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ORIGINAL RESEARCH
BRAIN

Optimal MRI Sequence for Identifying Occlusion Location in
Acute Stroke: Which Value of Time-Resolved

Contrast-Enhanced MRA?
A. Le Bras, H. Raoult, J.-C. Ferré, T. Ronzière, and J.-Y. Gauvrit

ABSTRACT

BACKGROUND AND PURPOSE: Identifying occlusion location is crucial for determining the optimal therapeutic strategy during the
acute phase of ischemic stroke. The purpose of this study was to assess the diagnostic efficacy of MR imaging, including conventional
sequences plus time-resolved contrast-enhanced MRA in comparison with DSA for identifying arterial occlusion location.

MATERIALS AND METHODS: Thirty-two patients with 34 occlusion levels referred for thrombectomy during acute cerebral stroke
events were consecutively included from August 2010 to December 2012. Before thrombectomy, we performed 3T MR imaging, including
conventional 3D-TOF and gradient-echo T2 sequences, along with time-resolved contrast-enhanced MRA of the extra- and intracranial
arteries. The 3D-TOF, gradient-echo T2, and time-resolved contrast-enhanced MRA results were consensually assessed by 2 neuroradi-
ologists and compared with prethrombectomy DSA results in terms of occlusion location. The Wilcoxon test was used for statistical
analysis to compare MR imaging sequences with DSA, and the � coefficient was used to determine intermodality agreement.

RESULTS: The occlusion level on the 3D-TOF and gradient-echo T2 images differed significantly from that of DSA (P � .001 and P � .002,
respectively), while no significant difference was observed between DSA and time-resolved contrast-enhanced MRA (P � .125). � coeffi-
cients for intermodality agreement with DSA (95% CI, percentage agreement) were 0.43 (0.3%– 0.6; 62%), 0.32 (0.2%– 0.5; 56%), and 0.81
(0.6%–1.0; 88%) for 3D-TOF, gradient-echo T2, and time-resolved contrast-enhanced MRA, respectively.

CONCLUSIONS: The time-resolved contrast-enhanced MRA sequence proved reliable for identifying occlusion location in acute stroke
with performance superior to that of 3D-TOF and gradient-echo T2 sequences.

ABBREVIATIONS: ExCICA � cervical/extracranial ICA; GRE T2 � gradient-echo T2; IICA � intrapetrous plus intracavernous segment; IVT � intravenous throm-
bolysis; MET � mechanical endovascular therapy; SAA � supra-aortic artery; SCICA � supraclinoid segment; TR-CE MRA � time-resolved contrast-enhanced MRA

Precisely identifying occlusion location on initial imaging of

acute cerebral ischemic stroke is a key challenge for establish-

ing prognosis and the most appropriate therapeutic management

approach. Intravenous thrombolysis (IVT) efficacy is lower for

proximal than distal occlusions, ranging from 8.7% for ICA1 to

around 13%–30% for proximal MCA occlusions.2 Accurate iden-

tification of occlusion location also enables candidate selection

for mechanical endovascular therapy (MET), which may be of-

fered for large intracranial artery occlusions.3-5

Digital subtraction angiography remains the criterion stan-

dard of imaging techniques for precisely determining occlusion

location. When MR imaging is used as the first-line technique in

patients with acute stroke, 3D-TOF is the recommended MRA

sequence for depicting the level of intracranial occlusion. Some

studies have demonstrated that the extra time needed to perform

this additional sequence does not adversely affect outcomes.6,7

However, despite high sensitivity and specificity (85%–100% and

91%–100%, respectively) in identifying the absence of blood

flow,8-11 3D-TOF cannot provide direct visualization of the

thrombus12 and may misidentify the occlusion location due to its

lack of sensitivity to slow flow.13,14 The gradient-echo T2 (GRE

T2) sequence provides additional data at 77%– 83% sensitivity for

intracranial thrombus identification.15-17 Nevertheless, it may

also misidentify the occlusion location because the associated sus-

ceptibility vessel sign depends on thrombus composition. Finally,

none of these sequences provides supra-aortic artery (SAA) as-
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sessment, though some of the recent grade A recommendations

highlighted its utility in steno-occlusive disease screening for

etiologic evaluation and subsequent appropriate endovascular

therapy.18,19

Contrast-enhanced MRA can improve intracranial artery and

SAA analysis. With improved contrast and less sensitivity to flow

dynamics compared with 3D-TOF, this technique achieves opti-

mal performance in detecting arterial diseases20-22 and is being

increasingly used in conjunction with brain imaging tech-

niques for acute stroke cases.14 However, contrast-enhanced

MRA is limited because it provides only a single static acquisi-

tion restricted to the early arterial phase, and slow-flow dy-

namics can cause pseudo-occlusions to appear upstream of the

steno-occlusive lesion.23,24 Recent time-resolved contrast-en-

hanced MRA (TR-CE MRA) sequences appear to come closest

to DSA imaging used in depicting arteriovenous malforma-

tions or dural arteriovenous fistulas25,26 and theoretically take

advantage of arterial filling dynamics,27 with the option of late

phases, thus avoiding the lack of contrast filling of cervical

arteries upstream of the intracranial occlusion.

This prospective study sought to assess the diagnostic perfor-

mance of 3D-TOF, GRE T2, and TR-CE MRA in the identifica-

tion of occlusion location, compared with DSA as the standard

reference, in patients referred for MET in the acute phase of

stroke.

MATERIALS AND METHODS
Patient Population
We obtained both institutional review board approval and in-

formed consent for this study, which complied with the Health

Insurance Portability and Accountability Act. From August 2010

to December 2012, 33 consecutive patients who fulfilled the eligi-

bility criteria were prospectively enrolled.

The inclusion criteria were as follows: age older than 18 years,

MR imaging diagnosis of acute cerebral ischemic stroke based on

diffusion imaging, referral for MET within 6 hs of symptom onset

for anterior circulation occlusion, proximal thrombus detected

by MR imaging, and time between MRA sequences and DSA �3

hs 30 minutes. The exclusion criteria included hemorrhagic le-

sions that were visible on MR images or comorbidity with poor

prognosis.

MET was performed for every patient. For eligible patients,

IVT was completed before endovascular thrombectomy, either

immediately after IVT (combined therapy) or 1 h after IVT initi-

ation if no clinical improvement was observed (rescue therapy).28

MR Imaging
Data acquisition was performed on a 3T MR imaging system

(Achieva; Philips Healthcare, Best, the Netherlands), which is the

first-line imaging technique available 24/7 in our center. It was

therefore possible to initiate optimal management without de-

lay.12 The imaging protocol consisted of parenchymal brain im-

aging sequences (axial DWI, GRE T2, and FLAIR) and angio-

graphic sequences (3D-TOF and TR-CE MRA). The MRA

acquisition parameters are provided in Table 1. The total average

acquisition time for all MR imaging sequences was 12 minutes.

The TR-CE MRA sequence was based on a k-t Broad-use Lin-

ear Acquisition Speed-up Technique (BLAST)–accelerated 3D se-

quence, performed without moving the patient, with a whole-

body birdcage coil used as a receiver.29,30 This technique provided

wide coverage, from the aortic arch to the M3–M4 segments of the

MCAs, with high temporal and spatial resolution.30 The acquisi-

tion slabs were positioned by using a low-resolution phase-con-

trast MRA that had been performed earlier. A fixed volume of a

15-mL bolus of gadoterate meglumine (Dotarem; Guerbet,

Aulnay-sous-Bois, France) was administered intravenously at 1.5

mL/s with an automatic Spectris power injector (Medrad, Indi-

anola, Pennsylvania), followed by a 30-mL saline flush, without a

bolus-tracking acquisition. Maximum-intensity-projection im-

ages of angiographic sequences were automatically generated, as

with 3D-TOF.

DSA Imaging
Diagnostic prethrombectomy DSA was performed as the stan-

dard of reference for SAA and intracranial artery analysis. All DSA

examinations were performed by a neurointerventionalist with

�5 years’ experience on a biplanar system (Allura Xper; Philips

Healthcare) with the patient under general anesthesia by using the

femoral artery approach. Angiographic images were acquired at 2

frames per second by using an automatic iodinated contrast me-

dium injector at 6 – 8 mL/s for intracranial arteries and 2– 4 mL/s

for SAA (fluoroscopic guidance).

Table 1: Acquisition parameters for MRA sequences
TR-CE MRA 3D-TOF GRE T2

Receive coil Body coil 8-Channel brain coil 8-Channel brain coil
TR/TE (ms) 4.0/1.25 23/3.5 757/16.1
Flip angle 25° 15° 18°
Acquisition plane Coronal Axial Axial
FOV (mm) 320 � 320 200 � 200 230 � 230
Acquisition matrix 268 � 267 312 � 206 512 � 512
Section thickness (after interpolation) 2.6 (1.3) 1.6 (0.8) 5
Acquired voxel size (mm) 1.2 � 1.2 � 2.6 0.64 � 0.97 � 1.6 0.45 � 0.45 � 5
Reconstructed voxel size (mm) 0.8 � 0.8 � 1.3 0.39 � 0.39 � 0.8
No. of sections 77 87 24
Anteroposterior coverage (mm) 100
k-t BLAST undersampling factor 4 – –
No. of dynamics 12 1 –
Phase acquisition times 8.7 sec – –
Total acquisition times 1 minute 44 seconds 2 minutes 36 seconds 1 minute 37 seconds
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Image Analysis
The 3D-TOF, GRE T2, and TR-CE MRA sequences were reviewed

on a specially designed imaging workstation (Extended MR

WorkSpace 2.6.3; Philips Healthcare), which displayed native im-

ages and 3D MPR and MIP images. Two neuroradiologists, J.-C.F.

and H.R., with 10 and 5 years’ experience, respectively, were

blinded to the DSA and clinical findings to independently evalu-

ate the 3D-TOF and TR-CE MRA sequences. Any disagree-

ments were discussed to reach a consensus. DSA was evaluated

by 1 observer blinded to the other findings, by using frontal

and lateral series on the target artery to define the standard of

reference for the intracranial occlusion location and SAA ste-

nosis quantification when applicable. In the event of tandem

occlusion, both occlusion levels were reported. Patients were

studied in randomized order. The diagnostic performance of

both MRA sequences (TR-CE MRA and 3D-TOF) and the GRE

T2 sequence was assessed and compared with DSA in terms of

intracranial occlusion location. The diagnostic performance of

TR-CE MRA was assessed and compared with DSA with regard

to SAA stenosis detection. The images were assessed in terms of

diagnostic performance and image quality.

The location of the intracranial occlusion caused by the

thrombus was defined as follows: for both MRA (3D-TOF and

TR-CE) sequences, the site of complete stoppage of the arterial

flow; and for the GRE T2 sequence, the proximal portion of

the susceptibility vessel sign. The ICA segmentation used for oc-

clusion location was defined according to previous classifica-

tions,31,32 giving rise to the cervical/extracranial segment (Ex-

CICA), intrapetrous plus intracavernous segment (IICA), and

supraclinoid segment (SCICA) (Fig 1). The M1 and M2 segments

of the MCA were defined by standard practice guidelines. Supra-

aortic artery stenosis was classified according to the semiquanti-

tative SAA stenosis severity scale that is typically used in symp-

tomatic patients,33,34 namely, none or moderate (stenosis,

�50%), severe (stenosis, �50%), and occluded (complete stop-

page of the arterial flow without downstream flow).

The contribution of the dynamic nature of TR-CE MRA was

assessed by quantifying the number of

phases that elapsed between the phase

yielding maximum signal intensity within

the nonpathologic arteries and the phase

yielding maximum signal intensity di-

rectly upstream of the occlusion location.

The image diagnostic confidence in-

dex of both MRA sequences for SAA

and intracranial arteries (Fig 1) was eval-

uated according to a modified diagnostic

confidence index scale27,30,35: nondiag-

nostic (vessel borders not definable), fair

(vessel borders scarcely definable, inho-

mogeneous vessel signal), good (good de-

lineation of vessel borders with slight ir-

regularities, homogeneous vessel signal

with slight artifacts), and excellent (sharp

and complete delineation of vessel bor-

ders, homogeneous vessel signal without

artifacts).

Statistical Analysis
The statistical analysis was performed by using SPSS software

(IBM, Armonk, New York). After recoding categoric variables as

ordinal variables, we evaluated occlusion level differences with

MRA sequences and GRE T2 compared with the reference imag-

ing standard (DSA) by using a 2-tailed Wilcoxon exact signed

rank test, with a statistically significant difference assumed for P �

.05. To quantify the intermodality agreement of MRA sequences,

comparing GRE T2 with DSA, we calculated the � coefficient,

95% confidence intervals, and percentage agreement.

Finally, interobserver agreement for MRA image diagnostic con-

fidence indexes for the major intracranial arteries was determined.

RESULTS
Of the 33 patients initially included in this study, 1 patient was

later excluded due to a technical problem that occurred on gado-

linium administration during the TR-CE MRA sequence, result-

ing in nonopacification of the SAA and intracranial arteries. The

final number of patients included was 32 (On-line Table), with 21

men and 11 women (mean age, 64.9 � 14.8 years; age range,

29 – 88 years). This number included 19 (59.3%) who had previ-

ously undergone IVT, 12 of whom had MET as a rescue therapy (if

no substantial clinical improvement was seen 1 h after IVT).28

Two of these patients had a tandem occlusion. The mean time

between MR imaging and DSA was 126 � 35 minutes. For pa-

tients who underwent IVT, the mean time between IVT and DSA

was 120 � 33 minutes.

Intracranial Occlusion Location
Artery occlusion was diagnosed for all patients on the basis of the

3D-TOF and TR-CE MRA sequences, whereas GRE T2 only pro-

vided a diagnosis in 26 of the 32 patients (81.2%). Interobserver

agreement for occlusion location was considered good for TR-CE

MRA (� � 0.72; 95% CI, 0.53– 0.91) and excellent for 3D-TOF

(� � 0.86; 95% CI, 0.62–1).

A 2-tailed Wilcoxon exact signed rank test revealed significant

FIG 1. ICA segmentation used for the occlusion-level definition derived from Gibo et al, 1981.31

The internal carotid artery is divided into supraclinoid ICA, intracavernous and intrapetrous ICA,
and cervical/extracranial ICA.
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differences in the occlusion level among 3D-TOF, GRE T2, and

DSA (P � .001 and P � .002, respectively), whereas there was no

significant difference between DSA and TR-CE MRA (P � .125).

Agreement between both MRA sequences and the GRE T2

sequence with DSA is shown in Table 2. The primary discrepan-

cies between 3D-TOF and DSA were found when the occlusion

was within the SCICA or M1 segments when using DSA, as

opposed to the more proximal location within the IICA or even

FIG 2. In patient 11, agreement between TR-CE MRA and DSA and discordance with TOF. A, 3D-TOF frontal MIP image shows complete
occlusion of the left ICA from the IICA to distal segments of the left MCA. No data were available on the patency of the ICA proximal to the
IICA segment (white arrow). B, Frontal DSA shows opacification of the left ICA up to the supraclinoid segment (white arrow). C, GRE T2 axial
image displays a susceptibility vessel sign in the M1 segment of the left MCA. D, Frontal MIP TR-CE MRA shows patency of the left ICA up to the
SCICA in the last phases (white arrows).

Table 2: Identification of intracranial occlusion location with 3D-TOF, GRE T2, and TR-CE MRA, compared with DSA as the standard
referencea

Occlusion Location DSA (No.) (%) 3D-TOF MRA (No.) (%) GRE T2 (No.) (%) TR-CE MRA (No.) (%)
No occlusion (no susceptibility vessel

sign for GRE T2)
0 (0%) 0 (0%) 6 (17.6%) 0 (0%)

ExCICA 3 (8.8%) 5 (14.7%) 0 (0%) 3 (8.8%)
IICA 0 (0%) 5 (14.7%) 0 (0%) 0 (0%)
SCICA 8 (23.5%) 3 (8.8%) 3 (8.8%) 9 (26.5%)
M1 17 (50.0%) 20 (58.8%) 22 (64.7%) 19 (55.9%)
M2 6 (17.6%) 1 (2.9%) 2 (5.9%) 3 (8.8%)
� 0.43 0.31 0.81
95% CI 0.26�0.60 0.15�0.48 0.60�1
(% of agreement) 61.8% 55.9% 88.2%

a Intracranial occlusion location with 3D-TOF, GRE T2, and TR-CE MRA, compared with DSA as the standard reference, showing the occlusion level detected as well as � and
percentage of agreement with DSA for each MRI sequence.
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cervical/extracranial segment seen with 3D-TOF (Fig 2). The

few discrepancies observed between TR-CE MRA and DSA oc-

curred when the occlusion was within the M1 or M2 segments

of the MCA when using DSA, with TR-CE MRA showing the

occlusion more within the M1 segment of the MCA or in the

SCICA (Fig 3).

SAA Stenosis Detection
SAA stenosis was classified with DSA as follows: none or moderate

in 28 patients (87.5%), severe in 1 (3.1%), and occlusion in 3

(9.4%). All cases were correctly classified on TR-CE MRA imag-

ing (Fig 4).

Dynamic Nature of TR-CE-MRA
For 11 of the 32 patients (34.4%), there was a time difference of at

least 1 phase between maximum opacification of nonpathologic

arteries and optimum opacification within the occluded segment.

The difference was 1 phase for 6 patients, 2 phases for 3 patients, 3

phases for 1 patient, and 6 phases for 1 other patient. In 9 of these

11 patients (81.8%), the occlusion location was misidentified on

3D-TOF, in contrast to only 2 misidentified cases with TR-CE

MRA.

Image Diagnostic Confidence Index
For intracranial artery evaluation, the diagnostic confidence in-

dex was significantly higher (P � .013) with the 3D-TOF se-

quences (mean, 3.0 � 0.7) than with the TR-CE MRA sequences

(mean, 2.6 � 0.7).

Interobserver agreement was considered good for the intra-

cranial arteries visualized with the TR-CE MRA and 3D-TOF

sequences (�� 0.72; 95% CI, 0.48 – 0.96; and �� 0.75; 95%

CI, 0.53– 0.97, respectively) and moderate for SAAs visual-

FIG 3. In patient 1, disagreement between TR-CE MRA and DSA and discordance with TOF. A, 3D-TOF frontal MIP image shows complete
occlusion of the right ICA from the IICA to distal segments of the left MCA, with a doubt about the patency of the ICA proximal to the IICA
segment (white arrow). B, Frontal DSA shows opacification of the right ICA up to the M1 segment (white arrow). C, Frontal MIP TR-CE MRA shows
patency of the right ICA up to the SCICA in the last phases (white arrows).
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ized with the TR-CE MRA sequences (�� 0.41; 95% CI,

0.20 – 0.62).

DISCUSSION
Our study showed TR-CE MRA to be more accurate than 3D-

TOF and GRE T2 for identifying occlusion location, producing

excellent agreement with DSA and offering a simultaneous and

reliable SAA analysis with no additional time acquisition if sub-

stituted for the 3D-TOF sequence and entailing no delay in initi-

ating optimal management.

The 3D-TOF showed low reliability for occlusion location,

illustrated by its low 62% agreement with DSA (� � 0.43). How-

ever, its sensitivity for thrombus detection was in line with the

literature (100.0%).8,10 Previous studies have already reported the

limitation of 3D-TOF in terms of occlusion depiction,10,22 with

Korogi et al,10 for example, demonstrating that 21% of the intra-

cranial segments occluded in the 3D-TOF sequence proved per-

meable in the contrast-enhanced 3D-TOF sequence. In our study,

despite using 3T MR imaging with an optimal signal-to-noise

ratio for 3D-TOF image quality, the discrepancies between the

DSA and 3D-TOF sequences resulted in major misdiagnosis, es-

pecially when the occlusion was located in the ICA supraclinoid

segment. The 3D-TOF sequence showed a tendency to locate the

occlusion in a more proximal position than the DSA-located oc-

clusions. This could be accounted for by the flow reduction up-

stream of the thrombus being erroneously detected by this flow-

based technique. Similarly, GRE T2 achieved only 56% agreement

with DSA (� � 0.31), despite its expected high sensitivity for

thrombus detection (81.2%).15-17

In contrast, TR-CE MRA proved a reliable non-time-consum-

ing tool for occlusion location, with 88% agreement with DSA

(� � 0.81). The superior diagnostic performance of TR-CE MRA

compared with 3D-TOF was not hampered by the lower image

quality, probably due to the poorer spatial resolution, and may be

the result of several factors: First, the T1 effect of gadolinium

compensates for the signal loss caused by spin-dephasing that

occurs in 3D-TOF when the flows are slow, turbulent, or oriented

parallel to the section plane, in this case essentially upstream of the

real occlusion site diagnosed on the DSA (standard of reference)

image and especially within the IICA segment. Second, during the

last phases, the dynamic nature of TR-CE MRA enables identifi-

cation of the persistent slow-filling artery upstream of and closest

to the occlusion. This flow can be missed on 3D-TOF, due to

spin-dephasing,13 as well as on conventional CE-MRA, on

account of only a single static arterial phase being available, a

problem that has already been reported with CT in the setting of

cerebral stroke.23,24 Both of these static conventional MRA con-

trast-enhanced or non-contrast-enhanced sequences, therefore,

carry the risk of occlusion overestimation.

The advantage of dynamic imaging, as previously suggested in

a study based on 4D CT,36 was especially evident in our study. In

some cases, we found that TR-CE MRA enabled rectification of

the occlusion level that had been misdiagnosed on 3D-TOF due to

its added advantage of late phases. Finally, the comparison of

TR-CE MRA with the DSA technique in this study also confirmed

its reliability for detecting SAA disease, a result that was previously

reported.30 The ability of TR-CE MRA to provide simultaneous

accurate data in terms of intracranial thrombus location and SAA

stenosis during the initial MR imaging in a short acquisition time

(�2 minutes) is of particular significance. This advantage clearly

means that TR-CE MRA may have the potential to improve pa-

tient triage and MET strategy planning. For example, identifica-

tion of a tandem occlusion enables optimum MET preparation

FIG 4. Examples of occlusion and stenosis of the extracranial arteries.TR-CE MRA and its corresponding frontal DSA image. In patient 7 (A and
B), occlusion of the left ICA, probably of atheromatous etiology (white arrow) on TR-CE MRA (A) and DSA (B). In patient 24 (C and D), severe
stenosis (�50%) of the right ICA, on TR-CE MRA (C) and DSA (D), presumed due to an arterial dissection (white arrow).
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through the use of a triaxial guide-catheter system for stent place-

ment as needed.37 Moreover, advanced knowledge of a critical

case as tandem or a very proximal intracranial occlusion can de-

termine the choice of general over local anesthesia. On the other

hand, a single M1 occlusion can lead to single-catheter access and

local anesthesia, thus resulting in a shorter procedure.38 Last, al-

though a more distal occlusion level in M2 or further is not rec-

ommended for MET, overestimation of the level of occlusion (in

M1 or more proximally) caused by 3D-TOF may lead to the

wrong therapeutic decision.

Our study has several limitations. First, due care should be

taken when interpreting the results, given the moderate patient

sample size, and a larger population should be assessed to confirm

our data. Second, our study focused solely on the anterior circu-

lation, and the presumed advantage of applying TR-CE MRA to

the cerebral posterior circulation requires further investigation.

Third, there was a time lapse between MR imaging and DSA.

During this interval, arterial occlusion may spread or decrease

regardless of ongoing thrombosis or fibrinolysis processes, result-

ing in discrepancies in the occlusion location between MR imag-

ing and DSA. However, the high rate of concordance reported

between TR-CE MRA and DSA suggests that this limitation did

not influence our conclusions. Fourth, we did not compare TR-

CE MRA with conventional contrast-enhanced MRA because it

would have required time and a second injection; also, the agree-

ment between the 2 sequences had been demonstrated previ-

ously.30 Finally the TR-CE MRA sequence has a low spatial reso-

lution, which obviously reduces image quality for intracranial

arteries and hampers analysis beyond the M2 or M1 segments in

some cases. This drawback could be easily remedied by using ded-

icated coils and parallel imaging.39,40

CONCLUSIONS
Of all the MR imaging sequences we evaluated, TR-CE MRA

proved to be the most reliable for identifying occlusion loca-

tion in the setting of acute stroke, offering superior perfor-

mance to 3D-TOF and T2 GRE, along with the added advan-

tage of enabling SAA stenosis detection. Thus TR-CE MRA

could replace 3D-TOF and so reduce the interval before opti-

mal management, especially when endovascular treatment is

considered. The GRE T2 sequence remains mandatory because

it enables hemorrhage identification.
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