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Abstract : Purpose : The purpose of this study was to evaluate the ischemic penumbra and prognosis in acute
cerebral infarction using cerebral blood flow (CBF) and delay time (DT) derived from multi-delay pseudo-contin-
uous arterial spin-labeling (pCASL) imaging and to estimate the possible use of such indices to predict prognosis.
Method : Our subjects comprised 25 patients who were diagnosed with cerebral infarction in our stroke center
between September 2017 and December 2018 and underwent pCASL perfusion MRI. The time from onset to MRI
was 0.6 to 20 h (mean, 6 h) and was less than 4.5 h in 16 patients. Twelve patients received conservative treatment,
three were treated with tPA, and the remaining 10 patients underwent invasive treatment (e.g., thrombectomy).
They were subdivided by recanalization : 18 patients were non-recanalized and 7 were recanalized. We evaluat-
ed the mean cerebral blood flow (CBF) and mean arterial transit DT at the infarct core and penumbra and the
infarct size at the initial and follow-up examinations and calculated the infarct enlargement ratio (ER) from the
initial and final infarct sizes. We also assessed clinical prognosis by using the initial and final NIHSS scores. We
investigated the relationship among the ASL, ER, and NIHSS parameters and determined predictors of infarct
enlargement using logistic analysis. Result : The degree of the CBF decrease was related to the size of the ini-
tial infarct lesion (CBF at core : r=-0.4060, p=0.044 ; CBF at penumbra: r=-0.4970, p=0.012) and initial NIHSS
(r=-0.451, p=0.024 ; CBF at penumbra : r=—0.491, p=0.013). Because no parameters were correlated with the ER
in all patients. Specifically in the non-recanalization group, the DT at the penumbra was positively correlated
with the ER (r=-0.496, p=0.034). Moreover, by logistic regression analysis, the DT at the penumbra was the
only independent predictor of infarct enlargement in all patients (p=0.047) and in non-recanalization patients
(p=0.036). Conclusion : The only parameter predicting the ER was the mean DT at the penumbra, and the ten-
dency was affected by recanalization status. DT obtained by multi-delay ASL may become a prognostic index of
acute cerebral infarction. J. Med. Invest. 71:286-292, August, 2024
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INTRODUCTION

In patients with acute cerebral infarction, magnetic reso-
nance diffusion and perfusion imaging has higher sensitivity
for the identification of the ischemic core and can potentially
estimate the volume of salvageable ischemic tissue (1). Magnetic
resonance imaging (MRI) has the potential to differentiate
unsalvageable from salvageable tissue ; the latter is called the
ischemic penumbra. Tissue with hypoperfusion that is severe
enough to eventually result in cell death can be identified with
perfusion-weighted MRI (PWI) (1).

Arterial spin-labeling (ASL), which is based on the use of
a freely diffusible tracer and no need for contrast agents, is a
non-invasive magnetic resonance perfusion approach for the
measurement of cerebral blood alterations that functions via
the magnetic labeling of the inflowing water proton spins in
the arterial blood proximal to the tissue of interest. (2, 3) As
a recently developed ASL technique, background suppressed
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three-dimensional pseudo-continuous arterial spin-labeling
(3D pCASL) offers an improved signal-to-noise ratio (SNR) and
reduced susceptibility to transit time variability compared with
standard 2D pCASL (4). Several recent studies have evaluated
the clinical utility of 3D pCASL with multiple post-labeling
delays (PLDs) in acute ischemic stroke (5-7). The quantitative
value of cerebral blood flow (CBF) with ASL is affected by the
radiofrequency pulse application time and the time from appli-
cation to measurement. The absolute CBF value and the time
taken for the labeled blood to reach the tissue, called the arterial
transit delay time (DT), can be calculated from ASL images
when data with multiple PL.Ds have been acquired.

Compared with ASL with a single delay, 3D pCASL with
multiple PLDs may provide improved visualization of collateral
flow in acute stroke via dynamic image series. This modality
could be used for the quantitative assessment of collateral per-
fusion using CBF and DT parameters, which can be a new CBF
parameter reflecting blood flow velocity, and a prolonged DT may
identify collateral perfusion. (8-11) Collateral tissue perfusion
is an important determinant of tissue outcome in acute stroke
(12) because it sustains tissue viability prior to reperfusion and
maintains blood flow in the longer term (13). Patients with ex-
tensive collateral vessels have better clinical outcomes (8, 13-15),
and collateral vessel status may be used to select patients who
are likely to benefit from recanalization therapies (15, 16).
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In this study, the ischemic penumbra was defined by the
enlargement area between the final infarct area and the initial
hyperintense area on diffusion-weighted imaging (DWI). Then,
the CBF and DT values derived from multi-delay pCASL imag-
ing in the ischemic penumbra were compared to the enlargement
extent between the initial ischemic core and the final infarct re-
gion. Our aim was to evaluate the correlation between the perfu-
sion parameters in the ischemic penumbra and the enlargement
extent from the initial ischemic core in acute cerebral infarction
and to assess whether CBF or DT could be a prognostic parame-
ter for infarct enlargement after the acute infarction onset.

METHODS
Patients

Our study population comprised 25 patients who were diag-
nosed with cerebral infarction in our stroke center between Sep-
tember 2017 and December 2018. The inclusion criteria were as
follows : patients who had been diagnosed with cerebral infarc-
tion in the anterior circulation area ; patients who underwent
DWI and pCASL perfusion MRI in the initial examination at
diagnosis ; patients who underwent follow-up MRI and fluid-at-
tenuated inversion recovery (FLAIR) imaging ; patients who
received no therapy for cerebral infarction before the initial ex-
amination ; and patients without serious underlying conditions.

Of the 25 patients, the types of cerebral infarction were car-
diogenic in 15 patients, atheromatous in 8, paradoxical in 1, and
aortoid in 1.

They were divided into groups based on whether the recanal-
ization was successful or not : 18 patients were non-recanalized
and 7 were recanalized.

This study was approved by the institutional review board and
ethics committee of Tokushima University Hospital. Informed
consent was obtained via the opt-in method.

MRI protocol

The imaging date were obtained using a 3.0-T MRI scanner
(Discovery 750 ; GE Healthcare, Milwaukee, WI) equipped
with an eight-channel phased-array head coil provided by the
manufacturer. The scanning parameters for DWI were as fol-
lows : repetition time (TR)/echo time (TE), 10,000/71.8 ms ; field
of view (FOV), 28 x 28 em? ; matrix, 128 x 128 ; b values, 0, 1,000
s/mm?; and slice thickness/gap, 5/1 mm.

The scanning parameters for FLAIR were as follows : TR,
8000-10000 ms ; inversion time, 2000-2500 ms ; effective TE,
105-120 ms ; matrix size, 256 x 192 to 320 x 224 ; FOV, 210-220
mm ; slice thickness, 5-6 mm with 1-1.5 mm interslice gaps ; and
19-20 slices per patient.

We performed 3D pCASL imaging with three PLD times
with the following parameters according to previous reports (17,
18) : FSE spiral readout ; TR, 6015 ms ; TE, 11.2 ms ; FOV, 240
x 240 mm?; slice thickness, 4 mm ; data sampling, 6 spirals X
600 sampling points ; image matrix, 128 x 128 ; number of slices,
36 ; three different PLD times of 1.00 s, 1.57 s, and 2.46 s ; and
effective label durations of 0.57 s, 0.89 s, and 2.04 s, respectively.
The shortest DT was chosen to be 1.00 s to allow sufficient time
for the T2 preparation module to be completed. The longest DT
was 2.460 s to obtain a compromise between the range of cover-
age and signal-to-noise. The other delay times were chosen to
have approximately equal intervals. By setting the labeling du-
ration to exponential, in consideration of the signal degradation
due to the difference in PLDs, the SNR of the image at each PLLD
was nearly equal and the SNR of the corrected image was kept
high. CBF maps were generated using the software on the GE
Healthcare scanner console computer with the method proposed
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by Wang ez al. (19).

Transit flow time maps were generated by three different PLD
times and CBF maps after correction by the transit flow time
according to the formula of Dai ez al. (17, 18). The reproducibility
of the technique was then evaluated.

All MRI findings were evaluated by two board-certified radiol-
ogists, and the presented data represent a final consensus.

Date acquisition and MRI analysis

The severity of the patients’ symptoms and the degree of
improvement were evaluated using the National Institutes of
Health Stroke Scale (NIHSS). We assessed the NIHSS at the
time of the initial examination (initial NIHSS) and when the
symptoms were fixed (final NIHSS). Fixed of symptoms is de-
fined as the acute treatment is completed and the patient is dis-
charged or transferred to another hospital. The mean + standard
deviation time of assess the final NHISS from initial NHISS
was 20.2 + 8.6 days (range, 11-42 days)

The improvement in prognosis was evaluated by calculat-
ing the difference between the initial and final NIHSS scores
(ANIHSS).

For all patients, we assessed DWI, FLAIR, and ASL from the
MRI at the time of the initial examination and the FLAIR image
at the follow-up MRI. The fixed onset of symptoms is defined as
the completion of acute treatment and the patient’s discharge
or transfer to another hospital. The mean + standard deviation
time to assess the final NITHSS score from the initial NITHSS
score was 20.2 + 8.6 days (range, 11-42 days).

The DWI high signal on MRI in the acute phase represents
the area that will become infarcted if there is no reperfusion.
Often, there is no signal change in FLAIR on the initial MRI.
Therefore, the size of the high-intensity area on DWI at the ini-
tial MRI was defined as the initial size.

Conversely, at the time of the follow-up MRI, the DWTI high sig-
nal had decreased following the course of treatment and the pas-
sage of days. Thus, the size of the high-intensity area on FLAIR
at the follow-up examination was defined as the final size. The
maximum area of each was measured and the enlargement ratio
(ER) was calculated as final size — initial size/final size. We also
scored the degree of expansion from the ER as an enlargement
score : 0, ER <20% ; 1, ER 20%-50% ; and 2, ER > 50%.

The high-intensity area on DWI was defined as the ischemic
core. The area of differentiation in the final infarct size on
FLAIR at the follow-up examination from the initial infarct size
on DWTI at the initial examination was defined as the ischemic
penumbra.

We evaluated the mean CBF and arterial transit DT at the
infarct core and penumbra. It is written as follows : CBF-core,
cerebral blood flow at the core ; DT-core, arterial delay time at
the core ; CBF-penumbra, cerebral blood flow at the penum-
bra ; DT-penumbra, arterial delay time at the penumbra

The sizes of the areas with reduced CBF (CBF size) and pro-
longed DT (DT size) were also measured.

All regions of interest (ROIs) were drawn by a board-certifi-
cated physician (diagnostic radiology). The ROI was manually
drawn around the high-intensity area. The infarct size was
evaluated at the slice that showed the largest extent of the lesion.
CBF and DT was evaluated at three locations in the target area
and averaged. Images of the other MRI sequences were available
as anatomical references at the time of ROI placement. The ROIs
were drawn as large as possible while avoiding the inclusion of
other structures.

Statistical analysis

The Kolmogorov-Smirnov test was used to evaluate the nor-
mality of the data distribution. Because the data were not
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normally distributed, Spearman correlation coefficient analysis
was used to assess the relationship among the parameters of
ASL, infarct size, ER, and NIHSS.

The Kruskal-Wallis test was applied to analyze the rela-
tionship between ASL parameters and the enlargement score.
Logistic regression analysis was also performed to assess the
predictive ability of parameters of ASL for infarct enlargement.
All tests were two-sided and the 95% confidence interval was
obtained for each parameter. A p value of less than 0.05 was
considered to indicate a statistically significant difference. IBM
SPSS Statistics 23 (IBM Japan, Ltd., Tokyo, Japan) was used for
the statistical analysis.

RESULTS
Patient characteristics

The mean =+ standard deviation time of initial MRI from onset
was 5.9 + 6.1 h (range, 0.6 to 20 h ;<4.5 h in 16 patients). The
NIHSS scores were 10 + 8 (range, 3-31) at the initial assessment
and 7 + 7 (range, 0-24) at the final assessment. Twelve patients
received conservative treatment, three were treated with tis-
sue-type plasminogen activator (tPA), and the remaining 10
patients received invasive treatment, such as thrombectomy.
Patient characteristics are shown in Table 1.

Table 1. Patient characteristics
Parameter Data
Gender (n), Male/Female 17/8

Age (years) Mean + SD/range

73.3+11.8 (40-92)

Body weight (Kg) Mean + SD/range

62.9+17.7 (41-100)

Initial NTHSS Mean + SD/range
Final NIHSS Mean + SD/range

Responsible blood vessels

10 = 8 (range 3-31)
7+ 7 (range 0-24)

Anterior Cerebral Artery (ACA) 1 (4%)
Middle Cerebral Artery (MCA) 16 (64%)
Internal Carotid Artery (ICA) 6 (24%)
ACA + MCA 1 (4%)
ICA + MCA 1 (4%)
The types of cerebral infarction
cardiogenic 15 (60%)
atheromatous 8 (32%)
paradoxical 1 (4%)
aortoid. 1 (4%)
Treatment
Intravascular thrombectomy 10 (40%)
Recombinant tissue-type plasminogen 3 (12%)
activator : rt-PA
Conservative treatment 12 (48%)

Recanalization (+/-)

Infarction size (enlargement/no change)

7 (28%) /18 (72%)
13 (52%) /12 (48%)

NIHSS, National Institutes of Health Stroke Scale ; SD, standard

deviation.
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Relationship between ASL parameters and infarct size

Initial infarct size was inversely correlated with the CBF
at the core (CBF-core) (r=—0.4060, p=0.044) and the CBF at
the penumbra (CBF-penumbra) (r=-0.4970, p=0.012) in all
patients. No ASL parameters were significantly correlated
with the ER. In the 18 non-recanalization patients, the ER and
DT-penumbra were inversely correlated (r=—0.496, p=0.034)
(Figure 1). In the recanalization group, no ASL parameters were
significantly correlated with the ER (Figure 2)(Table 2).

Figure legend

A 55-year-old woman who was diagnosed with cerebral infarction in
the right middle cerebral artery (MCA) area. MRI was conducted 4.5
h after onset. CBF at the infarct area is decreased and the DT at the
penumbra is slightly prolonged (1651 ms). In this case, conservative
treatment was performed without recanalization. Follow-up images
obtained 62 h later showed enlargement of the infarct lesion
(enlargement ratio [ER]=55%).
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Figure 1. Relationship between the ER and DT-penumbra in non-

recanalization patients.

ER, enlargement ratio ; DT-penumbra, arterial delay time at the
penumbra.

In the non-recanalization group (n=18), the ER and DT are inversely
correlated (r=—0.496, p=0.034).
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Figure 2. Relationship between the ER and DT-penumbra in
recanalization patients.

ER, enlargement ratio ; DT-penumbra, arterial delay time at the
penumbra. In the recanalization group (n=7), the ER and DT-
penumbra are inversely correlated (r=0.350, p=0.43).
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Table 2. ASL parameters associated with the ER
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Table 4. ASL parameters according to enlargement score in non-re-
canalization patients

ER, enlargement ratio ; CBF-core, cerebral blood flow at the
core ; DT-core, arterial delay time at the core ; CBF-penumbra,
cerebral blood flow at the penumbra ; DT-penumbra, arterial delay
time at the penumbra ; CBF size, size of the area with a reduced
cerebral blood flow ; DT size, size of the area with a prolonged ar-
terial delay time ; r, correlation coefficient.

Logistic regression analysis of the predictive ability of ASL parameters

In the 25 patients, the enlargement scores were as follows : 0,
12 patients ; 1, 5 patients ; and 2, 8 patients. No significant rela-
tionship was found between ASL parameters and the enlarge-
ment score (Table 3).

Table 3. ASL parameters according to enlargement score in all pa-
tients

All cases Non- Recanalization
Parameter recanalization Enlargement
(n=25) cases (n=18) cases (n=7) score 0 value
r (p-value) r (p-value) r (p-value) number 7 5 6
CBF-core 0.090 (0.670) | 0.247(0.324) | -0.703(0.078) CBF-core 11.86+7.08 10.80+6.41 14.92+10.73 | 0.821
DT-core -0.016 (0.939) | -0.227(0.322) | 0.571(0.180) DT-core 1658.21+190.85|1560.20+163.85 | 1523.83+189.48| 0.570
CBF-penumbra 0.113(0.590) | 0.051(0.842) | 0.321(0.482) CBF-penumbra | 15.45+6.34 15.23+8.21 16.89+10.69 | 0.833
DT-penumbra -0.321 (0.118) | 0.496(0.034) 0.357(0.432) DT-penumbra |2022.93+105.56 | 1904.20+125.46|1716.75+231.53| 0.031
CBF size -0.028 (0.895) | 0.020 (0.938) 0.107(0.819) Data are presented as mean + standard deviation. The p value is
. based on a comparison of the ASL parameters according to the en-
DT size -0.223 (0.284) | -0.285(0.287) | 0.179(0.702) largement score (Kruskal-Wallis test).

CBF-core, cerebral blood flow at the core, DT-core, arterial delay
time at the core ; CBF-penumbra, cerebral blood flow at the pen-

umbra ; DT-penumbra, arterial delay time at the penumbra.

Table 5. ASL parameters associated with NIHSS score in all pa-
tients
Parameter Initial NIHSS | Final NIHSS ANTHSS
r (p-value) r (p-value) r (p-value)
CBF-core -0.451 (0.024) | -0.352(0.084) | 0.012 (0.954)
DT-core -0.254 (0.220) | -0.182(0.383) | 0.129 (0.540)
CBF-penumbra | -0.491(0.013) | -0.279 (0.177) | -0.029 (0.889)
DT-penumbra -0.035 (0.069) | 0.112(0.593) | -0.043 (0.837)
CBF size -0.212(0.309) | 0.411(0.041) | -0.223(0.289)
DT size -0.236 (0.259) | 0.386 (0.067) | -0.237(0.264)

NIHSS, National Institutes of Health Stroke Scale ; CBF-core,
cerebral blood flow at the core ; DT-core, arterial delay time at
the core ; CBF-penumbra, cerebral blood flow at the penum-
bra ; DT-penumbra, arterial delay time at the penumbra ; CBF
size, size of the area with a reduced cerebral blood flow ; DT size,

Enlargement 0 1 9 pvalue
score

number 12 5 8

CBF-core 10.96+7.24 10.80+6.41 12.31+10.33 | 0.098

DT-core 1523.67+323.70|1560.20+163.85|1537.25+176.51| 0.971

CBF-penumbra | 13.65+7.51 15.23+£8.21 14.85+£10.25 | 0.991

DT-penumbra [1922.36+157.54|1904.20+125.46|1740.22+204.82| 0.097

Data are presented as mean + standard deviation. The p value is
based on a comparison of the ASL parameters according to the en-
largement score (Kruskal-Wallis test).

CBF-core, cerebral blood flow at the core ; DT-core, arterial delay
time at the core ; CBF-penumbra, cerebral blood flow at the pen-
umbra ; DT-penumbra, arterial delay time at the penumbra.

In the 18 non-recanalization patients, the enlargement scores
were as follows : 0, 7 patients ; 1, 5 patients ; and 2, 6 patients.
The DT at the penumbra (DT-penumbra) was significantly dif-
ferent according to the enlargement score (p=0.031) (Table 4).
In polytomous logistic regression analysis, DT-penumbra was
identified as the only independent predictor of the enlargement
score (DT-penumbra, p=0.036 ; CBF-core, p=0.953).

Relationship between ASL parameters and prognostic factors

In all 25 patients, the initial NIHSS was inversely correlated
with the CBF-core (r=—0.451, p=0.024) and CBF-penumbra
(r=—0.491, p=0.013) and the final NTHSS was positive correlat-
ed with CBF size (=0.411, p=0.041). No ASL parameters were
significantly correlated with the ANTHSS (Table 5).

In the 18 non-recanalization patients, the final NTHSS was
positively correlated with CBF size (=0.497, p=0.036) and the
ANTHSS was inversely correlated with CBF size (r=-0.520,
p=0.027). The ANIHSS was also inversely correlated with DT
size (r=—0.496, p=0.036) (Table 6).

size of the area with a prolonged arterial delay time.

Table 6. ASL parameters associated with NIHSS score in non-re-
canalization patients
Parameter Initial NIHSS | Final NIHSS ANIHSS
r (p-value) r (p-value) r (p-value)
CBF-core -0.377(0.123) | -0.234(0.309) | 0.164 (0.514)
DT-core -0.115 (0.649) | -0.226 (0.368) | 0.311 (0.209)
CBF-penumbra | -0.281(0.259) | -0.114 (0.653) | -0.163 (0.517)
DT-penumbra -0.155 (0.540) 0.346 (0.160) | -0.032 (0.899)
CBF size .0.210(0.403) | 0.497 (0.036) | -0.520 (0.027)
DT size -0.227(0.364) | 0.464(0.053) | -0.496 (0.036)

NIHSS, National Institutes of Health Stroke Scale ; CBF-core,
cerebral blood flow at the core ; DT-core, arterial delay time at
the core ; CBF-penumbra, cerebral blood flow at the penum-
bra ; DT-penumbra, arterial delay time at the penumbra ; CBF
size, size of the area with a reduced cerebral blood flow ; DT size,
size of the area with a prolonged arterial delay time.
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(62hours later)

ER = 55%

Figure 3. Non-recanalization patient (55-year-old woman).
CBF, cerebral blood flow ; DT, arterial delay time ; DWI, diffusion-weighted image ; FLAIR, fluid-attenuated
inversion recovery ; ER, enlargement ratio ; DT-penumbra, arterial delay time at the penumbra.

DISCUSSION

“Late-arriving flow appears in ASL images, representing col-
lateral flow (20, 21), which has been associated with better clin-
ical outcomes (22). ASL can noninvasively provide information
on the origin and distal function of collateral flow comparable to
that obtained with conventional angiography (23, 24).”

we focused on DT, which is another parameter that can be
quantitatively evaluated by ASL. DT refers to the time taken for
the labeled blood to reach the tissue. DT is considered a parame-
ter for correcting CBF, and it also reflects the late-arriving flow
and might be useful for assessing collateral flow (25, 26).

Several studies have suggested a relationship between a pro-
longed DT and collateral tract formation (27, 28). However, to the
best of our knowledge, no studies have examined the relationship
between the quantitative evaluation of DT and enlargement of
infarct lesions in acute stroke.

In the non-recanalization group, which was considered to rep-
resent the natural course of cerebral infarction without the effect
of an intervention, the DT at the penumbra was longer and the
ER was smaller and, in logistic analysis, the DT at the penum-
bra was the only independent predictor of the enlargement score
both in all patients and in non-recanalization patients. This
indicated that a longer DT causes minimal enlargement of the
infarct, which may reflect the existence and extent of collateral
flow in the ischemic region.

On the other hand, in the recanalization group, the infarct
size was not enlarged, even with a low DT, probably due to tissue
salvage from a successful reperfusion intervention. In addition,
the DT in the penumbra was the only factor predicting the extent
of its expansion.

Several researchers have examined the relationship between
MRI findings and ischemic regions and their prognosis predic-
tion. The ischemic penumbra has been assessed with PWI to
identify its outer edge (29) and DWI has been used to identify
its inner edge. A DWI-PWI mismatch has become a widely used
biomarker for estimating the ischemic penumbra. Because the
penumbral concept is based on CBF assessment, quantitative
evaluation of CBF might be useful for evaluating the extent of
infarct lesions (30, 31). Butcher et al. reported that the acute CBF
was 10% lower in infarcted regions relative to salvaged regions
(32). However, they also showed that CBF values in salvaged

regions were not significantly different between patients with
and without reperfusion. This reflected the relatively smaller
difference in CBF between infarcted and salvaged regions.
Thus, tissue with a lower CBF was at higher risk of infarction,
but CBF alone did not predict the response to reperfusion (32,
33). Overall, although PWI and the CBF calculated from this
modality have been suggested to be useful, they cannot be said
to be definitive indicators.

In many studies, perfusion imaging can be conducted using
dynamic susceptibility contrast (DSC)-MRI. DSC-MRI is con-
sidered the gold-standard perfusion method for assessing CBF
in acute ischemia (34-36). Several studies have compared ASL
perfusion to DSC (6, 37, 38). These studies had largely concor-
dant findings, suggesting that ASL could be used in place of DSC
without any change in the interpretation or subsequent clinical
management. Chalela er al. demonstrated the feasibility of using
ASL in acute cerebral infarction patients, found the expected
CBF decreases in the affected regions, and showed that CBF
deficits were correlated with the NIHSS (24). In our study, a
lower CBF was correlated with a larger size of the infarct lesion
and with a higher NTHSS at the time of visit. On the other hand,
CBF was not an indicator associated with infarct enlargement.

For predicting infarct enlargement and neurological progno-
sis, CBF is not a sufficient indicator and evaluation of collateral
flow is required. As an index related to the infarct enlargement
and neurological prognosis that is obtained by evaluating collat-
eral flow, the Tmax (the time to the maximum residue function
obtained by deconvolution) has been used in recent studies
(39-41). Olivot et al. suggested that a Tmax threshold > 4 s most
closely predicted the final infarct volume in patients who did not
undergo reperfusion and that a threshold in the range of 4 to 6
s provided the best early estimate of the critically hypoperfused
area (39). Tmax has also been found to correlate with CBF (40,
41).

Huang et al. suggested that ASL-CBF lesion volume was
significantly correlated with lesion volume for a Tmax > 5 s.
However, ASL perfusion may overestimate the perfusion defect,
and a lesion volume of a Tmax > 5 s was closer to the estimated
mean final infarct size than the mean lesion volume on ASL (42).
Marks er al. suggested that collateral flow is correlated with the
median volume of the tissue at a Tmax > 6 s. They also revealed
that patients with poor reperfusion showed a trend toward
greater infarct growth if they had poor collaterals versus good
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collaterals (43).

Recently, the hypoperfusion intensity ratio (HIR ; volume
ratio of brain tissue with [Tmax > 10 s/Tmax > 6 s]) has been
considered to be a useful indicator of infarct enlargement and
prognosis. A lower HIR suggests more favorable collaterals and
predicts a good functional outcome (44, 45). Thus, DT may be a
similar indicator to Tmax that includes information concerning
collateral flow and may become a useful marker of infarct en-
largement and prognosis without the need for contrast-enhanc-
ing pharmaceuticals. We believe that the evaluation of collateral
flow by DT should be compared to Tmax and HIR as a means
of predicting the prognosis of cerebral infarction but, in this
study, contrast-enhanced MRI was not performed, and a direct
comparison between the two methods could not be conducted.
Accordingly, further studies are required.

Several limitations should be mentioned. First, this study is
a single-center retrospective study and, based on our aims, we
included patients who underwent both an initial ASL-MRI and
a follow-up brain MRI ; thus, the limited sample size might not
be sufficiently powered to reveal definitive conclusions. Second,
the choice of the precise time parameters, including PLLD and
delayed filling time, was also empirical because no standards
exist. Third, we did not investigate the consistency of the CBF
score and collateral grading on conventional angiography or
other collateral grading approaches.

Despite these limitations, we believe that our study is the first
to reveal that quantitative assessment of DT at the penumbra
might be a prognostic parameter of acute cerebral infarction en-
largement. Furthermore, by evaluating the presence or absence
of DT prolongation, it may be possible to obtain information on
whether recanalization treatment is necessary. DT is easily cal-
culated by ASL and it may be a very useful clinical parameter.

CONCLUSION

Of all perfusion parameters, the only prognostic parameter
for ER was the DT at the penumbra, and the tendency depended
on the performance or not of recanalization. DT obtained by
multi-delay ASL may become a prognostic index of acute cerebral
infarction.

CONFLICTS OF INTEREST AND SOURCE OF FUNDING

The authors declare no conflicts of interest.

ACKNOWLEDGEMENT

This study was conducted with the cooperation of GE
Healthcare.

REFERENCES

1. Goyal M, Menon BK, Coutts SB, Hill MD, Demchuk
AM : Effect of baseline CT scan appearance and time to
recanalization on clinical outcomes in endovascular throm-
bectomy of acute ischemic strokes. Stroke 42 : 93-7, 2011

2.  Detre JA, Leigh JS, Williams DS, Koretsky AP : Perfusion
imaging. Magn Reson Med 23 : 37-45, 1992

3. Detre JA, Zhang W, Roberts DA, Silva AC, Williams
DS, Grandis DdJ, Koretsky AP, Liegh JS : Tissue specific
perfusion imaging using arterial spin labeling. NMR in
Biomedicine 7 : 75-82, 1994

10.

11.

12.

13.

14.

15.

16.

291

Wu B, Lou X, Wu X, Ma L: Intra- and inter-scanner reli-
ability and reproducibility of 3D whole-brain pseudo con-
tinuous arterial spin-labeling MR perfusion on 3T. J Magn
Reson Imaging 39 : 402-409, 2014

Wang Dd, Alger JR, Qiao JX, Gunther M, Pope WB, Saver
JL, Salamon N, Liebeskind DS : Multi-delay multi-para-
metric arterial spin-labeled perfusion MRI in acute isch-
emic stroke - Comparison with dynamic susceptibility
contrast enhanced perfusion imaging. Neuroimage Clinical
3:1-7,2013

Wang DdJ, Alger JR, Qiao JX, Hao Q, Hou S, Fiaz R,
Gunther M,Pope WB, Saver JL, Salamon N, Liebeskind
DS : The value of arterial spin-labeled perfusion imaging in
acute ischemic stroke : comparison with dynamic suscepti-
bility contrast-enhanced MRI. Stroke 43 : 1018-1024, 2012
Lyu JH, Ma N, Liebeskind DS, Wang DJ, Ma L, Xu Y,
Wang T, Miao Z, Lou X: Arterial spin labeling magnetic
resonance imaging estimation of antegrade and collateral
flow in unilateral middle cerebral artery stenosis. Stroke
47 :428-433, 2016

Liebeskind DS : Collateral Circulation. Stroke 34 : 2279-
2284, 2003

Alsop DC, Detre JA, Golay X, Giinther M, Hendrikse J,
Garcia LH, Lu H, Maclntosh BdJ, Parkes LM, Smits M,
Osch Md, wang DdJ, Wong EC, Zaharchuk G : Recommend-
ed implementation of Arterial Spin-Labeled perfusion MRI
for clinical applications. A consensus of the ISMRM Perfu-
sion Study group and the European consortium for ASL in
dementia. Magn Reson Med 73 : 102-116, 2015

Buxton RB, Frank LR, Wong EC, Siewert WB, Warach
S, Edelman RR : A general kinetic model for quantitative
perfusion imaging with arterial spin labeling. Magn Reson
Med 40 : 383-396, 1998

LouX, YuS, Scalzo F, Starkman S, Ali LK, Kim D, Pao NM,
Hinman JD, Vespa PM, Jahan R, Tateshima S, Gonzalez
NR, Duckwiler GR, Saver JL, Yoo B, Salamon N, Lyu J, Ma
L, Wang DJ, Liebeskind DS : Multi-delay ASL can identify
leptomeningeal collateral perfusion in endovascular thera-
py of ischemic stroke. Oncotarget 8 : 2437-2443, 2017
Kawano H, Bivard A, Lin L, Spratt NJ, Miteff F, Parsons
MW, Levi CR : Relationship Between Collateral Status,
Contrast Transit, and Contrast Density in Acute Ischemic
Stroke. Stroke 47 : 742-749, 2016

Christoforidis GA, Mohammad Y, Kehagias D, Avutu B,
Slivka AP : Angiographic assessment of pial collaterals as
a prognostic indicator following intra-arterial thrombol-
ysis for acute ischemic stroke. AJNR Am J Neuroradiol
26:1789-1797, 2005

Villringer K, Sandoval RS, Grittner U, Galinovic I,
Schneider A, Ostwaldt AC, Brunecker P, Rocco A, Fiebach
JB : Subtracted Dynamic MR Perfusion Source Images
(sMRP-SI) provide Collateral Blood Flow Assessment in
MCA Occlusions and Predict Tissue Fate. European Radiol-
ogy 26 :1396-1403, 2016

Berkhemer OA, Jansen IG, Beumer D, Fransen PS, van den
Berg LA, Yoo Ad, Lingsma HF, Sprengers ME, Jenniskens
SF, Lycklama ANGdJ, van Walderveen MA, van den Berg
R, Bot JC, Beenen LF, Boers AM, Slump CH, Roos YB,
van Oostenbrugge RdJ, Dippel DW, van der Lugt A, van
Zwam WH, Marquering HA, Majoie CB : Collateral Status
on Baseline Computed Tomographic Angiography and In-
tra-Arterial Treatment Effect in Patients With Proximal
Anterior Circulation Stroke. Stroke 47 : 768-776, 2016
Nougueria RG, Jadhav AP, Haussen DC, Bonafe A, Budzik
R, Bhuva P, Yavagal DR, Ribo M, Cognard C, Hanel RA,
Sila GA, Hassan AE : Thrombectomy 6 to 24 Hours after



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

292

Stroke with a Mismatch between Deficit and Infarct. N
Engl J Med 378 : 11-21, 2018

Dai W, Shankaranarayanan A, Alsop DC : Volumetric
measurement of perfusion and arterial transit delay using
Hadamard encoded continuous arterial spin labeling. Magn
Reson Med 69 : 1014-1022, 2013

Dai W, Robson PM, Shankaranarayanan A, Alsop DC : Re-
duced resolution transit delay prescan for quantitative
continuous arterial spin labeling perfusion imaging. Magn
Reson Med 67 : 1252-1265, 2012

Wang J, Alsop DC, Li L, Listerud J, Gonzalez-At JB,
Schnall MD, Detre JA : Comparison of quantitative per-fu-
sion imaging using arterial spin labeling at 1.5 and 4.0
Tesla. Magn Reson Med 48 : 242-254, 2002

Zaharchuk G : Arterial spin label imaging of acute ischemic
stroke and transient ischemic attack. Neuroimaging clinics
of North America 21 : 285-301, 2011

Zaharchuk G, Do HM, Marks MP, Rosenberg J, Moseley
ME, Steinberg GK : Arterial spin-labeling mri can identify
the presence and intensity of collateral perfusion in patients
with moyamoya disease. Stroke 42 : 2485-2491, 2011
Chalela JA, Alsop DC, Gonzalez-Atavales JB, Maldjian JA,
Kasner SE, Detre JA : Magnetic resonance perfusion imag-
ing in acute ischemic stroke using continuous arterial spin
labeling. Stroke 31 : 680-687, 2000

Wu B, Wang X, Guo J, Xie S, Wong EC, Zhang J, Jiang X,
Fang J : Collateral circulation imaging : MR perfusion ter-
ritory arterial spin-labeling at 3t. AJNR Am J Neuroradiol
29:1855-1860, 2008

Chng SM, Petersen ET, Zimine I, Sitoh YY, Lim CC, Golay
X : Territorial arterial spin labeling in the assessment of
collateral circulation : Comparison with digital subtraction
angiography. Stroke 39 : 3248-3254, 2008

Weiying Dai, Tamara Fong, Richard N. Jones, Edward
Marcantonio, Eva Schmitt, Sharon K, Alsop DC : Effects
of Arterial Transit Delay on Cerebral Blood Flow Quantifi-
cation using Arterial Spin Labeling in an Elderly Cohort. J
Magn Reson Imaging 45 : 472-481, 2017

Dai W, Robson PM, Shankaranarayanan A, Alsop DC: A
Reduced Resolution Transit Delay Prescan for Quantitative
Continuous Arterial Spin Labeling Perfusion Imaging. Bos-
Magn Reson Med 67 : 1252-1265, 2012

Havenon AD, Haynor DR, Tirschwell DL, Majersik Jd,
Smith G, Cohen W, Andre JB : Association of Collateral
Blood Vessels Detected by Arterial Spin Labeling Magnetic
Resonance Imaging With Neurological Outcome After Isch-
emic Stroke. JAMA Neurol 74 : 453-458, 2017

Mutke MA, Madai VI, von Samson-Himmelstjerna FC,
Weber OZ, Revankar GS, Martin SZ, Stengl KL, Bauer M,
Hetzer S, Gunther M, Sobesky J : Clinical evaluation of an
arterial-spin-labeling product sequence in steno-occlusive
disease of the brain. PLoS One 9 : 87-143, 2019

Villringer A, Rosen BR, Belliveau JW, Ackerman JL,
Lauffer RB, Buxton RB, Chao YS, Wedeen VJ, Brady
TJ : Dynamic imaging with lanthanide chelates in normal
brain : contrast due to magnetic susceptibility effects. Magn
Reson Med 6 : 164-174, 1988

Engelhorn T, Doerfler A, Forsting DM, Heusch G, Schulz
R : Does a relative perfusion measure predict cerebral in-
farct size?. AJNR Am J Neuroradiol 26 : 2218-2223, 2005
Schlaug G, Benfield A, Baird AE, Siewert B, Lovblad
KO, Parker RA, Edelman RR, Warach S : The ischemic
penumbra : operationally defined by diffusion and perfusion

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

M. Sasahara, et al. Evaluation of cerebral infarction using pCASL

MRI. Neurology 53 : 1528-1537,1999

K Butcher, M Parsons, T Baird, A Barber, G Donnan, P
Desmond, Tress B, Davis S : Perfusion thresholds in acute
stroke thrombolysis. Stroke 34 : 2159-2164, 2003

Leigh R, Knutsson L, Zhou J, Zijl PC : Imaging the physio-
logical evolution of the ischemic penumbra in acute ischemic
stroke. J Cereb Blood Flow Metab 38 : 1500-1516, 2018
Finelli DA, Hopkins AL, Selman WR, Crumrine RC, Bhatti
SU, Lust WD : Evaluation of experimental early acute
cerebral ischemia before the development of edema : Use of
dynamic, contrast-enhanced and diffusion-weighted MR
scanning. Magn Reson Med 27 : 189-197, 1992

Hamberg LM, Macfarlane R, Tasdemiroglu E, Boccalini P,
Hunter GJ, Bwlliveau JW, Moskowitz MA, Rosen BR : Mea-
surement of cerebrovascular changes in cats after transient
ischemia using dynamic magnetic resonance imaging.
Stroke 24 : 444-451, 1993

Shah S, Luby M, Poole K, Morella T, Keller E, Benson RT,
Lynch JK, Nadareishvili Z, Hsia, AW : Screening with MRI
for accurate and rapid stroke treatment : SMART. Neurolo-
gy 84 :2438-2444, 2015

Zaharchuk G, El Mogy IS, Fischbein NdJ, Albers GW : Com-
parison of arterial spin labeling and bolus perfusion-weight-
ed imaging for detecting mismatch in acute stroke. Stroke
43:1843-1848, 2012

Bokkers RP, Hernandez DA, Merino JG, Mirasol RV, van
Osch MJ, Hendrikse J, Warach S, Latour LL : Wholebrain
arterial spin labeling perfusion MRI in patients with acute
stroke. Stroke 43 : 1290-1294, 2012

Olivot JM, Mlynash M, Thijs VN, Kemp S, Lansberg MG,
Wechsler L, Bammer R, Marks MP, Albers GW : Optimal
Tmax Threshold for Predicting Penumbral Tissue in Acute
Stroke. Stroke 40 : 469-475, 2019

Calamante F, Christensen S, Desmond PM, Ustergaard
L, Davis SM, Connelly A : The Physiological Significance
of the Time-to-Maximum (Tmax) Parameter in Perfusion
MRI. Stroke 41 : 1169-1174, 2010

Harston GW, Okell TW, Sheerin F, Schulz W, Mathieson
P, Reckless I, Shah K, Ford GA, Chappell MA, Jezzard P,
Kennedy J : Quantification of Serial Cerebral Blood Flow in
Acute Stroke Using Arterial Spin Labeling. Stroke 48 : 123-
130, 2017

Huang YC, Liu HL, Lee JD, Yang JT, Weng HH, Lee M,
Yeh MY, Tsai YH : Comparison of Arterial Spin Labeling
and Dynamic Susceptibility Contrast Perfusion MRI in
Patients with Acute Stroke. PLoS ONE 8:1-6, 2013

Marks MP, Lansberg MG, Mlynash M, Olivot JM, Straka
M, Kemp S, Taggart RM, Inoue M, Zaharchuk G, Bammer
R, Albers GW : Effect of Collateral Blood Flow on Patients
Undergoing Endovascular Therapy for Acute Ischemic
Stroke. Stroke 45 : 1035-1039, 2014

Faizy TD, Kabiri R, Christensen S, Mlynash M, Kuraitis
G, Broocks G, Hanning Y, Nawabi J, Lansberg MG, Marks
MP, Albers GW, Fiehler J, Wintermark M, Heit JJ : Perfu-
sion imaging-based tissue-level collaterals predict ischemic
lesion net water uptake in patients with acute ischemic
stroke and large vessel occlusion. Journal of Cerebral Blood
Flow & Metabolism 41 : 2067-2075, 2021

Guenego A, Marcellus DG, Martin BW, Christensen S,
Albers GW, Lansberg MG, Marks MP, Wintermark M,
Heit JJ : Hypoperfusion Intensity Ratio Is Correlated With
Patient Eligibility for Thrombectomy. Stroke 50 : 917-922,
2019



