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Purpose: To compare the MRI characteristics of patients with wake-up ischemic stroke (WUS) and with ischemic stroke with known
onset time (clear-onset-time stroke, COS) to clarify the role of diffusion-weighted imaging–fluid-attenuated inversion recovery (DWI-
FLAIR) mismatch in estimating the onset time of WUS patients.
Patients and Methods: Two hundred patients with acute ischemic stroke were selected for complete brain MRI within six hours of
symptom onset, including DWI and FLAIR sequences. The patients were divided into WUS (n = 78) and COS (n = 122) groups, based
on whether the time of onset was known. The general conditions and imaging characteristics were collected to compare the DWI-
FLAIR mismatch features between the two groups at different time intervals.
Results: There was no significant difference in the DWI-FLAIR mismatch on MRI within 2 hour after the first found abnormality
between the two groups (50.0% vs 71.8%, p = 0.180). With increasing time, the DWI-FLAIR mismatch decreased substantially in the
WUS group, while a higher DWI-FLAIR mismatch presence persisted in the COS group within a four-hour interval from the onset of
symptoms to the MRI. The DWI-FLAIR mismatch was significantly lower in the WUS group than in the COS group from symptom
identification to MRI at 2–3 h, 3–4 h, and 4–5 h intervals (15% vs 60%, 10.5% vs 48%, 6.7% vs 45.4%; p < 0.01).
Conclusion: Our results suggest that the presence of DWI-FLAIR mismatch within 2 h of the first found abnormality was not
significantly different between WUS and COS. Therefore, Patients with WUS within 2 hours after the first detected abnormality may
be suitable for intravenous thrombolysis.
Keywords: acute ischemic stroke, diffusion-weighted imaging, fluid-attenuated inversion recovery image, mismatch

Introduction
Ischemic strokes comprise 70% of all stroke cases; the most effective treatment in these cases is thrombolytic therapy
within 4.5 h of onset.1,2 However, 25% of patients with ischemic stroke become aware of their symptoms upon
awakening from sleep. International guidelines suggest to avoid intravenous thrombolysis in these patients due to
insufficient evidence of safety and efficacy.3–5 A previous study found that most wake-up strokes (WUS) occur early
in the morning, shortly before awakening; if these patients arrive at the hospital on time, the actual onset time may be
estimated by a careful examination, and it could be possible to improve the prognosis with thrombolytic therapy.6 Some
studies have proposed magnetic resonance imaging (MRI) diffusion-weighted imaging (DWI) and perfusion-weighted
imaging (PWI) mismatches to identify WUS patients suitable for thrombolytic therapy. These imaging modalities may
determine the presence of an ischemic semi-dark band and guide the use of thrombolytic therapy in WUS patients.7 The
clinical application of PWI in WUS patients is limited by the short time window for treatment and the need for
intravenous contrast injection, long imaging time, and post-processing of images. Recent studies have shown that
patients with acute ischemic stroke presenting with DWI-positive lesions and no corresponding fluid-attenuated
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inversion recovery (FLAIR) lesions may benefit from timely thrombolytic therapy within 4.5 h of stroke onset.8 In this
study, we compared MRI imaging characteristics of patients withWUS and stroke patients with known onset (clear-onset
-time stroke, COS) to clarify the role of DWI-FLAIR mismatch in estimating the onset time of patients with WUS.

Patients and Methods
Patients
A total of 200 patients with acute ischemic stroke in the anterior circulation were selected retrospectively among the
patients admitted to the Department of Neurology of Baotou Central Hospital from January 2018 to December 2020. The
patients were divided into two groups, WUS (n = 78) and COS (n = 122), based on whether the time of onset was clear.
All patients met the diagnostic criteria for acute ischemic stroke diagnosis and 2018 treatment guidelines.9 Patients with
a clear onset time and who underwent brain MRI within six hours were placed into the COS group. Patients who were
asymptomatic before going to sleep and woke up with symptoms, or who were alone and could not report the exact onset
time, who underwent head MRI within six hours from admission, were placed into the WUS group. The exclusion
criteria were as follows: (1) MRI-confirmed presence of intracranial hemorrhage, tumor, infection, or cerebral infarct foci
associated with the stroke symptoms; (2) Todd’s palsy, hemiplegic migraine, or cervical spondylosis following focal
epilepsy; (3) pacemakers, intravascular stents, or metal prostheses impeding MRI examinations.

General information was collected, including age, sex, time of last noted absence of symptoms, time of first evident
abnormality, time of MRI, stroke risk factors, Trial of ORG 10172 in Acute Stroke Treatment (TOAST) classification
of stroke, and evaluation of neurological deficits according to the National Institutes of Health Stroke Scale (NIHSS).
The role of DWI-FLAIR mismatch in estimating the time of onset of ischemic stroke was assessed by comparing the
DWI-FLAIR mismatch between the two groups based on the time interval between the first noted abnormality and
MRI. Only in two cases, the MRI examination was completed within one hour of onset; thus, these patients were
included with the 2 hour group for statistical purposes.

MRI Data Acquisition Analysis
The MRI was performed with a 1.5T MRI scanner (Siemens, Avanto, Germany), and the scan sequence was as follows:
T1-weighted axial images with spin-echo sequence, repetition time: 450 ms, echo time: 11 ms; T2-weighted images with
fast spin-echo sequence, repetition time: 5300 ms, echo time: 110 ms; T2-FLAIR sequence, repetition time: 9000 ms,
echo time: 109 ms; DWI axial with single excitation spin-echo echo-planar sequence, repetition time: 3000 ms, echo
time: 89ms; while performing the apparent diffusion coefficient map, the diffusion sensitivity factor was 1000 s/mm2.
DWI positivity was defined as an area of high signal with b = 1000 s/mm2, while the corresponding diffusion coefficient
image showed a low signal; T2-FLAIR positivity was defined as the presence of an area of high signal in the region
corresponding to the DWI-positive lesion. DWI-FLAIR mismatch was defined as a DWI-positive and T2-FLAIR-
negative area; if two or more lesions were present simultaneously, all lesions were considered for the above criteria.
Image interpretation was performed by two neuroimaging experts blinded to the clinical features of the patient; in case of
disagreement, the final decision was based on the assessment by another senior neuroimaging expert.

Statistical Analysis
The statistical analysis was performed using SPSS 19.0 (IBM, Armonk, NY, USA); the t-test was used for comparison
between groups for numerical data using x ±s, which conformed to normally distributed data, and theMann–WhitneyU-test
was used for group comparison for non-normally distributed data. The χ2 test was used to compare groups for categorical
data, and logistic regression was used to analyze the factors affecting the DWI-FLAIR mismatch. A 2-tailed P<0.05 was
considered statistically significant. Divided into five groups according to time, we used Bonferroni's correction. The alpha
value taken to be statistically significant is 0.05 divided by 5 equals 0.01.
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Results
Comparison of Group Baseline Characteristics
The WUS group included 78 patients, and the COS group 122. In the WUS group, 56 patients had symptoms after
awakening, while 22 had no witnesses present at onset, suffered from aphasia, and could not report the exact onset time.
Age and NIHSS score at admission were significantly higher in the WUS group than in the COS group (p =0.044,
p =0.002, respectively), and the percentage of DWI-FLAIR mismatch on MRI within 3 h and 4.5 h after first found
symptoms was significantly lower than in the COS group (p <0.001, Table 1).

Group Comparison of DWI-FLAIR Mismatch
In all patients, the DWI-FLAIR mismatch decreased gradually with increasing time from symptom onset to MRI
examination. Twenty-nine cases (63.0%) of DWI-FLAIR mismatch were found within 2 h from symptom onset (7/14
[50.0%] in WUS and 22/32 [71.8%] in COS), and the difference was not statistically significant (p = 0.180). However,
with increasing time, the presence of DWI-FLAIR mismatch decreased substantially in the WUS group, while a higher
number of DWI-FLAIR mismatches was still present in the COS group in the intervals from 2 to 5 h. DWI-FLAIR
mismatch in the WUS group was significantly lower than in the COS group in the 2–3 h, 3–4 h, and 4–5 h intervals from
symptom onset to MRI (p = 0.001, p = 0.005, p=0.009, respectively) (P<0.01, Table 2).

Multifactorial Logistic Regression Analysis
The NIHSS score at admission and the time from symptom onset to MRI examination between 2 and 6 h were prominently
associated with DWI-FLAIR mismatch and were predictors of DWI-FLAIR mismatch. Although the p-value for the 2–3h
outcome was located near the critical value (p = 0.04) compared with less than 2h, its OR was smaller. The exposure was
associated with a 0.394-fold increased rate of the outcome (95% confidence interval, 0.178–0.759) (Table 3).

Table 1 Comparison of Baseline Characteristics and Proportion of DWI–FLAIR Mismatch
Between Patients with WUS and COS

WUS (78) COS (122) P

Age, y 69.5±7.3 61.3±10.4 0.044

Male, n (%) 42 (62.6) 90 (67.7) 0.376

NIHSS 10.34±6.21 6.25±6.67 0.002
Hypertension, n (%) 45 (67.1) 93 (69.9) 0.655

Diabetes, n (%) 19 (28.3) 33 (24.8) 0.557

Hyperliperima, n (%) 24 (35.8) 62 (46.6) 0.108
Smoke, n (%) 21 (31.3) 43 (32.3) 0.905

Stroke history, n (%) 20 (29.9) 37 (27.8) 0.702
Atrial fibrillation, n (%) 23 (34.3) 41 (30.8) 0.558

TOAST, n (%) 0.820

Large artery
atherosclerosis

25 (37.3) 55 (41.4)

Cardioembolism 26 (38.8) 46 (34.6)

Small vessel occlusion 8 (11.9) 16 (12.0)
Other 3 (4.5) 10 (7.5)

Undetermined 5 (7.4) 6 (4.5)

LNT-MRI time, min 553.2±486.2 231.4±85.0 < 0.001
FAT-MRI time, min 211.3±72.1 231.3±84.0 0.353

DWI-FLAIR Mismatch, n

3h within MRI 34 (9) 63 (42) < 0.001
4.5h within MRI 61 (13) 97 (59) < 0.001

Abbreviations: WUS, wake-up ischemic stroke; COS, clear-onset time stroke; LNT, last known normal Time; FAT, first
found abnormal time.
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Discussion
DWI represents the diffusion of water molecules in the body, and it has been reported that patients with ischemic stroke can
present DWI signal changes within minutes of onset.10–12 FLAIR is an inversion recovery sequence that highlights the signal
contrast between the lesion and surrounding tissues by selecting a delay time (TI) close to the T1 value of the cerebrospinal
fluid to produce a significant signal attenuation in the cerebrospinal fluid and tissues with similar T1 attenuation. Pathological
studies12 suggested that Intracellular edema can occur early after brain ischemia, the mechanism is that after the ischemia of
brain tissue reaches the threshold of cell membrane pump failure, Cell membrane ion pump transport disorder, sodium,
calcium ions and water in extracellular fluid enter cells, resulting in cytotoxic brain edema. At this time, the total water content
in the ischemic area did not increase, but the ratio of water inside and outside the cells changed, so neither T2WI nor FLAIR
showed abnormality. However, the ability of water molecules to diffuse and move in the cell is weaker than that outside the
cell, resulting in high DWI signal in the lesion area. Thomalla et al13 found that ischemic stroke could be invisible on FLAIR
images within 3 h of stroke onset and proposed the DWI-FLAIR mismatch model. Other researchers reported the mismatch as
a marker to identify patients who are within 4.5 h of onset. Thomalla et al8 performed a multicenter observational study in
acute ischemic stroke patients within 4.5 h of onset. It showed that DWI–FLAIR mismatch could identify patients within 4.5
h with a specificity of 0.78 and a PPV (positive predictive value) of 0.83. These results were consistent with other studies.14,15

Early intravenous thrombolysis is the only treatment proven effective in acute ischemic stroke; however, previous studies on
awakening stroke are scarce, resulting in this group of patients not receiving intravenous thrombolytic therapy after admission
to the hospital. The application of the DWI-FLAIR mismatch model may help improve this situation.16–18

This study found that wake-up stroke has generally more severe clinical symptoms compared with acute ischemic stroke
with a clear time of onset. The increased severity predicts a poorer long-term prognosis and a heavier burden on the patient,
the family, and society, as seen in the results of previous studies.4,19 In this study, we found that DWI-FLAIR mismatch
decreased gradually as the time from symptom onset to MRI increased, and DWI-FLAIR mismatches were more frequent in
the COS group than in the WUS group within 4.5 h from the appearance of symptoms to MRI; in contrast, there was no
significant difference between the two groups within 2 h from the first noted symptoms to MRI examination. The analysis
based on different time intervals from the appearance of symptoms to MRI showed that the proportion of DWI-FLAIR

Table 2 Proportion of Patients with WUS and COS with DWI–FLAIR Mismatch According to the Interval Between First-
Found Abnormal and MRI Time

WUS (78) COS (122) P

N DWI-FLAIR Mismatch N DWI-FLAIR Mismatch

≤2h 14 7 (50.0) 32 22 (71.8) 0.180
2–3h 20 3 (15.0) 30 18 (60.0) 0.001

3–4h 19 2 (10.5) 25 12 (48.0) 0.005

4–5h 15 1 (6.7) 22 10 (45.4) 0.009
5–6h 10 1 (10.0) 13 2 (15.4) 0.580

Table 3 Multifactorial Logistic Regression Analysis

OR 95% CI P

Age 0.911 0.896~0.997 0.540
NIHSS 0.935 0.896~0.997 0.011

FAT-MRI time

≤2h 1.000 - -
2–3h 0.394 0.178~0.759 0.040

3–4h 0.317 0.137~0.742 0.007

4–5h 0.179 0.063~0.530 0.003
5–6h 0.067 0.018~0.270 0.001
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mismatch in the WUS group decreased substantially when the interval from the first abnormality to MRI was longer than 2 h;
this trend was significantly different in the COS group. The presence of a high-signal lesion in FLAIR images indicates
vasogenic edema of the brain parenchyma, and its high signal is a continuous change. Our study suggests that the DWI-
FLAIR mismatch continued to decrease with increasing time from onset, implying that more evident alterations in the
FLAIR signal were detected on MRI after a longer time from onset. This study confirmed that DWI-FLAIR mismatch can be
used as a helpful imaging tool to estimate the time of onset and could be used to guide the use of thrombolytic therapy in
acute ischemic stroke patients when the time of onset cannot be determined. Previous studies showed that DWI-FLAIR
mismatch decreased with increasing time from the onset at a rate of 8.1%/h,8 9.5%/h,20 and 13.2%/h.13 Our study showed
a similar rate of change in the COS group (12%/h). The WUS group showed a 35% abrupt change between less than 2 h and
2–3 h from the onset. The comparison of the WUS and the COS group showed a decrease in the predictive validity of DWI-
FLAIR mismatch after more than 4.5 h from the time of first abnormality detection to MRI. The WUS and COS groups
showed a reduced predictive validity of DWI-FLAIR mismatch depending on the time of first symptom detection; the WUS
and COS groups showed a similar rate of DWI-FLAIR mismatch within a 2h interval from the first found symptoms to the
MRI. This similarity may be explained by the fact that the WUS likely occurred near the moment of awakening, and the
symptoms were more severe than in COS patients; therefore, the patients arrived at the hospital promptly.

Our study has some noteworthy limitations. First, it was retrospective in nature and had a relatively small sample size.
Furthermore, we focused on DWI-positive and FLAIR-negative lesions without further analysis of other possible small
lesions or changes on the FLAIR images, which may have some impact on the patient’s prognosis.

Conclusion
In summary, thrombolysis or revascularization beyond the 4.5 h time window is closely associated with intracranial
hemorrhage and poor prognosis.21–23 It is important to choose an appropriate thrombolytic therapy for WUS.24–26 The
last detected normal time is commonly used to determine if thrombolysis is appropriate; however, in patients with WUS,
the time from the last-noted normal appearance to the time of consultation is longer and not representative. Our study
indicates that the presence of DWI-FLAIR mismatch within 2 h of the first found abnormality was not significantly
different between WUS and COS. Therefore, patients with WUS whose symptoms are first detected within 2 h may be
good candidates for DWI-FLAIR mismatch based thrombolysis. We will further investigate the safety and efficacy of the
thrombolytic therapy in patients selected by DWI-FLAIR mismatch in the future.
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