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Background: The aim of this study was to discuss the value of susceptibility-weighted imaging 
(SWI) in evaluating the ischemic penumbra of patients with acute cerebral ischemic stroke.
Methods: Data were collected from 52 patients with acute cerebral ischemic stroke upon 
clinical diagnosis and routine examinations of magnetic resonance imaging (MRI), including 
SWI, diffusion-weighted imaging (DWI), and perfusion-weighted imaging (PWI) within 72 
hours after onset in this retrospective study. The methods also included fusing the DWI and 
SWI images and calculating the volume of anomaly extension of DWI and PWI-MTT (mean 
transit time) using semi-automatic analysis software. The SWI-DWI and PWI-DWI mis-
matches were interpreted, and the statistical analysis was completed.
Results: The two physicians found that the ischemic penumbra consistency is high through-
out the SWI-DWI and PWI-DWI mismatches, without a significant difference (P > 0.05).
Conclusion: SWI-DWI mismatch can prevent the injection of contrast agents and make an 
accurate diagnosis of acute stroke ischemic penumbra, which helps guide the selection of the 
clinical therapeutic plan.
Keywords: ischemic penumbra, diffusion-weighted imaging, susceptibility-weighted 
imaging, perfusion-weighted imaging

Background
At present, the main target in treating acute cerebral ischemic stroke is the ischemic 
penumbra, which diminishes cerebral blood flow. However, this reduction is not 
enough to cause irreversible damage to the brain cells in the affected region.1,2 The 
existence of penumbra means that proper early treatment can save the damaged 
brain cells, thus improving the prognosis of patients with cerebral ischemic 
stroke.3,4 However, after cerebral ischemic stroke, the range of the core infarction 
area will gradually increase with time, and the range of the penumbra will decrease. 
Therefore, early identification and salvage of the penumbra are critical steps in the 
clinical treatment of patients with cerebral ischemic stroke.

Among patients with acute cerebral ischemic stroke, the significant reduction in 
cerebral perfusion pressure is due to the increased proportion5,6 of deoxyhemoglo-
bin and oxyhemoglobin caused by the increased oxygen extraction fraction. The 
susceptibility-weighted imaging (SWI) is a high-resolution T2*MRI technology 
with a three-dimensional gradient-echo and increases the paramagnetic material 
sensitivity. The metabolic changes7–9 in hypoperfusion brain tissue can be studied 
with the action upon paramagnetic material sensitivity without radionuclides and 
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contrast medium. Therefore, we discuss the value of SWI 
in forecasting the ischemic penumbra of patients with 
acute cerebral ischemic stroke with perfusion-weighted 
imaging (PWI) as the “gold standard.”

Methods
General Data
Fifty-two patients who received treatment at the stroke 
department of our hospital from January 2015 to 
December 2017 and were diagnosed with cerebral infarc-
tion were enrolled in this retrospective study; all suffered 
from a lesion in the blood supply region of the middle 
cerebral artery. There were 23 males and 19 females. Their 
ages ranged from 35 to 86, with a median age of 66 and an 
average age of 64.2. All patients suffered from different 
degrees of inadequate limb movement, and some experi-
enced a speech disorder.

Inclusion Criteria
1) The cerebral ischemic stroke occurred within three 
days, the new infarction (not lacunar infarction) was 
found through DWI, and the focus was distributed in the 
blood supply region of the middle cerebral artery. 2) No 
history of stroke and no baseline neurologic deficits. 3) 
Every patient had all the MRI examinations, including 
routine MRI plain scans, DWI, SWI, and PWI. 4) The 
patient did not have thrombolysis, anticoagulant, or throm-
bectomy treatment before the MRI examination.

Exclusion Criteria
1) Patients with cerebral hemorrhage, cancer, or trauma 
diagnosed by craniocerebral computerized tomography 
(CT). 2) Patients with severe cardiovascular and hepator-
enal insufficiency or hemorrhagic lesions. 3) Patients with 
allergies, pregnant women, or psychological and/or neuro-
logical diseases, such as infantile autism.

Examination Method
The MRI examination uses the German Siemens 1.5T MRI 
for scanning, with a 6-channel magnetic resonance imaging 
coil. The scanning sequence includes the routine T1WI (TR/ 
TE: 450/10), T2WI (TR/TE: 4150/96), FLAIR (TR/TE: 
8000/84), DWI (3200/91), SWI (TR/TE: 49/40), and PWI 
(1500/30). The PWI scanning uses the contrast agent gado-
linium acid amine (Gd-GTPA). It uses a high-pressure injec-
tor for bolus, with an injected dose of 0.2 mmol/Kg and an 

injection rate of 5 mL/s. The MRI image post-processing is 
carried out at the Syngo MR Workplace workstation.

Image Post-Processing
Brain Magnetic Resonance Perfusion-Weighted 
Imaging
The original images (1000 images) of the perfusion scan-
ning are imported into perfusion software in the Syngo 
MR Workplace workstation, the perfusion curve is 
acquired with the contralateral middle cerebral artery as 
the reference artery, and the PWI functional diagram is 
calculated, including time to peak (TTP), mean transit time 
(MTT), relative cerebral blood flow (rCBF), and relative 
cerebral blood volume (rCBV).

Image Fusion
Because the thickness of the SWI image is very thin, to 
obtain the complete shape of the venous vessels, only 
minimum intensity projection (MIP)–SWI images were 
used. Therefore, DWI and MIP-SWI images of the patients 
were imported into the fusion software of the Syngo MR 
workplace workstation to obtain fusion images.

Image Analysis
1) Perfusion-diffusion mismatch (PDM) judgment method: 
in the post-processing workstation, the semi-automatic soft-
ware is used to calculate the area of the anomaly of DWI and 
PWI (MTT) of each layer, and then the volume of the 
anomaly is calculated according to the layer thickness and 
interlayer spacing. If the ratio of the volume of the ischemia 
region in PWI (MTT) with the ischemia volume in DWI is 
more than 120%, it is defined as the existence of PDM; if the 
ratio is less than 120%, it is defined as the inexistence of 
PDM.10 In the post-processing workstation, the diffusion- 
limited areas of DWI and perfusion abnormal areas of MTT 
were manually drawn. The abnormal areas of DWI and PWI 
(MTT) in each layer were calculated using semi-automatic 
software. According to the formula [Infarct volume = sum of 
diffusion-limited areas of DWI on all layers × (layer thick-
ness + layer spacing)], the volume of core infarct area was 
calculated,11 and the volume of abnormal perfusion area on 
MTT was also obtained. Susceptibility-diffusion mismatch 
(SDM) judgment method: the two physicians (performing 
imaging diagnoses for more than 10 years) observed the 
fusion image. When the medullary vein or cortical vein 
around the diffusion-limited area in the fusion image is 
larger and thickened compared with the contralateral, it is 
defined as the existence of SDM.
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Statistical Analysis
SPSS 19.0 statistical software was used for analysis. With 
PDM as the control group, a chi-square test is carried out to 
compare whether the SDM found by the two physicians was 
consistent with the ischemic penumbra compared with the 
PDM evaluation. P < 0.05 was considered statistically 
significant.

Results
Among the 52 patients, 33 patients had PDM (63.46%). 
Physician A believed that 32 patients had SDM, accounting 
for 61.54%, while physician B believed that 30 patients had 

SDM, accounting for 57.69%. The evaluation results of the 
two physicians have no significant difference and were more 
consistent (χ2 = 0.160, P = 0.689). The two physicians 
concluded that the consistency of SDM and PDM in evalu-
ating the ischemic penumbra is better and has no significant 
difference (χ2 = 0.033, P = 0.855) (Figures 1–3).

Discussion
In the previous research, the high sensitivity of early 
detection by DWI for acute cerebral ischemic stroke has 
been proven and can be completed earlier than the abnor-
mal focus display of the T1WI and T2WI methods. The 

Figure 1 Male patient, 72 years old, left limb dyskinesia for seven hours, getting a magnetic resonance imaging examination. (A) The diffusion-weighted imaging shows the 
diffusion-limited focus (black arrow) in the left blood supply region of the middle cerebral artery. (B) The minimum intensity projection-susceptibility-weighted imaging (layer 
thickness: 16 mm, layer spacing: 20 mm, DFOV: 20.13×23.00 mm) shows that the cortical vein of the right blood supply region of the middle cerebral artery is larger and 
thickened (white arrow) compared with the contralateral. (C) The perfusion-weighted imaging examination shows a large perfusion anomaly area in the right blood supply 
region of the middle cerebral artery, which is demonstrated as mean transit time extension (white arrow). (D) In the diffusion-weighted imaging–susceptibility-weighted 
imaging fusion image, the red area (black arrow) is the core infarction area, and there are many thickened and increased veins (white arrow), which indicates the existence of 
ischemic penumbra; it is consistent with the area of penumbra displayed by the perfusion-weighted imaging (mean transit time).

Figure 2 Female patient, 66 years old, left limb dyskinesia for one day, getting a magnetic resonance imaging examination. (A) The diffusion-weighted imaging shows the 
diffusion-limited focus (black arrow) in the left blood supply region of the middle cerebral artery. (B) The minimum intensity projection-susceptibility-weighted imaging (layer 
thickness: 16 mm, layer spacing: 20 mm, DFOV: 20.13×23.00 mm) displays that the cortical vein and medullary vein of the right blood supply region of the middle cerebral 
artery is larger and thickened (white arrow) compared with the contralateral. (C) The perfusion-weighted imaging examination shows a large perfusion anomaly area in the 
right blood supply region of the middle cerebral artery, which is expressed as mean transit time extension (white arrow). Furthermore, its core infarction area is 
demonstrated as the disappearance of mean transit time. (D) In the diffusion-weighted imaging–susceptibility-weighted imaging fusion image, the red area (black arrow) is the 
core infarction area, and there are many thickened and increased veins (white arrow), which indicates the existence of ischemic penumbra; it is consistent with the area of 
penumbra displayed by the perfusion-weighted imaging (mean transit time).
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DWI-PWI mismatch can identify the ischemic region with 
infarction risk, namely, ischemic penumbra. The DWI 
diffusion-limited area is considered as the irreversible 
core infarction area, while the DWI-PWI mismatch area 
is regarded as the ischemic penumbra.11 However, since 
PWI examination requires contrast medium and long-time 
post-processing, it is restricted, to a certain extent, in its 
clinical application. Therefore, a non-invasive, fast, sim-
ple, practical, and reliable imaging technique without 
a contrast medium is necessary.

The SWI is a high-resolution MRI imaging technique 
with a three-dimensional gradient-echo sequence, and it 
is extremely sensitive to the magnetic susceptibility dif-
ference. The SWI carries out the imaging through the 
magnetic susceptibility difference caused by the inhomo-
geneous local magnetic fields due to the magnetic sus-
ceptibility difference of various tissues. It can remove the 
inhomogeneous ambient fields generated by air-tissue 
planes and the main field effectively through the imaging 
phase information and special high pass filter, thus, 
obtaining practical information about the magnetic sus-
ceptibility difference of various tissues and forming 
a unique contrast. The SWI is considered to be a non- 
invasive MR blood oxygenation level-dependent 
sequence imaging. It can be used to evaluate the penum-
bra of patients with acute cerebral stroke. The magnetic 
susceptibility differences between deoxyhemoglobin and 
oxyhemoglobin provide a powerful endogenous MR con-
trast, and such contrasts depend on the blood oxygena-
tion level.12 In the venae cerebri, the magnetic 

susceptibility difference between deoxyhemoglobin and 
oxyhemoglobin will cause a phase difference in deoxy-
genated blood and surrounding tissue, thus reducing the 
signal strength of the venous system in the SWI. The 
offending artery becomes narrowed or blocked among 
patients with ischemic cerebral stroke, and many collat-
eral circulations are formed. During an acute ischemic 
cerebral stroke, the ischemic brain tissue with infarction 
risk around the core infarction area is under the lower 
perfusion state, the blood flow velocity is low, and the 
tissue oxygen extraction fraction (OEF) will increase, 
thus, causing an increased proportion of deoxyhemoglo-
bin with oxyhemoglobin in the blood. It is displayed in 
the MTT extension in PWI and increased and thickened 
venous distention is found in an SWI examination. The 
increase in the proportion of deoxyhemoglobin with oxy-
hemoglobin in the blood will cause the magnetic suscept-
ibility difference among tissues. Such differences can be 
detected very sensitively through an SWI examination. 
The SWI provides similarly important metabolic infor-
mation to MTT and OEF, so the penumbra can be demar-
cated without using a contrast medium and reducing the 
risk of using contrast medium for people with kidney 
damage and gadolinium allergies.7,13–16 In addition, 
SWI is superior to MRA and CT in detecting thrombus 
in acute posterior cerebral artery infarction.17 Studies 
have shown that SWI also plays an important role in 
predicting the outcome and prognosis in patients with 
acute stroke.18,19

Figure 3 Female patient, 61 years old, left limb dyskinesia for two days, getting a magnetic resonance imaging examination. (A) The diffusion-weighted imaging shows the 
diffusion-limited focus (black arrow) in the left blood supply region of the middle cerebral artery. (B) The minimum intensity projection-susceptibility-weighted imaging (layer 
thickness: 16 mm, layer spacing: 20 mm, DFOV: 20.13×23.00 mm) shows that the cortical vein and medullary vein of the right blood supply region of the middle cerebral 
artery is large and thickened (white arrow) compared with the contralateral. (C) The perfusion-weighted imaging examination displays a large perfusion anomaly area in the 
right blood supply region of the middle cerebral artery, which is expressed as mean transit time extension (white arrow). Furthermore, its core infarction area is 
demonstrated as the disappearance of mean transit time. (D) In the diffusion-weighted imaging–susceptibility-weighted imaging fusion image, the yellow area (black arrow) is 
the core infarction area, and there are many thickened and increased veins (white arrow), which indicates the existence of ischemic penumbra; it is consistent with the area 
of penumbra displayed by the perfusion-weighted imaging (mean transit time).
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Our research evaluated the DWI, SWI, and PWI of 52 
patients with cerebral ischemic stroke. We found that 32 
patients have DWI-SWI mismatches. The difference is 
between the small range of DWI cytotoxicity levels and the 
large range of SWI low signal veins. By contrasting the DWI- 
SWI mismatch with the DWI-PWI mismatch in evaluating the 
ischemic penumbra, we found that a DWI-SWI mismatch has 
a similar ability as a DWI-PWI to detect the ischemic penum-
bra, which indicates that SWI can be used to forecast the 
ischemic penumbra of patients with acute ischemic cerebral 
stroke. It is consistent with the research of Kao et al20 and Luo 
et al.21,22 The SWI presents evidence that the patient with 
acute ischemic cerebral stroke has larger and thickened 
veins, reflecting the increased proportion of deoxyhemoglobin 
and oxyhemoglobin caused by an increase in OEF and hypo-
perfusion. Our research found increased and thickened venous 
shadows in the SWI sequence of the hypoperfusion area 
compared with the contralateral. It is reported that a vein 
with the SWI protrusion is related to the cerebral ischemia 
area with PWI-MTT extension. The MTT is very sensitive to 
measuring the ischemia state of brain tissue, and it has been 
used to define the ischemia scope. Several research types have 
also proven that the increase in OEF is related to the extension 
of MTT.23–25 Since the SWI is sensitive to the change of OEF 
of deoxyhemoglobin, SWI can provide a similar metabolic 
capability to MTT. This can also explain our research. 
Furthermore, an SWI-DWI mismatch and a DWI-PWI 
(MTT) mismatch have similar abilities.

There were some limitations in our study. First, we did not 
research the value of SWI in showing the acute thrombosis in 
the offending artery of patients with acute ischemic cerebral 
stroke, and our study also replicated previous studies. Second, 
we did not research the value of SWI in evaluating the throm-
bolytic therapy of patients with acute ischemic cerebral stroke. 
Third, the conclusions of this study were limited due to being 
a retrospective study, having a small sample size, single- 
center, non-automated SWI measurements, and missing 
Tmax data. Therefore, we need to carry out further research 
that is progressive, contains a large sample, and is multi- 
centered when evaluating the value of SWI sequence in an 
acute cerebral ischemic stroke.

Conclusion
In conclusion, SWI is a non-invasive, fast, simple, prac-
tical, and reliable imaging technique without a contrast 
medium. SWI may be used to evaluate the existence of 
penumbra in patients if PWI is not possible due to 
a similar ability to PWI.

Abbreviations
PWI, perfusion-weighted imaging; PDM, perfusion- 
diffusion mismatch; DWI, diffusion-weighted imaging; 
SWI, susceptibility-weighted imaging; MTT, mean transit 
time; Gd-GTPA, gadolinium acid amine.
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