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Abstract

Objective: Fibromuscular dysplasia (FMD) is an uncom-
mon non-inflammatory and non-atherosclerotic cause of
arterial disease that may result in stenosis, tortuosity,
aneurysm, or dissection. The clinical presentation de-
pends on the vascular bed involved and ranges from
asymptomatic to multisystem disease and end organ
ischemia. The purpose of this article is to review the role
of imaging in patients with FMD with an emphasis on
renal FMD. The relevant epidemiology, histopathology,
imaging techniques, and interpretation of images will be
discussed.

Conclusion: Renal artery FMD requires a high index of
suspicion for accurate and prompt diagnosis and imple-
mentation of appropriate therapy. The treatment will
vary based on clinical presentation and distribution of
involvement. Noninvasive imaging with duplex ultra-
sound (US), computed tomography (CT), and magnetic
resonance imaging (MRI) are reasonable alternatives for
the depiction of FMD in comparison to catheter-directed
angiography (CA). Patients with FMD are often treated
by multispecialty practice including the interventional
radiologist.
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Fibromuscular dysplasia (FMD) is an idiopathic nonin-
flammatory, non-atherosclerotic arteriopathy that may
result in stenosis, tortuosity, aneurysm, or dissection [1—
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3]. Currently, there are no large population-based studies
investigating the prevalence of FMD in the community,
or it is not known whether it varies by ethnic or racial
groups [4]. Although historically considered rare, more
recent data suggest FMD may be more common than
initially believed. Data from asymptomatic, healthy
kidney donors suggest that up to 4% may have FMD [1,
3, 5-8]. For patients with resistant hypertension, the
prevalence may be even higher [9]. FMD is also
increasingly being reported as an incidental finding when
patients are imaged for other indications [4].

Most often, middle-aged women between their 3rd
and 6th decades are affected, although FMD also affects
men and has been described in all ages [1, 10]. Notably, a
mean delay of 4-9 years from the time of first symptom
to diagnosis of FMD has been reported [4, 11]. Although
any artery in the body may be involved, the renal, car-
otid, and vertebral arteries are most common. In a recent
multicenter registry of 447 FMD patients in the United
States, the most common vascular territories involved
were the renal arteries (79.7%), followed by extracranial
carotid artery (74.3%), external iliac artery (60%), ver-
tebral artery (36.6%), mesenteric arteries (26.3%),
intracranial carotid artery (17%), and brachial artery
(15.9%) [4]. Simultaneous involvement of multiple vas-
cular beds is not uncommon (Figs. 1, 2) [4].

Obtaining an accurate diagnosis of FMD is crucial to
appropriate treatment planning for the predominantly
young and otherwise healthy patient with FMD. In the
case of renovascular FMD, the approaches to therapy
and outcomes differ considerably with respect to patients
with atherosclerotic renal artery disease [12—15]; in some
cases, catheter-based angiogram with planned angio-
plasty may be indicated at the outset with the goal of
improved hypertension control or even cure [2, 16]. Ca-
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Fig. 1. 57-year-old male with history of intracranial aneur-
ysm with FMD involvement of multiple vascular beds at
MRA. Coronal MIP image (A) demonstrates mild renal artery
FMD, greater on the left, without aneurysm (arrows). The

Fig. 2. 78-year-old female with FMD involvement of multiple
vascular beds at CTA. Oblique volume-rendered image A
shows multifocal areas of alternating stenosis and aneurysm
involving the right renal artery and proximal celiac artery.

theter-directed digital subtraction angiography (CA) is
considered the reference standard imaging modality for
renovascular FMD. Duplex ultrasound, computed
tomography (CT), and magnetic resonance imaging
(MRI) are increasingly being employed for the nonin-
vasive assessment for renovascular disease with promis-
ing results. In this review, we highlight the role of clinical
and histopathologic features of FMD, imaging findings,
and advanced imaging techniques in the evaluation of
patients with suspected FMD, with an emphasis on
findings in the renal vascular territories.

kidneys were otherwise normal in size and contour. Oblique
volume-rendered reformatted image (B) shows alternating
aneurysms and stenoses involving the celiac artery and
SMA (arrows).

Dissection resulting in long segment high-grade stenosis or
occlusion of the SMA (arrow) is present with collateral vessel
formation. Curved planar reformat B shows FMD involvement
of the left internal carotid artery (arrow).

Clinical features

The clinical presentation of FMD depends on the dis-
tribution of arterial involvement and may vary from
asymptomatic to severe multisystem dysfunction and
uncommonly, end organ ischemia. These presentations
are directly related to the underlying pathology such as
stenosis, tortuosity, aneurysm, or dissection [1]. Renal
artery involvement most commonly presents as hyper-
tension [1]. There is increasing awareness of patients
presenting with severe headaches and hypertension, in
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which there is simultaneous involvement of the renal and
carotid arteries. Furthermore, there is also a growing
observation that patients with FMD experience sponta-
neous coronary artery dissection [17]. In contrast to pa-
tients with atherosclerotic renovascular disease, renal
failure/insufficiency is a rare clinical manifestation of
FMD in adults and was only seen in 2% of the US
Registry [4, 10]. The etiology of FMD is unknown;
various environmental (smoking), hormonal (exposure
to endogenous or exogenous estrogens), and mechanical
(repeated stretching of the renal artery) factors have been
described, but the exact association remains unclear [18,
19]. Familial cases are estimated to represent 7%—11% of
all FMD patients [4, 20], and recently an association with
the PHACTRI1 gene was identified which is also associ-
ated with spontaneous cervical dissection [21]. A 2014
study found elevated plasma levels of circulating trans-
forming growth factors (TGF)-f1 and TGF-f2 and ele-
vated secretions of TGF-f1 and TGF-f2 by fibroblasts
in FMD patients compared to controls; however, the
significance of these findings is not clear and remains to
be confirmed [22]. When patients with FMD were sur-
veyed for other heritable-connective tissue diseases, such
as Ehlers-Danlos, Loeys-Dietz, Marfans, and genes
associated with familial thoracic aortic aneurysm and
dissection, there was no significant overlap of disease
[23].

Histopathologic classification

FMD has historically been classified histopathologically
based on the most affected arterial wall layer (intima,
media, or adventitia) and the composition of the arterial
lesion (fibroplasia or hyperplasia of smooth muscle cells)
[24]. The classification scheme was initially described for
the renal arteries, but may be applied to other vascular
beds [10]. Medial FMD is the most common histological
variant and is further divided into medial fibroplasia,
perimedial fibroplasia, and medial hyperplasia [24].
Medial fibroplasia, which presents as the classic “string-
of-beds” on angiography, accounted for 60-70% of
FMD in initial reports and >90% today [4]. Perimedial
fibroplasia, ‘“beads” of which are smaller and less
numerous than those seen in medial fibroplasia, previ-
ously accounted for 15-25% of FMD but now only
represents <1% [4]. Medial hyperplasia is the least
common variant of medial FMD, accounting for <1%
of cases. Intimal fibroplasia and adventitial fibroplasia
account for 1-2% and < 1% of lesions, respectively, and
typically present as tubular or focal stenosis [18]. Recent
data from the US FMD Registry reported nearly 25% of
patients in the registry experienced a dissection, and 21%
experienced an aneurysm by the time of FMD diagnosis,
although these numbers may underestimate the fre-
quency of aneurysm and dissection in this disease due to
a lack of systematic screening with cross-sectional
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imaging of patients with FMD [25]. Aneurysm and dis-
section are believed to represent complications of the
disease and not separate histopathological entities [4, 10].
More than one histopathologic subtype can be present
simultaneously in the same patient, although it occurs
infrequently [4, 26]. Often, the findings at histology often
correspond to the appearance at imaging.

Today, FMD is a disease that is almost exclusively
diagnosed radiographically. Very few histopathologic
samples are obtained for diagnostic purposes. The 2012
European Consensus proposed a simplified radiographic
classification of multifocal, tubular (=1 cm), and unifocal
(<1 cm stenosis) FMD [2]. The latter two entities were
further combined into a single definition of focal disease
[2, 11]. This binary angiographic classification (multifo-
cal vs. focal) was successful in distinguishing between
two distinct clinical phenotypes: patients with focal
FMD were younger at diagnosis, more likely to be male,
more frequently smokers, and had higher blood pressure
at presentation than the multifocal group [11]. The
American Heart Association Scientific Statement pub-
lished in 2014 also supports the use of a binary angio-
graphic classification of multifocal or focal FMD [18]. In
brief, the multifocal lesions with alternating areas of
stenosis and dilatation correspond with the classic
“string-of-beads” appearance of FMD. Focal disease is
defined as a focal concentric or tubular stenosis that is
not necessarily confined to the mid and distal portions of
the artery [16]. Associated secondary findings such as
aneurysm, dissection, and arterial tortuosity may be
present with both phenotypes.

Imaging findings

Imaging studies play an important role in detecting or
confirming the diagnosis of suspected FMD and associ-
ated complications by demonstrating the typical arterial
abnormalities. Advanced cross-sectional imaging tech-
niques also provide important information regarding
renal morphology.

The right main renal artery is more commonly af-
fected by FMD but bilateral vessel involvement can be
seen in 32-54% of cases (Fig. 3) [14, 27, 28]. Distribution
of disease may include the main renal artery alone or
combined main renal artery and branch vessel involve-
ment. Isolated branch vessel involvement is rare. FMD
findings are most commonly identified in the mid to
distal portion of the renal artery and major branches,
whereas atherosclerotic renal artery disease tends to af-
fect the ostia and proximal artery [1]. As aforementioned,
the “‘string-of-beads” appearance of the renal arteries is
the most common finding at imaging and is characteristic
of multifocal FMD (Fig. 4) [29]. While the overall effect
of alternating stenosis and dilation in multifocal FMD
may be arterial stenosis, it is impossible to assess the
degree stenosis by radiographic imaging alone—only
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Fig. 3. 52-year-old male with bilateral renal artery FMD. CA PTA of both renal arteries. Coned down CA image of the right
(A) shows focal disease in the distal right renal artery (black  renal artery web before (B) and MRA volume-rendered refor-
arrow) and a 1.2 cm dissecting aneurysm of the distal left renal mat after (C) shows resolution of the finding (arrow). Axial
artery (green arrow). Diminished enhancement of the left kid- phase-contrast noncontrast MRA (D) was also performed,
ney is present (not shown). The patient underwent successful showing the distal left renal artery aneurysm (arrow).

1

Fig. 4. 47-year-old female with history of refractory  focal beading of the mid and distal right renal artery at
hypertension and medial fibroplasia. Volume-rendered 3D CTA. Two small distal renal artery aneurysms are present
reconstruction (A) and MIP image (B) demonstrate multi- (arrows).
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Fig. 5. 57-year-old patient presents with right lower quad-
rant pain. CTA coronal reformat (A), MIP reformat (B), and
volume-rendered reformat (C) show a long segment stenosis
(white arrow) of the proximal and mid right renal artery with
mild wall thickening. A small 4 mm aneurysm in the mid right
renal artery (green arrow) is noted. Using center line tool (D)

intra-arterial assessment of the pressure gradient across
the lesion is able to accurately assess the hemodynamic
effect of FMD (systolic gradient of <10 mm Hg is
considered normal) [16, 30, 31].

Complications of FMD include renal artery aneur-
ysm and dissection and are well depicted at imaging.
According to Olin et al., out of 447 cases of FMD, 5.6%
had renal artery aneurysm, and 4.3% had renal artery
dissection [4]. Renal artery occlusion occurs uncom-
monly, however when present, it may cause renal
infarction (Figs. 5, 6). Renal parenchymal changes
including volume loss, decreased cortical thickness, and
decreased length may occur in the context of unilateral
disease [10], most often with focal disease or post-arterial
dissection. Kidney size asymmetry (>2 cm difference) is
considered a significant surrogate of underlying renal
artery stenosis, and kidney atrophy has been advocated
as a parameter quantifying the effect of FMD on the
renal artery, as well as a surrogate marker favoring
revascularization [32, 33]. Differential diagnostic con-
siderations for renal FMD at imaging include
atherosclerotic disease, Ehlers-Danlos syndrome, Wil-

with corresponding oblique multiplanar reformat (E), dissec-
tions with long segment stenosis (white arrow) and aneurysm
(green arrow) are well delineated. Coronal reformat (F) shows
segmental infarction of the right lower kidney (white arrow)
due to branch vessel occlusion (not shown).

liams’ syndromes, inflammatory vasculitis, and type 1
neurofibromatosis [3].

Imaging techniques

The most commonly employed imaging methods include
catheter-directed angiography (CA), conventional and
Doppler (Duplex) ultrasound, CT, and MRI.

Catheter angiography

Patients with suspected FMD are usually referred to an
interventional radiologist to confirm the diagnosis and
for therapeutic intervention. Catheter-directed angiog-
raphy (CA) remains the gold standard imaging modality
for the diagnosis of renovascular FMD. If properly
performed, CA provides anatomic information by pre-
cisely depicting the abnormal arterial findings including
the degree, nature, and extent of arterial stenosis. CA
also enables quantitative hemodynamic assessment for
FMD through direct pressure measurements and
intravascular ultrasound (IVUS) [1]. IVUS has been
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shown to delineate renal artery endoluminal abnormali-
ties including eccentric ridges, fluttering membranes, and
spiraling folds even when CA was normal [30]. Fur-
thermore, the excellent spatial resolution (<0.1 mm) of
CA allows for assessment of not only the typically in-
volved medium sized vessels, but also excellent delin-
eation of smaller and peripheral branch vessels (Fig. 7).
Disadvantages of CA include invasiveness, exposure to
ionizing radiation, and iodinated contrast agents. Intra-
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arterial carbon dioxide is a reasonable alternative to
iodinated contrast in CA for patients with renal function
impairment [34].

An important pitfall that the radiologist should be
aware of on CA is the phenomenon of “‘standing waves,”
which is a potential angiographic mimic of FMD.
Standing waves also demonstrate a beaded appearance
of an arterial segment. Standing waves are a benign
phenomenon with an uncertain etiology. Various mech-

Fig. 6. 46-year-old female with FMD. Coronal HASTE
MRI shows atrophic left kidney with multifocal areas of
cortical scarring. Coronal oblique reformat from contrast-
enhanced MRA shows left renal artery occlusion immedi-

Fig. 7. 38-year-old female with hypertension. MIP image from
CTA performed for screening shows subtle irregularity of the
mid right renal artery (white arrow in (A)). Given concern for
FMD, catheter-directed digital subtraction angiography (B) was

ately distal to the ostia, most likely due to dissection, and
multifocal areas of right renal artery stenosis and luminal
irregularity. The right kidney was otherwise normal in size
and contour.

-

subsequently performed revealing multifocal areas of main
renal artery luminal irregularity (white arrow) and segmental
branch vessel involvement (green arrow). The segmental
branch vessel involvement was better delineated at DSA.



2054

anisms for the development of standing waves have been
proposed including vasospasm, vessel response to rapid
injection of contrast material, or flow-related artifact
[35]. Interestingly, standing waves have been noted to
resolve with the use of a vasodilator in some reports or
even upon re-injection of contrast [36, 37]. Distinction
between standing waves and FMD can be suggested as
standing waves typically produce regular and transient
findings, whereas FMD tends to be irregular and fixed
[35].

Duplex ultrasound

The advantage of duplex ultrasonography lies in the
availability of various modes of noninvasive ultrasound
interrogation, enabling comprehensive anatomic and
hemodynamic assessment of the vasculature. In FMD,
the combination of findings on Duplex modalities is key
to the diagnosis. Duplex ultrasonography, which in-
cludes real-time brightness mode (2D B-mode) and color
pulsed-wave Doppler, has an established high sensitivity
and specificity in the diagnosis of renal artery stenosis,
via direct parameters including the arterial Peak Systolic
Velocity (PSV) and the Renal-to-Aortic Ratio (RAR)
[38]. Proper technique is essential given the challenges to
sonographic imaging of the renal vasculature, including
accurate identification of the vessels, overlying bowel
gas, respiratory motion, and patient cooperation.

2D B-mode interrogation is tailored to the anatomic
evaluation of the renal artery vasculature (including
main renal arteries and accessories arteries) and gener-
ates an image based on short ultrasound pulsed waves
that are dispersed into tissue using a 2.5-3 MHz phased
array or curved linear transducer. Power Doppler anal-

o L%?m
e 9 A
PS 243.0 cmis B

ED 76.6 cm/s

RI 0.68

INVERT

S. Lewis et al.: Multimodality imaging of fibromuscular dysplasia

ysis may be of benefit when there is difficulty locating the
arteries given increased sensitivity to the detection of
flow [33]. 2D B-mode imaging findings suggestive of
FMD include vessel tortuosity, artery dissection, or an-
eurysm (Fig. 8). Arterial dissection is identified on B-
mode imaging as an intimal flap with separation of flow
on color Doppler analysis.

Interrogation of the B-mode image with pulsed-wave
Doppler using a 60-degree angle of insonation allows for
optimal hemodynamic assessment. Sequential velocity
measurements are obtained in all portions of the renal
arteries and primary branches, including assessment for
vessel tortuosity, flow turbulence, and velocity shifts.
Random spot-checking of areas in the renal artery is not
sufficient, and focal lesions can be potentially missed [33,
38, 39]. The diagnosis of fibromuscular dysplasia is
subjective and relies on a characteristic pattern of tur-
bulence, tortuosity, and velocity shifts in the mid or
distal renal artery (Fig. 9) [33, 38, 39]. Typical renovas-
cular FMD manifests as stenosis of the mid-distal renal
arteries but focal disease may cause isolated stenosis in
any portion of the renal artery and, if proximal, may be
mistaken for atherosclerosis [11]. The spectral waveform
distal to the stenosis may appear blunted and broadened,
termed ‘“‘parvus—tardus” morphology. When this is ob-
served, the proximal artery should be assessed to identify
the area of stenosis. Increased diastolic flow distal to a
stenotic lesion may also be present, as the vasculature
dilates in response to obstructed arterial in-flow, al-
though in the case of increased renal cortical resistance
(i.e. nephrosclerosis secondary to long-standing hyper-
tension), a high resistant waveform may be present in-
stead [33]. Visualization of beading is only rarely seen on
duplex ultrasound, and the degree of arterial stenosis

Fig. 8. Left renal artery
with FMD. The mid artery
demonstrates increased
velocities (PSV 243 cm/s)
with color mosaicism and
mixing indicative of
turbulence and an area of
hemodynamically significant
stenosis. The waveform
exhibits spectral broadening
typical of nonlaminar flow.
The distal artery
demonstrates tortuosity,
which is a nonspecific,
although common, finding in
FMD.
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RT FLANK, LLD

Fig. 9. Duplex ultrasonographic findings of FMD using B-
mode and Color Flow Doppler Imaging. Color images repre-
sent various times in a recorded CFDI cine loop (A) B-mode
image demonstrating some irregularity of the renal artery wall.

cannot be accurately determined due to multifocal areas
of stenosis and dilatation. Therefore, reporting a percent
stenosis by visual assessment alone is not accurate and is
strongly discouraged [16]. At our institution, it is practice
to describe the features of FMD when seen on duplex
ultrasound as: “There is turbulence, tortuosity, and ele-
vated velocities seen in the mid-distal renal artery. This is
consistent with (or may be seen with) FMD.”

Ideally, velocity flow, color Doppler, and spectral
waveform findings can be reproduced in two views (an-
terior and oblique) or captured using a recorded cine
loop to confirm the diagnosis. An elevated ratio of the
renal artery and the juxta-renal aorta PSV or ‘“‘renal-to-
aortic ratio” (RAR) is a validated index of proximal
renal artery stenosis, although some report detecting
mid-distal disease in FMD, later confirmed on angiog-
raphy or IVUS, using a threshold RAR >2-3.5 [30, 40,
41]. This measure is inaccurate in the setting of low or
high aortic peak systolic velocities (<40 and >100 cm/s
respectively) and to date has not been validated for FMD
[32, 33, 38].

Additional indirect measures of renal artery stenosis
include the renal resistive index (RRI), acceleration time
(AT), and acceleration index (AI), although only the
RRI and AT have been evaluated in studies with FMD
patients [30, 41, 42]. Overall, these measures are not as
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B RT FLANK, LLD

D

B Appearance of normal color flow in the same segment in
late systole and diastole. C, D Increasing mosaicism and color
mixing observed in the same region representing nonlaminar
flow and turbulence in early systole.

reliable as direct Doppler color flow analysis and veloc-
ities. The constellation of findings using gray scale and
color Doppler assessment may suggest and characterize
the diagnosis of FMD, and further assessment with other
imaging techniques such as CA/IVUS, CTA, and MRA
should be considered in more ambiguous or challenging
cases. In the post-procedure setting, duplex ultrasonog-
raphy is a robust imaging modality for surveillance of the
renal arteries [2, 4].

CT angiography

CTA has been increasingly used for the noninvasive
imaging evaluation of renovascular disease given
excellent image quality, high spatial resolution, and
reproducibility. CTA is also readily available and quick
to perform. CTA of the neck, chest, abdomen, and
pelvis can be easily performed in a single acquisition.
Multiplanar reformatted images (MPR) and maximum
intensity projection images (MIP) reliably demonstrate
arterial FMD [34]. The spatial resolution of CTA
(0.5 mm) is superior to MRA (1-2 mm), yet remains
inferior to DSA (<0.1 mm). Additional advantages of
CTA are the visualization of the vessel wall, vessel lu-
men, and renal parenchyma [30, 34]. Renal size dis-
crepancy and cortical thinning are additional findings
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Fig. 10. 54-year-old female presented with resistant hyper-
tension. Volume-rendered image obtained from CTA A shows
the typical beaded appearance of right renal artery FMD (arrow).
The left renal artery was occluded (dashed arrow) with atrophy of

that may be present in unilateral FMD and are well
delineated on CTA. Potential disadvantages include
slightly greater radiation dose delivered for CTA and
the exposure to iodinated contrast agents. With
improvements and advances in CT technology, includ-
ing multidetector row CT, automated dose modulation,
new image reconstruction algorithms, and the use of
dual energy CTA, reductions in CT radiation dose may
be achieved.

CTA has performed very well compared to DSA for
the diagnosis of atherosclerotic renal artery stenosis [43,
44]. Few authors have investigated the accuracy of CTA
compared to CA for FMD with promising results. In a
study of 21 hypertensive patients with CA-proven FMD,
all 40 lesions (100%) were retrospectively identified at
CTA [45]. CTA made the diagnosis of renal artery FMD
in 100% of patients (n = 20) with a per-lesion sensitivity
of 87% when both axial and reformatted images were
evaluated in a separate retrospective study [46]. These
excellent results are contrary to the work of Vasbinder
et al. ??In this study, 356 patients with suspected renal
artery stenosis (including atherosclerotic disease and
FMD) underwent prospective CTA, MRA, and CA. 26
of 72 patients with RAS were diagnosed with FMD
(36%). The sensitivity and specificity of CT compared to
CA were 64 and 92%, respectively. The authors note that
the low detection rate may be related to suboptimal
imaging technique, reader inexperience, and patient
selection bias [47]. An additional consideration is that the
findings at CTA may not always correspond to a pres-
sure gradient characterized at CA. The significance of
this discrepancy warrants further investigation (Fig. 10).
Initial work demonstrating that CTA was less reliable for
the assessment of distal and branch vessel lesions is likely
to be overcome with improved CT technology, spatial
resolution, and advanced three-dimensional reformats
[48, 49].
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the left kidney. The patient subsequently underwent CA (B),
which confirmed the findings of right renal artery FMD (arrow)
and left renal artery occlusion (dashed arrow). However, no
pressure gradient in the right renal artery was identified at CA.

MR angiography

MRI is a robust tool in the diagnosis of renal arterial
disease and FMD given its lack of ionizing radiation,
superior soft tissue contrast resolution, and multipara-
metric capabilities. MR angiography (MRA) may be
performed with or without intravenous contrast. Con-
trast-enhanced MRA is considered the noninvasive ref-
erence standard for detection of renal artery stenosis in
some series [50]. Noncontrast MRA techniques are also
increasingly attractive in the era of NSF, for patients
with impaired renal function or gadolinium contrast al-
lergy. Prior work has shown reasonable agreement of
noncontrast MRA techniques including phase contrast
and time of flight with contrast-enhanced MRA. These
older techniques are limited to main renal arteries with
have poor assessment of distal arterial or branch vessel
disease [S1, 52]. Newer noncontrast MRA techniques,
such as balanced steady-state free precession (Bal-SSFP)
and arterial spin labeling (ASL), represent promising
alternatives to contrast-enhanced MRA or CA [53, 54].
Glockner et al. showed that the intrarenal segmental
arterial branches were better delineated on Bal-SSFP
MRA compared to contrast-enhanced MRA [55].

The same anatomic findings, including the presence
and the severity of arterial stenosis, the presence of
accessory renal arteries or variant anatomy identified on
Duplex US or CTA, are also present on MRA. MRA
similarly demonstrates morphologic information includ-
ing renal size and cortical thickness. Dissection is the
most common cause of renal artery occlusion in FMD,
and MRI is useful for demonstrating the dissection flap
and abnormal signal intensity within the two lumens [34,
56].

A significant disadvantage of MR-based techniques is
the inferior spatial resolution of MRA compared to CA
or CTA, limiting the assessment of the branch vessels for
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Fig. 11. Focal FMD in an 18-year-old male with refractory
hypertension. MIP-reformatted image from CTA shows irreg-
ular long segment luminal narrowing and irregularity of the
right renal artery without focal aneurysm (A). Reformat using
center line tool demonstrates the area to involve the mid and

involvement and for the detection of subtle irregularities
in the vessel wall [34]. Assessment and delineation of
small aneurysms <6 mm in size is also limited with
current MR capabilities. In our experience, patient mo-
tion is a significant limitation of MRI in that motion
degraded images could potentially result in findings that
mimic FMD. Overall exam cost, relatively long duration
of exam time, and the need for excellent patient coop-
eration are additional considerations and potential limi-
tations of the widespread use of MRA for this
application. Further work is necessary to evaluate new
flow-based or phase-contrast techniques for quantifica-
tion of pressure gradients across a vessel as these tech-
niques could potentially replace invasive CA in the
future.
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distal right renal artery (B). Similar findings were noted at
subsequent DSA (C). Persistent hemodynamically significant
pressure gradient of 65 mmHg persisted after right renal artery
PTA. The patient then underwent successful right renal artery
stenting with resolution of right renal artery stenosis (D).

Preliminary work has demonstrated excellent perfor-
mance of contrast-enhanced MRA for the diagnosis of
renal artery stenosis [57-59]. Contrast-enhanced MRA
detected findings of FMD in 97% (35/35) of main renal
arteries that were considered abnormal at CA [60]. In this
study, the sensitivity was 68, 95 and 100% for detecting
arterial stenosis, ‘‘string-of-pearls,” and aneurysm,
respectively [60]. The authors defined aneurysm as any
abnormal widening of the artery with loss of the paral-
lelism of the arterial vascular walls [60]. Four of four
FMD lesions in the main renal artery were detected with
MRA in a prospective study comparing MRA, CTA,
and CA in patients with suspected renovascular hyper-
tension [61]. However, similar to the findings for CTA,
the sensitivity, and specificity for FMD detection using
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MRA were lower in the prospective study by Vasbinder
et al. (sensitivity of 62% and specificity of 84%) [47].

Overall imaging strategy

Our experience suggests that noninvasive imaging
modalities including Duplex US, CTA, and MRA per-
form very well for the evaluation of renal artery FMD
with particular advantages including accessibility, low
complication rate, versatility, noninvasiveness, and in
many cases, cost effectiveness. Noninvasive techniques
may also play a role in directing subsequent endovas-
cular or surgical interventions.

General recommendations for the screening of FMD
are based on expert consensus opinion but are somewhat
conflicting. One study prospectively examined 58 pa-
tients with suspected renovascular disease, showed no
benefit to any one modality including Color Flow Dop-
pler Imaging (CFDI), CTA, contrast-enhanced MRA,
and CA, in the identification of FMD [61]. Investigators
from the US and Europe, published recommendations in
2005 and 2012 that support initial ultrasound screening
of the renal arteries in patients with suspected FMD [2,
62]. Additionally, more recent work has outlined specific
guidelines on when and how to screen for FMD [1, 16].
While it is recognized that Doppler analysis in duplex
ultrasonography allows for noninvasive hemodynamic
assessment of the renal arteries, many groups recom-
mend that FMD diagnosis be confirmed by CTA or Gd-
MRA [38]. First line screening examinations at our
institution include Duplex ultrasound and contrast-en-
hanced whole body CTA for anatomic screening. When
turbulent flow is detected at Duplex ultrasound, patients
will undergo CA for evaluation of pressure gradient
across a vessel. Respiratory triggered Bal-SSFP non-
contrast MRA is performed in patients at risk of NSF or
having any other contraindication to gadolinium.

Management

Medical management of hypertension is first line therapy
for patients with renal FMD. In patients with refractory
hypertension to multiple medications, percutaneous
transluminal angioplasty (PTA) may be performed in the
main renal arteries or branch vessels with excellent
technical and clinical success rates (Fig. 11) [63-65]. Low
FMD recurrence rate post therapy has been reported,
although outcomes do depend on patient age and dura-
tion of hypertension [15, 26, 65]. In some patients, such
as those with small renal arteries (<4 mm), branch dis-
ease, or extensive intimal or perimedial fibroplasia, the
expected outcome from surgery may be better than that
expected with PTA [18]. Such patients are managed
surgically, including aortorenal bypass or arterial
reconstruction and autotransplantation. Currently, there
is no prospective, randomized control trial comparing
the different treatment options for FMD [65].
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Summary and conclusions

Despite being a relatively uncommon cause of arterial
disease, FMD requires high index of suspicion and rig-
orous imaging evaluation. Multiple imaging modalities
are available for the evaluation of renal arterial FMD,
including catheter-directed angiography, Duplex US,
CTA, and MRA. Appropriate treatment of this poten-
tially treatable and reversible cause of secondary hyper-
tension is underpinned by correct diagnosis: hence, high-
quality imaging of the arterial lesions, associated com-
plications, and renal morphologic changes is essential.
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