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Background: In stroke magnetic resonance imaging (MRI), contrast-enhanced magnetic resonance 
angiography (CE-MRA) is the clinical standard to depict extracranial arteries but native MRA techniques 
are of increased interest to facilitate clinical practice. The purpose of this study was to assess the detection of 
extracranial internal carotid artery (ICA) stenosis and plaques as well as the image quality of cervical carotid 
arteries between a novel flow-independent relaxation-enhanced angiography without contrast and triggering 
(REACT) sequence and CE-MRA in acute ischemic stroke (AIS). 
Methods: In this retrospective, single-center study, 105 consecutive patients (65.27±18.74 years, 63 males) 
were included, who received a standard stroke protocol at 3T in clinical routine including Compressed 
SENSE (CS) accelerated (factor 4) 3D isotropic REACT (fixed scan time: 02:46 min) and CS accelerated 
(factor 6) 3D isotropic CE-MRA. Three radiologists independently assessed scans for the presence of 
extracranial ICA stenosis and plaques (including hyper-/hypointense signal) with concomitant diagnostic 
confidence using 3-point scales (3= excellent). Vessel quality, artifacts, and image noise of extracranial 
carotid arteries were subjectively scored on 5-point scales (5= excellent/none). Wilcoxon tests were used for 
statistical comparison.
Results: Considering CE-MRA as the standard of reference, REACT provided a sensitivity of 89.8% and 
specificity of 95.2% for any and of 93.5% and 95.8% for clinically relevant (≥50%) extracranial ICA stenosis 
and yielded a to CE-MRA comparable diagnostic confidence [mean ± standard deviation (SD), median 
(interquartile range): 2.8±0.5, 3 (3–3) vs. 2.7±0.5, 3 (2–3), P=0.03]. Using REACT, readers detected more 
plaques overall (n=57.3 vs. 47.7, P<0.001) and plaques of hyperintense signal (n=12.3 vs. 5.7, P=0.02) with 
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Introduction

Atherosclerotic disease of the carotid arteries, e.g., internal 
carotid artery (ICA) stenosis or occlusion resulting from 
atherosclerotic plaques, represents a major cause of acute 
ischemic stroke (AIS) (1,2). In stroke magnetic resonance 
imaging (MRI), imaging of the extracranial arteries is 
routinely performed using contrast-enhanced magnetic 
resonance angiography (CE-MRA), which represents a 
reliable technique for the assessment of the severity of ICA 
stenosis (3) and allows for the detection and assessment 
of adjacent plaques, albeit not approximating to dedicated 
plaque imaging (4-6). While CE-MRA provides a fast 
acquisition with high isotropic spatial resolution, it is not 
recommended in patients with severe renal insufficiency 
given the risk of nephrogenic systemic fibrosis (7). 
Furthermore, potential allergic reactions (8) and unknown 
effects of gadolinium deposition in the central nervous 
system (9) might discourage radiologists and patients to 
employ CE-MRA. Occasionally, technical failure of CE-
MRA, e.g., due to mistiming of the contrast bolus with 
respect to the center of k-space, results in insufficient 
contrast or venous contamination (10,11). Additionally, 
contrast agents might be reserved for the evaluation of 
cerebral perfusion employing first-pass dynamic imaging 
techniques in AIS (12).

Consequently, different non-CE-MRA techniques 
have been proposed in the past (13-16). 2D/3D time-of-
flight (TOF)-MRA enables the depiction of the cervical 
arteries without gadolinium contrast and is often used in 
clinical practice. Nevertheless, besides a long acquisition 
time, 2D/3D TOF-MRA shows limitations like sensitivity 
to respiratory and flow artifacts resulting from saturation 

and dephasing of flow spins if slow flow is present (17). 
Furthermore, TOF-MRA is impaired by an inferior image 
quality, decreased anatomic coverage, and most importantly 
by an overestimation of ICA stenosis compared to CE-
MRA (18-20). Recently, alternate native MRA techniques 
have been proposed, including quiescent interval slice-
selective (QISS)-MRA. QISS-MRA has shown promising 
results for imaging of the extracranial arteries (11,21-23) 
and other vascular territories (24). However, there are 
potential limitations, e.g., the 2D anisotropic acquisition 
and the dependency of the vessel signal on the inflow of 
spins from outside the saturation volume (11,21,22).

In 2019, the relaxation-enhanced angiography without 
contrast and triggering (REACT) technique was introduced 
by Yoneyama et al. The REACT sequence combines two 
prepulses [inversion recovery (IR) and T2 preparation] with 
a 3D dual-echo Dixon method for flow-independent 3D 
isotropic non-CE-MRA (25). By providing a concurrent 
delineation of arteries and veins, it has demonstrated 
promising results in the imaging of the thoracic vasculature 
(26-28) and other vascular territories (29). While the 
REACT sequence cannot depict the intracranial arteries 
(25,30), it has also shown a comparable image quality to 
CE-MRA for extracranial arteries in a recent study at 3T 
while providing a high sensitivity and specificity for the 
detection of stenosis of the extracranial ICA (30). However, 
given the small sample size of aforementioned study 
(n=35), the validity of these findings remains questionable, 
especially the sensitivity of vessel stenosis detection. 

Thus, the purpose of this study in a large cohort of 
patients with AIS using CE-MRA as a reference standard 
was threefold: first, to assess the detection and classification 

higher diagnostic confidence [2.8±0.5, 3 (3–3) vs. 2.6±0.7, 3 (2–3), P<0.001] than CE-MRA. After analyzing a 
total of 1,260 segments, the vessel quality of all segments combined [4.61±0.66 vs. 4.58±0.68, 5 (4–5) vs. 5 (4–
5), P=0.0299] and artifacts [4.51±0.70 vs. 4.44±0.73, 5 (4–5) vs. 5 (4–5), P>0.05] were comparable between the 
sequences with REACT showing a lower image noise [4.43±0.67 vs. 4.25±0.71, 5 (4–5) vs. 4 (4–5), P<0.001]. 
Conclusions: Without the use of gadolinium-based contrast agents or triggering, REACT provides a high 
sensitivity and specificity for extracranial ICA stenosis and a potential improved depiction of adjacent plaques 
while yielding to CE-MRA comparable vessel quality in a large patient cohort with AIS. 
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of extracranial ICA stenosis using the REACT sequence. 
Second, to study the concordance between both techniques 
regarding the assessment of adjacent plaques. Third, to 
assess the image quality of both MRA techniques focusing 
on the extracranial carotid arteries. We present the 
following article in accordance with the STARD reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-21-1122/rc).

Methods

The local institutional review board (Ethikkommission, 
Medizinische Fakultät der Universität zu Köln, No. 
20-1067) approved this single-center study. Due to its 
retrospective design, the institutional review board waived 
the requirement for written informed consent. The study 
was conducted in accordance with the Declaration of 
Helsinki (as revised in 2013).

Patient population

The authors reviewed the institutional image data base at 
the University Hospital of Cologne for consecutive stroke 
MRI examinations between May 2019 and January 2020. 
Patients were included if they received a standardized stroke 
protocol [diagnosis of AIS based on a positive diffusion-
weighted imaging (DWI)-lesion] which was acquired at 
3T and included REACT and CE-MRA of the cervical 
arteries. Exclusion criteria were lack of scan data for any 
of extracranial MRAs, severe motion artifacts, pronounced 
pleural effusions, and technical failure of CE-MRA. 

The following data were retrieved from the medical 
charts or monitored during MRI: age and gender of patients, 
risk factors for AIS, underlying disease for AIS, National 
Institutes of Health Stroke Scale [NIHSS, as determined 
by the treating neurologist upon admission (31)],  
affected vascular territory, present intracranial or 
extracranial haemorrhage, modified Rankin Scale [mRS (32)] 
at discharge, and sequelae of AIS.

MRI

All examinations were performed using a commercially 
available 3T MRI system (Philips Ingenia, Philips 
Healthcare, Best, The Netherlands) employing a standard 
20-channel head and neck coil. The protocol consisted 
of axial fluid-attenuated IR sequences, DWI in the axial 
and coronal planes, axial susceptibility-weighted imaging, 

intracranial 3D TOF-MRA, REACT, and CE-MRA. In 
patients with suspected dissection, a native T1-weighted 
spectral presaturation with inversion recovery (SPIR) 
sequence was acquired covering the extracranial arteries 
from the aortic arch to the skull base. 

The details of the applied extracranial MRA sequences 
have been described in detail elsewhere (30). In brief, a non-
triggered flow-independent 3D isotropic REACT sequence 
was used for non-CE-MRA. REACT combines 50 ms  
T2 preparation and IR prepulses (to enhance the native 
blood signal with long T1 and T2) with a 3D mDIXON 
XD readout (to suppress the signal of the background 
and adjacent fat) (25). Data was acquired in the coronal 
plane; immediate image reconstruction was employed. 
Considering the fat-water artifacts of the mDIXON 
technique, water-only as well as in- and out-of-phase images 
were created (33,34). For CE-MRA, a non-triggered 3D 
gradient-echo T1 sequence was employed. After acquisition 
of an unenhanced MRA image as a mask, gadolinium-based 
contrast agent (Clariscan, GE Healthcare, Chicago, IL, 
USA; 0.2 mL/kg body weight) was injected in an antecubital 
vein (flow rate of 2 mL/s), succeeded by a 30-mL saline 
flush. As determined by a bolus-tracking sequence, data 
acquisition (coronal plane) was performed after arrival of 
contrast agent in the aortic arch. There was neither a table 
movement between bolus tracking and the acquisition data 
nor a subtraction of the CE-MRA images from the native 
scan with the latter enabling plaque assessment in CE-MRA 
by using the mask scan (4). Real-time reconstruction was 
employed.

For acceleration of acquisition of extracranial MRAs, 
Compressed SENSE (Philips Healthcare, Best, The 
Netherlands) was employed. This technique combines 
compressed sensing and parallel imaging based on 
SENSitivity Encoding (SENSE) (35-37). Data was acquired 
by employing a balanced variable density incoherent 
sampling patter within high-density in the k-space center 
and continuously decreasing sampling density towards 
the periphery of the k-space. An iterative L1 norm 
minimization ensuring data consistency and sparsity in the 
wavelet domain in combination with regularization by coil 
sensitivity distribution and SENSE parallel imaging was 
used for image reconstruction.

An acceleration factor of 4 was employed for REACT 
(scan time of 02:46 min) and an acceleration factor of 6 
was used for CE-MRA (scan time of 01:08 min). Table 
1 summarizes the imaging parameters of both MRA 
sequences. 

https://qims.amegroups.com/article/view/10.21037/qims-21-1122/rc
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Image analysis

Three readers with different expertise levels in MRI [one 
radiologist with 3 years (UCI Hoyer), one radiologist with 4 
years (F Fichter), and one neuroradiologist (N Abdullayev) 
with 7 years of experience in neurovascular MRI; R1, R2, 
and R3] independently reviewed the MRA images during 
separate sessions and in random order. For image analysis, 
reconstructed maximum intensity projections (MIPs, 
coronal plane, water-only of REACT; slab thickness:  
6 mm, gap: 0 mm) and source images were evaluated 
using an IMPAX EE (release 20, Agfa HealthCare N.V., 
Mortsel, Belgium) workstation as in clinical routine. Readers 
could choose between the different reconstructions of the 
source images of the REACT sequence and were familiar 
with potential fat-water swapping artifacts in REACT. To 
minimize a potential recall bias, there was a period of at least 
four weeks between the analysis of REACT and CE-MRA 
datasets, respectively. Readers were free to alter window 
levelling and were blinded to clinical and patient data. 

Assessment of image quality
Based on the delineation of the vessel as well as its signal 
intensity and its contrast to the adjacent tissue, readers 
assessed the vessel quality of MRA datasets employing a 
5-point scale:

(I) Non-diagnostic, image quality insufficient for 
diagnosis;

(II) Poor, inferior image quality; 
(III) Fair, mediocre image quality; 
(IV) Good, image quality applicable for confident 

diagnosis;
(V) Excellent, image quality enabling highly reliable 

diagnosis.
Vessel quality was evaluated for the following arterial 

segments:
(I) Right common carotid artery (CCA);
(II) Cervical (C1) segment of the right ICA;
(III) Petrous (C2) segment of the right ICA;
(IV) Left CCA;
(V) C1 segment of the left ICA;
(VI) C2 segment of the left ICA.
When an occlusion was present, the vessel quality 

of the affected segment was not scored. Additionally, 
the radiologists rated the presence of artifacts (banding, 
pulsation, blurring, and parallel imaging reconstruction 
artifacts) in general and the noise affecting the extracranial 
carotid arteries employing the following 5-point scale: 1, 
non-diagnostic; 2, high effect on image quality; 3, moderate 
effect on image quality; 4, low effect on image quality; and 5, 
no effect on image quality.

Table 1 Parameters of REACT and CE-MRA 

Parameters REACT CE-MRA

Acquisition orientation Coronal Coronal

K-space trajectory Cartesian Cartesian

Field of view (FH × RL × AP) (mm3) 320×400×80 320×280×80 

Acquired voxel size (mm3) 1.5×1.5×1.5 0.63×0.63×0.63 

Reconstructed voxel size (mm3) 0.625×0.625×0.750 0.5×0.5×0.5 

Flip angle (°) 15 40

Repetition time (TR) (ms) 4.3 6.1 

Echo time (TE, 1/2) (ms) 1.45/2.60 1.96 

T2 preparation (ms) 50 n/a

Compressed SENSE factor 4 6

Temporal resolution (s) n/a 1

Scan time (min) 02:46 01:08

Image reconstruction Immediate Real time

AP, anterior posterior; CE-MRA, contrast-enhanced magnetic resonance angiography; FH, feet head; n/a, not available; REACT, relaxation-
enhanced angiography without contrast and triggering; RL, right left; SENSE, SENSitivity Encoding.
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Assessment of extracranial ICA stenosis
Readers assessed the MRA datasets for stenosis of the right 
and left extracranial ICA in the C1 segment based on the 
North American Symptomatic Carotid Endarterectomy 
Trial (NASCET) trial criteria using a scoring scale of 1–5:

(I) Grade 1: normal patency;
(II) Grade 2: stenosis, <50% of the vessel lumen;
(III) Grade 3: stenosis, 50–69% of the vessel lumen;
(IV) Grade 4: stenosis, ≥70–99% of the vessel lumen;
(V) Grade 5: complete vessel occlusion.
When multiple stenoses were present in the extracranial 

ICA, the most stenotic lesion was considered the diagnostic 
grade and used for further analysis. For each carotid 
bifurcation, the diagnostic confidence for the assessment 
of stenosis was rated using the following 3-point scoring 
system: 1 poor, 2 mediocre, and 3 excellent.

Detection of ICA plaques
In order to study for concordance between REACT and 
CE-MRA, radiologists evaluated the source images of MRA 
scans (which includes the mask scan of CE-MRA) for the 
presence of plaques of the right and left carotid bifurcation 
by responding to a dichotomous yes or no question. 
Additionally, readers classified plaques as either fully hypo- 
or partially hyperintense compared with the adjacent 
muscle. Readers were given exemplary teaching cases of 
hyper- and hypointense plaques before the original data set 
was handed out. Furthermore, readers were instructed to 
note their diagnostic confidence for the assessment of ICA 
plaques for each carotid bifurcation using the following 
3-point scoring system: 1 poor, 2 mediocre, and 3 excellent.

Evaluation of fat-water swapping artifacts in REACT
For the assessment of potential artifacts, one radiologist 
(5 years of experience in neurovascular MRI) evaluated 
the acquired water maps for a potential signal loss and the 
concomitant in-phase image for the corresponding signal.

Statistical analysis

Statistical analysis was performed using JMP software 
(re lease  14.1 .0 ,  SAS Inst i tute ,  Cary,  NC, USA). 
Quantitative data are indicated as the mean ± standard 
deviation, unless noted otherwise. The data of image quality 
analysis are presented as the mean ± standard deviation and 
as the median with interquartile range and calculated by 
combining the measurements of all readers. 

Given its high diagnostic accuracy, CE-MRA served 

as a reference standard for the sensitivity and specificity 
of REACT regarding its assessment of extracranial ICA 
stenosis (38). A stenosis grade ≥50% was interpreted as 
clinically relevant. The values for diagnostic confidence 
are given as the mean ± standard deviation and as the 
median with interquartile range. Wilcoxon tests were used 
to compare the image quality scores, the difference in 
assessment of ICA plaques between MRA sequences, and 
the diagnostic confidence for the assessment of ICA stenosis 
and plaques. 

The interobserver agreement for the evaluation of image 
quality and the assessment of ICA stenosis was evaluated 
using Kendall’s coefficient of concordance (Kendall’s W). 
Cohen’s Kappa was calculated to evaluate the agreement 
between REACT and CE-MRA in the grading of ICA 
stenosis (0.01–0.20 slight, 0.21–0.40 fair, 0.41–0.60 
moderate, 0.61–0.80 substantial, and 0.81–0.99 almost 
perfect). Statistical significance was set to P<0.05. 

Results

Study population and baseline characteristics

One hundred and twenty-five potential patients could be 
identified. Of these, 20 patients were excluded due to lack 
of MRA sequences, severe artifacts, technical failure, and 
pleural effusions. Figure 1 depicts a workflow for inclusion 
and exclusion of study participants. Consequently, 105 
patients were included in this study (65.27±18.74 years; 
range, 5–92 years; 42 females). Table 2 provides detailed 
patient and stroke characteristics.

Image quality

Each reader evaluated 210 datasets (105 for REACT and 
105 for CE-MRA, respectively), resulting in 1,260 vessel 
segments for analysis. For all vessels combined, the vessel 
quality of the extracranial carotid arteries was comparable 
between both techniques {4.61±0.66 vs. 4.58±0.68; 5 [4–5] 
vs. 5 [4–5], P=0.0299}. Of note, CE-MRA showed a lower 
median for both sides of the CCA {4 [4–5] vs. 5 [4–5], 
P=0.0050 and P=0.0133, respectively}. Regarding the 
presence of artifacts, there was no significant difference 
between both MRA techniques {5 [4–5] vs. 5 [4–5], 
P=0.0847} whereas REACT showed a lower image noise 
{5 [4–5] vs. 4 [4–5], P<0.0001}. Detailed results of image 
quality assessment are provided in Table 3.

For both MRA methods,  there was a moderate 
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agreement on all image quality criteria as outlined in Table 4.

Assessment of extracranial ICA stenosis

For all readers combined and for any type of stenosis, 
REACT provided a sensitivity of 89.8% (95% CI: 84.9–
93.6%) with a corresponding specificity of 95.2% (95% 
CI: 92.7–97.1%). For clinically relevant stenosis (≥50%), 
REACT yielded an overall sensitivity of 93.5% (95% CI: 
86.5–97.6%) and a specificity of 95.8% (95% CI: 90.4–
98.6%). Single reviewer results for sensitivity and specificity 
are provided in Table S1. Table S2 lists the exact numbers 
of stenosis found per grade. 

Interobserver agreement for REACT was almost perfect 
(Kendall’s W 0.9). Further, REACT achieved an almost 
perfect accordance with CE-MRA regarding the grading of 
disease [Cohen’s Kappa 0.9 (95% CI: 0.88–0.93)].

REACT showed a diagnostic confidence of 2.8±0.5 {3 
[3–3]; R1: 2.9±0.3, 3 [3–3]; R2: 2.7±0.5, 3 [2–3]; and R3: 
2.8±0.4, 3 [3–3]} for the assessment of ICA stenosis with 
CE-MRA yielding a mean of 2.7±0.5 {3 [2–3]; R1: 2.9±0.3, 3 
[2–3]; R2: 2.6±0.6, 3 [2–3]; and R3: 2.7±0.5, 3 [2–3]; overall 
P=0.03}. 

Figures 2-4 give illustrative examples of the depiction 
of stenosis of the extracranial ICA using REACT and CE-
MRA.

Detection of ICA plaques

Overall, readers detected more plaques using REACT 
(R1: n=49 plaques, 23.3% of analyzed carotid bifurcations; 
R2: n=59, 28.1%; and R3: n=64, 30.5%) compared to CE-
MRA (R1: n=41, 19.5%; R2: n=46, 21.9%; and R3: n=56, 
26.7%; overall: n=57.3, 27.3% vs. n=47.7, 22.7%, P<0.001). 
In REACT, readers were able to detect more plaques of 
hyperintense signal (R1: n=12, 24.5% of detected plaques; 
R2: n=12, 20.3%; and R3: n=13, 20.3%) than in CE-MRA 
(R1: n=5, 12.2%; R2: n=4, 8.7%; and R3: n=8, 14.3%; 
overall: 12.3, 21.5% vs. 5.7, 11.9%, P=0.02). 

Additionally, REACT {R1: 2.8±0.4, 3 [3–3]; R2: 2.7±0.5, 
3 [2–3]; and R3: 2.8±0.4, 3 [3–3]} yielded a higher diagnostic 
confidence than CE-MRA {R1: 2.7±0.6, 3 [3–3]; R2: 
2.4±0.8, 3 [2–3]; and R3: 2.6±0.5, 3 [2–3]; overall: 2.8±0.5, 3 
[3–3] vs. 2.6±0.7, 3 [2–3], P<0.001} for plaque assessment.

Illustrative examples of the assessment of ICA plaques 
using REACT and CE-MRA are provided in Figures 5-7.

Figure 1 Workflow for inclusion and exclusion of patients. MRI, magnetic resonance imaging; CE-MRA, contrast-enhanced magnetic 
resonance angiography; REACT, relaxation-enhanced angiography without contrast and triggering.

Identification of potential study subjects: 
• Stroke MRI in clinical routine at 3T with MRAs of the extracranial arteries
• Acquired between May 2019–January 2020

n=125 patients

Final study population:
n=105 patients

No CE-MRA but REACT acquired: n=2

No REACT but CE-MRA acquired: n=3

Motion artifacts in both REACT and CE-MRA, leading to non-diagnostic image quality: n=5

Motion artifacts in REACT, leading to non-diagnostic image quality: n=2

Motion artifacts in CE-MRA, leading to non-diagnostic image quality: n=2

Technical failure of CE-MRA, leading to insufficient acquisition of data: n=2

Severe pleural effusions, leading to impaired image quality in REACT: n=4

https://cdn.amegroups.cn/static/public/QIMS-21-1122-supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-21-1122-supplementary.pdf
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Table 2 Patient and stroke characteristics

Characteristics Value

Age (years), mean ± SD 65.27±18.74

Gender, n (%)

Female 42 (40.00)

Male 63 (60.00)

Risk factors, n (%)

Hypertension 62 (59.05)

Diabetes mellitus 23 (21.90)

Dyslipidemia 19 (18.1)

Smoking 18 (17.14)

Previous stroke/TIA 27 (25.71)

Atrial fibrillation 21 (20.00)

Underlying disease, n (%) 

Atherosclerosis 57 (54.29)

Small vessel disease 26 (24.76)

Cardiac 34 (32.38)

Dissection 7 (6.67)

NIHSS upon admission, mean ± SD 4.30±3.84

Vascular territory, n (%)

Anterior circulation 74 (70.48)

Posterior circulation 41 (39.05)

Bleeding, n (%)

Intracranial 15 (14.29)

Extracranial 3 (2.86)

mRS at discharge, mean ± SD 2.07±1.61

Sequelae, n (%)

Paralysis 42 (40.00)

Aphasia 6 (5.71)

Dysarthria 12 (11.43)

Hypesthesia 16 (15.24)

Dizziness 3 (2.86)

Impaired eye movement/visual neglect 18 (17.14)

TIA, transient ischemic attack; NIHSS, National Institutes of 
Health Stroke Scale; mRS, modified Rankin Scale; SD, standard 
deviation.

Fat-water swapping artifacts in REACT

In 36 of 105 patients (34.3%), fat-water swapping artifacts 
were noticed in water-only maps of REACT. These 
artifacts were observed at the proximal subclavian artery (36 
cases, left) and the proximal CCA (four cases, left). When 
assessing the corresponding in-phase images, a high vessel 
signal was present in every case.

Discussion

In this work, we investigated the diagnostic performance 
of a novel non-CE-MRA (REACT) for the depiction of 
extracranial carotid arteries by comparing the detection of 
extracranial ICA stenosis with concomitant plaques and the 
image quality of REACT with CE-MRA in a large patient 
cohort with AIS. The three major findings of the study 
are the following: REACT provides a high sensitivity and 
specificity for extracranial ICA stenosis, particularly for 
clinically relevant stenosis. Without the use of gadolinium-
based contrast agents or triggering, readers were able to 
detect more plaques in REACT compared to CE-MRA. 
In less than three min, REACT achieved to CE-MRA 
comparable vessel quality of the extracranial carotid arteries 
while yielding a lower image noise. 

In this large cohort, REACT yielded a high sensitivity 
(90%) and specificity (95%) for extracranial ICA stenosis, 
particularly for clinically relevant pathologies (sensitivity 
of 94% and specificity of 96%) while providing similar 
diagnostic confidence as the reference standard CE-MRA. 
These findings are confirming the results of aforementioned 
previous study (30) and are in line with reported sensitivities 
and specificities of other non-contrast MRA sequences as 
QISS-MRA [up to 86% and 90%, respectively (11,22)]. 
For grading of disease, REACT showed an almost perfect 
agreement with CE-MRA [comparable to QISS-MRA 
(21,22)] whereas TOF-MRA tends to overestimate the 
degree of extracranial ICA stenosis (19-22), another 
limitation making it widely unsuitable for the assessment of 
extracranial arteries.

Using REACT, readers were able to detect more plaques 
adjacent to the carotid bifurcation compared to CE-MRA. 
Of note, the CE-MRA technique of the present study, 
opposed to other techniques, which perform a subtraction 
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of the pre-contrast scan (39), allows an evaluation of 
the supraaortic arteries including the mask scan, which 
enables plaque assessment in CE-MRA (4-6). The slightly 
improved detection of plaques overall in REACT can be 
explained by the fact that although applying magnetization-
prepared (STIR and T2 preparation prepulses) mDIXON 
for background suppression, the signal of the background is 
still higher than in CE-MRA, which facilitates the detection 
of plaques. Additionally, the REACT sequence uses STIR 
for magnetization preparation, which, together with the T2 
preparation prepulse, creates an image of T2-/T1-weighted 
contrast (25). This feature may explain why readers were 
able to detect more plaques with partially hyperintense 

signal in REACT compared to CE-MRA. A hyperintense 
plaque in REACT may refer to intraplaque hemorrhage or 
ulcerated plaques, respectively, when comparing this signal 
intensity to the T1-weighted SPIR sequence in Figure 5. 
Although not approximating to true plaque imaging, which 
is time consuming and still widely unsuitable for clinical 
routine, these findings are important since the REACT 
sequence may be suitable to identify unstable plaques that 
are at risk of thromboembolic events at a higher sensitivity 
than other non-CE-MRA sequences. In this context, T1-
weighted TOF-MRA has shown inferior detection of 
intraplaque hemorrhage than CE-MRA when including the 
mask scan of the latter (4,5). 

REACT, as indicated in a prior study with a small patient 
population (30), provided an image quality of the extracranial 
carotid arteries based on the subjective evaluation of vessel 
delineation, signal, and contrast which was comparable 
to high-resolution CE-MRA. With CE-MRA being 
occasionally hampered by pulsation artifacts, which are more 
pronounced at the aortic arch and its branches, REACT 
showed a superior vessel quality for the CCA of both sides. 
While CE-MRA tends to allow for better vessel delineation, 
most likely given its high submillimetre isotropic resolution, 
the REACT sequence counterbalances this limited 
spatial resolution by providing a higher vessel signal and 
contrast to the adjacent soft tissue (30). Furthermore, the 

Table 4 Interobserver agreement for CE-MRA and REACT, 
assessed by Kendall’s W (0.01–0.2 slight, 0.21–0.4 fair, 0.41–0.6 
moderate, 0.61–0.8 substantial, and 0.81–0.99 almost perfect)

Criterion CE-MRA REACT

Vessel quality 0.48 0.52

Artifacts 0.52 0.58

Noise 0.51 0.46

CE-MRA, contrast-enhanced magnetic resonance angiography; 
REACT, relaxation-enhanced angiography without contrast and 
triggering. 

Table 3 Image quality scores of REACT and CE-MRA

Vessel quality
REACT CE-MRA

P value
Median [IQR] Mean ± SD Median [IQR] Mean ± SD

Right side

CCA 5 [4–5] 4.45±0.74 4 [4–5] 4.36±0.73 0.0050*

ICA, C1 segment 5 [5–5] 4.68±0.65 5 [4–5] 4.67±0.64 0.6385

ICA, C2 segment 5 [5–5] 4.70±0.60 5 [5–5] 4.75±0.52 0.3609

Left side

CCA 5 [4–5] 4.43±0.75 4 [4–5] 4.33±0.76 0.0133*

ICA, C1 segment 5 [4.25–5] 4.70±0.57 5 [4–5] 4.64±0.68 0.5137

ICA, C2 segment 5 [5–5] 4.70±0.73 5 [4–5] 4.74±0.73 0.2291

Overall 5 [4–5] 4.61±0.66 5 [4–5] 4.58±0.68 0.0299*

Artifacts 5 [4–5] 4.51±0.70 5 [4–5] 4.44±0.73 0.0847

Noise 5 [4–5] 4.43±0.67 4 [4–5] 4.25±0.71 <0.0001*

*, statistical significance. Scoring scales of 1–5 were used, 1 being non-diagnostic. REACT, Relaxation-Enhanced Angiography without 
Contrast and Triggering; CE-MRA, contrast-enhanced magnetic resonance angiography; CCA, common carotid artery; ICA, internal 
carotid artery; IQR, interquartile range; SD, standard deviation.
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Figure 2 Maximum intensity projections, angulated to the right carotid bifurcation (slab thickness: 20 mm), in a 77-year-old woman 
with anterior circulation stroke showing an extracranial internal carotid artery stenosis (wide arrows, grade 2) in REACT (water-only 
reconstructions) and CE-MRA. Dagger: concomitant moderate stenosis of the external carotid artery. REACT, relaxation-enhanced 
angiography without contrast and triggering; CE-MRA, contrast-enhanced magnetic resonance angiography.

Figure 3 Maximum intensity projections in coronal orientation (slab thickness: 15 mm) in a 63-year-old man with ischemia of the 
right postcentral gyrus depicting an extracranial internal carotid artery stenosis (wide arrows, up to grade 3) in REACT (water-only 
reconstructions) and CE-MRA. Due to pulsation artifacts, CE-MRA shows a blurred vessel delineation at the aortic arch compared to 
REACT. Additionally, REACT yields a high vessel signal intensity at the internal carotid arteries compared to CE-MRA (arrowheads). 
REACT, relaxation-enhanced angiography without contrast and triggering; CE-MRA, contrast-enhanced magnetic resonance angiography.

REACT CE-MRA

REACT CE-MRA
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Figure 4 Maximum intensity projections, angulated to the left carotid bifurcation (slab thickness: 20 mm), in a 65-year-old woman with 
ischemia of the left frontal lobe depicting a multisegmental stenosis of the extracranial internal carotid artery (wide arrows) with improved 
delineation of the stenosis in REACT (water-only reconstructions) compared to a blurred appearance in CE-MRA due to a higher noise. 
REACT, relaxation-enhanced angiography without contrast and triggering; CE-MRA, contrast-enhanced magnetic resonance angiography.

Figure 5 Maximum intensity projections, angulated to the left carotid bifurcation (slab thickness: 20 mm), in an 81-year-old woman with 
ischemia of the left precentral gyrus showing an extracranial internal carotid artery stenosis (wide arrows, grade 3) in REACT (water-only 
reconstructions) and CE-MRA. Additionally, source images of REACT (coronal view) reveal a hypointense plaque (thin arrows) of the 
contralateral carotid bifurcation, being of impaired visibility in CE-MRA. REACT, relaxation-enhanced angiography without contrast and 
triggering; CE-MRA, contrast-enhanced magnetic resonance angiography.

REACT CE-MRA

REACT CE-MRA
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Figure 7 Maximum intensity projections, angulated to the left carotid bifurcation (slab thickness: 15 mm), in a 71-year-old man with 
multiple embolic ischemia of the left precentral gyrus indicating an extracranial internal carotid artery stenosis (wide arrows, grade 2) in 
REACT (water-only) and CE-MRA. Source images of REACT (axial plane) clearly reveal an adjacent plaque of predominantly hyperintense 
signal, while its visibility is hampered in CE-MRA (thin arrows). *, internal jugular vein. REACT, relaxation-enhanced angiography without 
contrast and triggering; CE-MRA, contrast-enhanced magnetic resonance angiography.

Figure 6 A 76-year-old man with left hemispheric watershed infarction. Maximum intensity projections, angulated to the left carotid 
bifurcation (slab thickness: 20 mm) of REACT (water-only) indicate an extracranial internal carotid artery stenosis (wide white arrow, grade 
3). Source images in the coronal plane of REACT (water-only) reveal a partially hyperintense concomitant plaque (thin arrows), whereas the 
plaque and its hyperintensity is barely visible in the source images of CE-MRA. Axial T1w SPIR sequence depicts a corresponding ulcerated 
plaque with vessel wall hematoma (thin arrow), which was confirmed and treated with a carotid wall stent in the subsequently performed 
DSA (wide white arrow). REACT, relaxation-enhanced angiography without contrast and triggering; CE-MRA, contrast-enhanced magnetic 
resonance angiography; T1w, T1-weighted; SPIR, spectral presaturation with inversion recovery; DSA, digital subtraction angiography.

REACT CE-MRA

REACT CE-MRA

DSAT1w SPIRREACT
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REACT sequence yields a lower image noise than CE-
MRA, most likely given its longer acquisition time, their 
technical differences, and their different spatial resolution  
(1.5 vs. 0.63 mm3 acquired voxel size). 

Compared to 2D QISS-MRA, the mDIXON readout 
enables the acquisition of high-resolution 3D isotropic 
datasets over a large field of view in REACT and combines 
advantages of SSFP with the suppression of background 
and fat while providing a fat/water separation (25,33). 
Furthermore, the 3D readout enables image reconstruction 
in any arbitrary direction of space, which facilitates the 
assessment of vascular pathologies, e.g., the presence of 
ICA stenosis and plaques. Given their flow dependency 
and concomitant artifacts, the image quality of TOF- 
and QISS-MRA may be impaired, which explains the 
overestimation of TOF-MRA for ICA stenosis due to signal 
intensity saturation of low flow distal to high-grade stenosis 
(14,17,18). On the contrary, REACT is flow-independent 
and enhances blood vessels given their different T1 and T2 
relaxation times (25). Furthermore, the REACT sequence 
does not require any triggering which is beneficial in daily 
clinical practice given that stroke imaging is generally 
performed without pulse or cardiac synchronization (25). 

3D TOF-MRA and ungated QISS-MRA require a 
long acquisition time of up to seven min to depict the 
extracranial arteries (11,21,22). On the contrary, REACT 
enables a faster depiction of the extracranial arteries (in 
less than three min) when accelerating its acquisition 
with Compressed SENSE, which has already indicated 
promising results in different fields of MRI (40,41). 
Using deep neural network–based image processing, the 
acquisition time of QISS-MRA can be reduced to less than 
three min (23). However, besides unknown reconstruction 
times, the required additional central processing unit 
cluster limits its feasibility for other centers (23).  
In contrast, the Compressed SENSE technique was fully 
integrated into the clinical system and does not require 
extensive reconstruction times or postprocessing while 
being performed with the standard hardware as provided 
by the manufacturer of the MRI system (30). Given its 
short acquisition time, REACT is also faster to acquire than 
the CE-MRA sequence used in the present study when 
considering the unenhanced scan, the required time for 
bolus-tracking, and the necessary preparation of the patient 
for the application of contrast agent. With CE-MRA being 
dependent on the accurate acquisition of data with respect 
to the arrival of the contrast agent (10,11), REACT can be 
acquired as often as necessary, being feasible for patients 

requiring follow-up imaging without the additional cost of 
contrast agents.

As a major limitation and disadvantage compared to 
QISS- and TOF-MRA, REACT, which has a selectivity for 
tissues with long T1 and T2, cannot depict the intracranial 
arteries given the long T1 and T2 of the cerebrospinal fluid 
(25,30). Consequently, REACT is not suitable for patients 
with severe pleural effusions, which were excluded from 
this study. Nevertheless, when combining TOF-MRA 
and REACT for the imaging of intra- and extracranial 
arteries, the supraaortic arteries can be depicted sufficiently 
in the setting of AIS without the application of contrast. 
Since REACT showed fat-water swapping artifacts in 
more than a third of patients, readers must be aware of 
this important artifact when using the sequence. However, 
the corresponding in-phase reconstructions yielded a 
bright vessel signal, clarifying the dropout as artificial. 
Whereas QISS- and TOF-MRA provide scans of minor 
or no contamination by venous vessels (11,21,22), REACT 
provides a simultaneous depiction of arteries and veins, 
which is beneficial in the imaging of large thoracic vessels 
but potentially of disadvantage for the imaging of the 
extracranial arteries where vessels are smaller (25). However, 
a high arterial signal is provided when choosing a low flip 
angle (15°) and by the combination of IR and T2 preparation 
prepulses for magnetization preparation with the vessel 
signal of REACT being dependent on the O2 saturation 
of the vessels, which leads to a higher signal intensity of 
arteries. Additionally, the combination of the mDIXON XD 
readout with magnetization preparation leads to a higher 
arterial signal, which enables a clear separation of arterial 
and venous vessels as well as of adjacent tissue (25).

Limitations

Besides being a retrospective single-centre investigation, 
there were limitations to this study. First, there was no 
standard of reference for the assessment of ICA plaques 
and the evaluation of their signal intensity with both CE-
MRA and REACT not approximating to true plaque 
imaging. Hence, the results regarding plaque detection 
and characterization in REACT might carry a bias and 
even an oversensitivity, especially regarding hyperintense 
plaques and their suspected instability. Further studies, 
either using additional plaque imaging sequences or T1-
weighted SPIR in a broad patient cohort to further evaluate 
the potential use of REACT for the assessment of stable 
and unstable plaques with intraplaque hemorrhage are 
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required to confirm the observational findings of the 
present study. In this regard, additional studies with patients 
referred for carotid endarterectomy may be of interest 
in the future to provide a histopathological standard of 
reference. Second, no comparison of REACT to digital 
subtraction angiography (DSA), the gold standard for 
imaging of supraaortic arteries, was conducted in the 
present work. Third, since this study intended to focus on 
the clinical performance of the REACT sequence in terms 
of stenosis and plaque assessment, we did not choose to 
conduct an objective evaluation of image quality based on 
signal- and contrast-to-noise ratios. However, as shown 
in aforementioned previous study focusing on image  
quality (30), REACT showed higher vessel signal and 
contrast than CE-MRA based on subjective and objective 
evaluations. Fourth, full blinding of the readers to the type 
of MRA was not feasible given the difference in appearance 
of MRAs, which could have influenced the results. Fifth, 
the Compressed SENSE acceleration factor of REACT 
was chosen based on our clinical experience with the 
sequence and not after profound investigation of different 
undersampling factors. Therefore, higher acceleration 
factors and a faster acquisition may be feasible and desirable 
in AIS and should be investigated further. 

Conclusions

In a large patient cohort with AIS, REACT provides high 
sensitivity and specificity for extracranial ICA stenosis, 
potentially improved depiction of plaques, and comparable 
vessel quality compared to the reference standard CE-
MRA.
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Supplementary

Table S2 Numbers of stenosis found per grade using CE-MRA and REACT for all readers and overall. Grade 2: <50%, grade 3: 50–69%, grade 4: 
≥70–99%, grade 5: occlusion

Stenosis Reader 1 Reader 2 Reader 3 Overall

REACT

Grade 2 43 40 37 40.0

Grade 3 15 15 10 13.3

Grade 4 8 12 15 11.6

Grade 5 5 4 6 5.0

CE-MRA

Grade 2 40 45 35 40.0

Grade 3 15 14 15 14.7

Grade 4 7 12 12 10.3

Grade 5 6 4 5 5.0

CE-MRA, contrast-enhanced magnetic resonance angiography; CI, confidence interval; REACT, relaxation-enhanced angiography without 
contrast and triggering.

Table S1 Sensitivity and specificity of REACT for assessment of extracranial carotid artery stenosis for all readers and overall using CE-MRA as 
reference standard

Readers Sensitivity (%) Specificity (%)

All 

Reader 1 88.4 (95% CI: 78.4–94.9) 93.6 (95% CI: 88.2–97.0)

Reader 2 90.1 (95% CI: 80.7–95.9) 97.0 (95% CI: 92.6–99.2)

Reader 3 91.0 (95% CI: 81.5–96.6) 95.1 (95% CI: 90.1–98.0)

Overall 89.8 (95% CI: 84.9–93.6) 95.2 (95% CI: 92.7–97.1)

Clinically relevant stenosis (≥50%)

Reader 1 92.9 (95% CI: 76.5–99.1) 95.2 (95% CI: 83.8–99.4)

Reader 2 93.9 (95% CI: 79.8–99.3) 95.2 (95% CI: 83.8–99.4)

Reader 3 93.8 (95% CI: 79.2–99.2) 97.1 (95% CI: 85.1–99.9)

Overall 93.5 (95% CI: 86.5–97.6) 95.8 (95% CI: 90.4–98.6)

CE-MRA, contrast-enhanced magnetic resonance angiography; CI, confidence interval; REACT, relaxation-enhanced angiography without 
contrast and triggering.


