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Abstract

Advances in imaging modalities have improved the assessment of intracranial hemodynamics using non-invasive tech-
niques. This review examines new imaging modalities and clinical applications of currently available techniques, describes
pathophysiology and future directions in hemodynamic analysis of intracranial stenoses, aneurysms and arteriovenous
malformations and explores how hemodynamic analysis may have prognostic value in predicting clinical outcomes and
assist in risk stratification. The advent of new technologies such as pseudo-continuous arterial spin labeling, accelerated
magnetic resonance angiography (MRA) techniques, 4D digital subtraction angiography, and improvements in clinically
available techniques such as phase-contrast MRA may change the landscape of vascular imaging and modify current clinical

practice guidelines.
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Introduction

The assessment of intracranial flow has long been a
challenge because of the numerous challenges inherent
in neurovascular imaging. One challenge is the small
size of most intracranial structures, which require
high spatial resolution in order to acquire adequate
measurements. This has limited the modalities that
are clinically useful in evaluating intracranial patholo-
gies because of long acquisition time and limited spatial
resolution. Also, the solid bone of the cranial vault
makes acquisition of images using modalities such as
Doppler ultrasound and to some degree, CT/ CT angi-
ography (CTA), challenging because of sonic attenu-
ation and/or artifact.

Assessment of neurovascular hemodynamics has
clinical utility for several reasons. Evaluation of vel-
ocity in intra-arterial stenoses provides functional
data that has prognostic value, as shown in the
NASCET study in the assessment of the extracranial
internal carotid artery.! Numerous studies have
shown that flow patterns in aneurysms may correlate
with clinical outcomes, and in some settings, may have
prognostic value.” '? Investigators have also found pro-
mising initial results in the use of hemodynamics of
arteriovenous malformations for risk stratification.'> !>
Furthermore, numerous groups have investigated the
role of hemodynamics in relation to the role of
the endothelium in disease pathophysiology.

New techniques in evaluating intracranial hemo-
dynamics with high spatial resolution within clinically
useful imaging times carry promise in the evaluation
and treatment of intracranial vascular disease.

To date, evaluation of intracranial hemodynamics
has primarily been conducted using digital subtraction
angiography (DSA) and computational fluid dynamics
(CFD). DSA has long been the gold standard for the
evaluation of intracranial pathology.'® DSA has the
highest spatial resolution (~0.1 mm isotropic) and
high temporal resolution (30 fps). This allows small
lesions such as aneurysms to be completely character-
ized. DSA also has a large FOV, allowing visualization
of large lesions such as arteriovenous malformations
(AVMs). Contrast dynamics allows characterization
of vessel hemodynamics. Angiography is also both
diagnostic and therapeutic, allowing interventions
such as angioplasty with stent placement, coiling of
aneurysms and embolization of AVMs. However,
DSA involves the use of ionizing radiation (up to
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four times as much as CTA), and iodinated contrast
agents, with the risk of contrast-induced nephropathy.
Furthermore, DSA carries the risk of catheter-induced
iatrogenic stroke, resulting in morbidity and mortality
from 1-4%.'""'® DSA also requires an experienced
operator, typically a neurointerventional radiologist
to perform the procedure. Therefore, while DSA is a
good modality for the initial evaluation or reassessment
of intracranial lesions, staffing issues, radiation expos-
ure and risk of iatrogenic stroke are high and unsuit-
able for routine follow-up imaging.

Phase-contrast magnetic resonance angiography
(PC-MRA) is a non-contrast MRA technique that
encodes velocity with the phase of the readout, typically
using a bipolar gradient. This allows direct evaluation
of the velocity of flow. In the past, phase-contrast
MRA has been limited by excessively long scan times
and low spatial resolution when compared to DSA,
TOF, and CTA. However, recent advances in clinically
available pulse sequences have decreased scan time and
increased spatial resolution of PC-MRA acquisitions,
allowing spatial resolution approaching that of TOF
and CTA acquisitions with comprehensive exams in
less than ten minutes. Although DSA still has much
higher spatial resolution than MRA, the lack of ioniz-
ing radiation, iodinated contrast reagents, and non-
invasive nature of PC-MRA are attractive. Advances
in PC-MRA may allow better evaluation of neurovas-
cular pathology in the near future.

Evaluation of Wall Shear Stress in
Neurovascular Pathology

Several techniques such as phase-contrast MRA and
CFD images acquired using DSA, CTA or MRA
data allow analysis of hemodynamics within stenoses,
aneurysms, and AVMs after post-processing. Post-
processing allows not only raw hemodynamic param-
eters such as velocity or secondary parameters such as
flow and wall shear stress (WSS) to be calculated, but
3D representations of stenoses, aneurysms and AVMs
can be generated with graphical WSS, streamline/par-
ticle path, and velocity maps, allowing visual analysis.
Figure 1 demonstrates an internal carotid artery aneur-
ysm with elevated WSS at the aneurysm neck and at the
impact zone of the inflow jet, also seen on the stream-
line plot in Figure 2. These figures were generated using
CFD from DSA. CFD maps require several hours of
processing time per case, while evaluation from 4D PC-
MRA requires somewhat less post-processing and can
be performed in minutes. Graphical maps allow more
intuitive analysis and make it easier to quickly deter-
mine patterns that may be relevant to the patient’s
prognosis.

Intracranial Stenosis

Intracranial stenoses are thought to cause a relatively
small but significant portion of ischemic strokes in the

Figure 1. An image generated from computational fluid dynamics
from a DSA acquisition showing a wall shear stress (WSS) map of
an internal carotid aneurysm demonstrating high levels of WSS at
the aneurysm neck and at the impact zone of an inflow jet.

Figure 2. An image from computational fluid dynamics from a
DSA acquisition showing streamlines with an internal carotid
artery aneurysm demonstrating inflow jet morphology.
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Table 1. Summary of standard imaging modalities.

Technique: Advantages: Disadvantages: Indications:

DSA Highest spatial resolution (0.1 mm Risk of iatrogenic stroke, invasive, Secondary anatomical evaluation/
voxel size), high temporal reso- requires arterial catheteriza- treatment of aneurysms and
lution, (essentially real time), can tion typically with femoral AVMs.
be used for both diagnostic and puncture, requires iodinated
interventional studies. Contrast contrast, exposes patient to
dynamics give hemodynamic data. ionizing radiation, requires

interventionalist present.

MRA Does not require radiation. High Lower spatial resolution. Follow-up anatomical evaluation
spatial resolution for evaluation of Gadolinium carries a risk of of intracranial stenoses,
arteries with TOF. Adequate spa- NSF for patients with renal aneurysms, and AVMs due to
tial resolution with PC-MRA. Does failure. Lengthy acquisition. lack of ionizing radiation.
not require iodinated contrast. Expensive compared to CT. PC-MRA be used for hemo-
Phase-contrast MRA has velocity Typically can’t be used in dynamic analysis for any
encoding for hemodynamics. patients with pacemakers. pathology. Can be used to

evaluate vessels as part of a
stroke workup.

CFD Highest spatial resolution for hemo- Relatively time consuming, may Post-processing analysis for

dynamic analysis. Excellent
hemodynamic data and allows
surface-rendered images for
intuitive analysis.

Accelerated MRA Higher spatial resolution and shorter
scan times than standard
sequences. Several studies have
shown quality of anatomic
imaging is clinically comparable

to TOF and approaching DSA.

4D-DSA Approaches the resolution of DSA
without requiring a femoral
puncture, can be administered
through peripheral IV.

PC-ASL Does not require contrast, can pro-

vide both perfusion imaging of the
whole brain as well as angiog-
raphy. No risk of NSF. Can be used
as part of a comprehensive stroke
examination. Can be combined
with PC-MRA for hemodynamics..

require hours per case, not
useful for real time evaluation
for a clinical exam, use is
confined to research at this
time. Typically requires DSA for
best results.

Non-standard sequences, not FDA
approved, requires research
protocol to use clinically until
approval is obtained. May
require a trained technologist
or researcher to be in the
control room to acquire
studies.

Currently in research state, not
FDA approved. No hemo-
dynamic data from intra-
arterial contrast dynamics.
Lower temporal resolution.

Still primarily a research
sequence. Questionable effi-
cacy when compared to DSC-
MRP on currently available
product sequences.

hemodynamic assessment of
aneurysms, stenoses, and
AVMs.

Research protocols for anatomical
assessment of stroke, aneur-
ysms, stenoses, and AVMs.

Research protocols until FDA
approval is granted for ana-
tomical assessment of AVMs
and aneurysms.

Research protocols for assess-
ment of MR perfusion and MR
angiography.

US (~10%), and a much larger portion of ischemic
strokes worldwide, up to 50%.'"" Therefore, clinical
assessment of stroke and risk assessment would
appear to have high clinical utility. Evaluation of intra-
cranial stenosis to date has primarily been limited to
anatomic evaluation, most commonly with either
DSA or CT angiography. Middle cerebral artery ste-
noses can be occasionally evaluated with Doppler ultra-
sound, but this is limited. MRA is occasionally used for
anatomic evaluation of stenoses.'®2°

The direct routine clinical assessment of flow in ste-
noses to date has mostly been limited to extracranial
structures. Renal artery stenosis (RAS) and carotid

stenosis are the most common stenoses that are evalu-
ated, and they are both evaluated with Doppler ultra-
sound. RAS is typically evaluated on both waveform
(including resistive index) and velocity, whereas
evaluation of carotid stenosis is primarily done by
velocimetry.! However, investigations of global meta-
bolic activity via SPECT or blood flow via MR/CT
perfusion has shown hypometabolism and decreased
cerebral blood flow in arterial stenoses before the
appearance of symptoms or with acetazolamide chal-
lenges, allowing assessment of the hemodynamic sever-
ity of said stenoses and assessment of collateral
reserve.”!
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Hemodynamic assessment of WSS in and around
intracranial stenoses may have value in assessing the
endothelium and may offer prognostic value in deter-
mining the risk of future thromboembolic events.?* 2>
One recent study®® showed that the highest level of
WSS is on the surface of a plaque in a high-grade
internal carotid stenosis leading to plaque rupture
and stroke. A study examining intracranial stenosis
using phase-contrast MRA demonstrated increased
WSS inside middle cerebral artery stenoses and
decreased WSS proximal and distal to the stenosis,
as well as increased pressure gradients across the sten-
osis, when compared to the normal contralateral
side.”” The WSS and pressure gradients appeared to
correlate with the degree of stenosis. Several studies
have shown that low WSS proximal and distal to ste-
noses leads to the deposition of atherogenic plaque
and propagation of stenoses; the mechanism was
thought to be secondary to endothelial dysregulation
leading to a decrease in vessel caliber,”® increased resi-
dence time of arterial blood in the border zones imme-
diately proximal and distal to the stenoses allowing
for increased deposition of atherogenic products,
and turbulent flow, also leading to endothelial dysre-
gulation.***! Another approach that has recently been
adopted is the use of high resolution T1 imaging for
the assessment of intraluminal plaque and the endo-
thelium in concert with MRA.* This technique may
have clinical utility in the evaluation of stenoses and
other neurovascular pathologies. Therefore, hemo-
dynamic analysis may have prognostic value in deter-
mining the risk of ischemic stroke and disease
progression in intracranial stenoses. Another recent
study noted that signal intensity on TOF-MRA was
negatively correlated with infarct volume as seen on
diffusion-weighted imaging.™

Aneurysms

Due to the catastrophic consequences of aneurysmal
subarachnoid hemorrhage (50% case fatality rate™),
there has long been interest in determining risk factors
predisposing patients to aneurysm rupture. Size has
long been identified as a risk factor for aneurysm rup-
ture, however, a recent study by Villablanca et al.®
found the most important risk factor for aneurysm rup-
ture was growth, even for aneurysms smaller than the
typical 7mm treatment threshold, with smoking and
initial size also found to be independent risk factors.
Intracranial flow analysis of aneurysms is an active
area of investigation, with mixed findings regarding
hemodynamic patterns leading to increased growth
and rupture. There appears to be two disparate schools
of thought regarding hemodynamic conditions that
predispose patients towards aneurysm growth and rup-
ture. Several groups have identified elevated focal WSS
states and complex/disturbed flow as predisposing
patients to aneurysm growth/rupture, while several
other groups have identified low WSS as predisposing

patients towards endothelial dysregulation and aneur-
ysm growth/rupture. 3¢ 4832753

High WSS in Aneurysm Growth and Rupture

Given several new studies demonstrating that growth
was the most important single risk factor contributing
to aneurysm rupture, evaluating risk factors leading to
aneurysm growth has clinical utility. Smoking was a
risk factor identified in most studies*® but single aneur-
ysms were noted to have a higher growth rates while
multiple aneurysms were more likely to show interval
growth.

Multiple studies have examined the role of hemo-
dynamics on aneurysm growth.>”® It is thought that
high WSS levels predispose towards the growth of
aneurysms,>>** a process that is thought to be second-
ary to the response of endothelial mechanoreceptors
responding to the increased stimulus from high WSS
leading to upregulation of inducible nitric oxide syn-
thase (iNOS).*'** Inducible nitric oxide synthase has
been shown to lead to regional arterial vasodilatation,
ameliorating the effects of elevated WSS, but also
thought to be associated with cell injury. Several studies
showed that inhibition of nitric oxide synthase in a rat
model using a nitric oxide synthase inhibitor decreased
the incidence of induced cerebral aneurysms. However,
another more recent study,** illustrating the complexity
of endothelial regulatory processes, demonstrated that
there are other isotypes of nitric oxide synthase, endo-
thelial, e-NOS, and neuronal, n-NOS, which also work
in concert to ameliorate the effects of elevated WSS,
and knocking out these two isotypes increased the inci-
dence of induced cerebral aneurysms in a rat model.
Regardless of this, all of the studies agreed that elevated
WSS led to endothelial damage. Other studies have
shown that elevated WSS also leads to upregulation
of TGF-BI1, which mediates angiogenesis and VEGF-
mediated apoptosis, leading to aneurysm growth.
Aneurysms are also shown to demonstrate elevated
levels of inflammatory markers including matrix metal-
loproteases, which may also contribute to endothelial
derangement leading to growth.***® Shojima et al.
showed that the aneurysm neck demonstrates the high-
est levels of WSS, while Rossitti et al. showed that
chronic elevated WSS leads to vessel dilatation,*’*
which may partially explain the growth patterns of
aneurysms.

Several investigators have found that primary inflow
jet morphology leading to focally increased WSS to be
predisposed to rupture, with helical flow morphology
being associated with stability.” > Figures 1 and 2 dem-
onstrate an internal carotid artery aneurysm with
focally increased WSS at the impact zone (Figure 1)
and inflow jet morphology seen on the streamline plot
(Figure 2). Spatial flow complexity, temporal complex-
ity, and disturbed flow are other risk factors associated
with aneurysm rupture; this is also thought to be due to
the complex flow causing derangement in endothelial
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regulation.®® Several studies have noted that elevated
WSS within the aneurysm sac was more commonly seen
in ruptured aneurysms.”'” Several other studies have
noticed that increased pulsatility in aneurysms tends
to increase the risk of rupture, possibly secondary to
transient changes in WSS.''> Another study has
demonstrated that sudden increases in heart rate and
blood pressure, which increases WSS, or other factors
that change WSS can also play a role, depending on
vessel morphology and behaviors that increase these
hemodynamic parameters, such as drug use or smok-
ing, are also risk factors for aneurysm growth and rup-
ture.*’ Aneurysm morphology has also been associated
with rupture risk;’®>! most ruptured aneurysms
demonstrated a ratio of aneurysmal volume to bound-
ing sphere between 0.5 and 1.0.

Low WSS in Aneurysm Growth/Rupture

While several studies have found a trend of high WSS
and inflow jet morphology in ruptured aneurysms,
another group of studies found that low WSS states
are often found in ruptured aneurysms and lead to
growth, thrombosis, and eventual rupture.’’-#%-%°
These studies hypothesize that a certain level of WSS
is needed to maintain the endothelium, and low WSS
states lead to endothelial apoptosis, aneurysm expan-
sion, and rupture. That said, most groups do acknow-
ledge that the inflow jet morphology and elevated WSS
leading to initial aneurysm growth? may be an early
finding in aneurysms while the later low WSS state is
an adaptation in later stages of aneurysm development,
or that high WSS states could be a different pathway to
aneurysm rupture.

Arteriovenous Malformations

Like aneurysms, AVMs have been an active area of
investigation because of the risk of hemorrhage. While
hemorrhage from an AVM typically is not as cata-
strophic as subarachnoid hemorrhage from a ruptured
cerebral aneurysm, the risk of bleeding from an
AVM tends to be higher than that of cerebral aneur-
ysm rupture. Furthermore, treatment of AVMs,
depending on the Spetzler-Martin grade, often carries
higher mortality and morbidity than treatment of cer-
ebral aneurysms, especially after the advent of effect-
ive endovascular techniques. Therefore, stratification
of patients into groups with differing risk of hemor-
rhage has high clinical utility. AVMs are routinely
assessed initially by non-contrast head CT, followed
typically by CTA for further characterization. DSA
is also used at times, especially when impending endo-
vascular treatment is likely. Routine follow-up ima-
ging of AVMs is typically done via MRI and
TOF-MRA.

Numerous studies have studied risk factors for hem-
orrhage based on demographics and clinical factors®->’
and the most significant risk factor for future

hemorrhagic events was found to be prior hemorrhage.
Deep brain location and deep venous drainage were
other significant risk factors, and the annual risk of
hemorrhage ranged from 1-34% depending on the
absence or presence of these risk factors. The
ARUBA trial examined the outcomes of treatable
AVMs with and without treatment, and found that
event rates in the treatment group were more than
three times higher than in the non-treatment group;
indeed, enrollment in the trial was halted due to a
very high rate of adverse events in the treatment
arm.”® However, many argue that this analysis is
incomplete for several reasons. First, and most notably,
the follow-up period for the study was 33 months, and
one would expect the majority of adverse events in the
treatment group to occur near the time of intervention,
whereas adverse events from the untreated AVM
can occur at any point during the patients’ lives.
Also, the incidence of morbidity of intervention used
to end the trial seems to be higher than what has
been found by several large trials.> That said, individ-
ual risk stratification of hemorrhagic risk if possible
would have high clinical utility due to the high potential
morbidity from intervention, which included 5.1-7.4%
risk of death, symptomatic stroke, or significant neuro-
logic impairment in a large meta-analysis®® and the high
variability of annual hemorrhage risk as described
above.

Analysis of flow in intracranial AVMs is an active
area of investigation, and several groups have reported
promising results to date. The endothelial factors
described above regarding the pathogenesis of aneur-
ysms also apply in AVMs. Due to the lack of a func-
tional intervening capillary bed, AVMs demonstrate
very high flow, and thus, significantly elevated WSS
relative to normal patients. This elevated WSS leads to
endothelial adaptation and the upregulation of nitric
oxide synthase isotypes as well as other pro-angiogenic
and pro-inflammatory factors. One adaptation seen in
AVMs is compensatory arterial vasodilatation. One
study found that high WSS values led to statistically
significant compensatory vasodilation in feeding
arteries in patients with a more stable clinical presen-
tation where patients presenting with acute hemor-
rhage did not have the same degree of vasodilatation
in arterial feeders. This suggests that this compensa-
tory mechanism may be protective and failure
to compensate for large changes in flow may be patho-
genic.'® Several other studies found that AVM
hemodynamics do not necessarily correlate with
their Spetzler-Martin grade and in many cases their
abnormal hemodynamics revert towards normal
after staged embolization.'*!'* Young et al.’” examined
the role of the endothelium in AVM growth and
proliferation and found that endothelial changes
and gene expression are altered in AVMs, also sug-
gesting that abnormal WSS causing endothelial
derangement may play a role in the pathophysiology
of AVMs.
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New Techniques

Several new techniques have emerged recently that may
help advance the state of anatomic and flow imaging
and quantification.

4D digital subtraction angiography (4D-DSA) is a
recent advance in DSA developed by researchers at the
University of Wisconsin which uses projection recon-
struction to reconstruct time-resolved DSA images by
using a single 3D-DSA vascular volume as a constrain-
ing image and acquiring a series of projections before
and after an intravenous contrast injection.®’*®> This
allows the creation of a time-resolved series with
better spatial resolution than CTA/MRA but improved
small vessel contrast due to the availability of a max-
imum intensity projection. Allowing the acquisition of
high-resolution angiograms with a peripheral intraven-
ous injection greatly decreases the complication rate
from DSA as well as decreasing the amount of radi-
ation and contrast needed. This technique appears pro-
mising but further investigation will be required prior
to large scale implementation. Due to the intravenous
rather than intra-arterial contrast injection, 4D-DSA
does not have the same contrast dynamics for direct
perfusion analysis that 3D-DSA does, so it is less effect-
ive for hemodynamic analysis of lesions, but does offer
improved safety compared to 2D/3D-DSA. Another
option is the use of advanced reconstruction techniques
with 2D-DSA which may also provide additional
hemodynamic analysis through the use of contrast
dynamics. A recent study investigating the use of
2D-DSA for hemodynamic analysis with patients with
pipeline stents and flow diverters showed that the tech-
nique offers additional options for patients in which
DSA is the primary method for analysis.®®

Accelerated MRA

Numerous groups have developed accelerated
PC-MRA techniques which have increased spatial reso-
lution while decreasing acquisition time in MRA.
Techniques such as parallel imaging, view-sharing,
and generalized autocalibrating partially parallel acqui-
sition, have greatly improved the performance of trad-
itional Cartesian 3D/4D acquisitions. Radial or
partially radial MRA techniques such as phase contrast
vastly undersampled projection reconstruction® and
phase contrast stack of stars (PC-SOS)*> have
improved the spatial resolution of whole-brain and lim-
ited brain scans while decreasing scan time. PC-SOS
allows in-plane resolution to equal that of 3D-TOF
and CTA while maintaining sub/peri-centimeter out
of plane resolution. Advanced MRA often leverage
the inherent sparsity present in neurovascular imaging
to enhance the resolution and speed of acquisitions.
These sequences tend to demonstrate higher spatial
resolution with lower acquisition time. Another possi-
bility is to combine a low resolution time-resolved series
of contrast MR examinations with a longer phase-
contrast acquisition to obtain a composite series with

both high temporal and spatial resolution®®®” which
offer venous and arterial assessment of AVMs of diag-
nostic quality. However most current accelerated MRA
techniques are not yet “plug-and-play” and require a
medical physicist or specially trained technician to
acquire the images. However, advances in MRA
research translate to clinically available sequences and
several accelerated MRA sequences may be clinically
available on scanners soon. Many MRA techniques
use post-processing software with either accelerated
MRA techniques or clinically available MRA
sequences.®® 7 This approach allows examinations to
be acquired as part of the normal clinical workflow.
Several studies have compared the assessment of areas
of complex flow in both advanced and clinical
4D-MRA sequences using automated post-processing
tools to that using CFD and have found similar
results.?”"!

ASL/PCASL

ASL is a technique used for perfusion imaging that is
capable of acquiring whole-brain perfusion imaging
without the wuse of exogenous contrast agents.
Clinically available product sequences using ASL
have begun being introduced, and initial results
appear promising.”>”? Pseudo-continuous arterial spin
labeling (PC-ASL) is a technique that greatly enhances
the speed of ASL acquisitions by using a train of dis-
crete RF pulses to mimic continuous tagging, improv-
ing clinical utility.

PC-ASL cannot only be used for brain perfusion
imaging but can also be used for angiography. The
contrast differences between spin labeled vessels and
brain parenchyma seen in ASL, combined with the
sparsity inherent in neurovascular imaging make
PC-ASL a promising technique for intracranial neuro-
vascular imaging. Several groups have investigated the
use of PC-ASL in 4D-MRA. Wu et al. examined the
use of PC-ASL with an accelerated 3D radial angiog-
raphy technique and found that PC-ASL has utility in
evaluating high-flow structures such as AVMs and also
provides hemodynamic information such as arrival
times. Using a phase-contrast technique with PC-ASL
will also provide velocity information.”*”> This may be
of clinical utility as part of a comprehensive stroke
examination.

Conclusions

This report examines the current state of hemodynamic
assessment of intracranial vessels, describes current
research into the applications of intracranial flow, and
explores several emerging techniques that may advance
the field of intracranial flow. Given the high global clin-
ical burden of ischemic stroke in the setting of athero-
sclerosis and high morbidity and mortality seen in
aneurysm and AVM rupture, techniques that may
offer prognostic information regarding these pathologic
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states have high clinical utility. The ideal technique for
evaluation of these pathologies outside the emergency
setting would have high spatial resolution, clinically
useful scan times, and low mortality/morbidity.
Recent advances in MRA have improved its clinical
efficacy. Although MRA still offers inferior spatial
resolution to CTA/DSA for anatomic detail and CFD
for hemodynamic assessment, recent studies have noted
similar results in examinations of AVMs and aneur-
ysms. Further advances in technology may continue
to enhance the viability of MRA.
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