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Background and Purpose—The acute management of stroke patients requires a fast and efficient screening imaging
modality. We compared workflow and functional outcome in acute ischemic stroke patients screened by magnetic
resonance imaging (MRI) or computed tomography (CT) before treatment in the THRACE trial (Thrombectomie des
Artères Cérébrales), with the emphasis on the duration of the imaging step.
Methods—The THRACE randomized trial (June 2010 to February 2015) evaluated the efficacy of mechanical thrombectomy
after intravenous tPA (tissue-type plasminogen activator) in ischemic stroke patients with proximal occlusion. The choice
of screening imaging modality was left to each enrolling center. Differences between MRI and CT groups were assessed
using univariable analysis and the impact of imaging modality on favorable 3-month functional outcome (modified
Rankin Scale score of ≤2) was tested using multivariable logistic regression.
Results—Four hundred one patients were included (25 centers), comprising 299 MRI-selected and 102 CT-selected patients.
Median baseline National Institutes of Health Stroke Scale score was 18 in both groups. MRI scan duration (median
[interquartile range]) was longer than CT (MRI: 13 minutes [10–16]; CT: 9 minutes [7–12]; P<0.001). Stroke-onset-toimaging time (MRI: median 114 minutes [interquartile range, 89–138]; CT: 107 minutes [88–139]; P=0.19), onset-tointravenous tPA time (MRI: 150 minutes [124–179]; CT: 150 minutes [123–180]; P=0.38) and onset-to-angiographysuite time (MRI: 200 minutes [170–250]; CT: 213 minutes [180–246]; P=0.57) did not differ between groups. Imaging
modality was not significantly associated with functional outcome in the multivariable analysis.
Conclusions—Although MRI scan duration is slightly longer than CT, MRI-based selection for acute ischemic stroke
patients is accomplished within a timeframe similar to CT-based selection, without delaying treatment or impacting
functional outcome. This should help to promote wider use of MRI, which has inherent imaging advantages over CT.
Clinical Trial Registration—URL: https://www.clinicaltrials.gov. Unique identifier: NCT01062698.  
(Stroke. 2019;50:659-664. DOI: 10.1161/STROKEAHA.118.023882.)
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S

ince the benefits of recanalization are highly time-dependent in acute ischemic stroke,1–4 minimizing the workflow
duration is crucial. Computed tomography (CT) is the most
widely used diagnostic tool because of its availability and
rapid acquisition time. However, magnetic resonance imaging
(MRI) has advantages over CT. Diffusion-weighted imaging
(DWI) best detects acute ischemia,5 stroke-like events6–8 and
is the reference for infarct core extent measurement, which is
crucial in selecting patients for endovascular treatment in the

later time window.9,10 In patients with unknown onset time,
MRI identifies strokes that occurred approximately within
the previous 4.5 hours and could benefit from thrombolysis.11
MRI drawbacks theoretically include screening time for contraindications, limited access, additional time needed to clear
the MRI scan and place the patient on the table, and longer
scan duration.
The recent trials showing the efficacy of endovascular
therapy in acute ischemic stroke used primarily CT-based
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approaches.12 Consequently, detailed data on MRI-based workflow are limited.13–15 A recent study14 showed that the workflow times of 128 MRI-selected patients before endovascular
therapy were similar to those reported in 3 large CT-based trials.16–18 However, this monocentric study had no CT-selected
subgroup for comparison, excluded patients with large core
and did not record the precise duration of the MRI step.
In the multicenter THRACE trial (Thrombectomie des
Artères Cérébrales),19 enrolling centers were free to use CT
or MRI before randomization, resulting in a large proportion of MRI-selected patients. We compared the workflow
and functional outcome in acute ischemic stroke patients
screened by MRI or CT, with particular emphasis on the
imaging step duration.

Methods
The data that support the findings of this study are available from the
corresponding author on reasonable request.

Study Design
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The THRACE trial was a randomized controlled trial conducted between June 2010 and February 2015.19 Patients with acute ischemic
stroke were eligible for inclusion if they were aged 18 to 80 years,
had a National Institutes of Health Stroke Scale (NIHSS) score of 10
to 25, had a proximal cerebral artery occlusion confirmed by CT or
MRI, could receive intravenous tPA (tissue-type plasminogen activator) within 4 hours of symptom onset, and if thrombectomy could be
initiated within 5 hours of symptom onset. Patients were randomized
to receive either intravenous tPA and mechanical thrombectomy or
intravenous tPA alone. The THRACE trial was approved by the CPP
(Comité de Protection des Personnes) III Nord Est Ethics Committee
and the research boards of the participating centers. All patients or
their legal representatives provided written informed consent.

Imaging Modality
Each enrolling center was free to use its routine CT or MRI stroke
protocol, and no attempt was made to standardize imaging acquisition. As per protocol requirement, all examinations included at least
brain and intracranial vessel imaging, with either CT angiography
(CTA) or MR angiography. Additional imaging techniques (perfusion imaging and cervical angiography) were optional. Imaging was
performed before treatment and within 4 hours of stroke onset. The
extent of lesion on baseline imaging was determined using Alberta
Stroke Program Early CT Score in the CT group and DWI volume,20,21
in the MRI group.

Workflow Times
Enrolling centers were instructed to fill in a case report form after
each patient enrollment with the following times: onset of stroke
symptoms, clinical examination, randomization, start of intravenous
tPA administration, and, in the endovascular arm, arrival in the angiography suite, first cerebral angiographic run, and start and end of
thrombectomy. Start and end of imaging times were extracted from
Digital Imaging and Communications in Medicine metadata.

Statistical Analysis
Workflow times were expressed as median and interquartile range
(IQR) owing to the nonnormality of the data. The CT and MRI
groups were compared using the Mann-Whitney U test for quantitative variables and the χ2 test for qualitative variables. Prognostic
factors for the outcome were analyzed with univariable analysis,
with dichotomized modified Rankin Scale score as the dependent
variable (favorable outcome: modified Rankin Scale score of ≤2).
To adjust for potential confounders, multivariable binary logistic

regression analysis was subsequently conducted. Factors with a
significant (P<0.10) association with favorable outcome in univariable analysis—that is, age, blood glucose, systolic blood pressure,
National Institutes of Health Stroke Scale score, occlusion location
(proximal portion of the middle cerebral artery versus intracranial
internal carotid artery occlusion), diabetes mellitus, hypertension,
renal insufficiency, treatment group (intravenous tPA and mechanical
thrombectomy versus intravenous tPA alone), and imaging modality
(MRI versus CT)—were candidates for the multivariable model. To
avoid collinearity between variables, diabetes mellitus and hypertension were not selected while blood glucose and systolic blood
pressure were entered in the multivariable model. Forward stepwise
variable selection with significance level for entry into the model at
0.10 and significance level for staying in the model at 0.05 was used.
Reported P values were 2-sided, with values <0.05 indicative of a
significant difference. Statistical analysis was performed using SAS/
STAT software (version 9.3, SAS Institute, Cary, NC).

Results
Among 414 randomized patients in the THRACE trial, 401
patients were included in the present study (2 patients withdrew consent, screening imaging modality was unknown in
8 patients, and imaging time information was not available
for 2 MRI-selected patients and 1 CT-selected patient). Of
the 401 patients from 25 centers, 299 were in the MRI group
(median [IQR] DWI volume: 16 mL [9–52]) and 102 in the
CT group (median [IQR] Alberta Stroke Program Early CT
Score: 9 [8–10]). Of the 25 centers, 15 used MRI and 5 used
CT as the prime imaging modality, defined as a modality used
for >80% of the examinations performed. The other 5 centers used MRI or CT without priority being given to either
modality and according to availability. The detailed imaging
protocol of each center is shown in Table I in the online-only
Data Supplement.
Differences between the MRI and CT groups are given in
Table 1. In univariable analysis, MRI-selected patients were
less frequently diabetic and had less renal insufficiency than
CT-selected patients. There was no statistical difference in
baseline National Institutes of Health Stroke Scale scores between groups. MRI and CT were similarly performed during
off hours (MRI: 50/299 [17%]; CT: 18/102 [18%]; P=0.83),
and weekends (MRI: 55/299 [18%]; CT: 14/102 [14%];
P=0.28). None of the delays from stroke onset differed between the CT and MRI groups (Table 2). The delay between
clinical examination at hospital arrival and start of imaging
did not differ between the MRI and CT groups (MRI: 17 minutes [11–27]; CT: 12 minutes [7–32]; P=0.13). As shown in
the Figure, the mean duration of each discrete step in patient
workflow was similar between the CT and MRI groups, except for scan duration and imaging-to-intravenous tPA time.
MRI scan duration was overall longer (MRI: median 13
minutes [IQR, 10–16]; CT: 9 minutes [7–12]; P<0.001), irrespective of the imaging protocol (without perfusion imaging
[MRI: 12 minutes (10–15); CT: 7 minutes (2–11); P<0.001]
or with perfusion imaging [MRI: 16 minutes (15–19); CT: 10
minutes (9–13); P<0.001]). In the MRI group, 68/299 (23%)
scans had perfusion imaging, 83/299 (28%) had cervical MR
angiography, and 4/299 (1%) had both. Median MRI scan
duration was significantly longer with perfusion imaging
(16 minutes [15–19]) or with cervical MR angiography (15
minutes [12–18]) than without contrast injection (11 minutes
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Table 1. Characteristics of Patients Included in the Study

MRI Group
(n=299)

CT Group
(n=102)

P Value

Demographics and risk factors
 Age, y

67 (54–74)

65 (54–74)

0.71

 Male

156/299 (52%)

59/102 (57%)

0.32

 Hypertension

153/297 (52%)

59/102 (58%)

0.27

 Diabetes mellitus

31/297 (10%)

20/101 (20%)

0.02

 Hypercholesterolemia

141/266 (53%)

46/96 (48%)

0.39

 Current or past tobacco use

114/260 (44%)

47/85 (55%)

0.07

 Coronary artery disease

41/286 (14%)

19/99 (19%)

0.25

 Renal insufficiency

12/295 (4%)

10/101 (10%)

0.03

140 (129–158) 144 (128–158)

0.79

Characteristics at admission
 Systolic blood pressure,
mm Hg
 Diastolic blood pressure,
mm Hg

80 (70–90)

78 (67–87)

0.29

1.2 (1.0–1.4)

1.2 (1.0–1.4)

0.59

18 (14–20)

18 (15–21)

0.06

 Intracranial ICA occlusion

45/299 (15%)

15/100 (15%)

0.99

 M1 occlusion

252/299 (84%)

83/100 (83%)

0.76

2/299 (1%)

2/100 (2%)

0.25

141/297 (47%)

55/101 (54%)

0.19

 Endovascular arm (intention 147/299 (49%)
to treat)

51/102 (50%)

0.88

 Blood glucose, g/L
 Baseline NIHSS score
Imaging

 Basilar artery occlusion
Downloaded from http://ahajournals.org by on May 20, 2021

 Left hemisphere

imaging to initiation of intravenous tPA, we post hoc analyzed
the data using a mixed model, with center as a random effect
and imaging modality as a fixed variable. Both imaging modality and center effects were significant (P<0.001). Of note,
there was no difference in the time from start of imaging to initiation of intravenous tPA between standard and multimodal
imaging protocols, using either MRI (30 minutes [22–43]
versus 33 [25–42]; P=0.19) or CT (38 minutes [30–60] versus
42 minutes [35–54]; P=0.63).
Favorable outcome was associated with imaging modality
in univariable analysis (MRI: 51%, 151 of 294 patients; CT:
38%, 38 of 100 patients; P=0.021). In multivariable analysis
with imaging modality forced into the model (n=370/401),
favorable outcome was associated with mechanical thrombectomy group (odds ratio [OR], 1.71; 95% CI, 1.08–2.69;
P=0.021), younger age (OR, 0.97; 95% CI, 0.95–0.98;
P<0.0001), less severe baseline National Institutes of Health
Stroke Scale (OR, 0.89; 95% CI, 0.84–0.94; P<0.0001), lower
blood glucose (OR, 0.48; 95% CI, 0.25–0.91; P=0.024), proximal portion of the middle cerebral artery occlusion (OR,
3.76; 95% CI, 1.86–7.60; P=0.0002). MRI was not associated with outcome (OR, 0.42; 95% CI, 0.27–2.48; P=0.12).
Symptomatic hemorrhagic transformation at 24 hours (MRI:
4 of 299 patients; CT: 3 of 102 patients; P=0.45) and mortality
at 3 months (MRI: 11%, 33 of 293 patients; CT: 16%, 16 of
100 patients; P=0.22) did not differ between the 2 groups.
Finally, all the above results were similar after exclusion
of the 13 patients (3%) who had both imaging modalities before randomization (9 with CT first then MRI and 4 with MRI
first then CT).

Therapeutic management

 Thrombectomy

110/299 (37%)

41/102 (41%)

0.54

 Reperfusion mTICI 2b-3

73/102 (72%)

25/39 (65%)

0.39

 General anesthesia

50/114 (44%)

22/40 (55%)

0.22

Data are presented as n/N (%) or median (interquartile range). CT indicates
computed tomography; ICA, internal carotid artery; M1, proximal portion
of the middle cerebral artery; MRI, magnetic resonance imaging; mTICI,
modified Treatment in Cerebral Infarction; and NIHSS, National Institutes of
Health Stroke Scale.

[9–13]), P<0.001 for both comparisons. In the CT group,
62/102 (61%) patients had CT perfusion in addition to the
CTA required to confirm arterial occlusion and 89/102 (87%)
had a CTA of the neck. Median CT duration was significantly
longer with perfusion imaging (10 minutes [9–13]) than
without, that is, simple CT/CTA (7 minutes [2–11]; P<0.001).
Similarly, advanced imaging protocols (CT perfusion or MRI)
were longer (13 minutes [10–16]; P<0.001) than simple CT/
CTA protocols.
Despite a longer scan duration in the MRI group, time
from start of imaging acquisition to initiation of intravenous
tPA was shorter (MRI: 31 minutes [24–43]; CT: 42 minutes
[34–54]; P<0.001), because of a shorter time from end of imaging to initiation of intravenous tPA (MRI: 18 minutes [11–
28]; CT: 33 minutes [24–43]; P<0.001; Figure). To disentangle
center effect from imaging modality effect on the delay from

Discussion
This multicenter study provides a comprehensive picture of
the acute stroke workflow in a country where MRI has been
recommended as the prime brain imaging technique for almost
10 years.22 In the THRACE trial, the choice of imaging modality for patient inclusion was left to the enrolling center and,
as a result, 74% of patients were imaged with MRI. Overall,
there was a significant difference of a few minutes between
CT and MRI imaging duration, but this had no impact on the
global workflow as time from stroke onset-to-intravenous tPA
and to endovascular therapy did not depend on the choice of
imaging modality. Finally, this choice had no impact on functional outcome at 3 months.
There is a prevailing view that stroke MRI scan duration
is in the order of 20 minutes and therefore much longer than
CT.23 However, in centers that have been using MRI as the
prime diagnostic imaging tool for years, standardized stroke
MRI protocols last around 10 minutes.14,24,25 This duration
could be further reduced to 6 minutes with the use of echo
planar imaging at 3 Tesla.23 However, the above scan durations
are merely based on the sum of the duration of each sequence,
and therefore exclude intersequence time or events that might
occur during the MRI examination. The recent endovascular
trials provide detailed timings for door-to-imaging and imaging to the next workflow steps,4 but the precise duration of
the complete MRI session is lacking. The 13-minute median
MRI scan duration we recorded over a large panel of centers
is representative of a real-world setting, since there was no
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Table 2. Workflow Times From Onset of Symptoms

Time Intervals in Minutes (Median, IQR)

MRI Group (n=299)

CT Group (n=102)

P Value

Onset to start of imaging acquisition

114 (89–138)

107 (88–139)

0.19

Onset to initiation of intravenous tPA

150 (124–179)

150 (123–180)

0.38

Onset to randomization

166 (139–195)

176 (147–207)

0.15

Onset to entry in angiography suite

200 (170–250)

213 (180–246)

0.57

Onset to first angiographic run

245 (208–285)

247 (210–294)

0.59

Onset to thrombectomy

246 (206–285)

250 (219–300)

0.32

Onset to end of thrombectomy

298 (257–354)

308 (264–335)

0.96

CT indicates computed tomography; IQR, interquartile range; MRI, magnetic resonance imaging; and tPA, tissuetype plasminogen activator.
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attempt to standardize MRI protocols across centers. In contrast to MRI, CT is commonly considered as a snapshot in the
stroke workflow. Although this was reasonable for noncontrast
CT, it is no longer true when CTA is added, a requirement before endovascular treatment decision. As with MRI, the whole
CT scan duration is longer than the sum of CT and CTA acquisition times. We here provided a measurement of total scan
duration (CT/CTA: median, 7 minutes; CT/CTA/CTP: median,
10 minutes), which matches that in the SWIFT PRIME trial
(Solitaire With the Intention for Thrombectomy as Primary
Endovascular Treatment; CT/CTA: median, 9 minutes).2
Of note, 61% of patients in the CT group had perfusion
imaging, as opposed to 23% in the MRI group. In MRI centers, the large amount of information available with standard
sequences, such as direct visualization of the infarct core
extent on DWI may have obviated the need for additional
perfusion. To avoid any loss of time in tailoring the imaging
protocol to each individual, standardized imaging stroke
protocols (with or without perfusion imaging) are used in
some centers,24,26 while others add advanced imaging techniques in selected cases. On a large scale, we showed, like
others,27 that performing multimodal CT did not delay intravenous tPA administration, and this was also true for multimodal MRI, thus complying with the 2018 American Heart
Association guidelines.28
Although it did not impact the time from onset-to-intravenous tPA or to endovascular treatment, time from imagingto-intravenous tPA was surprisingly shorter in the MRI group.
This was related to both an imaging modality effect and a

center effect in the post hoc analysis. About the imaging modality effect, one possible explanation is that the treatment decision was made while MRI acquisition was still in progress. In
patients with a puzzling clinical presentation, a treatment decision based on straightforward DWI images with clear-cut signal
changes might have been faster than one based on subtle early
CT ischemic changes. About the center effect, it likely lies in
organizational differences between CT and MRI centers. In centers that prioritized round-the-clock immediate access to MRI
for stroke patients, the global workflow might have been better organized and more time efficient, thus reducing time from
imaging-to-intravenous tPA when compared with CT centers.
Of note, in CT-selected patients, imaging-to-intravenous tPA
time was similar to that in the IMS III international multicenter
trial (Interventional Management of Stroke III).27
Times from stroke onset and from clinical examination on
admission to imaging were similar in the CT and MRI groups.
This suggests that none of the following steps are major obstacles to the use of MRI, in centers where it is available: access to
MRI, including transport to the scanner and immediate access
to the MRI room, completion of the MRI safety questionnaire to
exclude contraindications, and placement of the patient on the
MRI table. The systematic use of MRI in acute stroke implies
round-the-clock priority access to MRI with direct admission
in the imaging department, and close geographic localization
between the stroke center, MRI unit, and angiography suite.
The main clinical restrictions to the use of MRI remain contraindications and restless or unstable ischemic stroke patients,
accounting for 9% of patients.14 This acceptable low rate might

Figure. Graph of workflow in patients screened
with magnetic resonance imaging (MRI) or computed tomography (CT). IV-tPA indicates intravenous tissue-type plasminogen activator.
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even decrease in the near future, as the vast majority of metal
implants are MRI safe, and even concerns related to pacemakers may be overstated.29 Taken together, our findings support
the notion that MRI can be accomplished rapidly and within a
similar timeframe as CT before endovascular therapy, in line
with several studies showing that MRI-based selection is feasible and safe.13–15,30 One should however keep in mind that,
although there is sufficient evidence that MRI is as reliable as
CT for the detection of acute intracerebral hemorrhage, dedicated training with interpretation of gradient echo sequence is
needed for MRI to be safely used before treatment decision.31
Our study has several limitations. (1) The THRACE trial
was not designed for the purpose of the current study and randomization was not stratified on imaging modality. As a consequence, the choice of imaging modality may have depended on
confounding variables. For instance, in centers using MRI as a
prime screening imaging modality in stroke patients, the most
severely ill patients might be directed towards CT. However, in
THRACE, stroke clinical severity did not differ between the CT
and MRI groups, likely because the majority of patients medically ineligible for MRI suffer from intracerebral hemorrhage,32
whereas THRACE focused on ischemic stroke. We nevertheless post hoc verified that all results were similar when we
excluded patients imaged with CT in MRI centers, and patients
imaged with MRI in CT centers. (2) There was no synchronization across all clocks and imagers, which may have led to
some degree of inaccuracy in the times recorded. However,
there is no reason why clocks should be more inaccurate in one
group. (3) Some of the workflow times were not recorded in
the case report form of the THRACE trial (arrival to hospital
door and groin puncture), therefore preventing a comprehensive evaluation of the workflow, as well as comparisons with
others and current guidelines for door-to-imaging and door-togroin puncture times.28,33 However, times from stroke onset and
from clinical examination on admission to imaging were not
longer in the MRI group, suggesting that access to MRI was not
detrimental in terms of delay in patient management. Times
of entry in angiography suite and first angiographic run provided an estimation of the groin puncture time. (4) Admission
status (direct admission versus transfer to endovascular-capable
centers) was not available, preventing comparison of workflow
between these 2 groups. However, given the THRACE inclusion criteria (initiation of intravenous tPA within 4 hours and
thrombectomy within 5 hours of symptom onset), most patients
were directly referred to endovascular-capable centers.

Conclusions
In conclusion, although MRI scan duration is a few minutes
longer than CT, workflow in THRACE demonstrates that realworld application of MRI for acute stroke evaluation before
treatment can be accomplished as rapidly as CT-based selection paradigms. This should help to promote wider use of MRI
in acute stroke by counterbalancing concerns about delay and
eligibility.
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