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ABSTRACT 

Vessel wall magnetic resonance imaging at ultra-high field (7 Tesla) can be 

used to visualize vascular lesions noninvasively and holds potential for 

improving stroke-risk assessment in patients with ischemic cerebrovascular 

disease. We present the first multi-modal comparison of such high-field 

vessel wall imaging with more conventional (i) 3 Tesla hemodynamic 

magnetic resonance imaging and (ii) digital subtraction angiography in a 69-

year-old male with a left temporal ischemic infarct. 

 

CASE REPORT 
 

 

 

 

Clinical history 

A 69-year-old male with past medical history significant 

for hypertension and hyperlipidemia reported being in his 

usual state of health at work when he became acutely confused 

and was unable to speak. He presented to the hospital with 

receptive and expressive aphasia and was able to follow only 

simple commands. Motor, sensory and cranial nerve exams 

were normal. Echocardiogram performed at admission was 

normal, leaving stroke etiology unclear. Therefore, we 

investigated the application of novel functional magnetic 

resonance imaging MRI approaches, such as vessel-encoded 

arterial spin labeling (VE-ASL) [1] and hypercarbic blood 

oxygen level dependent (BOLD) [2] imaging at 3T, to better 

understand perfusion traits. Furthermore, we employed high-

resolution vessel wall imaging technique [3] at 7T to examine 

the presence of lesions and stenosis that may not have been 

apparent with conventional approaches. 

 

Materials and Methods  

Patient provided informed, written consent for the 

hemodynamic and vessel wall imaging studies and local 

Institutional Review Board approval was obtained for the 

analyses. 

 

Conventional Imaging: Non-contrasted axial CT 

(320mAs, 120 kV) and contrasted computed tomography 

angiography (CTA) (helical CTA, 200 mAs, 120 kV, 0.8 mm 

slice thickness, 150 mL Optiray 350 contrast) of the head were 

performed. Following CT, contrast-enhanced T1-weighted and 

diffusion-weighted MRI images were obtained using standard 

imaging protocols. Subsequently, three vessel digital 

subtraction angiography (DSA) was performed to characterize 

the mass encasing the left ICA and evaluate for intracranial 

arterial disease not seen on CTA. 

 

Hemodynamic Imaging at 3T: We used novel functional 

MR imaging approaches including vessel-encoded arterial spin 

labeling (VE-ASL) and blood oxygen level dependent 

(BOLD) imaging at 3T to better understand perfusion. Patient 

provided informed, written consent for the hemodynamic and 

vessel wall imaging studies and local Institutional Review 

Board approval was obtained for the analyses. The 

hemodynamic 3T MR included:   
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(i) T1-weighted (MPRAGE: 1x1x1 mm
3
; TR/TE=8.9/4.6 

ms),  

 

(ii) T2-weighted Fluid Attenuated Inversion Recovery 

(FLAIR) at a spatial resolution of 0.9x0.9x1 mm
3
 at 

TR/TE=11000/120 ms,  

 

(iii) VE-pCASL (3.4x3.4x5 mm
3
; 

TR/TE/TI=4000/17/1650 ms; 16 slices) to investigate 

perfusion territories of left internal carotid artery (ICA), right 

ICA, and the posterior circulation for tissue-level compromise 

and collateral compensation  

 

(iv) Hypercarbic BOLD (3.4x3.4x5 mm
3
; 

TR/TE=2000/35 ms; 30 slices) using a block paradigm of 3/3 

min baseline/5% carbogen (5% CO2; 95% O2) breathing 

repeated twice. Patient vitals (heart rate, blood pressure, pulse 

oximetric saturation and end-tidal CO2: EtCO2) were recorded 

throughout the scan. BOLD and VE-ASL MRI data were 

corrected for motion, baseline drift, and co-registered first to 

the anatomical T1-weighted images and then to standard MNI 

space [5]. For signal change detection and z-statistic 

classification, standard temporal autocorrelation routines 

incorporating a linear model and noise prewhitening were 

applied to BOLD data, which was pre-smoothed spatially 

using a Gaussian kernel with full-width-half-max (FWHM)=3 

mm [6]. For BOLD analysis, voxel-by-voxel measurements 

were made for: (i) cerebral vascular reactivity (CVR), 

quantified as mean equilibrated signal in response to 

hypercarbia; and (ii) z-statistic with hypercarbia, indicative of 

the statistical strength of the BOLD response normalized by 

the noise. For VE-ASL, pair-wise subtraction of the label 

image from the control image was performed and the 

difference images were averaged. Subsequently, a single-

compartment kinetic model incorporating the flow-modified 

solution to the Bloch equation was applied to quantify CBF 

using a constrained nonlinear optimization routine, in absolute 

units (ml/100g/min) on a voxel-by-voxel basis [7]. Flow 

territories were calculated upon application of a previously 

published k-means clustering algorithm [8,9].  Although 

hypercarbia is not a direct or natural measure of autoregulatory 

capacity, prior studies have demonstrated correlation between 

measurements of CVR with hypercarbic stimulus and disease 

severity [10, 11].  

 

Imaging at 7T: Following 3T hemodynamic MRI and 

DSA, high spatial resolution (0.8x0.8x0.8 mm
3
) T1-weighted 

magnetization prepared inversion recovery turbo spin-echo 

sequence (MPIR-TSE) was used for intracranial arterial wall 

imaging [12]. In this method, cerebrospinal fluid (CSF) signal 

is nulled using an adiabatic inversion pre-pulse (analogous to 

FLAIR MRI) and flowing blood is dephased due to incomplete 

refocusing during the turbo spin echo readout. Vessels 

surrounded by relatively larger volumes of CSF, such as the 

Circle of Willis, are most clearly imaged with this approach.  

 

Findings  

Non-contrasted CT (Fig. 1a) and contrast-enhanced CTA 

(Fig. 1b) of the head showed vasogenic edema in the inferior 

left frontal lobe with a partially calcified left planum 

ethmoidalis and paraclinoid mass (2.1cm x 1.0cm x 3.3cm) 

and hyperostosis, which was confirmed by MRI (Fig. 1c). 

Diffusion weighted MRI also showed scattered areas of 

restricted diffusion, which is confirmed by apparent diffusion 

coefficient maps, secondary to acute infarction in the left 

middle cerebral artery (MCA) territory cortex (Fig. 2). 

Contrasted T1-weighted MRI images (Fig. 3) demonstrated a 

homogeneously enhancing mass encasing the left ICA and 

extending into the suprasellar cistern. Imaging characteristics 

were highly suggestive of meningioma [4].   

 

Hypercarbic BOLD revealed compromised CVR (Fig. 4c) 

within the left MCA territory subacute stroke. VE-ASL 

imaging showed apparent increase in CBF in the subacute 

stroke, which could be due to "luxury perfusion" or 

endovascular signal due to delayed arterial transit times (Fig. 

5).   

 

DSA (Fig. 6) confirmed the hypervascular appearance of 

the suspected meningioma. DSA also showed focal stenosis in 

the left distal anterior cerebral artery (ACA), MCA and 

posterior cerebral artery (PCA) branches (Fig. 7). The portion 

of the left ICA surrounded by the mass and the right ICA were 

not affected. On 7T MRI arterial wall imaging, three non-

stenosing arterial plaques affecting the A1 segment of the left 

ACA, the proximal M1 segment of the left MCA and the 

posterior wall of the basilar artery were revealed which were 

not visualized on DSA (Fig. 7d-f).   

 

Management 

Secondary stroke prevention begun after discharge from 

the hospital included antiplatelet therapy (aspirin 81mg daily). 

Anti-hypertensive and anti-hyperlipidemia medications were 

continued, with a target systolic blood pressure < 130 mm Hg 

and low-density lipoprotein (LDL) < 100 mg/dL.   

 

Follow up 

Six months following initial stroke, cardiac Holter 

monitoring revealed paroxysmal atrial fibrillation secondary to 

sick sinus syndrome and patient underwent pacemaker 

implantation.    

 

 

 

 

Etiology & demographics 

Stroke is the third leading cause of death in the United 

States and the second most common cause of disability, 

affecting 795,000 people yearly [13]. Although two-thirds of 

stroke patients survive their stroke, half of these stroke 

survivors are left disabled [14].  For 2008, the estimated cost 

of stroke-related morbidity in the United States was $65.5 

billion [13].  The disease has a higher incidence in males than 

females at younger ages but the gender difference diminishes 

with advancing age. The majority of strokes are ischemic 

(87%) with hemorrhagic strokes comprising the other 13%.  

There are numerous modifiable risk factors for stroke, 

including hypertension, which increases the risk of stroke at 

age 50 four-fold; atrial fibrillation also increases stroke risk by 

a factor of four [15].  Persistent, paroxysmal, and permanent 

atrial fibrillation all appear to increase the risk of ischemic 

stroke to a similar degree [16].  

DISCUSSION 
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Clinical & imaging findings 

In this case, since luminal stenosis on DSA was only 

found within the left ICA territory, an embolic or stenosing 

effect from the suspected meningioma was considered.  Large 

vessel embolic strokes affect the territory supplied by the 

affected artery, whereas infarcts due to systemic hypoperfusion 

typically cause bilateral findings except in the presence of 

lateralizing vascular stenosis. Cardioembolic strokes may 

affect more than one vascular territory.  Angiographic support 

for ICA wall invasion by meningioma includes focal stenosis 

in the portion of the meningioma surrounded by the ICA, 

which was not found [17]. Histologic ICA invasion has been 

reported-despite a normal appearance of the ICA lumen on 

angiography-when a meningioma completely surrounds the 

ICA lumen, but the mass did not encompass the ICA in this 

patient [18].  Despite their infiltrative nature, meningiomas 

have rarely been associated with cerebral ischemia [19].  One 

review of all surgically evaluated meningioma patients found 

the incidence of meningioma-related cerebral ischemia to be 

0.19% (three of 1617 meningiomas) [20].  Endovascular 

stenting and angioplasty of symptomatic ICA stenosis related 

to skull-based meningiomas have been reported [21,22].  Most 

published cases of cerebral ischemia secondary to meningioma 

are in the setting of severe ICA stenosis or occlusion [22,23].  

Convexity and parafalcine meningiomas have been suggested 

to cause transient ischemic attacks by some authors [24,25].  

However, identification of additional non-lumen 

compromising vessel wall lesions with 7T MRI, which 

included posterior circulation disease, suggested more 

generalized atherosclerotic disease rather than isolated left 

ICA embolic or stenosing changes arising from the presumed 

meningioma. 

 

Hemodynamic imaging performed two months after the 

acute stroke showed hyperperfusion on arterial spin-labeling 

(ASL) MRI with decreased CVR on BOLD.  In a prospective 

study using single photon emission computerized tomography 

(SPECT) to evaluate reperfusion in acute and subacute stroke, 

Bowler, et al., reported visually apparent reperfusion in 28% 

of patients (14 of 50), with a mean delay of 5.8 days.  The 

authors found reperfusion was significantly more common in 

embolic strokes than strokes from other etiologies-with 13 of 

23 embolic events reperfused but only 3 of 23 other events 

[26].  In this patient, increased CBF in the subacute stroke 

region may be hyperperfusion, luxury perfusion or artifact due 

to endovascular signal from delayed arterial transit times.  

Luxury perfusion implies excessive CBF compared to 

metabolic demand, which is typically measured with positron 

emission tomography (PET) [27]. 

 

This case demonstrates an application of innovative 

advanced diagnostic tools, including 7T-vessel wall and 

hemodynamic 3T MRI techniques, to characterize subacute 

stroke.  With high-field vessel wall imaging, atherosclerotic 

plaques in the left ACA, left MCA and basilar artery were 

visualized despite normal findings on DSA. In this case, we 

used a 7T protocol which was optimized to show the Circle of 

Willis and adjacent arteries. However, recent reports 

demonstrate protocols for whole-brain intracranial vessel wall 

imaging which may allow for visualization of plaques in 

smaller vessels [28]. Eventually, plaques may be able to be 

further characterized for high-risk features.  

 

7T intracranial vessel wall imaging is limited currently by 

strict safety guidelines not applied to imaging at lower 

magnetic fields. Additionally, inhomogeneity of the transmit-

field at 7T makes imaging of the temporal and occipital lobe 

vessel walls difficult. However, prior studies using intracranial 

vessel wall imaging have shown promising results in detecting 

non-stenosing atherosclerotic plaques and other intracranial 

arterial wall pathology, like vasculitis.  As non-invasive MR 

methods are prospectively evaluated in clinical trials, these 

techniques, which can be performed in less than one hour 

without intravenous contrast or radiation, may contribute to a 

better understanding of the etiology of stroke and the tissue-

level hemodynamics which underlie its clinical manifestations.   

 

Treatment & prognosis 

Hemodynamic MRI and DSA confirmed a lack of flow 

failure in the left ICA related to the paraclinoid mass.  DSA 

has been the gold standard for evaluating neurovascular 

compromise, but is invasive and requires exogenous contrast.  

In contrast, noninvasive measurement of hemodynamic 

impairment with MRI is readily accessible for most treatment 

centers, due to technical innovations over the past decade, and 

can be performed and processed within an hour.   Without 

evidence for flow failure, vessel wall imaging was performed 

to assess for thrombotic etiology, but lesions found in the 

anterior and posterior circulation were non-stenosing.   The 

relative risk from flow failure due to luminal stenosis 

compared to ruptured atherosclerotic plaque intracranially is 

unknown.  Much more is known about coronary and carotid 

bifurcation risk factors.  For instance, nearly 70% of acute 

coronary events are caused by lesions that are not 

hemodynamically significant or flow limiting prior to the event 

[29]. Carotid bifurcation studies have identified "vulnerable" 

plaque features which increase stroke risk [30], including 

lipid-rich necrotic cores [31], intra-plaque hemorrhage [32-34] 

and torn fibrous caps [35].  Improved understanding of the 

longitudinal progression of atherosclerosis has shown that 

early extra-cranial carotid bifurcation plaque is accommodated 

by external remodeling without luminal compromise [36], 

presumably in an attempt to preserve hemodynamic flow.  

However, differences in the hemodynamic forces, lumen and 

wall thickness, shear stress, and wall motion within intracranial 

vessels could lead to varying manifestations and significance 

of intracranial plaque compared to extracranial atherosclerosis.  

Intracranial wall imaging has only recently become technically 

feasible, and thus longitudinal studies are necessary to 

understand the clinical implications for the non-stenosing wall 

lesions identified in this patient. 

 

Six months after the patient's initial stroke, telemetry 

revealed paroxysmal atrial fibrillation secondary to sick sinus 

syndrome.  Given the strong cardioembolic source, stroke 

etiology was felt to be embolic, rather than related to the 

intracranial vessel wall lesions or the presumed meningioma.  

Patient was then anticoagulated with warfarin and a permanent 

pacemaker was implanted.  Pacemaker placement may reduce 

morbidity, but has not been shown to reduce mortality, in 

patients with sick sinus syndrome [37]. 
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Differential Diagnoses for stroke etiology: 

The Trial of Org 10172 in Acute Stroke Treatment 

(TOAST) classification system is the most widely utilized for 

stroke subtype classification [38].  The five subtypes are 1) 

large-artery atherosclerosis, 2) cardioembolism, 3) small-

vessel occlusion, 4) stroke of other determined etiology, and 5) 

stroke of undetermined etiology.  Clinical presentation can 

often help determine the etiology of stroke. For instance, this 

patient presented with aphasia, which is a cortical sign.  Other 

cortical signs include agnosia, neglect, apraxia, or 

hemianopsia.  Patients presenting with cortical signs more 

often are suffering from embolic stroke. In contrast, small-

vessel occlusions typically cause lacunar infarcts in the 

territory of penetrating basal arteries and are not typically 

associated with cortical findings.  The most common clinical 

presentations for lacunar infarcts include pure motor 

hemiparesis, pure sensory stroke, and ataxic hemiparesis [39].  

In this case, after large-artery atherosclerosis was excluded, 

the abrupt onset of maximum symptoms favored an embolic 

etiology, which was confirmed with the identification of sick 

sinus syndrome. Over half of patients with sick sinus syndrome 

have alternating bradycardia and atrial tachyarrhythmia, even 

with pacing, with atrial fibrillation the most common [40].  

Within the TOAST classification, atrial fibrillation is a high-

risk source for cerebrovascular events, which has been 

confirmed by subsequent studies [41]. Other high-risk sources 

include rheumatic mitral or aortic valve disease, recent 

myocardial infarction and recent coronary artery bypass graft 

surgery. Tse, et al., found episodes of atrial fibrillation 

occurred in 44% of patients with sick sinus syndrome (mean 

follow up 16 months), and was associated with a 2.5-fold 

increase in major cardiovascular events, especially stroke [42]. 

The risk of stroke in patients with atrial fibrillation should be 

determined and anticoagulation is indicated for patients at high 

risk for stroke [43]. 

 

 

 

 

 

High field MRI using a vessel wall sequence may identify 

atherosclerotic plaques which are not well characterized by 

conventional imaging modalities such as DSA or CTA. Such 

information complements the hemodynamic evaluation of 

stroke which is obtained using advanced functional MRI. 
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Figure 1: 69 year old male with meningioma.   

FINDINGS: Axial non-contrasted CT (a) shows calcified left paraclinoid mass (yellow arrow) and vasogenic edema (blue 

arrow). Sagittal images from contrasted CTA (b) and T1-weighted MR (c) show hyperostosis of the planum ethmoidalis (pink 

arrows) abutting the dural-based enhancing extra-axial mass which extends into the suprasellar cistern, an appearance 

characteristic of a meningioma.  

TECHNIQUE: Axial CT, 320mAs, 120 kV; Helical CTA, 200 mAs, 120 kV, 0.8 mm slice thickness, 150 mL Optiray 350 

contrast; Sagittal 1.5T T1-weighted MR (TR/TE=565/17 ms), 15 mL Magnevist contrast. 

 
 

Figure 2: 69 year old male with acute infarct.   

FINDINGS: Axial diffusion weighted images (DWI) (top) with corresponding axial apparent diffusion coefficient maps (ADC) 

(bottom) show scattered areas of restricted diffusion in left MCA territory (pink arrows).  

TECHNIQUE: Axial 3T DWI MR (TR/TE =5600/118 ms). 

 

 

 

 
FIGURES 
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Figure 3: 69 year old male with meningioma.   

FINDINGS: Coronal T1-weighted contrasted MR shows homogeneously enhancing suprasellar mass occupying the suprasellar 

cistern with dural tail, which abuts the left ICA. Note the left ICA lumen does not appear narrowed (pink arrows).  

TECHNIQUE: Coronal 3T T1-weighted MR (TR/TE=750/9 ms), 15 mL Magnevist contrast. 

 

 
 

Figure 4: 69 year old male with subacute L MCA infarct. FINDINGS:  Co-registered axial FLAIR (a), T1 (b), BOLD z-

statistic (c), and ASL (d) images show decreased left MCA-territory CVR on BOLD and increased apparent CBF 

(mL/100g/min) on ASL (white arrows). This could be "luxury perfusion" or endovascular signal due to delayed transit times. 

TECHNIQUE:  Axial 3T T2-weighted FLAIR (0.9x0.9x1 mm
3
; TR/TE=11000/120 ms); axial 3T T1-weighted (MPRAGE: 

1x1x1 mm
3
; TR/TE=8.9/4.6 ms); axial 3T hypercarbic BOLD (3.4x3.4x5 mm

3
; TR/TE=2000/35 ms; 30 slices) using a block 

paradigm of 3/3 min baseline/5% carbogen (5% CO2; 95% O2) breathing repeated twice; axial 3T cerebral blood flow (CBF)-

weighted pseudo-continuous ASL (3.4x3.4x5 mm
3
; TR/TE/TI=4000/17/1650 ms; 16 slices; bipolar dephasing gradients). 
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Figure 5: 69 year old male with subacute infarct.   

FINDINGS: VE-ASL demonstrates the perfusion territories for the right ICA (blue), left ICA (green) and basilar tag (yellow). 

The fetal configuration PCOM is indicated by the left ICA perfusion to the left PCA territory (pink arrows).   

TECHNIQUE: Axial 3T CBF-weighted VE-ASL (3.4x3.4x5 mm
3
; 16 slices; bipolar dephasing gradients, 

TR/TE/TI=4000/17/1650 ms;). 

 
 

Figure 6: 69 year old male with mass and subacute infarct.   

FINDINGS: Lateral projections on DSA from right (a) and left (b) CCA injections show hypervascular blush (white arrow) 

along the planum ethmoidalis meningioma from the right common carotid artery (CCA) injection. AP projection from left 

vertebral injection (c) shows lack of left occipital lobe perfusion (white circle). This territory is perfused from fetal PCOM 

(white arrow), opacified from CCA injection (d).   

TECHNIQUE: DSA projections following right CCA (6mL Omnipaque 240 contrast/1 second), left vertebral artery and left 

CCA injections (4mL/s and 6mL/s Omnipaque 240 contrast). 
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Etiologies  Ischemic (87%) 

 Hemorrhagic (13%) 

Incidence [43]  795,000 strokes/year in the United States 

 Men>women at younger ages but not older  

High-risk Cardioembolic 

Sources [41-44] 

 Persistent, paroxysmal, and permanent atrial fibrillation all appear to increase the risk of 

ischemic stroke to a similar degree  

 Patients with atrial fibrillation have a 4-fold increased risk of ischemic stroke 

Clinical course  Embolic strokes most often occur suddenly, with maximum symptoms at onset 

 Thrombosis-related stroke symptoms may fluctuate 

Treatment  Chronic anticoagulation is recommended for patients with atrial fibrillation if the patient is 

determined to be at high risk for stroke and no contraindications are present. 

Findings on Imaging  Cardioembolic strokes may affect more than one vascular territory 

 Ischemic strokes may occur in a watershed distribution [45] 

 Systemic hypoperfusion may cause bilateral findings, but can be unilateral in the setting of 

asymmetric neurovascular disease [46] 

 

Table 1: Summary table for stroke subtypes [43] 

 
 

Figure 7: 69 year old male with subacute infarct.   

FINDINGS:  Lateral projection from left CCA injection (a) demonstrates scattered peripheral areas of luminal narrowing 

(black arrows). AP projection from left CCA injection (b) and lateral projection from left vertebral injection (c) show normal 

appearing A1 segment and basilar artery. However, 7T vessel wall imaging (axial "d", coronal "e", and sagital "f") identifies 

non-stenosing plaques, which are not seen by lumenography (green arrows identify A1 lesions, red arrow identifies basilar 

lesion).  

TECHNIQUE: DSA with vertebral and left CCA injections at 4mL/s and 6mL/s Omnipaque 240 contrast. With 7T MR 

(TR=3952 ms; 0.8 mm isotropic; 3D turbo spin echo TE=39 ms; duration= 7min), both CSF and blood water are nulled to 

reveal vessel wall and plaque contrast. A FLAIR inversion recovery pre-pulse nulls the longitudinal component of the CSF 

magnetization, whereby the turbo-spin-echo readout works to dephase the transverse magnetization of flowing blood water.    
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Anterior Circulation 

Stroke Subtype 

Infarct  

Location 

Clinical  

Presentation 

Tests 

Cardioembolism Cortical or 

subcortical 

Cortical dysfunction 

 (e.g. aphasia, agnosia, neglect, 

apraxia, or hemianopsia) 

Abnormal 

Echocardiogram 

Large-artery 

atherosclerosis 

Cortical or 

subcortical  

Cortical dysfunction ICA or MCA  

stenosis  

Small-artery 

occlusion 

Basal penetrating 

artery territory 

Lacunar syndrome 

(e.g. pure motor hemiparesis, 

pure sensory stroke, and 

ataxic hemiparesis) 

Infarct < 20 mm 

 

Table 2: Differential table for stroke subtypes 

The etiologic classification of stroke subtype is made by combining criteria from clinical presentation with outcomes from 

diagnostic tests. 
 

 

 

 

 

 

 

ACA = Anterior cerebral artery 

ASL = Arterial spin-labeling 

BOLD = Blood oxygenation level-dependent 

CBF = Cerebral blood flow 

CSF = Cerebral spinal fluid 

CT = Computed tomography 

CVR = Cerebral vascular reactivity 

DSA = Digital subtraction angiography 

ICA = Internal carotid artery 

MCA = Middle cerebral artery 

MRI = Magnetic resonance imaging 

PCA = Posterior cerebral artery 

pCASL =  Pseudocontinuous arterial spin-labeling  

PET = Positron emission tomography 

SPECT = Single photon emission computerized tomography 

TOAST = Trial of Org 10172 in Acute Stroke Treatment 

VE-ASL = Vessel encoded arterial spin-labeling 

 

 

 

 
 

Stroke; Cerebral Stroke; Cerebrovascular Accident; 

Cerebrovascular Stroke; Meningioma; Intracranial 

Meningioma; vessel-wall imaging; fMRI; Magnetic Resonance 

Imaging, Functional; MRI, Functional; Atherosclerosis 
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