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Value of Contrast-Enhanced MRA versus Time-of-Flight MRA in
Acute Ischemic Stroke MRI

T. Boujan, ““U. Neuberger, 7). Pfaff, “&'S. Nagel, **'C. Herweh, ““M. Bendszus, and ““’"M.A. M&hlenbruch

ABSTRACT

BACKGROUND AND PURPOSE: Vessel imaging in acute ischemic stroke is essential to select patients with large-vessel occlusion for
mechanical thrombectomy. Our aim was to compare the diagnostic accuracy of time-of-flight MR angiography and contrast-enhanced MR
angiography for identification of vessel occlusion and collateral status in acute ischemic stroke.

MATERIALS AND METHODS: One hundred twenty-three patients with stroke with large-vessel occlusion before thrombectomy were in-
cluded in this retrospective study. Before thrombectomy, 3T MR imaging, including conventional 3D TOF-MRA of the intracranial arteries and
contrast-enhanced MRA of intra- and extracranial arteries, was performed. Both techniques were assessed independently by 2 neuroradiologists
for location of the occlusion, imaging quality, and collateral status. Findings were compared, with subsequent DSA as the reference standard.

RESULTS: Both techniques had good interrater agreement of k = 0.74 (95% Cl, 0.66—0.83) for TOF-MRA and k = 0.72 (95% Cl, 0.63—0.80)
for contrast-enhanced MRA. Occlusion localization differed significantly on TOF-MRA compared with DSA (P < .001), while no significant
difference was observed between DSA and contrast-enhanced MRA (P = .75). Assessment of collaterals showed very good agreement
between contrast-enhanced MRA and DSA (94.9% with P = .25), but only fair agreement between TOF-MRA and DSA (23.2% with P < .001).

CONCLUSIONS: Contrast-enhanced MRA offers better diagnostic accuracy than TOF-MRA in acute ischemic stroke. Contrast-enhanced
MRA was superior in localizing vessel occlusion within a shorter acquisition time while providing a larger coverage, including extracranial
vessels, and a more accurate assessment of collateral status. These results support inclusion of contrast-enhanced MRA in acute stroke MR

imaging, perhaps making TOF-MRA superfluous.

ABBREVIATION: CE-MRA = contrast-enhanced MRA

I n acute ischemic stroke, imaging plays a pivotal role in the ini-
tial diagnosis and treatment decisions. Especially in acute isch-
emic stroke due to large-vessel occlusion, vessel imaging, includ-
ing CT angiography and MR angiography, is essential to select
patients for thrombectomy as a highly effective treatment.’

Stroke MR imaging usually includes time-of-flight MRA for
the detection of proximal vessel occlusion.>* However, TOF-
MRA has several major disadvantages: It provides only a small
FOV, excluding extracranial vessels, and has a long acquisition
time with the risk of motion artifacts® because the MR signal is
generated by blood flow.°
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Contrast-enhanced MR angiography (CE-MRA) with T1-
shortening paramagnetic contrast medium induces the MR signal
predominantly unaffected by blood flow disturbances, while pro-
viding a larger coverage from the aortic arch up to intracranial
arteries,” and has a shorter acquisition time.

One of the most important questions in diagnostic imaging of
acute stroke is, besides occlusion location as the principal indica-
tor for further treatment, the assessment of pial collateral circula-
tion as an independent predictor of outcome.®™'°

Recently, TOF-MRA and CE-MRA have both been imple-
mented in the evaluation of patients with acute stroke with prom-
ising results.' "' However, evaluation of CE-MRA as a method to
identify intracranial occlusions and to assess collateral circulation
has not yet provided conclusive results.'>'* As more centers use
MR imaging for triage (especially in the 6- to 24-hour time win-
dow), it is important to determine the best MR imaging protocol
to assess proximal occlusion and collaterals.

The aim of this retrospective study was to assess the interrater
agreement and diagnostic accuracy of TOF-MRA and CE-MRA in
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Table 1: Acquisition parameters for MRA sequences

after arrival of contrast media in the

Parameter CE-MRA 3D TOF-MRA proximal common carotid artery. The
Receive coil 12-Channel head and 12-Channel head and second bolus of contrast (PWI) was
neck coil combination  neck coil combination identical, with injection of a volume of
RVTE (rlns) 3‘2% ]'23 22]/ ;83 0.1-mmol/kg of body weight bolus of
ip angle .
Acquisition plane Coronal Axial gadoterate meglumine, 0.5 mmol/mL
FOV (mm) 300 X 300 200 X 200 intravenously at 3.5 mL/s with an auto-
Reconstructed voxel size (mm) 0.9 X 07 X 0.8 07 X 0.5 X 0.6 matic power injector, followed by a
Slice oversampling (%) 9.1 20 20-mL saline flush.
Eo‘ OE s{lcbes per slab 88] 42 Source images and 3D maximum-in-
o. of slabs . Lo
Slice thickness (mm) 08 0.64 tensity-projection images of CE-MRA
Partial Fourier (phase and slice directions) 7/8 and 6/8 6/8 and 6/8 and TOF-MRA were generated.
Total acquisition time 64 sec 3min7 sec

identifying the location of occlusions and assessing the status of
collaterals in the acute phase of ischemic stroke, compared with
the reference standard DSA, in patients with large-vessel occlu-
sion eligible for thrombectomy.

The hypothesis of this study was that CE-MRA is superior to
TOF-MRA in determining the site of occlusion as the key element of
acute stroke MR imaging before thrombectomy. Moreover, we hy-
pothesized that CE-MRA offers better diagnostic assessment of collat-
eral status. Additionally, by covering a larger FOV, including the supra-
aortic vessels, CE-MRA offers the possibility of additional findings.

MATERIALS AND METHODS

Patient Selection

Due to the retrospective character of the study, individual written
informed consent was waived by the institutional review board.
One hundred twenty-three patients were prospectively included
in a data base between January 2011 and July 2015.

Inclusion criteria for this study were the following: 1) clinical
symptoms suggestive of acute stroke due to large-vessel occlusion,
2) DSA within 60 minutes after stroke MR imaging for thrombec-
tomy, and 3) stroke MR imaging, including TOF- and CE-MRA,
with the absence of motion artifacts impeding assessment of in-
tracranial vessel occlusion.

MR Imaging

All examinations were performed on a 3T MR imaging scanner
(Magnetom Trio or Verio; Siemens, Erlangen, Germany) using a
12-channel head and neck coil array.

The complete acute stroke MR imaging protocol included pa-
renchymal brain imaging sequences (axial DWI, T2 FLAIR, and
SWI), angiographic sequences without contrast media (3D TOF),
angiographic sequences with injection of a first bolus of contrast
(CE-MRA), and perfusion-weighted imaging with the injection of
a second bolus of contrast. The total average acquisition time for
all MR imaging sequences was 17 minutes. The MRA acquisition
parameters are provided in Table 1.

Avolume of a 0.1-mmol/kg of body weight bolus of gadoterate
meglumine, 0.5 mmol/mL, (Dotarem; Guerbet, Aulnay-sous-
Bois, France) was administered via a peripheral venous catheter at
2 mL/s with an automatic power injector, followed by a 20-mL
saline flush, with a bolus-tracking acquisition for the CE-MRA. A
bolus-tracking sequence was started simultaneously with the in-
jection. The image-acquisition sequence was launched manually

DSA Imaging

Diagnostic DSA before thrombectomy
was performed as the standard reference for extra- and intracra-
nial artery analysis. All DSA examinations were performed by
experienced neurointerventionalists on a biplanar system (Artis
zee biplane; Siemens). Angiographic images were acquired at 4
frames per second with a manual injection of iodinated contrast

media.

Data Analysis

The TOF-MRA and CE-MRA sequences (MPR and MIP images)
were evaluated independently and in random order on a commer-
cially available 3D workstation by 2 neuroradiologists (T.B. and
U.N.) with 8 and 2 years of experience, respectively. Results were
compared with those of diagnostic DSA images in terms of occlu-
sion location, quality of imaging, relevant vascular findings of
supra-aortic vessels in CE-MRA, and assessment of collaterals.
Readings occurred for several days, and cases were randomly as-
signed to prevent recall. Potential disagreements were discussed
to reach a consensus.

The overall MR image quality was analyzed with a subjective
interpretation score using a 3-point scoring scale: 0 = poor qual-
ity with a substantial number of artifacts, interpretation not pos-
sible; 1 = moderate quality with a mild-to-moderate number of
artifacts, noise not interfering with diagnosis/interpretation; 2 =
good/excellent image quality with no-to-minimal artifacts.

Occlusion location was defined as the proximal M1 segment
(first half of the M1 segment), distal M1 segment (second half of
the M1 segment), M2 segment, M3 segment, proximal internal
carotid artery, distal ICA (subdivided into carotid-I, -L, and -T
occlusions according to Liebeskind et al'®), common carotid ar-
tery, and basilar artery.

Collaterals were evaluated according to a simplified 3-point
scale based on the 4-point CT scale by Tan et al,'® comparing the
vascularity distal to the occlusion between the ischemic and the
healthy hemisphere: 0 = no collaterals (no filling of the occluded
area), 1 = poor collaterals (>0% but =50% filling of the occluded
area), 2 = moderate/good collaterals (>50% filling of the oc-
cluded area).

Finally, we evaluated the relevant vascular findings of supra-
aortic vessels, which may have influenced the choice of guiding or
distal-access catheter (eg, vulnerable aortic arch and vascular
variants).
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FIG 1. Sex and age distribution (in absolute numbers).
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FIG 2. Site of occlusion (absolute numbers) based on the respective imaging technique.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism, Version
7 (GraphPad Software, San Diego, California) and Excel (Mi-
crosoft, Redmond, Washington). Interrater agreement was deter-
mined using the Cohen k coefficient. Agreement was graded
according to Altman’s definition'” with k = 0.0-0.20, poor; k =
0.21-0.40, fair; k = 0.41-0.60, moderate; k = 0.61-0.80, good;
and k = 0.81-1.00, very good.

Measurements (occlusion location, collaterals) based on the 2
MRA sequences were compared with the reference imaging stan-
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dard DSA using a Wilcoxon signed rank
test. A variable was considered statisti-
cally significant only if P < .05.'®

RESULTS

Patient Selection

Overall, 123 patients met the inclusion
criteria (mean age, 70.3 = 12.9 years; 70
women, 53 men) between January 2011
and July 2015. Sex and age distributions
are given in Fig 1.

Evaluation of Image Quality
Only 3.25% (4/123) of all TOF-MRAs
and 1.62% (2/123) of all CE-MRAs

could not be interpreted because of mo-

CCA Basilar

tion artifacts. The imaging quality was
not statistically different between TOF-
MRA (mean, 1.72 = 0.49) and CE-MRA
+ 0.45) using the 3-step
scoring scale. Interrater agreement for assessment of imaging
quality was moderate for both CE-MRA (0.44; 95% CI, 0.25—
0.64) and TOF-MRA (0.51; 95% CI, 0.35-0.68).

(mean, 1.83

Occlusion Location

In all 123 patients, an arterial occlusion was identifiable in 3D
TOF and CE-MRA sequences. Interrater agreement for occlusion
location was good for CE-MRA (k = 0.73; 95% CI, 0.66—0.82)
and TOF-MRA (k = 0.74; 95% CI, 0.66—0.83).



Table 2: Identification of intracranial occlusion location with 3D
TOF-MRA and CE-MRA compared with DSA as the reference
standard?®

Occlusion Location TOF-MRA CE-MRA DSA
CCA 0(0%) 3(66.7%) 2
Proximal ICA 0(0%) 21(90.5%) 21
Distal ICA 53 (18.9%) 34 (100%) 36
M 54 (96.3%) 68 (94.1%) 66
M2 14(92.9%) 13(92.3%) 7
M3 1(100%) 1(100%) 2
Basilar artery 6 (100%) 6 (100%) 6

Note:—CCA indicates common carotid artery.
2 Site of occlusion (absolute numbers), based on the respective imaging modality with
percentage of agreement with DSA.

Table 3: Cases with discrepancies in occlusion location between
3D TOF-MRA and CE-MRA compared with DSA as the reference
standard®

Patient No. TOF-MRA CE-MRA DSA
2 13 6,3 6,3
10 2 3 3
1l 1,2 7,2 6,2
12 1 6,2 6,2
16 1,2 6,2 6,2
19 1 6,2 6,2
23 1 6,3 6,3
30 1 6,1 1
34 1 7,1 7,1
42 1 6 6
59 1 6 6,4
62 13 6,3 6,3
65 4 3 4
66 1 6,2 6,2
70 1 6,1 6,1
71 1 6,2 6,2
79 1 6,1 6,1
80 13 6,2 6,2
84 1 7 7,1
87 1,2 6,2 6,2
94 1 6,2 6,2
97 1 6,2 1
98 1,2 6,2 6,2
107 1 6,1 6,1
17 1 6,1 6,1
18 4 4 5
19 1 6,1 6,1
120 1 6,2 6,2

@ Occlusion location: 1 = distal ICA; 2 = proximal M1; 3 = distal Ml; 4 = M2; 5 = M3;
6 = proximal ICA; 7 = CCA.

Specificity and sensitivity for detecting the correct occlusion
site compared with DSA were 92.0% and 91.7% for TOF-MRA
and 99.0% and 92.0% for CE-MRA, respectively. Sensitivity for
detecting a distal ICA occlusion was similar for both tech-
niques (100% for TOF-MRA versus 94% for CE-MRA),
whereas specificity was better for CE-MRA (100% versus 75%
for TOE-MRA).

A Wilcoxon signed rank test revealed significant differences in
the occlusion location between TOF-MRA and DSA (P < .001),
whereas there was no statistically significant difference between
CE-MRA and DSA (P = .75).

The occlusion locations are presented in Fig 2 and Table 2. The
cases in which there were discrepancies among TOF MRA, CE
MRA, and DSA are listed in Table 3. Imaging examples are shown
in Fig 3.

Evaluation of Collaterals

The assessment of collaterals is more sensitive to motion artifacts
compared with occlusion location of proximal vessels because
peripheral vessels/collaterals are much smaller; therefore, 3.25%
(4/123) of all TOF-MRAs and 5.69% (7/123) of all CE-MRAs
could not be interpreted. We only compared collaterals for M1
and M2 occlusions because pial collaterals could be retrogradely
filled vessels from the ipsilateral anterior cerebral artery, posterior
communicating artery, or lenticulostriate arteries. Because the as-
sessment of collateral status was not possible for occlusions of the
ICA and basilar artery, we excluded these.

Furthermore, the assessment of the collaterals on DSA was
impossible in 9.7% (7/72) of the remaining cases because of the
short series duration or lack of ipsilateral A1 or posterior commu-
nicating arteries. Therefore, the collateral score could be com-
pared in 65 patients.

We analyzed the collateral status in the reference standard
DSA with a very good interrater agreement with k = 0.92 (95%
CI, 0.80—0.99). Interrater agreement for assessing the collaterals
was considered good for CE-MRA with k = 0.70 (95% CI, 0.56—
0.85) and moderate for TOF-MRA with k = 0.40 (95% CI, 0.19—
0.62). Imaging examples are given in Fig 3.

The collateral score was identical between DSA and CE-MRA
in 87.7% of cases (57/65) with no statistically significant differ-
ence (P = .125), while there was a significant difference in collat-
eral assessment between TOF-MRA and DSA (P < .001) and only
21.5% (14/65) of cases were assigned correctly. Imaging examples
are shown in Fig 4.

Relevant Vascular Findings of Supra-Aortic Vessels
CE-MRA demonstrated relevant vascular findings of the supra-
aortic vessels, which were decisive for the endovascular treatment
planning in 18.7% (23/123) of all patients. The relevant vascular
findings are presented in Table 4.

DISCUSSION

Both TOF-MRA'® and CE-MRA?°** are frequently used and sen-
sitive techniques for the triage of patients with acute stroke. Tra-
ditionally, TOF-MRA was primarily used to detect intracranial
occlusions and occlusions in proximity to the skull base, while
CE-MRA was usually performed to provide anatomic informa-
tion from the aortic arch up to the skull base.

The advancement of stronger magnetic fields (ie, 3T), opti-
mized sequences, and better receive coil arrays made it feasible to
visualize intracranial cerebral arteries by CE-MRA at sufficient
resolution. However, for more than a decade, multimodal CT has
established itself as a less expensive and accessible alternative in
the emergency assessment of patients with stroke, especially for
patients with a short time window.>® With the steady progress of
neurointerventional therapy during recent years, mechanical
thrombectomy has proved to be a highly effective therapy op-
tion,** well beyond the traditional time window of 6 hours, and
up to 24 hours in eligible patients. "' These recent developments
stress the importance of MR imaging in acute stroke triage, espe-
cially in the 6- to 24-hour time window and necessitate determin-
ing the best MR images for assessment of the occlusion site and
collateral status.
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FIG 3. CE-MRA and TOF-MRA in an 8l-year-old man with acute stroke symptoms before treat-
ment. A, CE-MRA shows a tandem occlusion of the proximal ICA and right M1 segment with poor
collaterals. B, TOF-MRA shows an occlusion of distal ICA (carotid-L). C and D, DSA confirms the

tandem occlusion and CE-MRA diagnosis.

The present study indicates the superiority of CE-MRA
in detecting the intracranial vessel occlusion and assessing in-
tracranial collateral status, while simultaneously providing
larger coverage at a shorter acquisition time compared with
TOF-MRA.

The primary differences between TOF-MRA and DSA were
found in patients with occlusions of the distal supraclinoid
ICA (occlusions of the carotid-I, -L, and -T'?) and proximal
ICA. This difference is mostly due to distal occlusions mimick-
ing proximal extracranial ICA occlusions (“pseudo-occlu-
sion”) and proximal occlusions mimicking distal intracranial
ICA occlusions. This misapprehension could be a result of the
nonenhanced nature of TOF-MRA, a technique that depends
on the flow velocity and direction of blood. Previous studies
have already reported this limitation of TOF-MRA when as-
sessing these occlusion sites.”>*” The better accuracy of CE-
MRA was not dependent on image quality, which was not sig-
nificantly different for the 2 techniques despite TOF-MRA
having better spatial resolution. The better accuracy of CE-

1714 Boujan  Sep 2018 www.ajnr.org

MRA, on the other hand, might be due
to the T1-shortening effect of gadolin-
ium. The effect compensates for the
signal loss caused by spin dephasing
occurring in TOF-MRA,"? especially
when the arterial flow is slow or ori-
ented parallel to the section plane,
which applies to imaging of the M2
segment. In these cases, TOF-MRA
may indicate an incorrect occlusion
site, with the level of occlusion more
proximal than expected.

Similarly, for the assessment of col-
laterals as independent predictors of
outcome,® ' CE-MRA was not affected
by the signal loss observed in TOF-
MRA. This particular signal loss might
be due to low flow in vessels distal to the
occlusion. Furthermore, slow collateral
flow over leptomeningeal connections
cannot be visualized on TOF-MRA.*®
This issue resulted in CE-MRA being
significantly more accurate than TOF-
MRA in assessing collaterals compared
with the criterion standard of DSA. A
previously performed study with 44 pa-
tients found similar results with CE-
MRA, but not TOF-MRA, being a reli-
able predictor of infarct outcome in
patients with stroke with proximal arte-
rial occlusion of the anterior circulation
using visual scoring.”” The predictive
performance could be increased by ap-
plying an automated atlas-based collat-
eral assessment.

Besides assessment of the occlusion
site and collaterals, CE-MRA offered ad-
ditional advantages that could not be
compared in the present study due to the
limited FOV on TOF-MRA. CE-MRA showed relevant vascular
findings of the supra-aortic vessels in 18.7% of patients, which are
crucial for the planning of endovascular treatment. The choice of
a guiding or distal-access catheter as well as selection of the vessel
providing better access (in case of access from the vertebral artery)
may be influenced by these findings as well as a priori knowledge
of the internal carotid artery condition (eg, occlusion, site of oc-
clusion, pseudo-occlusion).

Limitations of CE-MRA

In comparison with TOF-MRA, CE-MRA requires more prepa-
ration with the following: 1) filling a power injector with contrast
media, and 2) a sequence for bolus-tracking that takes additional
time during stroke MR imaging (64 seconds). Currently, the use
of contrast media is controversial due to potential risk of nephro-
genic systemic fibrosis, in particular with unknown renal reten-

%21 and possible brain gadolinium deposition.>

tion parameters,
This risk is especially the case when not performing bolus PWI

but instead using an arterial spin-labeling perfusion. Both risks



more precise characteristics of the clot,
even if the localization is known.

Study Limitations

The main limitation of this study is its
retrospective design and the inclusion
of nonconsecutive patients. However,
the data were collected in a prospective
data base. Moreover, a precise assess-
ment of collateral status in DSA is only
possible with 3-vessel angiography.
Nevertheless, we performed only 1 in-
jection at the site of occlusion to reach
the clot as soon as possible and to
avoid treatment delay. Another poten-
tial source of bias in this study might
be the 30- to 60-minute delay between
MRA examinations and DSA, with po-
tential alterations of the findings (eg,
thrombus migration, especially after
intravenous thrombolysis). Moreover,
the subjective assessment of image
quality and collaterals, which is more
sensitive to motion artifacts, may be a
further limitation of the study.

CONCLUSIONS

Our study indicates that CE-MRA is
superior to TOF-MRA in identifying
occlusion location and assessing the
status of collaterals in patients with
ischemic stroke, with shorter exami-
nation times. Moreover, CE-MRA can

FIG 4. CE-MRA and TOF-MRA in a 72-year-old woman with acute stroke symptoms before
treatment. A, CE-MRA shows an occlusion of right M1segment with good collaterals. B, TOF-MRA
shows an occlusion of the M1segment and poor collaterals. C and D, DSA shows a right-sided M1

occlusion with good collaterals as in the CE-MRA.

Table 4: Relevant vascular findings of supra-aortic vessels

Relevant Findings in CE-MRA No. (%)
Vulnerable aortic arch (type Ill with at least 1 11(8.9)
cervical vessel originating below the inferior
margin of the aortic arch as described by
Demertzis*®) and a vascular variant
(eg, severe vessel elongation)
Dissection of the ipsilateral ICA 2(1.6)
PICA termination of hypoplastic vertebral artery, 5(4.)
right or left, in case of basilar artery thrombosis
Relevant ipsilateral ICA stenosis in case of MI-M2 5(4.)

thrombosis

can be minimized using macrocyclic gadolinium-based contrast
agents.”

Furthermore, in our subjective experience, the first bolus of
contrast media for CE-MRA did not affect the subsequent PWI
analysis and was not a major limiting factor for the diagnostic
interpretation, as was shown before.*

CE-MRA has lower spatial resolution compared with TOF-
MRA, which could lead to poorer performance in addressing

provide crucial information for the
planning of endovascular treatment by
covering a larger FOV. The inclusion
of supra-aortic vessels, for example,
can inform the selection of the appro-
priate guiding or distal-access catheters. These findings indi-
cate that CE-MRA could replace TOF-MRA in the triage of
patients with acute stroke and its use should be evaluated in
future prospective trials.
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