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Various imaging modalities are routinely used in 
the diagnosis and management of acute ischemic 
stroke, including CT and MRI. In addition to con-

firming the presence of ischemic stroke, these techniques 
are useful for characterizing tissue perfusion. They allow 
separation of the core infarct from reversible ischemic tis-
sue at risk, thereby indicating the potential for interven-
tion or clot extraction. In addition, lumen imaging—CT 
angiography (CTA), MR angiography (MRA), or digital 
subtraction angiography (DSA)—is often performed in the 
evaluation of stroke sources. These imaging modalities not 
only identify the location of large vessel occlusions for the 
intervention team, but also establish the underlying stroke 
etiology.1 Although these techniques offer many benefits 
for ischemic stroke characterization, advanced imaging 
techniques that can better identify stroke prognosis and 
underlying cause have been developed more recently.

Newly developed and refined techniques, such as vessel 
wall (VW)-MRI, transcranial Doppler (TCD) ultrasonog-
raphy, and 4D CTA and MRA, may further aid the workup 

and management of acute ischemic stroke. In the extra-
cranial vasculature, VW-MRI can identify stroke sources 
invisible by lumen imaging by detecting features of these 
lesions, such as carotid intraplaque hemorrhage (IPH). 
Carotid plaques with MRI-detected IPH (American Heart 
Association Type VIb plaque) present a risk of stroke 
not only from the degree of stenosis, but also from the 
IPH.15,17,39 Furthermore, VW-MRI is now used intracrani-
ally and identifies culprit lesions more easily than lumen 
imaging does, as in the case of symptomatic nonstenotic 
intracranial atherosclerotic disease or vasculitis.11 Trans-
cranial Doppler ultrasonography is a minimally invasive 
modality that can be used to identify asymptomatic emboli 
and isolate the vessel of origin for emboli. It can also aid 
in evaluating cryptogenic stroke by detecting a patent fora-
men ovale (PFO) or in identifying emboli in the setting of 
symptomatic spontaneous dissections.5,8,20 Whereas these 
modalities are used primarily to determine the cause of 
an acute ischemic stroke, 4D CTA and MRA can be more 
helpful in identifying the true infarct core and potential 
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The evaluation and management of acute ischemic stroke has primarily relied on the use of conventional CT and MRI 
techniques as well as lumen imaging sequences such as CT angiography (CTA) and MR angiography (MRA). Several 
newer or less-established imaging modalities, including vessel wall MRI, transcranial Doppler ultrasonography, and 4D 
CTA and MRA, are being developed to complement conventional CT and MRI techniques. Vessel wall MRI provides 
high-resolution analysis of both extracranial and intracranial vasculature to help identify previously occult lesions or 
characteristics of lesions that may portend a worse natural history. Transcranial Doppler ultrasonography can be used in 
the acute setting as a minimally invasive way of identifying large vessel occlusions or monitoring the response to stroke 
treatment. It can also be used to assist in the workup for cryptogenic stroke or to diagnose a patent foramen ovale. Four-
dimensional CTA and MRA provide a less invasive alternative to digital subtraction angiography to determine the extent 
of the clot burden and the degree of collateral blood flow in large vessel occlusions. Along with technological advances, 
these new imaging modalities are improving the diagnosis, workup, and management of acute ischemic stroke— roles 
that will continue to expand in the future.
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collateral circulation to an area of ischemia. This informa-
tion can help to guide stroke intervention and more ac-
curately predict the outcome after stroke.24 We present a 
review of these advanced imaging modalities in the diag-
nosis and management of acute ischemic stroke.

Vessel Wall MRI
A rapidly evolving imaging technique, VW-MRI has 

many different uses in the workup for acute ischemic 
stroke. This imaging protocol includes MRA and mul-
ticontrast MRI sequences that suppress the signal from 
adjacent tissue and blood to highlight VW pathologies 
of both intracranial and extracranial vessels (Figs. 1–5).9 
This can provide a wealth of new information that time-
of-flight (TOF) MRI sequences and other luminal imag-
ing techniques cannot deliver.

FIG. 1. An 84-year-old man with symptomatic recurrent stroke related to bilateral unstable carotid plaque had hypertension, 
diabetes, and hyperlipidemia, for which he was on maximal medical therapy including dual antiplatelets (aspirin and clopidogrel), 
antihypertensive medication (carvedilol), and a lipid-lowering agent (simvastatin). The patient’s initial stroke was in the right MCA 
territory in the right frontal lobe (A, arrow). Three months later, the patient had another stroke in the left MCA territory (B, arrow). 
Computed tomography angiography showed bilateral carotid bifurcation plaques with 46% stenosis on the right and 70% stenosis 
on the left according to the North American Symptomatic Carotid Endarterectomy Trial criteria, with mixed soft and calcified 
plaque (C, arrows). Magnetic resonance imaging demonstrated flow-related enhancement that was more easily seen on the right 
than the left on 3D TOF images (D, arrow), a large left and small right LRNC on T2-weighted images (E, arrows), and left greater 
than right carotid IPH on MPRAGE images (F, arrows).

FIG. 2. A 41-year-old woman with morbid obesity, hypertension, and untreated diabetes with a hemoglobin A1c of 8.5% presented 
with multiple enhancing brain lesions that also showed diffusion restriction (A–C, arrows) and were initially thought to represent 
demyelination. The lesion in the right brainstem and cerebellum increased in size over 2 weeks (D, arrow). The largest right 
cerebellum and brainstem lesion showed enhancement with contrast administration (E and F, arrows). Computed tomography an-
giography was initially thought to be negative for any vascular pathology, but no right posterior inferior cerebellar artery (PICA) was 
detected (G). A cerebellar lesion specimen was subsequently obtained for biopsy, and pathological analysis revealed an infarct. 
Vessel wall T2-weighted MR images demonstrated an occluded right PICA (H, horizontal arrow) and an eccentric T2-hyperintense 
plaque (slanted arrow) in the V4 segment proximal to the PICA occlusion. Precontrast (I) and postcontrast (J) DANTE T1 SPACE 
images demonstrate V4 segment VW enhancement (arrow) indicating actively inflamed plaque.
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Two-dimensional or 3D techniques can be used in VW 
imaging and can be performed on 1.5-T scanners; howev-
er, 3-T scanners efficiently provide the high resolution and 

small voxel sizes needed to optimize these techniques.9 
Two-dimensional techniques use spin echo sequences to 
generate blood suppression (dark blood) but cannot create 

FIG. 3. An 80-year-old woman with a symptomatic recurrent left MCA distribution stroke and actively inflamed left intracranial 
carotid plaque had hypertension, diabetes, and hyperlipidemia, for which she was on maximal medical therapy including dual 
antiplatelets (aspirin and clopidogrel), antihypertensive medication (lisinopril), and a lipid-lowering agent (atorvastatin). The patient 
had recent and recurrent infarcts in the left ICA distribution (A, arrow). Digital subtraction angiography revealed approximately 
50% narrowing of the left intracranial ICA ophthalmic segment (B, arrow). Magnetic resonance imaging showed decreased flow-
related enhancement in this region on 3D TOF (C, arrow), an LRNC on T2-weighted images (D, arrow), and plaque enhancement 
on DANTE T1 SPACE postcontrast black blood images (E, arrow).

FIG. 4. A 70-year-old man with asymptomatic carotid stenosis on a screening examination performed prior to a lung transplant had 
hypertension and hyperlipidemia, for which he was on maximal medical therapy including dual antiplatelets (aspirin and clopido-
grel), antihypertensive medications (hydrochlorothiazide and losartan), and a lipid-lowering agent (rosuvastatin). The patient had 
no evidence of infarct on diffusion-weighted images (A). Computed tomography angiography showed a large right carotid bifurca-
tion plaque with 70% stenosis according to the North American Symptomatic Carotid Endarterectomy Trial criteria and a significant 
amount of calcification (B, arrow). Magnetic resonance imaging demonstrated a large right carotid plaque with low signal on TOF 
images (C, arrow), a T2-hyperintense LRNC and adjacent T2-hypointense calcification on T2-weighted images (D, arrow), and a 
lack of carotid IPH on MPRAGE images (E, arrow).
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blood suppression in slow or in-plane flow.9 To help pro-
vide a more accurate assessment of VW pathology, multi-
planar 2D and 3D techniques are employed, and multiple 
sequences have been developed for this specific purpose.9 
Fortunately, the acquisition of sequences for VW imag-
ing does not significantly increase the time required to 

perform scanning, with some sequences adding only 7–11 
minutes.9,36

Vessel wall MRI began primarily with imaging of the 
extracranial carotid bifurcation plaque and was highly 
successful in detecting the features of unstable plaques 
that had been identified during histological analysis (for 

FIG. 5. Axial diffusion-weighted MRI revealing punctate infarcts (A and B, arrows) in the left MCA region. Contrast-enhanced 
MRA of the neck (C) showing mild stenosis of the left proximal ICA. Coronal MPRAGE image (D) showing an ICA hyperintensity 
(arrow) consistent with IPH. Proton density–weighted axial image (E) confirming an intramural hyperintensity (arrow) of the left 
ICA, suggesting IPH and a vulnerable plaque, compared with the normal contralateral ICA (dotted arrow). Transcranial Doppler 
ultrasonography screenshot (F) showing an MES (arrow) and the automated Doppler analysis (dotted arrow).
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example, IPH).4 Both IPH and lipid-rich necrotic cores 
(LRNCs) are hyperintense on T1-weighted images, mak-
ing it difficult to distinguish the two.12 Multicontrast 
techniques were initially used to help separate them; for 
instance, IPH is hyperintense on both T1-weighted and 
TOF images and thus can be separated from LRNC, 
which is hyperintense on T1-weighted images but isoin-
tense on TOF images.12 Fat-saturated sequences can also 
be used to saturate out the signal from the LRNC.4 Be-
cause of the difficulties in detecting IPH, researchers de-
veloped heavily T1-weighted sequences, such as the 3D 
magnetization-prepared rapid acquisition gradient echo 
(MPRAGE) sequence, which can detect IPH with high 
sensitivity, specificity, and accuracy (Figs. 1 and 3–5).34 
The MPRAGE sequence selectively detects IPH as op-
posed to the LRNC, with the added benefit of having 
high inter- and intrarater reliability.29 Because these 3D 
heavily T1-weighted sequences can be limited by motion 
and flow-related artifact, cine-MPRAGE and radially ac-
quired stack of stars (SOS) MPRAGE were developed to 
allow easy separation of IPH from artifact.21,30

Plaque enhancement is also an important marker that 
can be used as a surrogate for an unstable plaque by rep-
resenting neovascularization and macrophage infiltration.4 
Evaluation of the fibrous cap and its correlate, plaque rup-
ture, does not necessarily require high-resolution MRI and 
can often be performed with contrast-enhanced MRA; 
however, high-resolution sequences consisting of 3D mul-
tiple overlapping thin-slab angiography sequences have 
also been used.4,12

Multiple studies have shown that the presence of IPH, 
LRNC, and/or thin fibrous caps, independently or in con-
junction, may help to identify symptomatic plaques (Figs. 
1–3).2,4,28,31,35,42,44 This was also confirmed in 3 recent 
meta-analyses, which all found an increased risk of fu-
ture stroke (annual event risk 15%–34%) in patients with 
MPRAGE-positive IPH.15,17,39 Several studies have also 
shown that IPH is an independent risk factor for transient 
ischemic attack or stroke independent of a high degree of 
stenosis.2,4,28,42 These imaging characteristics have also 
been found in asymptomatic carotid artery lesions, and 
an LRNC and IPH, alone or together, have been shown 
to be associated with future ischemic events in asympto-
matic patients as well (Fig. 4).31,42,44 In addition, patients 
with a higher percentage of LRNCs were found to have 
progressive stenosis of the involved vessel.31 Many of the 
same characteristics of unstable carotid plaques (that is, 
plaque enhancement, enlargement, irregularity, and IPH) 
have been found to identify unstable intracranial plaques 
(Fig. 2).11,36

After the initial development of VW sequences to study 
the extracranial carotid artery, attention shifted to intra-
cranial disease. Intracranial atherosclerotic plaque was a 
historically under-appreciated stroke source, but it is now 
known to have a high repeat-stroke risk despite maximal 
medical therapy.7 In the past, it was often difficult to iden-
tify these lesions because they were frequently missed 
with lumen imaging techniques; however, with the advent 
of VW-MRI for intracranial vessels, lesion identification 
is becoming easier (Fig. 2).

Natori et al.33 used 3D T1-weighted fast-spin echo tech-

niques for 3D VW imaging in 18 patients with acute mid-
dle cerebral artery (MCA) ischemic stroke. In 17 (94%) of 
the 18 patients, this imaging technique demonstrated wall 
thickening suggestive of an MCA plaque, whereas MRA 
demonstrated > 50% stenosis in only 1 individual (5.9%, 
p < 0.001). Additionally, de Havenon et al.11 identified a 
symptomatic, nonstenotic intracranial atherosclerotic 
plaque on high-resolution MRI that was missed on con-
ventional MRI, MRA, CTA, and DSA. High-resolution 
VW-MRI is more effective than luminal imaging at iden-
tifying symptomatic lesions in the posterior circulation 
and has the ability to detect symptomatic basilar artery 
atherosclerotic disease more frequently than MRA.23

Multiple studies using VW-MRI have shown that symp-
tomatic intracranial lesions often have imaging charac-
teristics similar to those of symptomatic extracranial le-
sions.11,36 In a study utilizing 3D, high-spatial-resolution, 
contrast-enhanced black-blood MRI, “culprit plaques” 
were thicker and demonstrated a greater degree and high-
er grade of contrast enhancement than “probable culprit 
plaques” and “non-culprit plaques.”11,36 Zhao et al.47 found 
that symptomatic plaques were also more likely to have an 
irregular surface (p = 0.036) and to be larger than asymp-
tomatic plaques (p = 0.033). Additionally, symptomatic 
plaques, as diagnosed by increased plaque signal intensity, 
were more likely to have IPH (57.1%) than the asympto-
matic plaques (22%).38

Vasculitis, like intracranial atherosclerosis, is another 
stroke source that has been traditionally difficult to diag-
nosis using lumen imaging, with definitive diagnosis re-
quiring invasive procedures such as lumbar puncture and/
or brain biopsy.9 However, VW-MRI is helping to make 
diagnosis easier by detecting the VW enhancement that 
is nearly universally present in this condition. This en-
hancement is a result of the mural inflammation that is 
a hallmark of this disease process.9,25 Vessel wall MRI is 
not only helpful in diagnosing vasculitis, but also useful in 
differentiating vasculitis from other intracranial vascular 
pathologies.32 The enhancement in vasculitis is typically 
concentric, although it is usually eccentric in atheroscle-
rotic lesions or absent in cases of reversible cerebral vaso-
spasm syndrome.26,32 Vasculitis, unlike atherosclerotic le-
sions, rarely demonstrates T2 hyperintensity.32 Vessel wall 
MRI in vasculitis may also track the response to treatment 
over time. Current data have shown mixed results for this 
capability, however, with some studies showing resolution 
of enhancement over time and others demonstrating no 
significant change in the enhancement pattern.9

Transcranial Doppler Ultrasonography
A minimally invasive and inexpensive modality, TCD 

ultrasonography can be used in the diagnosis of many dif-
ferent causes of acute ischemic stroke. It is performed us-
ing a low-frequency transducer (≤ 2 mHz) placed on the 
scalp at 4 sonographic windows that allow insonation of 
all major vessels in the circle of Willis. The transducer 
is often temporarily secured to the patient’s head in a 
fixed position to allow for more consistent readings.8 The 
temporal window allows insonation of the MCA, anterior 
cerebral artery, proximal posterior cerebral arteries, and 
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proximal internal carotid artery (ICA). The occipital win-
dow is primarily for insonation of the vertebral arteries 
and basilar artery. The submandibular window is used for 
the external ICA, and the orbital window for the ophthal-
mic artery.

Transcranial Doppler ultrasonography is commonly 
used during the workup for acute ischemic stroke to di-
agnose paradoxical emboli in the setting of a PFO. An 
ultrasonic contrast medium, typically agitated saline, is 
injected intravenously while the patient rests and performs 
a Valsalva maneuver to potentially reverse the normal flow 
through the PFO and create a right-to-left shunt. As the 
agitated saline is injected, the transducer is placed within 
the temporal sonographic window to insonate the MCA.8 
The detection of any microembolic signals (MESs) is diag-
nostic of a PFO. The number of MESs has been proposed 
to represent the severity of the PFO shunting and, conse-
quently, a higher risk of future ischemic stroke.8 Transcra-
nial Doppler ultrasonography can also be used to detect 
the less common right-to-left shunts, such as in pulmonary 
arteriovenous fistulas.8

de Havenon et al.10 found that TCD ultrasonography per-
forms comparably to more conventional methods for PFO 
detection. It had higher sensitivity than echocardiography, 
diagnosing an additional 15%–25% of patients with a PFO 
than would be seen with cardiac ultrasonography. This 
finding was also supported by a meta-analysis performed 
by Katsanos et al.,20 who compared TCD ultrasound detec-
tion of a PFO with transthoracic echocardiography (TTE) 
detection. The authors found that TCD had a higher sen-
sitivity (96.1% vs 45.1%) than TTE but a lower specificity 
(92.4% vs 99.6%), negative likelihood ratio (0.04 vs 0.55), 
and positive likelihood ratio (12.62 vs 106.61). Given these 
findings, the authors suggested that the diagnostic yield of 
TCD ultrasonography was higher than that of TTE, thus 
providing a more cost-effective tool for PFO detection.20

The ability of TCD ultrasonography to detect MESs 
also allows the imaging technique to be used in the di-
agnosis of symptomatic carotid artery atherosclerotic le-
sions (Fig. 5). One study revealed that 43% of symptomatic 
carotid lesions demonstrated MESs, whereas only 10% of 
asymptomatic lesions did.37 In addition, in patients with 
symptomatic carotid plaques, MESs predicted stroke alone 
(OR 9.57, 95% CI 1.54–59.38, p = 0.02) and combined with 
transient ischemic attack (OR 6.36, 95% CI 2.90–13.96, p 
< 0.00001).22 Patients with asymptomatic carotid lesions 
who are found to have MESs are also significantly more 
likely to experience a stroke within 1 year with an OR of 
7.46 (95% CI 2.24–24.89, p = 0.001) for stroke alone and 
12.00 (95% CI 2.43–59.34, p = 0.002) for stroke/transient 
ischemic attack.22,43

In the Clopidogrel and Aspirin for Reduction of Em-
boli in Symptomatic Carotid Stenosis (CARESS) trial, 
investigators found that 7 days after the start of treatment 
only 43.8% of patients with symptomatic carotid stenosis 
who were started on dual antiplatelet therapy had MESs, 
whereas 72.7% of those started on aspirin alone had MESs 
(RR reduction 39.8%, 95% CI 13.8–58.0, p = 0.0046).27 
The MES frequency per hour, as compared with base-
line, was also significantly reduced by 61.4% (95% CI 
31.6–78.2, p = 0.0013) at 7 days after initiation of treat-
ment with clopidogrel and aspirin and by 61.6% (95% CI 

34.9–77.4, p = 0.0005) at 2 days after initiation of treat-
ment. Additionally, van Zuilen et al.46 identified a signifi-
cant reduction in MES after carotid endarterectomy. Thus, 
TCD ultrasonography, in conjunction with other imaging 
studies, can help to identify symptomatic carotid lesions 
and their future risk.4 Transcranial Doppler ultrasonogra-
phy has also been used in the diagnosis of acute ischemic 
strokes in the setting of spontaneous cervical arterial dis-
sections. Brunser et al.5 found that the presence of an MES 
and abnormal vasomotor reactivity, as determined by an 
abnormal breath hold index, was significantly predictive 
of a future ischemic event in these patients.

Transcranial Doppler ultrasonography is also a useful 
adjunct to traditional imaging techniques in the diagnosis 
and management of acute intracranial large vessel occlu-
sion. This imaging technique correctly identified MCA 
occlusions with a sensitivity and specificity ≥ 90%.8,45 Al-
though it was less sensitive than CTA (33%–75%) in iden-
tifying a thrombus within the carotid terminus and basilar 
artery, it was equally specific (99%–100%) in detecting 
occlusion in the MCA.45 Transcranial Doppler ultrasonog-
raphy has primarily been used to detect arterial occlusions 
or collateral flow but can also be used to detect re-stenosis 
or re-occlusion after successful thrombectomy.6,8 It can 
augment CTA data by providing real-time assessments of 
flow velocity and ongoing emboli.45 However, the lack of 
an adequate sonographic window can limit the use of TCD 
ultrasonography in acute ischemic stroke, with approxi-
mately 10% of patients having a temporal bone thickness 
that precludes the use of ultrasonography.3,6,45 The utility 
of ultrasonography is also limited by the need for an ex-
perienced clinician or technician to perform and interpret 
the images.6,45

The usefulness of TCD ultrasonography in addition to 
noncontrast CT, CTA, and MRI diffusion in the workup 
for acute ischemic stroke was confirmed by Brunser et 
al.6 In 57% of cases, the imaging procedure provided ad-
ditional useful information, including that on collateral 
flow, active microemboli, vessel patency, and detection of 
occlusion initially missed on CTA without CT perfusion. 
In 19.7% of cases, it provided more than one piece of ad-
ditional information. Transcranial Doppler ultrasonogra-
phy was also used to evaluate the efficacy of intravenous 
recombinant tissue plasminogen activator administration 
and any need for subsequent mechanical thrombectomy.

Four-Dimensional CTA and MRA
Conventional CTA and MRA are integral to the workup 

for acute ischemic stroke by helping to identify the loca-
tion of large vessel occlusions. Because these imaging mo-
dalities lack temporal resolution and cannot provide dy-
namic information regarding blood flow or collateral flow 
to ischemic areas, their diagnostic capabilities have been 
primarily limited to thrombus detection. Four-dimension-
al CTA and MRA attempt to address this shortcoming by 
providing a dynamic component to conventional CTA and 
MRA, thus allowing for temporal resolution.

The dynamic aspect is accomplished by taking multiple 
sequential images of the same anatomical territory.24 In 4D 
CTA, images are taken throughout the administration of a 
contrast bolus, whereas 4D MRA can be performed with 
or without contrast administration.16,18,19,24,40,41 Although 
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the initial experience with 4D MRA involved contrast ad-
ministration, noncontrast-enhanced sequences such as 4D 
arterial spin-labeling MRA and 4D TOF have been devel-
oped, thus avoiding any potential complications from the 
use of contrast.19,40,41 Multiple studies have shown that both 
contrast-enhanced and non–contrast-enhanced 4D MRA 
can quantify the degree of collateral circulation to an ex-
tent comparable with DSA, which is considered the gold 
standard.16,18

Improved collateral flow surrounding an area of ische-
mia has been associated with better rates of recanaliza-
tion, a lower incidence of hemorrhagic transformation, and 
improved clinical outcome after both thrombectomy and 
thrombolytic administration.18,24 Therefore, the ability of 
4D CTA and MRA to accurately determine the extent of 
collateral blood flow can help to guide the management of 
acute ischemic stroke. In addition, 4D imaging has been 
shown to better detect the extent of a thromboembolus and 
any trace anterograde flow past a thromboembolus, both 
of which are associated with an increased rate of recana-
lization after thrombolytic administration.13,14 Despite its 
many advantages, 4D imaging is limited by its prolonged 
image acquisition times and, in the setting of CT, a higher 
radiation dose than in routine CTA.24,41

Conclusions
As technological advances in the imaging sciences oc-

cur, the role of new imaging techniques in the evaluation 
and management of acute ischemic stroke evolves. Vessel 
wall MRI, TCD ultrasonography, and 4D CTA or MRA 
are 3 of the newer imaging modalities in use today that 
have proven utility in this patient cohort. Although each of 
the modalities has a set of limitations, it is likely that their 
roles will continue to expand in the future.
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