmal subarach-
noid hemorrhage have shown histologic evidence of FMD.>>2 Histo-
logic evidence of FMD has also been reported in fusiform or
dolichoectactic intracranial artery,®>3* moyamoya syndrome, and
carotid-cavernous fistula.> While FMD of extracranial arteries typically
involves the medial layer of the vessel wall, intracranial FMD predomi-
nantly involves theintima, suggesting a genotype-phenotype variation
by anatomical location in the cerebrovascular vasculature.

Children

A recent study combining a large series of new cases with the ex-
isting literature (totaling 81cases) showed that cerebrovascular FMD
in children (age, <18 years) differs from adults in clinical and histo-
logic characterisics.>™3° Both sexes are equally affected, and most
cases are diagnosed early in childhood (mean age, 7 years), with one-
third being diagnosed in the first year of life. Focal FMD with patho-
logic characteristics of intimal fibroplasia seems to be the predomi-
nant form, while the more typical adult appearance of multifocal
FMD (medial fibroplasia) is estimated to be very rare.' Associated
moyamoya syndrome and intracranial aneurysms have also beenre-
ported. Systemic FMD occurred frequently in children, with 63%
having renal FMD and 72% having an additional arterial bed involve-
ment. Ischemic stroke appears to be the predominant presenta-
tion (63% of cases), mainly due to intracranial stenosis, and affects
multiple territories (40%). The outcome remains poor, with a high
annual rate of recurrent stroke (10%) and death (13%).
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Figure 4. Carotid Bulb Diaphragm Form of Fibromuscular Dysplasia

@ Thin translucent
endoluminal diaphragm

Regular and thin

intraluminal filling defect

@ Carotid diaphragm on conventional angiography

E Macroscopic view of carotid bulb diaphragm

Axial appearance on the same examination

A, Conventional angiography of an
internal carotid artery showing a thin
translucent endoluminal diaphragm
(black arrowhead). B, Regular and
thin intraluminal filling defect on an
oblique reconstruction of cervical
computerized tomography-
angiography (white arrowhead).

C, Axial appearance on the same
examination (blue arrowhead).

D, Another example of carotid
diaphragm on conventional
angiography (black arrowhead).

E. Macroscopic view of carotid bulb
diaphragm: focal and
noncircumferential thin membrane
(white arrowhead) located on the
posterior wall of the carotid bulb.
The association of this entity with
multifocal or focal fibromuscular
dysplasia remains uncertain.

Carotid Bulb Diaphragm FMD

An entity called the arterial diaphragm or web was reported to share
similar histologic findings with FMD, with intimal fibroplasia without
atheromatous or inflammatory lesions being described in almost all
cases treated by surgery.>3%” Several authors estimate that this en-
tity could be the predominant form of FMD in black populations and
have classified it as atypical FMD.32 Arterial diaphragms are thin trans-
lucent endoluminal webs located in the carotid artery (especially in the
posterolateral side of the carotid bulb) or vertebral artery (V3 segment
orostium) and correspond to a linear defect seen on angiography that
donot change or disappear after modification of the patient's head po-
sition (Figure 4).3°-4 Since its first description of carotid FMD,*? more
than 50 cases with carotid bulb diaphragm FMD have been reported.
Diaphragms typically affect middle-aged adults, predominantly wom-
en, of African or Afro-Caribbean ethnicity, with no atherosclerotic risk
factors.3® The main clinical presentations are TIA or ischemic stroke ip-
silateral to the diaphragm, and a strong association between carotid
bulb diaphragm FMD and ischemic stroke has been reported in a
population-based case-control study.® Cerebral ischemia is estimated
to be mediated by an embolic mechanism because of stasis upstream
to the web or within an associated aneurysmal bulb or from focal dis-
section. In several cases, carotid diaphragm FMD was associated with
the presence of an aneurysmal bulb (sometimes called megabulb),*”44
which may also contribute to the risk of cerebral thromboembolism.
In the presence of TIA or ischemic stroke, the rate of recurrent ische-
miceventsin the same territory seems particularly highin patients re-

JAMA Neurology February 2019 Volume 76, Number 2

ceivingantiplatelet therapy, up to 30% at 1year in the largest cohort.3®
In cases of recurrent ischemic events despite medical management,
diaphragm exclusion with endarterectomy>® or stenting*® has been
proposed. The largest cohorts of patients undergoing diaphragm ex-
clusion by either method (N = 25) reported no recurrences after a
follow-up of 1to 2 years.

Management of FMD

In the absence of randomized trials in patients with cerebrovascu-
lar FMD, current medical and interventional strategies rely on ob-
servational data and expert opinion. Because of the high preva-
lence of aneurysms and dissections in other arterial beds (including
renal and aortic branch arteries), patients diagnosed with cerebro-
vascular FMD should undergo head-to-pelvic vascular imaging.

Cerebrovascular FMD Without Stroke Complications

In the presence of FMD without stroke complications, including as-
sociated asymptomatic cervical artery dissection, daily low-dose as-
pirin (75-100 mg/d) is a reasonable choice to prevent thromboem-
bolic complications, with no evidence to suggest that alternative
antiplatelet agents or combination therapy offers additional ben-
efit for primary stroke prevention.' Because of the prevalent involve-
ment of other arterial beds, a multidisciplinary approach should be
used.? Hypertension, which is commonly observed in patients with
FMD either due to essential or associated renal artery involve-
ment, needs to be controlled. Data comparing antihypertensive
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therapies in patients with FMD and hypertension are lacking, and
uncertainties remain about which drugs work best in this popula-
tion. Current guidelines on hypertension should therefore be fol-
lowed for these patients.*

In view of the high prevalence of unruptured intracranial aneu-
rysm, patients with FMD should also be encouraged to quit smok-
ing, but no data are available in the literature to recommend one
method to quit smoking compared with any others. Observational
studies of patients with cervical artery dissection suggest an in-
verse association between dyslipidemia and risk of dissection, in con-
trast with patients with atherosclerotic disease.*® Therefore, stat-
ins are not recommended for patients with FMD unless to treat
coprevalent dyslipidemia or atherosclerotic disease. Surgical or en-
dovascular therapy is not recommended for patients with asymp-
tomatic carotid FMD, regardless of the severity of stenosis.*” Pa-
tients should likely avoid chiropractic spinal manipulation and other
activities involving rapid hyperextension or lateral rotation of the
neck owing to the theoretical increased risk of cervical dissection.*®

Migraine and Pulsatile Tinnitus

Although migraine isacommon and potentially disabling disorder, to
our knowledge, no studies have assessed interventions for migraine
in patients with FMD. Whether typical treatment response differs in
patients with FMD or whether certain classes of pharmacotherapy
may have specific effects in FMD-related migraine remains unknown.
Similar medical management as in the general population is recom-
mended, although abortive triptan therapy or other sympathomimetic
agents should be used with caution owing to the potential for
vasoconstriction.?> Some studies suggest that patients with incapaci-
tating pulsatile tinnitus might benefit from psychological therapies,*°
although none of these studies focused on patients with FMD.

Unruptured Intracranial Aneurysm
In the shortage of data on predictors of rupture of intracranial an-
eurysm in patients with FMD, similar management as in the general
population should be proposed. Securing an unruptured intracra-
nial aneurysm (by surgical clipping or endovascular coiling) might
be discussed in the presence of risk factors for rupture.?®

Concern has been raised about the use of antiplatelet therapy
in patients with FMD because of the high prevalence of intracranial
aneurysm. There are insufficient data to establish an association be-
tween use of antiplatelet agents and risk of rupture of intracranial
aneurysm.?® The use of antiplatelet therapy seems reasonable in pa-
tients with FMD who have a small, unruptured intracranial aneu-
rysm. Patients with unruptured intracranial aneurysms who did not
undergo an intervention are often monitored with noninvasive
imaging, but predictors of aneurysm growth remain unclear and the
optimal frequency of follow-up is unknown.>©

Cerebrovascular FMD With Stroke Complications

In patients with FMD who have a TIA or ischemic stroke due to ar-
terial stenosis or dissection, management should be similar to that
of patients without FMD.®' In the acute phase, intravenous throm-
bolysis and/or mechanical thrombectomy are recommended in eli-
gible patients, while an antithrombotic agent is to be prescribed in
patients who are not eligible for intravenous thrombolysis. 262 Sec-
ondary prevention of TIA and ischemic stroke should be tailored to
the underlying stroke mechanism. Long-term antithrombotic therapy
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Box. Proposal for Future Research Priorities in Cerebrovascular
Fibromuscular Dysplasia (FMD)

1. Better determine the natural history of cerebrovascular FMD,
identify risk factors for cerebrovascular complications, and
address optimal symptomatic and preventive management in
cerebrovascular FMD. Also, more research is needed to risk-
stratify asymptomatic and benign FMD phenotypes from more
severe types with more disabling symptoms or higher risk for
stroke, associated cervical artery dissection, or intracranial
aneurysm formation. Prospective randomized clinical trials are
warranted in cerebrovascular FMD but limited by the relatively
small numbers of cases at single centers. Therefore, multi-
center trials or expanded registries remain a top research
priority. Apart from the US and the European registries, others
have been implemented in Argentina, Australia, China, Japan,
and Tunisia, and strategies to raise awareness of the existence
of these registries should be facilitated to help increase our
collective knowledge. The French research programs ARCADIA
(Assessment of Renal and Cervical Artery Dysplasia) and
PROFILE (Progression of Fibromuscular Lesions) are currently
addressing the coprevalence of cerebrovascular and renal FMD
and the risk of clinical or radiologic progression in a cohort of
about 500 patients.*

2. Provide further insight, beyond the PHACTRT (GenBank
221692) locus, into the genetics and pathophysiology of FMD
and associated cerebrovascular phenotypes, including
migraine, cervical artery dissection, and intracranial aneurysm.
We also need better pathophysiological understanding of the
mechanism of disease mediated by the PHACTRT locus on
downstream endothelin expression and physiology in the
arterial wall. Genetic data collection should be more promoted
among clinicians and patients to allow further sequencing
studies.

3. Characterize the mechanisms of migraine and/or headache in
cervical FMD as well as identify which treatment strategies are
safe and likely to be the most beneficial.

4. Elucidate whether there is an inflammatory or hormonal role in
the development, progression, and management of
cervicocephalic FMD.

5. Determine additional research priorities that are important to
patients with cerebrovascular FMD using patient advocacy
groups.

is recommended, but statins are not indicated in the absence of dys-
lipidemia or vascular atherosclerotic disease.>® Endovascular therapy
(eg, carotid angioplasty with or without stenting) is typically re-
stricted to patients with persistent cerebrovascular ischemia de-
spite optimal medical therapy,®>°>*>° while dissecting aneurysms
(ie, pseudoaneurysms) are at low risk of ischemic events or rupture
and rarely require endovascular treatment.>®>” If an endovascular
interventionis indicated, careful attention should be made to avoid
iatrogenic vascular injury during groin access or guided placement
of a catheter. However, whether cerebrovascular FMD increases the
risk of iatrogenic dissection or poststenting pseudoaneurysm de-
velopment is unknown.

The management of intracerebral hemorrhage and aneurys-
mal subarachnoid hemorrhage in patients with FMD does not dif-
fer from the management in those without FMD.>®>° There is lim-
ited evidence for endovascular or surgical treatment in cases of
intracranial dissection®® or moyamoya syndrome in the setting of
cerebrovascular FMD.®'
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Prognosis

Given the lack of high-quality population-based data, the risk of in-
cident and recurrent stroke in patients with cerebrovascular FMD
remains uncertain. Longitudinal studies of patients with cerebro-
vascular FMD (most of whom presented with TIA or ischemic stroke)
reported a risk of TIA or ischemic stroke during follow-up between
0.6% and 3.7% per year and a risk of intracerebral hemorrhage of
less than 1% per year®©2¢” (eTable 4 in the Supplement). Risk of pro-
gression of FMD in cervical or intracranial arteries was estimated to
be less than 1% per year, but no systematic imaging screening was
performed in these studies.®®>%” Looking at the most recent (>2015)
studies of patients with cervical FMD totaling approximately 100 pa-
tients (53% with previous TIA or stroke), the risk of all stroke or TIA
during follow-up was less than 0.5% per year.®” All patients but 1
with a follow-up event had a previous stroke, and none had a pro-
gression of FMD in the previously affected artery. Data from the US
Registry for Fibromuscular Dysplasia suggest that TIA and ischemic
stroke occur mainly in patients with an associated cervical

Fibromuscular Dysplasia and Its Neurologic Manifestations

dissection.? In the absence of stroke complications, the prognosis
of isolated cerebrovascular FMD appears relatively favorable, al-
though cerebrovascular events have been reported in previously un-
affected arteries, but data onrisk factors for progression of FMD are
lacking.>#

|
Discussion and Future Directions

Despite advancements in clinical and radiologic characterization of
FMD over time, significant knowledge gaps remain that should fos-
ter clinical and pathophysiological research in the neurologic mani-
festations of FMD. International research collaborations along with
inclusion of patientsin registries should be promoted to gain knowl-
edge of the mechanisms and evolution of FMD and to raise aware-
ness among clinicians and patients about this potentially disabling
condition. The Box presents what we believe the research priori-
ties specific to cerebrovascular FMD should be.
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eAppendix. Preferred Techniques for Computed Tomography-Angiography (CTA),
Magnetic Resonance Angiography (MRA) dbdplex Ultrasound in Cerebrovascular
Fibromuscular Dysplasia (FMD)

Computed tomogr aphy-angiography (CTA)

The preferred technique f@TA includes contrast bolus injection with bolus-tracking acquisition that allows
for detection of luminal defects and arterial wall dyspla$tast-processing is a helpful tool in the diagnosis of
fibromuscular dysplasi@EMD) involving the cervico-encephalic arteries, including volume rendering,
maximum intensity projection, and multi planar reconstruction.

M agnetic resonance angiography (MRA)

Several acquisition techniques and protocolsMdRA (such as “time-of-flight”, contrast enhanced time-of-
flight, or 3D contrast enhanced fast spin echo) are available but none of these sequences hawpaeshtoo

one another for the diagnosis of cerebrovascular FMD. However, dynamic contrast enhansement i
recommended to reduce artifact due to turbulence and flow modifidétldke CTA, post-processing tools of
MRA may further assist in the diagnosis for mild or focal forms of cervico-cephalic Eftii(e 2).

Duplex ultrasound

Duplex ultrasound may be used to diagnose and monitor patients with FMD involving the eidlaaratid
arteries but is less accurate than CTA or MIRAg(re 3). Ultrasound is also inadequate for the assessment of
vertebral or intracranial arteri€Ehe string of beads appearance, (visualised by multiple areas of focal hyper-
echoic thickening of the arterial wall alternating with thin dilated areas), is not commonlynseérasound.
Visualization of the beading, when present, can be facilitated by the use of three dimensioniaippler?
Common ultrasound findings include a combination of increased velocity of blood flow, tortuosity, and
turbulence in the mid to distal internal carotid arfery.
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eTable 1. Evidence Level of Studies Evaluating Epidemiology, Genetic Risk,
Presenting Manifestations, Cerebrovascular Clinical Manifestations, Management
and Prognosis in Neurological Manifestations of Fibromuscular Dysplasia According
to the Oxford Centre for Evidence-Based Medicine

Quality Rating Scheme for Studies and Other Evidence according to the Oxford Centre for
Evidence-based Medicine (https://www.cebm.net/2009/06/oxford-centre-evidence-based-medicine-
levels-evidence-march-2009/):

1. Properly powered and conducted randomized clinical trial; systematic review with meta-analysis
2. Well-designed controlled trial without randomization; prospective comparative cohort trial

3. Case-control studies; retrospective cohort study

4. Case series with or without intervention; cross-sectional study

5. Opinion of respected authorities; case reports

Manuscript sections Number of studies included by evidence level

Classification and - 1 Level 4 study (Southerland, 2013)’

diagnostic criteria - 2 guidelines/statements (Persu, 2014; Olin, 2014)?3

Imaging - 3 level 4 studies (Touzé, 2010; Varennes, 2015; Zhou, 2005)*6

- 1 level 5 study (Arning, 2004)”
- 1 guideline/statement (Persu, 2014)°

Epidemiology - 7 Level 3 studies (Schievink, 1996; Olin, 2012; Saw, 2013; Saw,
2014; O’Connor, 2016; Plouin, 2017)%'3

- 2 level 4 studies (Pasquini, 2015; Southerland, 2013)":14

- 2 Level 5 studies (Touzé, 2010;Camuglia, 2008)51°

- 1 guideline/statement (Olin, 2014)?

Genetic risk - 5 Level 3 studies (Bofinger, 2000; Bofinger, 2001; Poloskey, 2012;
Kiando, 2015; Kiando, 2016)'6-2

- 5 level 4 studies (Schievink, 1996; Grimbert, 1998; Marks, 2011;
Southerland, 2013; Gupta, 2017)"21-24

- 7 Level 5 study (Fleischer, 1978; Kousseff, 1989; Lancman, 1991;
Schievink, 1994; Schievink, 1994; Solder, 1997; Ganesh, 2014)25-30

Presenting and - 33 Level 3 studies (Houser, 1971; Ehrenfield, 1974; Manelfe, 1974;
cerebrovascular clinical Osborn, 1977; Boudin, 1977; Effeney, 1980; Corrin, 1981; So, 1981;
manifestations Collins, 1981; Wells, 1982; Mettinger, 1982; Kelly, 1982; Stewart,

1986; Wesen, 1986; Moreau, 1993; Cloft, 1998; Liu, 2012; Olin, 2012;
Kirton, 2013; Debette, 2014; Béjot 2014; Joux, 2014; O’Connor, 2015;
Pasquini, 2015; Choi, 2015; Kadian-Dodov, 2016; Joux, 2016; Green
2016; Hariott, 2017; Plouin, 2017; Haussen, 2017; Lather, 2017; de
Groote, 2017)8°914.31-60

- 8 Level 4 studies (Belen, 1996; Faggioli, 1996; Nakamura, 2000;
Kubis, 1999; Southerland, 2013; Lenck, 2014; Touzé, 2010; Ukkola-
Pons, 2012)1,6,36,61-66

- 2 Level 5 studies (Choi, 2014; van de Nes, 2017)%7:68

Management - 3 level 3 studies (O’Connor, 2015; Debette, 2014; Larsson,

201 7)50,69,70

- 2 level 4 studies (Touzé, 2001; Schirmer, 2011)7".72

- 3 Level 5 studies (Debette, 2009; Debette, 2015; Hage, 2015)8°73.74

- 13 guidelines/statements (Brott, 2011; Connolly, 2012; Rahme, 2013;
Biller, 2014; Kernan, 2014; Olin, 2014; Persu, 2014; Etminan, 2015;
Hemphill, 2015; Etminan, 2016; Searchfield, 2017; Powers, 2018;
Whelton, 2018) 23487584

Prognosis - 1 Level 3 study (Olin, 2012)°
- 7 level 4 studies (Corrin, 1981; Wells, 1982; Wesen, 1986; Stewart,
1986; Liu, 2012; Pasquini, 2015; Hariott, 2017)'4:33.36.39.45-47
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eTable 2. Summary of the Largest (=15 Patients) Case Studies of Patients With Cerebrovascular Fibromuscular Dysplasia

Study,ef N Mean Characteristics, % Setting Clinical presentation, % (non exclusive) IC FMD, %
patient | (range | Wome | Smokin | HT TI | IS | IC | SA | CeAD Other Tinnitu | Headaches | Ul | Strin
s ) age, n g N A|S® | H H $ symptom s or * A g of
yrs S bruit* bead
s
Houser, 52 NR 94 NR NR | Radiology| 8 | 12| 2 17 NR 25 0 NR 6 0
19711 (12-
78)
Ehrenfield 20 52 90 NR NR | Surgery | 35 |35 | O 9 NR 26 15 NR NR | NR
, 19742 (NR)
Manelfe, 70 54 74 NR 31 Radiolog | 13 | 41 | NR | 40 4 13 17 14 NR 83
19743 (17- y
75)
Osborn, 25 46 80 NR NR | Radiolog | 40 |24 | O 32 NR 8 4 NR 30 20
19774 (4-71) y
Boudin, 37 47 85 NR NR | Neurolog 70 0 0 NR 14 16 NR NR | NR
19775 (NR) y
Surgery
Effeney, 76 58 97 NR NR | Surgery | 42 |22 | O 0 NR 6 23 NR 13 0
1980¢ (27-
83)
Corrin, 79 58 94 NR 29 Neurolog 8 9 0 13 NR 61 8 NR NR 0
19817 (18- y
76)
So, 32 57 100 NR NR | Neurolog | 28 | 28 | 0O 16 NR 16 13 NR 22 9
19818 (34- y
78)
Collins, 18 60 100 NR NR | Surgery 50 0 0 NR 44 39 NR 5.5 NR
1981° (40-
80)
Wells, 17 58 94 NR NR | Surgery | 53 | 0 0 0 NR 35 29 38 NR | NR
198210 (36-
74)
Mettinger, 37 48 81 NR NR | Radiolog | 11 | 8 8 49 NR 24 38 78 49 2.7
1982 (24- y
70)
Kelly, 40 NR 85 NR NR | Surgery [ 30 | 10| O 0 NR NR 30 43 NR NR
198212 (38-
78)

© 2018 American Medical Association. All rights reserved.




Stewart, 49 58 98 NR NR | Surgery | 35 |27 | 6 NR NR 42 6 4 8 NR
198613 (29-

82)
Wesen, 30 59 77 47 40 Surgery | 53 |10 | O 3 NR 26 NR NR NR | NR
1986 (20-

77)
Moreau, 58 55 60 NR 25 Surgery 43 0 0 NR 53 NR 22 NR NR
199315 (20-

76)
Liu, 19 46 53 NR NR | Radiolog | & |95 | O 0 74 0 NR 16 5 16
201216 (32- y

64)
Pasquini, 36 57 89 36 39 | Neurolog | 17 | 47 | O 5.6 25 0 5.6 NR 5.6 25
2015" y
Hariott, 81 53 96 49 68 | Vascular | 24 | 7 0 4 35 36 30/43 52 NR | NR
201718 (19- Medicine

83)
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HTN : hypertension — TIA : transient ischaemic attack (including amaurosis fugax) — IS : ischaemic stroke — ICH : intracranial
haemorrhage — SAH : subarachnoid haemorrhage — UIA : unruptured intracranial aneurysm — CeAD : cervical artery dissection — IC
FMD: intracranial fioromuscular dysplasia - NR : not reported — NC : not clear — * symptoms reported at any time (where available) — ®
patients with IS and CeAD are included in both columns.
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eTable 3. Genetic Investigations and Syndromic Reports of Fibromuscular
Dysplasia!

Gene/ syndrome Renal fibromuscular dysplasia | Cerebrovascular
fiboromuscular
dysplasia

ACE Insertion allele associated? n/a

AT1R No association? n/a

AGT No association? n/a

Elastin No association® n/a

No association*

Alpha-1-antitripsin Case report®

Case reports®?®

ACTA2 No association® No association"
TGFBR1 and i\(/j?arr;?irf}teSdOf unknown significance No association’
TGFBR2 n/a No association’
collagen 3A1 n/a No association’
SMAD3 n/a No association"
I No association '
Fibrillin (Marfan syndrome) n/a Case report™2
Down Syndrome Case report™ n/a
Turner Syndrome n/a Case report™
Neurofibromatosis | Case report'® n/a

n/a - not available

ACE: angiotensin | Converting Enzyme

AT1R: angiotensin |l type 1 receptor

AGT: Angiotensinogen

ACTAZ2: smooth muscle alpha (a)-2 actin

TGFBR: transforming growth factor, beta-receptor
SMAD3: mothers against decapentaplegic homolog 3
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eTable 4. Prognosis of Patients With Cerebrovascular Fibromuscular Dysplasia (FMD)

Study,ef N Clinical presentation (%) Follow-up Cerebrovascular events during follow-up, n (%/year)

patients TIA/ischemic ICH | SAH | CeAD (years) TIA/ischemic ICH SAH CeAD FMD progression
stroke stroke

Corrin, 79 15 0 13 NR 5 3(0.76) NR NR NR NR

1981

Wells, 16 53 0 0 NR 3.8 2 (3.29) NR NR NR 0

19822

Wesen, 30 63 NR 3 NR 1.8 2 (3.70) NR NR NR NR

19863

Stewart, 35 61 6 6 NR 6.5 0 0 NR 0 NR

1986*

Liu, 19 100 0 0 74 2.2 0 0 NR NR NR

20125

Pasquini, 36 64 0 6 25 3.5 4 (3.18) 1 NR 1 1(0.79)

20158 (0.79) (0.79) (stenosis)

Hariott, 67 23 0 4 35 24 1(0.62) 0 NR 0 1 (0.62) (new

20177 intracranial aneurysm)

TIA: transient ischemic attack — ICH: Intracranial hemorrhage — SAH: subarahnoid hemorrhage — CeAD: Cervical Artery dissection — NR: not reported
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eFigure 1. PRISMA Flow Diagram Describing Identification, Screening, Eligibility, and Inclusion of Studies in the Systematic Review
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eFigure 2. Mild Cervical and Focal Form of Fibromuscular Dysplasia (FMD)

A. Lateral conventional angiography of a right internal carotid artery (black arrow).

B. Conventional angiography of a left vertebral artery (black arrow).

C. 3D T1 contrast enhanced MRI in maximum intensity projection reconstruction in coronal view of a bilateral focal form of
cervical FMD (white dotted arrow).

D. Conventional angiography of a left cervical internal carotid artery in a patient with a unifocal FMD lesion (black arrow head).
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eFigure 3. lllustrative Clinical Case of Diffuse Fibromuscular Dysplasia (FMD) in a
Young Woman

46-year old woman, with acute headache and confusion admitted with a CT scan showing a severe subarachnoid bleeding
(Fisher 1V) due to the rupture of a large dissecting aneurysm of the proximal segment of the right middle cerebral artery (A,
white arrow). The patient presented a diffuse FMD which on internal carotid (B, white dotted arrow) and vertebral (C, black
arrow head) arteries. Renal artery angiography also showed FMD on the left (D, black arrow). The patient was successfully
treated by a combination of endovascular and neurosurgical intervention.

© 2018 American Medical Association. All rights reserved.



