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Background: In patients with acute stroke with an unknown onset time, the T2 relaxation time (qT2) in
the region of diffusion restriction is associated with the time from symptom onset. We hypothesized that
cerebral blood flow (CBF) status assessed using arterial spin labeling magnetic resonance (MR) imaging
would influence the association between qT2 and stroke onset time. The purpose of this study was to
preliminarily investigate the effects of diffusion-weighted imaging—T2-weighted fluid-attenuated inversion
recovery (DWI-T2-FLAIR) mismatch and T2 mapping value changes on the accuracy of stroke onset time
in patients with different CBF perfusion statuses.

Methods: A total of 94 patients with acute ischemic stroke (symptom onset time <24 h) admitted to
the Liaoning Thrombus Treatment Center of Integrated Chinese and Western Medicine, Liaoning,
China, were enrolled in this cross-sectional retrospective study. MR image compilation (MAGiC), DWI,
3-dimensional (3D) pseudo-continuous arterial spin labeling perfusion (pcASL), and T2-FLAIR images were
acquired. The T2 map was directly generated from MAGIC. The CBF map was assessed using 3D pcASL.
Patients were divided into the good CBF group (CBF >25 mL/100 g/min) and the poor CBF group (CBF
<25 mL/100 g/min). The T2 relaxation time (qT2), T2 relaxation time ratio (qT2 ratio), and T2-FLAIR
signal intensity ratio (T2-FLAIR ratio) between the ischemic and nonischemic region of the contralateral
side were calculated. The correlations between the qT2, qT2 ratio, T2-FLAIR ratio, and stroke onset time
were statistically analyzed in the different CBF groups.

Results: In DWI-restricted areas, the time from symptom onset correlated with the qT2 and T2-FLAIR
ratio. We identified an interaction between this association and CBF status. In the poor CBF group, stroke
onset time most significantly correlated with the qT2 ratio (r=0.493; P<0.001), followed by the qT2 (r=0.409;
P=0.001) and the T2-FLAIR ratio (r=0.385; P=0.003). In the total patient group, the stroke onset time
moderately correlated with the qT2 ratio (r=0.438; P<0.001) but weakly correlated with the qT2 (r=0.314;
P=0.002) and the T2-FLAIR ratio (r=0.352; P=0.001). In the good CBF group, no obvious correlations were
found between stroke onset time and all MR quantitative indicators.

Conclusions: In patients with reduced cerebral perfusion, the stroke onset time correlated with changes
in the T2-FLAIR signal and qT2. The stratified analysis showed that the qT?2 ratio had a higher correlation
with stroke onset time than with the T2 and T2-FLAIR ratio.
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Introduction

The latest treatment guidelines for acute ischemic stroke
extend the time window for endovascular treatment to a
maximum of 24 h for some large-vessel lesions and 4.5 h
for small-vessel lesions. Studies have confirmed the clinical
benefit of endovascular treatment within this time window
(1-6). However, in clinical practice, the exact time of
stroke onset is difficult to determine in some acute stroke
survivors with wake-up stroke or unconscious acute stroke,
making clinical management difficult (7-10). Therefore,
accurate stroke time determination is crucial for clinical
management. Recent multicenter studies have shown that
determination of the stroke onset time with diffusion-
weighted imaging—T2-weighted fluid-attenuated inversion
recovery (DWI-T2-FLAIR) mismatch has good efficacy in
guiding intravenous thrombolytic therapy in patients with
uncertain stroke timing, such as a wake-up stroke. However,
the T2-FLAIR signal is subject to subjective judgment
and the interference of scanning parameters. As seen from
previous studies, the correlation between DWI-T2-FLAIR
mismatch and onset time deviates significantly (11,12).

The T2 relaxation time (qT2) arises from molecular
motion and proton—proton interactions, and it is
directly influenced by the local biophysical structure
and biochemical environment. Quantitative qT2 is a
structural magnetic resonance imaging (MRI) technique
that potentially offers a more detailed characterization of
tissue compared with conventional qualitative or weighted
imaging approaches. Recent preclinical (13-15) and clinical
(16,17) studies showed that qT2 could be used to detect
brain ischemia and estimate the onset time more accurately
than can MRI parameters obtained from weighted images.
The qT2 and qT2 ratios in DWI-restricted areas also
correlate with stroke onset time, and this correlation is
more significant compared to that of T2-FLAIR (18-20).

However, the T2-FLAIR and the qT2 values reflect the
local cerebral blood supply deficit that leads to cerebral
edema and increased fluid content, and this change
will be affected by cerebral blood flow (CBF) (21,22).
Previous animal studies have reported that the qT2 and its
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correlation with onset time were affected by CBF status
(23,24). The CBF difference between patients may be one
reason for the weak correlation with the time of stroke
onset for qT2 and T2-FLAIR changes. Synthetic MRI is
a quantitative MRI technology that uses multiecho and
multidelay acquisition methods to obtain multiple groups of
contrast images and quantitative values of brain relaxometry.
Duchaussoy er al. (25) confirmed that the magnetic
resonance image compilation (MAGiC) conventional
sequence and quantitative imaging could be used as a tool
to estimate stroke onset time. The aim of this study was
thus to examine the changes of qT2 of the ischemia area
and stroke onset time under different CBF conditions and
further evaluate the effect of different CBF statuses on the
correlations between qT2, T2-FLAIR ratio, and stroke
time. T2-weighted image acquisition has a long scanning
time due to multiple echo acquisitions; therefore, the q12
of the lesion was quantified with the MAGiC technique
(26,27), and the CBF values of the lesion area were
quantified with the 3-dimensional (3D) pseudo-continuous
arterial spin labeling perfusion (pcASL) technique (28-32).
We present the following article in accordance with the
STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-22-991/rc).

Methods
Patient selection

This study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013) and was
approved by the Ethics Review Board of the Liaoning
Thrombus Treatment Center of Integrated Chinese and
Western Medicine. Patients’ informed consent for this
retrospective analysis was waived. From December 2020
to December 2021, data from 112 patients with acute
ischemic stroke (symptom onset time <24 h) admitted to
the Liaoning Thrombus Treatment Center of Integrated
Chinese and Western Medicine, Liaoning, China, were
collected in this cross-sectional retrospective study. All
patients underwent MRI examinations within 24 h of
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Table 1 The main MRI acquisition parameters
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Sequence Slice thickness (mm) Matrix TR (ms) TE (ms) Acquisition time (min: s) Other parameters
T2-FLAIR 5 256x256 9,000 137 1:57 Tl =2,470 ms
DWI 5 130x160 4,221 80.2 0:34 B value =1,000 s/mm?
3D pcASL 4 512x6 4,649 10.9 3:18 PLD =2,500 ms
MAGIC 5 320x256 4,000 23/92 4:00

TE, time of echo; TR, time of repetition; Tl, time of inversion; T2-FLAIR, T2-weighted fluid-attenuated inversion recovery; DWI, diffusion-
weighted imaging; PLD, postlabel delay time; pcASL, pseudo-continuous arterial spin labeling; MAGIC, magnetic resonance imaging

compilation; 3D, 3-dimensional; MRI, magnetic resonance imaging.

stroke onset and before treatment. An acute ischemic lesion
was defined as a parenchymal hyperintensity on DWI,
explaining the clinical deficit [hypointensity on the apparent
diffusion coefficient (ADC) map]. Time from symptom
onset, clinical National Institutes of Health Stroke Scale
(NIHSS) score, blood pressure, glucose level, and other
clinical information were recorded.

The exclusion criteria were as follows: patients with
a stroke onset time longer than 24 h or with uncertain
onset times, patients without obviously restricted lesions
on their ADC map, patients with both periventricular
and parenchymal white matter hyperintensity on 1T2-
FLAIR images, patients with claustrophobia and other
contraindications for MRI, patients with poor image quality
(e.g., movement artifacts), and patients for whom the
acquisition of the full MRI protocol was incomplete.

All patients were divided into 2 groups according to
cerebral perfusion results assessed using CBF maps: the
good CBF group (CBF >25 mL/100 g/min) and the poor
CBF group (CBF <25 mL/100 g/min). In addition, the total
case group (including all enrolled cases) was primarily used
to compare the accuracy of MR quantitative measures in
determining stroke onset times of less than 6 h and less than
24 h with those of the 2 previously mentioned subgroups.

Examination methods

All MRI examinations were performed on a 3T GE Pioneer
scanner (GE Healthcare) with a 21-channel phased-array
head coil. The MRI protocol included DWI, T2-FLAIR,

3D pcASL, and MAGIC sequences. These main technical
parameters are detailed in Table 1.

Image processing and analysis

The T2 and CBF maps were processed with the MAGIC
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postprocessing software (MAGIC software version 100.1.1,
GE Healthcare) and 3D pcASL, respectively, on an
Advantage Workstation (AW version 4.7, GE Healthcare).
For each patient, DWI, ADC, CBEF, T2-FLAIR, and T2
map images were registered to the AW 4.7 workstation.

First, the central slice with a maximum area covering
the core of the ischemic lesion was selected on DWI
with parenchymal hyperintensity. Then, two 1-cm’
2-dimensional regions of interest (ROIs) were placed in
the same location on both the individual T2 map and
the FLAIR imaging. One ROI was placed at the core of
the acute ischemic lesion in the same location as the area
of the highest signal intensity on DWI, and the other
ROI was placed in the normal contralateral parenchyma
(Figures 1-3). The qT2, T2-FLAIR signal intensity, and
CBF values were measured on the T2 map, T2-FLAIR
image, and CBF map, respectively. The ratio of qT2 (the
q71?2 ratio) between ischemic and nonischemic contralateral
parenchyma, as well as the T2-FLAIR signal intensity ratio
(T2-FLAIR ratio), were then calculated. One radiologist
who was trained beforehand assessed the whole data set
during the same session. The formulae for calculating the
qT?2 ratio and T2-FLAIR ratio are as follows:

T2 Value(ischemic area)

qT2 ratio = (1]

T2 value (contralateral nonischemic parenchyma)

T2-FLAIR SI(ischemic area)

T2-FLAIR ratio = - - [2]
T2-FLAIR SI (contralateral nonischemic parenchyrna)

Statistical analysis

All statistical analyses were performed using SPSS 25.0
(IBM Corp.). Qualitative variables are described with
numbers and frequencies, and quantitative variables are
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Figure 1 An example of the data processing of an acute ischemic stroke. The 2 ROIs were placed on the T2-FLAIR image (B), CBF map (C),

and MAGIC T2 map (D) at the core of the ischemic stroke lesion, at the same place as the DWT hyperintensity (A), and in the contralateral

nonischemic parenchyma, respectively. ROI, region of interest; T2-FLAIR, T2-weighted fluid-attenuated inversion recovery; CBE, cerebral

blood flow; MAGiC, magnetic resonance imaging compilation; DWI, diffusion-weighted imaging.

described with the mean =+ standard deviation (SD). The
Kolmogorov-Smirnov test was used to check whether
MR quantitative data followed a normal distribution. The
Pearson (for normally distributed data) or Spearman (for
nonnormally distributed data) correlation coefficient (r)
was used to evaluate the correlation between stroke onset
time and the q'12, qT2 ratio, and T2-FLAIR ratio between
DWl-restricted areas and contralateral normal areas for
each group. In addition, the sensitivity and specificity of
the qT2, qT2 ratio, and T2-FLAIR ratio in predicting the
time from symptom onset of less than 6 h was assessed. The
significance level was set at a P value <0.05.

Results
Patient population and clinical characteristics

A total of 112 patients were considered for the study, 9
of whom were accepted, with the other patients being
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excluded for the following reasons: the time of stroke could
not be determined or exceeded 24 h (9 cases), no obvious
lesion was seen on the DWI map (5 cases), and the scan
sequence was incomplete or had poor image quality or
obvious artifacts (4 cases; see flow diagram, Figure 4). These
94 patients were divided into 2 groups: the good CBF group
(CBF >25 mL/100 g/min; 36 cases, 23 males and 13 female)
and the poor CBF group (CBF <25 mL/100 g/min;
58 cases, 36 male and 22 females). The patient population
and clinical information are shown in Table 2.

Quantitative measurement and statistical analysis

The qT2 and T2-FLAIR signal intensity of the ischemic
area and the contralateral normal area were measured, and
then the qT2 ratio and T2-FLAIR ratio were calculated
(Table 3). Statistical analysis showed no significant difference
in any parameters between the 2 groups.
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Figure 2 An example of the data processing of an acute ischemic stroke. The 2 ROIs were placed on the T2-FLAIR image (B), CBF map

(C), and MAGIC T2 map (D,E) at the core of the ischemic stroke lesion, at the same place as the DWTI hyperintensity (A), and in the

contralateral nonischemic parenchyma, respectively. This is a patient from the good CBF group. The stroke time was 5 h. The qT2 at the

stroke lesion and the contralateral nonischemic parenchyma were 106 and 92 ms, respectively. ROI, region of interest; T2-FLAIR, T2-

weighted fluid-attenuated inversion recovery; CBE, cerebral blood flow; MAGIC, magnetic resonance imaging compilation; DWI, diffusion-

weighted imaging; qT2, T2 relaxation time.

The effect of CBF status on the correlations between MR
quantitative indicators and stroke onset time

The data of all MR quantitative parameters for the 3 groups
were normally distributed according to the Kolmogorov-
Smirnov test. The correlations between quantitative MR
indicators and the time from stroke onset were assessed
using Pearson correlation analysis.

In the total patient group, the stroke onset time
moderately correlated with the qT2 ratio (r=0.438; P<0.001)
but weakly correlated with qT2 (r=0.314; P=0.002) and T2-
FLAIR ratio of the lesion area (r=0.352; P=0.001; Figure 5).

In the good CBF group, the time of stroke onset was not
correlated with the qT2 in the ischemic lesion area (r=0.109;
P=0.52) and was not correlated with the qT2 (r=0.285;
P=0.09) or T2-FLAIR ratio (r=0.226; P=0.18; Figure 6).

In the poor CBF group, there was a correlation between
the time of stroke onset and all MR quantitative indicators
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(qT2: r=0.409, P=0.001; qT2 ratio: r=0.493, P<0.001; T2-
FLAIR ratio: r=0.385, P=0.003; Figure 7). In comparison, the
qT72 ratio had a higher correlation with stroke onset time.
The receiver operating characteristic (ROC) curves of
the qT2, qT2 rado, and T2-FLAIR ratio in the ischemic
lesion area in distinguishing whether the stroke onset
time was less than 6 h are shown in Figures 8-10. The area
under the ROC curve (AUC) and P values are displayed
for each MR quantitative indicator in Table 4. The results
showed that the AUCs of all parameters in the poor CBF
group were higher than those in the good CBF group and
the total patient group. The AUC of the qT2 ratio in the
total patient group was the closest to that of the poor CBF

group.

Discussion

This study demonstrated that the correlation between
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Figure 3 An example of the data processing of an acute ischemic stroke. The 2 ROIs were placed on the T2-FLAIR image (B), CBF
map (C), and MAGIC T2 map (D,E) at the core of the ischemic stroke lesion, at the same place as the DWI hyperintensity (A), and in

the contralateral nonischemic parenchyma, respectively. This is a patient from the poor CBF group. The stroke time was 4 h. The qT2

at the stroke lesion and the contralateral nonischemic parenchyma were 84 and 81 ms, respectively. ROI, region of interest; T2-FLAIR,

T2-weighted fluid-attenuated inversion recovery; CBE, cerebral blood flow; MAGIC, magnetic resonance imaging compilation; DWI,

diffusion-weighted imaging; qT2, T2 relaxation time.

synthetic T2 mapping and stroke onset time could be
influenced by the cerebral perfusion status of patients.
In patients in the poor CBF group, the change of q12 in
the DWI-restricted lesions significantly correlated with
stroke onset time, but there was no obvious correlation
between qT2 and stroke onset time in patients in the
good CBF group. In comparison, the qT2 ratio had a
higher correlation with stroke onset time than did the qT2
and T2-FLAIR ratios. Our results generally support the
previous conclusions drawn from animal and patient studies
indicating that the T2 can be used to detect brain ischemia
and estimate the onset time of stroke more accurately
than can MRI parameters obtained from weighted images
(13-17). However, the focal qT2 also varies with stroke
duration. Both qT2 and T2-FLAIR signal intensity values
reflect the increased fluid content of brain tissue due to
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postischemic edema. However, T2-FLAIR is a weighted
image that is affected by MR scan parameters, whereas
q7T2 is a quantitative imaging method. Quantitative T2
mapping seeks to parameterize the qT2 in an image. The
change in qT2 underpins the FLAIR signal intensity
changes. Animal models using rats, cats, and primates, as
well as theoretical models, have demonstrated that the qT2
increases in ischemic tissue roughly linearly for the first few
hours after onset consistently across species. In particular,
local cerebral perfusion has been shown to significantly
influence the progression of the infarct lesion; for example,
the correlation between the T2-FLAIR ratio and stroke
time is significantly higher in patients with poor collateral
circulation, whereas it is not significantly correlated in
patients with good collateral circulation (22). This result is
consistent with our conclusion concerning the significant
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correlation between the qT2 and T2-FLAIR ratio with
stroke onset time in the poor CBF group.

Synthetic MRI, a new MR imaging technique, has a scan
time of within 3 to 5 min. It can reduce the scan time by
acquiring multiple contrast images such as T2-weighted
imaging (T2WI), T1WI, and phase-sensitive inversion
recovery (PSIR; vessel images) at the same time and also

112 patients recruited

18 were excluded:

® 9 had an uncertain time of symptom
onset or a time of symptom >24 h.

¢ 5 had no acute ischemic hyper
intensity on DWI.

® 4 were associated with an incomplete
acquisition of MAGIC or poor image
quality or obvious artifacts.

A

94 patients included
Y ! |

Good CBF group Poor CBF group Total patient group
N=36 N=58 N=94

Figure 4 Patient recruitment and grouping flow diagram. DWI,
diffusion-weighted imaging; CBE, cerebral blood flow; MAGIC,

magnetic resonance imaging compilation.

acquire qT2, qT1, and quantitative proton density value
(gPD) simultaneously. Previous research has validated the
use of the MAGIC conventional sequence and quantitative
imaging in patients with stroke. Its difference and ratio of
the measured qT2 correlated significantly with a time to
stroke onset of within 4.5 h (25). However, in this study,
the most significant correlation between the time to stroke
and qT2 ratio was seen in the total patient group, with the
second-strongest correlation being with T2-FLAIR values
and the weakest being with qT2. This finding differs from
the results of previous studies (17,18,25). This difference
may be due to the inconsistent onset times of the included
patients. It could also be due to inconsistent data, as the
effect of CBF was not considered in previous studies. In our
study, the time from stroke onset did not correlate with the
q712, qT2 ratio, or T2-FLAIR ratio in the good CBF group.
In contrast, the time from stroke onset was significantly
more correlated with the q12, qT2 ratio, and T2-FLAIR
ratio in the poor CBF group than in the total patient group.
The AUC was higher in the poor CBF group than in the
good CBF group and in the total patient group; meanwhile,
the AUC of the qT2 ratio was higher than that of the T2-
FLAIR ratio, suggesting that changes in CBF values may
affect the accurate assessment of stroke onset time by MRI.
This study has some limitations. First, the sample size
was small, and a follow-up study with a larger sample is
needed. Second, this was a pilot study; therefore, the sizes
and sites of strokes were not distinguished, and some studies

Table 2 Comparison of the patients’ imaging features and clinical information according to CBF

Variables Good CBF group (n=36) Poor CBF group (n=58) t P value
Age (years) 61.44+9.90 61.83+10.03 -0.181 0.857
Female 13 (36.1) 22 (37.9) -0.503 0.625
Time from symptom onset (h) 6.67+4.86 8.10+7.17 -1.060 0.292
CBF (mL/100 g/min) 27.36+9.35 18.60+7.22 5.096 0.000

Data are shown as mean + standard deviation or number (percentage). CBF, cerebral blood flow; poor CBF group, CBF <20 mL/100 g/min;

good CBF group, CBF >20 mL/100 g/min.

Table 3 Comparison of the quantitative T2 value, qT2 ratio, and T2-FLAIR ratio between the 2 CBF groups

Parameters Good CBF group (n=36) Poor CBF group (n=58) t P value
qT2 (ms) 108.28+15.19 106.53+15.33 0.538 0.592
qT2 ratio 1.30+0.23 1.32+0.22 -0.409 0.683
T2-FLAIR ratio 1.27+0.22 1.30+0.23 -0.577 0.565

Data are shown as mean + standard deviation. qT2, T2 relaxation time; T2-FLAIR, T2-weighted fluid-attenuated inversion recovery; CBF,

cerebral blood flow.
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from stroke onset of less than 6 h. qT2, T2 relaxation time within
the ischemic lesion (ms); T2 ratio, ratio between T2 relaxation time
in the ischemic and contralateral normal areas; T2-FLAIR, T2-
weighted fluid-attenuated inversion recovery; T2-FLAIR ratio, ratio

between T2-FLAIR in the ischemic and contralateral normal areas.
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Figure 9 The good CBF group. Receiver operating characteristic
curves of the qT2, T2 ratio, and T2-FLAIR ratio for predicting
time from stroke onset of less than 6 h. CBE, cerebral blood flow;
qT2, T2 relaxation time within the ischemic lesion (ms); T2 ratio,
ratio between T2 relaxation time in the ischemic and contralateral
normal areas; T2-FLAIR, T2-weighted fluid-attenuated inversion
recovery; T2-FLAIR ratio, ratio between T2-FLAIR in the ischemic

and contralateral normal areas.

have shown the correlation between stroke time and q12
to be not significant in white and gray matter (16). Third,
some patients with recurrence never underwent intravenous
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Figure 10 The poor CBF group. Receiver operating characteristic
curves of the qT2, T2 ratio, and T2-FLAIR ratio for predicting
time from stroke onset of less than 6 h. CBF, cerebral blood flow;
qT2, T2 relaxation time within the ischemic lesion (ms); T2 ratio,
ratio between T2 relaxation time in the ischemic and contralateral
normal areas; T2-FLAIR, T2-weighted fluid-attenuated inversion
recovery; T2-FLAIR ratio, ratio between T2-FLAIR in the

ischemic and contralateral normal areas.

thrombolytic therapy, but some studies have shown that
intravenous thrombolytic therapy does not affect the
correlation between the q12 and time from stroke onset (22).

Our study shows that cerebral perfusion conditions have
an impact on the correlations of the q12, qI2 ratio, and
T2-FLAIR ratio with the stroke onset time. This may affect
the accuracy of predicting stroke onset time when the q12,
qT2 ratio, and T2-FLAIR ratio are used in patients who
have experienced a wake-up stroke. The application of this
method for the determination of clinical treatment may
include an additional proportion of patients with normal
cerebral perfusion.

Conclusions

Our preliminary results showed that the correlation
between synthetic T2 mapping and stroke onset time
could be influenced by the cerebral perfusion status of
patients. The change of the T2 in DWI-restricted lesions
significantly correlated with the stroke onset time in the
poor CBF group, but there was no obvious correlation
between the qT2 and stroke onset time in the good CBF
group. This could influence the accuracy of synthetic T2
mapping in predicting the stroke onset time in patients who
experience wake-up stroke. Further study is required to
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Table 4 Comparison of the AUCs of 3 different values for the total patient group, the good CBF group, and the poor CBF group (when the time

from symptom onset was less than 6 h)

Parameters Total patient group (n=94) Good CBF group (n=36) Poor CBF group (n=58)
qT2 (ms) 0.767 (0.000) 0.592 (0.374) 0.867 (0.000)
qT2 ratio 0.815 (0.000) 0.684 (0.075) 0.890 (0.000)
T2-FLAIR ratio 0.700 (0.002) 0.691 (0.065) 0.716 (0.010)

P values are shown in parentheses. qT2, T2 relaxation time; T2-FLAIR, T2-weighted fluid-attenuated inversion recovery; CBF, cerebral

blood flow; AUC, area under the curve.

expand the sample size and clarify the correlation between
the qT2 and a stroke onset time of within 6 h in patients
with poor CBF status.
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