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Objective: Hypoperfusion is an important factor determining the prognosis of ischemic

stroke patients. The present study aimed to investigate possible predictors of

hypoperfusion on MRI of ischemic stroke patients within 7 days of stroke onset.

Methods: Ischemic stroke patients, admitted to the comprehensive Stroke Center

of Shanghai Fourth People’s Hospital affiliated to Tongji University within 7 days of

onset between January 2016 and June 2017, were recruited to the present study.

Magnetic resonance imaging (MRI), including both diffusion-weighted imaging (DWI) and

perfusion-weighted imaging (PWI), was performed within 7 days of the symptom onset.

Time to maximum of the residue function (Tmax) maps were automatically evaluated using

the RAPID software. The volume of hypoperfusion was measured outside the infarct area

based on ADC < 620 × 10−6 mm2/s. The 90 d mRS score was assessed through

either clinic visits or telephone calls. Multivariate step-wise analysis was used to assess

the correlation between MR findings and clinical variables, including the demographic

information, cardio-metabolic characteristics, and functional outcomes.

Results: Among 635 patients admitted due to acute ischemic stroke within 7 days of

onset, 241 met the inclusion criteria. Hypoperfusion volume of 38ml was the best cut-off

value for predicting poor prognosis of patients with cerebral infarction (90 d-mRS score

≥ 2). The incidences of MR perfusion Tmax > 4–6 s maps with a volume of 0–38mL

or >38mL were 51.9% (125/241) and 48.1% (116/241), respectively. Prior stroke and

vascular stenosis (≥70%) were associated withMR hypoperfusion. Multivariate step-wise

analysis showed that prior stroke and vascular stenosis (≥70%) were risk factors of Tmax

> 4–6 s maps, and the odds ratios (OR) were 3.418 (adjusted OR 95% CI: 1.537–7.600),

and 2.265 (adjusted OR, 95% CI: 1.199–4.278), respectively.

Conclusion: Our results suggest that prior stroke and vascular stenosis (≥70%) are

strong predictors of hypoperfusion in patients with acute ischemic stroke within 7 days

of stroke onset.

Keywords: ischemic stroke, magnetic resonance imaging, time to maximum of the residue function, risk factors,

correlation analysis
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INTRODUCTION

Intravenous thrombolysis and endovascular therapy are effective
methods for the treatment of acute ischemic stroke (1, 2).
However, due to time window restrictions, only a small number
of people receive timely treatment, and over 70% of stroke
patients still have disabilities (modified Rankin classification,
mRS2-6) due to the presence of hypoperfused tissues (3, 4).
Quantitative assessment of hemodynamic indices of acute stroke
patients will facilitate the discovery of potential predictors of
hypoperfusion, which will reveal new targets for early and
effective intervention. Currently, a number of factors have been
reported to influence functional outcomes of acute ischemic
stroke patients, including blood glucose, blood pressure, history
of atrial fibrillation, baseline NIHSS, volume of core infarction,
blood perfusion, and vascular lesions (5–12). Previous studies
have shown that abnormal brain perfusion is closely related to
stroke recurrence and functional outcome, but there are few
studies on risk factors impacting brain perfusion.

Tmax is a widely used parameter of magnetic resonance
perfusion for patients with acute ischemic stroke and has
been used in clinical trials (13, 14). Different Tmax thresholds
reflect different degrees of hypoperfused volumes, with a
high threshold reflecting a low degree of hypoperfusion (15).
Changes of Tmax may reflect the microvascular integrity of
collaterals and the perfusion status of brain tissue (16). In
view of the fact that perfusion imaging is closely related to
the status of collateral circulation, the cerebral perfusion
parameters on MRI may be a good biomarker of collateral
circulation. Therefore, it is reasonable to use Tmax to
evaluate the status of tissue hypoperfusion and facilitate
decision-making on the choice of treatments for patients with
AIS (17–19).

It is well-known that the penumbra is the area surrounding
the ischemic core, which has a high risk of progressing to infarct.
Tmax > 6 s can accurately define the penumbra (20). Albers et al.
screened patients with salvageable penumbra for endovascular
thrombectomy using Tmax > 6 s with the assistance of the RAPID
software (17). Time to peak contrast concentration (TTP) or time
at which the deconvolved residue function reaches its maximum
value (Tmax) is generally used to evaluate hypoperfusion status.
Compared with TTP, Tmax has the advantage of reducing
dependence on bolus shape and cardiac output (21). Therefore,
Tmax seems to be more appropriate in evaluating tissue lesions
with hypoperfusion. It has been reported that Tmax > 6 s or
Tmax > 4 s is more accurate than Tmax > 2 s in predicting the
salvageable penumbra or stroke progression. Difference between
the volumes of Tmax > 4 s and Tmax > 6 s seems to be the
best biomarker in identifying severe hypoperfusion (22). Studies
have shown benefit from prolonged reperfusion therapy with
increased likelihood of good prognosis through evaluating the
ischemic penumbra with the perfusion parameter Tmax (17,
19). However, few studies have reported risk factors of low
perfusion in Chinese populations. Therefore, the present study
aimed to quantitatively evaluate the hypoperfusion status of AIS
patients and to explore the potential predictors of hypoperfusion
on MRI.

MATERIALS AND METHODS

Subjects
Acute ischemic stroke patients, admitted to the comprehensive
Stroke Center of Shanghai Fourth People’s Hospital affiliated to
Tongji University within 7 days of onset between January 2016
and June 2017, were recruited to the present study.

The inclusion criteria were: (a) Patients who were admitted
within 7 days of onset and evaluated by two stroke neurologists
(23, 24); (b) MR images including both DWI and PWI were
available at the time of hospitalization; (c) Tmax maps were
assessed using the RAPID software (iSchemaView USA, Version
4.9) (25) independently.

The exclusion criteria: patients did not have their perfusion
status assessed using DWI and PWI within 7 days of stroke onset.

Demographic data, clinical variables, risk factors, neurologic
deficits, time between MRI scan and stroke onset were
documented for each patient. The 90 d mRS was evaluated by
experienced neurologists.

MRI Parameters
MRI scans were collected using a 1.5-T Avanto scanner (Siemens,
Erlangen, Germany). The imaging protocol for this study
included diffusion-weighted imaging (DWI), perfusion weighted
imaging (PWI), apparent diffusion coefficient (ADC), fluid-
attenuated inversion recovery (FLAIR), and magnetic resonance
angiography (MRA). Imaging parameters were listed below,
DWI: 19 slices, 192 × 192 matrices; slice thickness = 5.5mm;
TR/TE, 3,600/102ms; field of view = 230 mm2, b = 0 and
1,000 s/mm2; EPI factor = 192; bandwidth = 964 Hz/pixel.
FLAIR: 18 slices, 256 × 190 matrices; slice thickness =

5.5mm; TR/TE, 4,000/92ms; field of view = 230 mm2; TI
= 1,532.6ms; bandwidth = 190 Hz/Px; flip angle = 150◦.
Dynamic susceptibility contrast PWI (DSC-PWI): 19 slices, 128
× 128 matrices; slice thickness = 5mm; TR/TE, 1,590/32ms;
measurements = 50; field of view = 230 mm2; band width =

1,346 Hz/pixel; flip angle = 90◦. A Gd-DTPA contrast agent
(gadopentetate dimeglumine injection; Shanghai Pharmaceutical
Corporation, Shanghai, China) was injected intravenously (0.2
mmol/kg body weight) at a rate of 4 mL/s after a bolus with
30ml normal saline. Three-dimensional time-of-flight MRA of
the internal carotid artery (ICA) and intracranial circulation: 241
× 256 matrices, slice thickness = 0.7mm; TR/TE, 25/7ms; field
of view= 180 mm2; Bandwidth= 100 Hz/PX; flip angle= 25◦.

Post-processing
Estimates of hypoperfusion on PWI were calculated using the
RAPID software (iSchemaView USA, Version 4.9), which is an
automated imaging post-processing system. ADC < 620 × 10−6

mm2/s was adopted to define the infarct core (26). Volumes
of Tmax > 4 s and >6 s were used to determine hypoperfusion
in ischemic stroke patients. The volume of hypoperfusion was
measured outside the infarct area, based on ADC < 620 ×

10−6 mm2/s. Measurement of vascular stenosis was performed
on Magnetic Resonance Angiography by two independent
radiologists using the North American Symptomatic Carotid
Endarterectomy Trial (NASCET) method (27). The extent of
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FIGURE 1 | Flowchart of patient recruitment.

reduction of the internal arterial diameter was then graded. If the
measurements of two radiologists were inconsistent, repetition
will be required before reaching a conclusion.

Clinical Outcomes
The primary outcome was assessed using the 90-day modified
Rankin Scale (mRS). mRS ranges from 0 (asymptomatic) to 6
(death). Excellent functional outcomes are defined by a 90 d-mRS
score ≤ 1, and poor functional outcomes are defined by a 90 d-
mRS score≥ 2. Threemonths after stroke onset, mRS scores were
collected through clinic visits or telephone calls.

Ethics
Ethical approval for this study was obtained from the Human
Research Ethics Committee of Shanghai Fourth People’s Hospital
Affiliated to Tongji University School of Medicine. Written
informed consent was obtained from all subjects.

Statistical Analysis
Data analysis was performed using IBM SPSS (version 22.0)
for Windows (SPSS Inc., Chicago, IL, USA). Continuous
parameters were presented as mean± standard deviation (SD) or
median with interquartile range (IQR); categorical variables were
summarized as independent proportions. Baseline information
of patients with or without MRI perfusion abnormalities
was compared using either t-test or Mann-Whitney U-test
for continuous variables and χ

2 or Fisher’s exact test for
categorical variables. In this study, the cutoff value was 38ml for
hypoperfusion. Logistic regression analysis was used to identify
independent predictors of Tmax> 4–6 s maps. Multivariate

step-wise regression modeling was used to correlate Tmax > 4–
6 s maps with potential risk factors with their P-values < 0.01.
All correlation data were presented as odds ratios (OR) with
their corresponding 95% confidence intervals (CI) and P-values.
Statistical significance was considered when P < 0.05.

RESULTS

In the present study, 635 patients with acute ischemic stroke were
admitted within 7 days of onset, but only 241 (73 women, 168
men; median age: 67 years) had technically adequate DWI and
PWI scans. Among those 394 patients who were excluded, 383
of them did not have MRI, 3 could not provide the information
of hematological data, 10 had their MRI more than 7 days after
stroke onset, 1 had poor MRI image quality. Among these 241
patients, 107 patients had excellent functional outcomes and 134
poor functional outcomes. Among these patients, 125 had Tmax

> 4–6 s volume in the range of 0–38ml and the other 116 had a
volume > 38ml (Figure 1, Table 1).

Baseline Characteristics
Baseline characteristics of patients included in the present
study were shown in Tables 1, 2. The median (IQR) age
of these patients was 67 (61–79) years and their median
Admission NIHSS score was 3 (IQR: 1–9). Perfusion status was
evaluated after a median (IQR) delay of 3 (1–6) days from
the symptom onset. The median ADC volume was 0 (IQR:
0–7.5) ml. The median fasting blood glucose (FBG) was 6.0
(IQR: 5.2–8.2) mmol/L. A history of hypertension was present
in 68.5% (165/241) of patients, diabetes mellitus in 34.4%
(83/241), atrial fibrillation in 14.5% (35/241), prior stroke in17%
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TABLE 1 | Comparison of demographic and clinical characteristics among ischemic stroke patients within 7 days of onset based on Tmax >4 s −6 s volume 38ml.

Characteristics Total (n = 241) Tmax > 4–6 s

volume, (0–38ml)

(n = 125)

Tmax > 4–6 s

volume, (>38ml)

(n = 116)

P-value

Age, y, median (IQR) 67 (61–79) 66 (59–75) 70 (62–80) 0.009

Male, n (%) 168 (69.7%) 86 (68.8%) 82 (70.7%) 0.75

Medical history, n (%)

Hypertension 165 (68.5%) 84 (67.2%) 81 (69.8%) 0.661

Diabetes mellitus 83 (34.4%) 44 (35.2%) 39 (33.6%) 0.797

Atrial fibrillation 35 (14.5%) 9 (7.2%) 26 (22.4%) 0.001

Smoking 80 (33.2%) 39 (31.2%) 41 (35.3%) 0.495

Previous ischemic stroke 41 (17%) 12 (9.6%) 29 (25.0%) 0.001

Cardo-metabolic

FBG, mmol/L, median (IQR) 6.0 (5.2–8.2) 5.9 (5.2–7.8) 6.1 (5.4–8.3) 0.310

TC, mmol/L, median (IQR) 3.72 (1.89–4.89) 3.73 (1.95–5.02) 3.68 (1.80–4.62) 0.385

LDL, mmol/L, median (IQR) 2.63(1.98–3.34) 2.65(2.0–3.40) 2.62(1.94–3.31) 0.466

TG, mmol/L, median (IQR) 2.32 (1.3–4.22) 2.35 (1.37–4.23) 2.24 (1.27–4.13) 0.408

HDL, mmol/L, median (IQR) 1.12 (0.88–1.34) 1.14 (0.91–1.33) 1.07 (0.85–1.39) 0.802

Hcy, umol/L, median (IQR) 13.6 (11.3–16.6) 12.4(10.9–15.85) 14.25 (12.0–17.0) 0.011

SBP at baseline, mm Hg, median (IQR) 140 (130–160) 150 (135–160) 140 (130–153) 0.093

DBP at baseline, mm Hg, median (IQR) 80 (78–90) 80 (79–90) 80 (77–89) 0.404

Admission NIHSS score, median (IQR) 3 (1–9) 3 (1–6) 6 (2–10) <0.001

Treatment 0.782

Alteplase treatment 36 (14.9%) 19 (15.2%) 17 (14.7%)

Bridge-EVT 2 (0.8%) 2 (1.6%) 0

Direct-EVT 12 (5.0%) 1 (0.8%) 11 (9.5%)

Standard medical therapy 191 (79.3%) 103 (82.4%) 88 (75.9%)

Symptom onset to the MR perfusion, d, median (IQR) 3 (1–6) 4 (2–6) 3 (1–6) 0.006

Vascular stenosis (≥70%), n (%) 154 (63.9%) 62 (49.6%) 92 (79.3%) <0.001

CD4/CD8 (≥1.7), n (%) 99 (41.1%) 58 (46.4%) 41 (35.3%) 0.081

Secondary bleeding, n (%) 12 (9%) 6 (11.5%) 6 (7.4%) 0.616

7 (2.9%) 2 (1.6%) 5 (4.3%) 0.266

Clinical outcomes (90 d mRS) 2 (0–3) 1 (0–3) 2 (1–4) <0.001

Excellent functional outcome (0–1) 107 (44.4%) 73 (58.4%) 34 (29.3%)

Poor functional outcome (2–6) 134 (55.6%) 52 (41.6%) 82 (70.7%)

ADC < 620 × 10−6 mm2/s volume, ml, median (IQR) 0 (0–7.5) 0 (0–0) 0 (0–24.5) <0.001

Measurement data conformed to normal distribution variables expressed as mean ± standard deviation; non-normal distribution variables were expressed as median (25–75%). The

categorical variables are expressed in terms of frequency (percentage).

IQR, interquartile range; INR, International standardization ratio; LDL, Low-density lipoprotein; HDL, Low-density lipoprotein; NIHSS, National Institutes of Health Stroke Scale; SBP,

systolic blood pressure; DBP, diastolic blood pressure; TC, total cholestrol; Hcy, homocysteine; FBG, fasting blood-glucose; IVT, intravenous thrombolysis; Direct-EVT, direct endovascular

thrombectomy; Bridge-EVT, bridge endovascular thrombectomy; mRS, modified Rankin Scale; Tmax > 4 s, Time to maximum of the residue function > 4 s; Tmax > 6 s, Time to maximum

of the residue function > 6 s; ADC, apparent diffusion coefficient; Tmax > 4–6 s volume, Volume difference between Tmax > 4 s and Tmax > 6 s.

Significant difference at α < 0.05.

(41/241) and smoking in 33.2% (80/241). The patients were
divided into four groups: intravenous thrombolysis (36/241),
Bridge endovascular thrombectomy (2/241), Direct endovascular
thrombectomy (12/241), and standard medical therapy alone
(191/241) (Table 1).

Comparison of Demographic and Clinical
Characteristics Among Ischemic Stroke
Patients Within 7 Days of Onset Based on
Tmax > 4–6 s Volume 38 ml
Demographic characteristics, possible risk factors associated with
the Tmax > 4–6 s map, and comparisons of these variables
between groups with volume = 0–38ml and >38ml were

presented in Table 1. Hypoperfusion volume of 38ml was the
best cut-off value for predicting poor prognosis of patients with
cerebral infarction (90 d-mRS score ≥ 2) as shown by the ROC
(AUC: 0.67, 95% CI: 0.603–0.738, sensitivity: 0.612, specificity
0.673, p < 0.001) (Figures 2, 3). In univariate analyses, factors
associated with hypoperfusion were: age [66 (59–75) vs. 70 (62–
80), p = 0.009], atrial fibrillation (7.2 vs. 22.4%, p = 0.001),
previous ischemic stroke (9.6 vs. 25.0%, p= 0.001), homocysteine
[12.4 (10.9–15.85) vs. 14.25 (12.0–17.0), p = 0.011], admission
NIHSS score [3 (1–6) vs. 6 (2–10), p < 0.001], symptom onset
to the MR perfusion [4 (2–6) vs. 3 (1–6), p = 0.006], vascular
stenosis (≥70%) (49.6 vs. 79.3%, p < 0.001), ADC volume
[0 (0–0) vs. 0 (0–24.5), p < 0.001]. Other variables were not
statistically different (Table 1).
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TABLE 2 | Imaging characteristics of ischemic stroke patients with excellent and poor functional outcomes.

Characteristics Total (n = 241) Excellent functional

outcome group (90 d

mRS 0–1) (n = 107)

Poor functional outcome

group (90 d mRS 2–6)

(n = 134)

P-value

Vascular stenosis (≥70%), n

(%)

154 (63.9%) 63 (58.9%) 91 (67.9%) 0.147

ADC < 620 × 10−6 mm2/s

volume, ml, median (IQR)

0 (0–8) 0 (0–0) 0 (0–12.3) <0.001

Tmax > 4 s volume, ml,

median(IQR)

35 (8–105) 19 (5–63) 71 (14.0–166.3) <0.001

Tmax > 6 s volume, ml,

median(IQR)

0 (0–13) 0 (0–3) 0 (0–32.5) <0.001

Tmax > 4–6 s volume, ml,

median(IQR)

35 (8–88) 18 (4–57) 48 (14–113) <0.001

Tmax > 4 s –ADC volume, ml,

median (IQR)

34 (6–95) 18 (0–63) 54 (10.8–146.0) <0.001

Tmax > 6 s –ADC volume, ml,

median (IQR)

0 (0–3.5) 0 (0–0) 0 (0–13.5) 0.004

Measurement data conformed to normal distribution variables expressed as mean ± standard deviation; non-normal distribution variables were expressed as median (25–75%). The

categorical variables are expressed in terms of frequency (percentage).

IQR, interquartile range; mRS, modified Rankin Scale; ADC, apparent diffusion coefficient; Tmax > 4 s, Time to maximum of the residue function > 4 s; Tmax > 6 s, Time to maximum of

the residue function > 6 s; Tmax > 4–6 s volume, Volume difference between Tmax > 4 s and Tmax > 6 s; Tmax > 4 s–ADC volume, Volume difference between Tmax > 4 s and ADC;

Tmax > 6 s–ADC volume, Volume difference between Tmax > 6 s and ADC.

Significant difference at α < 0.05.

FIGURE 2 | Diffusion and perfusion abnormalities of a patient treated with intravenous tPA. A 63-year-old male who presented with dysarthria and weakness in the

right arm, hypertension for more than 3 years, vascular stenosis (≥70%), no previous ischemic stroke, MRI scan was completed 6 days after stroke onset. DWI,

diffusion-weighted imaging; PWI, perfusion-weighted imaging; ADC, apparent diffusion coefficient; Tmax , Time to maximum of the residue function. Tmax color scale:

4 s < Tmax≤ 6 s (blue); 6 s < Tmax≤ 8 s (green); 8 s < Tmax≤ 10 s (yellow); 10 s < Tmax (red). (A) DWI, lesion volume was 22ml. (B) ADC, lesion volume was 9ml. (C)

PWI, lesion volumes according to Tmax delay were as follows: Tmax > 4 s, 132ml; Tmax > 4 s–ADC volume, 123ml; Tmax > 6 s, 22ml; Tmax > 6 s–ADC volume, 13ml;

Tmax > 8 s, 4ml; and Tmax > 10 s, 3ml.

Excellent functional outcomes (mRS 0–1) were present in
44.4% (107/241) of patients, among whom the median (IQR)
Tmax > 4–6 s volume, Tmax > 6 s volume, and Tmax > 4 s
volume were 18 (4–57) ml, 0 (0–3) ml, and 19 (5–63) ml,
respectively. MRA scans with adequate quality of both the carotid
and intracranial vessels were available in the present study.
MRA showed that vascular stenosis (>70%) was detected in 154
(63.9%) patients (Table 2).

Prediction of MRI Perfusion Abnormality
In the present study, we divided patients with hypoperfusion into
two groups based on the volume of Tmax > 4–6 s: Tmax > 4–
6 s = 0–38ml and Tmax > 4–6 s > 38ml. The incidences of MR

perfusionTmax > 4–6 s= 0–38ml andTmax > 4–6 s> 38ml were
51.9% (125/241) and 48.1% (116/241), respectively (Table 1).

In the univariate binary logistic regression analysis, age (P =

0.010, OR = 1.031, 95% CI: 1.007–1.056), atrial fibrillation (P
= 0.001, OR = 3.723, 95% CI: 1.662–8.340), previous ischemic
stroke (P = 0.002, OR = 3.139, 95% CI: 1.515–6.504), admission
NIHSS score (P < 0.001, OR = 1.091, 95% CI: 1.040–1.145),
symptom onset to MR perfusion (P = 0.018, OR = 0.872, 95%
CI: 0.779–0.977), vascular stenosis (≥70%) (P < 0.001, OR =

3.895, 95% CI: 2.203–6.887), ADC volume (P < 0.001, OR =

1.044, 95% CI: 1.019–1.070) were independently associated with
MR perfusion abnormality in ischemic stroke patients within 7
days of onset (Table 3).
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Multivariate step-wise regression modeling was performed
for predictors with P-values < 0.01 and the multivariate
logistic regression analysis performed to show the correlation
between previous ischemic stroke, stenosis (≥70%), and MR
perfusion abnormalities. Patients with previous ischemic stroke
and stenosis were likely to develop hypoperfusion on PWI
maps. The adjusted odds ratios were 3.418 (95% CI: 1.537–
7.600, P = 0.001) and 2.265 (95% CI: 1.199–4.278, P = 0.012),
respectively. Other variables were not significantly associated
with hypoperfusion (Table 3).

DISCUSSION

In the present study, risk factors of hypoperfusion on MRI
were analyzed for AIS patients admitted within 7 days of
onset. It was found that the perfusion parameter Tmax > 4–6 s
volume was related to clinical prognosis. Patients with previous
stroke and vascular stenosis (≥70%) were more likely to have
hypoperfusion, and these two were independent risk factors of
low perfusion as shown by Tmax > 4–6 s map > 38 ml.

FIGURE 3 | Area under the ROC curve predicts hypoperfusion based on 90

d-mRS.

Tmax > 4–6 s Map and 90 d mRS
It is well-known that DWI and ADC maps were closely
related to the final infarct volume and were important
predictors of clinical prognosis (9, 28). The present study
used non-invasive multimode magnetic resonance imaging to
quantitatively evaluate Tmax > 4–6 s map. It was found that
the tissue perfusion status of Tmax > 4–6 s was closely related
to 90 d mRS. The greater the Tmax > 4–6 s map was,
the worse the 90 d mRS was. Previous studies have shown
that perfusion imaging was closely related to the status of
collateral circulation, and the cerebral perfusion parameter Tmax

was a good biomarker of collateral volume (29). Therefore,
it is reasonable to use the Tmax > 4–6 s map to evaluate
tissue hypoperfusion.

Collateral status could be used to predict the prognosis of
patients with acute ischemic stroke as the key determinant
(30, 31). Perfusion status changes temporally and spatially.
Findings from perfusion imaging reflect collateral status or
response to treatment for those without large vessel occlusion
within 6 h or for those with large vessel occlusion within 24 h.
These are closely correlated with clinical prognosis. In this
study, the cutoff value 38ml of Tmax > 4–6 s map was used
to define hypoperfusion on MRI with an aim to find risk
factors that were related to hypoperfusion, and to provide a
reasonable direction for accurate control of these risk factors.
This would improve clinical prognosis and reduce the occurrence
of recurrent ischemic events.

Previous Ischemic Stroke and Tmax > 4–6 s
Maps
This study found that hypoperfusion was associated with
recurrent stroke and persistent deterioration of neurological
functions. It might be related to a certain proportion of vascular
stenosis and distal hypoperfusion in patients with previous
strokes, which are likely to recur. This is consistent with the
result of a previous studies (32). Previous studies have shown
that stroke patients have a recurrence rate of 17% within 1
year. In symptomatic intracranial atherosclerotic stenosis (ICAS)
patients, the more severe the baseline hypoperfusion was, the
higher the risk of stroke recurrence was (33–35). In this study,
41 patients had a history of stroke, among whom 29 had their
Tmax > 4–6 s volume > 38ml, accounting for 25% of this type

TABLE 3 | Factors independently associated with Tmax > 4–6 s > 38mL in ischemic stroke patients within 7 days of onset.

OR (95% CI) P-value Adjusted OR (95% CI) P-value

Age 1.031 (1.007–1.056) 0.010 1.037 (1.009–1.066) 0.010

Atrial fibrillation 3.723 (1.662–8.340) 0.001 1.404 (0.545–3.614) 0.482

Previous ischemic stroke 3.139 (1.515–6.504) 0.002 3.418 (1.537–7.600) 0.001

Admission NIHSS score 1.091 (1.040–1.145) <0.001 1.038 (0.983–1.096) 0.181

symptom onset to the MR perfusion 0.872 (0.779–0.977) 0.018 0.905 (0.793–1.034) 0.142

Vascular stenosis (≥70%) 3.895 (2.203–6.887) <0.001 2.265 (1.199–4.278) 0.012

ADC < 620 × 10−6 mm2/s volume 1.044 (1.019–1.070) <0.001 1.033 (1.009–1.058) 0.008

HCY 1.007 (0.986–1.029) 0.516 N N

CI, confidence interval; OR, odds ratio; NIHSS, National Institutes of Health Stroke Scale; SBP, systolic blood pressure; ADC, apparent diffusion coefficient, Hcy, homocysteine.
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of patients. Among these 41 patients, 30 had vascular stenosis
≥ 70%, accounting for 73.2% of these patients. Previous strokes
are a risk factor of hypoperfusion. The possible reason is that the
majority of patients with previous strokes have vascular stenosis,
which leads to distal hypoperfusion, and consequently recurrence
of ischemic stroke.

Vascular Stenosis and Tmax > 4–6 s Map
Spencer and Reid first proposed the relationship between cerebral
artery stenosis and cerebral blood flow, which predicted a
decrease in blood flowwhen stenosis was>70% (36, 37). Cerebral
artery stenosis or occlusion can trigger serious hemodynamic
disorders. However, it has been shown that the severity of
vascular stenosis does not necessarily affect the status of distal
blood flow (38). In this study, it was found that vascular stenosis
was related to the Tmax > 4–6 s map. 63.9% of the patients
had evidence of ipsilateral proximal artery stenosis or occlusion
on MRA, among whom the proportion of tissue hypoperfusion
was 60.4% (93/153). Therefore, tissue hypoperfusion may be
more likely to occur in patients with ipsilateral proximal artery
stenosis or occlusion on MRA, which is consistent with previous
studies (39, 40). This might be due to changes in the cerebral
vascular structure and function resulted from intracranial
atherosclerosis. Vascular stenosis affects the hemodynamic status,
mainly through the decrease of cerebrovascular reserve. In the
presence of insufficient collaterals, the decrease in pressure may
lead to hypoperfusion.

The volume of hypoperfusion at different thresholds of
Tmax non-invasively reflected the status of collaterals, which is
consistent with findings of previous studies. Therefore, it is likely
that perfusion parameters on MRI will be a good biomarker
for volumes of collateral blood flow (29). The benefit of the
present study is to non-invasively assess hypoperfusion volumes
at the early stage of ischemic stroke, which reflects the collateral
status. It will provide evidence for early intervention to halt
stroke progression, prevent stroke recurrence, and to improve
clinical prognosis.

The present study has a number of limitations. Firstly, it
is a retrospective study in which all subjects were recruited
from a local hospital, which may result in selection bias. In
addition, it has a relatively small sample size and the conclusion
from this study may not be extrapolated to all ischemic stroke
patients. Therefore, prospective studies with a large sample size
are required to confirm our findings. Secondly, it is a cross-
sectional study and can not pinpoint the direct causality between
hypoperfusion and the risk factors of ischemic stroke patients
within 7 days of onset. A longitudinal design can help to
investigate the direct causal relationship between risk factors
and MR hypoperfusion in future studies. Thirdly, Tmax > 4–6 s
and volume of hypoperfusion > 38ml were used to determine

hypoperfusion,which is based on the cutoff value of 38ml in
our analysis, whether this method has better accuracy and
applicability needs to be verified by future prospective, large-
scaled studies. Fourthly, The present study did not repeat MR
scan between the therapeutic window and 90 days to evaluate the
perfusion status, which might result in treatment bias.

In conclusion, hypoperfusion could be found in ischemic
stroke patients within 7 days of onset when PWI was examined,
which is related to clinical prognosis. Patients with previous
ischemic strokes and vascular stenosis are more likely to have
severe hypoperfusion and poor functional outcomes. Accurate
control of risk factors may effectively improve functional
outcomes. However, larger prospective studies are needed to
confirm these findings.
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