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Abstract

of acute infarction.

Background: The recent advances in magnetic resonance imaging techniques have improved the assessment of
acute stroke. Susceptibility weighted imaging (SWI) has a crucial role in the management plan of cerebral ischemia.
This study was aimed to assess the role of susceptibility-weighted imaging in assessment of area at risk (pneumbra)
compared to CT perfusion in patients with acute ischemic infraction.

Results: We found the mean aspect score for SWI 4+ 1.4 and mean aspect for DWI 7.6+ 1.2; in addition, mean
aspect for CTP was 4.6+ 1.3. Significant difference is noted between the SWI and DWI with significant p value. But
there is no significant difference between the SWIand CTP ASPECT scores.

Conclusion: SWlis a promising technique and comparable to CT perfusion is evaluation of penumbra in the settings
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Background

Ischemic stroke is one of the most common of the world-
wide diseases with high mortality and disability rates [1].
The key to treating ischemic stroke is saving the ischemic
penumbra. For patients with large vascular occlusion
after acute cerebral infarction, the shorter the onset time,
the less necrotic tissue and the more healthy tissue that
can be saved [2].

However, recent research suggests that the rate of irre-
versible death of ischemic neurons after stroke is highly
variable. This is influenced by a number of factors, such
as the location of blood vessels and collateral circulation,
which affect the death of ischemic neurons [3]; therefore,
timely assessment of the penumbra tissue is the key to
choosing which patients are ideally suited to reperfusion
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and to enable an accurate prognosis. Perfusion—diffusion
mismatch is the first choice in identifying the ischemic
penumbra from the infarct core region [4, 5].

Contemporary therapy for acute ischemic stroke is
based on the concept of penumbra, which is an area with
reduced blood flow but not to such a level that causes
irreversible cell membrane failure. Although challenged
by several limitations, mismatch between larger abnor-
mal areas on CT perfusion and MR perfusion-weighted
imaging (PWI) and smaller restricted areas on diffusion-
weighted imaging (DWI) is a widely accepted approach
to detecting penumbra [6, 7].

Predicting stroke evolution determines patients with
the greatest potential to benefit from thrombolytic ther-
apy, but CT perfusion and PWI require administration of
a contrast agent, which is contra-indicated in a variety of
clinical conditions, such as renal insufficiency and previ-
ous reactions to contrast agents [7-9].
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Susceptibility-weighted imaging (SWI) is a high-
resolution, three-dimensional, gradient-echo T2* MR
technique with enhanced sensitivity for paramagnetic
substances, such as blood products, iron, and calcifi-
cations [10, 11]. SWI has also been used in evaluating
trauma, vascular malformations, tumours, as well as
cerebrovascular and neurodegenerative diseases [12].
In acute ischemic stroke, severe reduction in cerebral
perfusion pressure causes increased deoxy-haemo-
globin to oxy-haemoglobin ratio by increasing oxygen
extraction fraction (OEF) [13]. SWI can show asym-
metric prominent hypo-intense vessels potentially
from different concentrations of deoxy-haemoglobin
between ischemic and normal brain areas. This poten-
tial metabolic information on SWI may help to delin-
eate penumbra without contrast agent administration
[7, 14, 15].

It was hypothesized that SWI provides comparable
perfusion information as CT perfusion does and the
SWI-DWI mismatch represents an alternative tool
for evaluating ischaemic penumbra in patients with
ischaemic stroke [7].

Aim of the work

The aim of this study is to assess the role of suscep-
tibility-weighted imaging in assessment of area at risk
(penumbra) compared to CT perfusion in patients
with acute ischemic infraction.

Methods

Study design and population

This is retrospective study was done between Decem-
ber 2018 and June 2020; it included 25 patients
(18 males and 7 females, age range was from 30 to
70 years) with a mean age of 60 year), with clinically
diagnosed acute stroke. All patient were referred from
the neurology department to our department. The
examination was done after the approval of ethical
committee of our institution.

Table 1 Technique for MRI sequences, DWI and SWI
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Inclusion and exclusion criteria
Inclusion criteria

+ All patients included in this study were diagnosed
clinically having acute stroke.

+ Age older than 18 years.

+ Stroke symptoms lasting>1 h.

+ National Institutes of Health Stroke Scale (NIHSS)
score is more than 4.

Exclusion criteria
General contraindications to MRI as the presence of any
paramagnetic substances such as pacemakers, metallic
clips or claustrophobic patients were excluded from the
study. Patients with an NIHSS score less than or equal to
4 were excluded.

Methods

CT scanning

CT was performed with a CT HiSpeed 16 slice scanner
(GE Medical Systems, Milwaukee, WI) in the hospital
emergency department using the nonhelical scanning
technique: 120 kV, 300 mA, 1 s scanning time, and 5-mm
section thickness.

MRI technique

Magnetic resonance imaging studies were performed
with a 1.5-T MR system (Achieva, Philips). All patients
underwent examination by our MRI protocol tailored
specifically for stroke patients, which included the fol-
lowing fast imaging sequences: axial fast field echo (FFE)
T1, axial turbo spin-echo (TSE) T2, FLAIR, and DWTI, in
addition to the SWI sequence and MRA. Various param-
eters for the basic MR sequences are listed in Table 1.

CT Perfusion (CTP) images were performed on GE
MDCT 16 detectors; the iodinated contrast media
passing through the brain were tracked using the time-
resolved scans; and serial images (20—40) are taken over
the same section of anatomy. The patients must be able to
tolerate the examination avoiding motion. Injection rates

TR TE Flip angle FOV Slice thickness Pixel spacing
TIWI 7.3 34ms 30 220 5mm 1-2mm
FLAIR 600 ms 11.0s 90 220 5mm 1-2mm
T2 4000 ms 98 ms 90 220 5mm 1-2mm
SWI 52s 12ms 15 230 x 190 x 120 0.5 mm 1-2mm
MRA 22 3.59 18 240 x 200 0.5 1-2
Dwi 4045 127 90 231 5mm 1-2mm
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of 3 to 3.5 mL/s were used. The scan is repeated every
second to every 2-3 s for about 40—90 s. Image thickness
is relatively wide about 5-10 mm to avoid noise. The data
are used to make colour maps representing the changes
of brain circulation known as blood flow, blood volume,
mean transient time, and time to perfusion peak.

The dose used is 80 kV using low dose for each scan to
avoid high cumulative dose [8].

Image interpretation

All images are read by two well qualified radiologist
(15 years experience in reading CTP and MRI post-train-
ing) in consensus.

The SWI is actually used in our study to evaluate the
area at risk (penumbra) mismatch with DWI comparing
with CT perfusion images.

The acute infarction was identified in initial DW images
as an area of bright signal intensity which appeared dark
on the corresponding ADC map. Also affected area
shows increased level of deoxy-haemoglobin in drain-
ing vessels so they will appear more hypo-intense in SW1
and based on the SWTI is able to detect the affected area
as asymmetrical prominent cortical veins compared with
the other normal site (APCYV).

To do this, we compare between the SWI and brain
perfusion. The Alberta Stroke Program Early CT Score
(ASPECTS) was used to assess the extent of the ischemic
area described above in the DW, SW, and CTP images.

According to the ASPECTS scoring system, the MCA
territory is divided into ten zones: caudate nucleus, len-
tiform nucleus, internal capsule, insula, M1, M2, and M3
(anterior, middle, and posterior third of the lower MCA
territory, respectively), and M4, M5, and M6 (anterior,
middle, and posterior third of the higher MCA territory,
respectively). To calculate the ASPECTS score in the ini-
tial DW, SW, and CTP images for each patient, 1 point
was deducted from 10 for each area of restricted diffu-
sion, APCVs, colour change, and hyperintensity in the
DW, SW, and CTP images, respectively [8].

The ischemic area in the cerebral perfusion will result
in changes in MTT, TTP, and CBV and CBE. Thus, we
evaluate the area at risk by DWI/perfusion mismatch
and then will compare DWI/CTP with DWI/SWI using
ASPECT for each one.

The results of comparison have four different scenarios

(a) The affected brain tissues should still be viable and
are likely to recover after treatment:

1. Acute infarction in DWI, while both SWI and
T2-weighted imaging (T2WI) appear normal.
Although MTT is delayed, CBV and CBF still
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remain normal, and in some cases it is even
increased, known as compensatory over-perfu-
sion after acute ischemic stroke.

2. Acute infarctions shown in DWI may show
APCV in whole hemisphere on SWI, and the
area covered matched the delays seen in MTT
and TTP. The CBF slightly decreased, but CBV
remained within the normal range this known
as compensatory normal perfusion after acute
ischemic stroke.

(b) The affected brain tissue is nonfunctioning and
necrotic

3. The acute infarction seen on DWI shows no
APCV, and the local MTT and TTP changes
combined with affected CBV and CBE This
affected brain tissue likely was compromised
already and may well represent nonfunctioning
tissue.

4. The presence of a large lobar hyper-intensity on
DWT, but no veins were seen with SWI in the cor-
responding area along with a consistent region of
delayed MTT and TTP that matched a decreased
CBV and CBF; this tissue likely exposed to pro-
longed hypoxia and the tissue became necrotic
[9, 16].

Statistical analysis

Statistical analysis was performed using the SPSS soft-
ware for Windows v. 20 (SPSS Inc., Chicago, IL). Tests
of significance (repeated measures ANOVA, Cochran’s
Q tests, Kappa statistics, and ROC Curve analysis) was
used. p values less than 0.05 (5%) were considered to be
statistically significant. Mean, standard deviation (£ SD),
and range were used for parametric numerical data,
while median and inter-quartile range (IQR) for non-par-
ametric numerical data. While median and inter-quartile
range (IQR) and also frequency and percentage for non-
parametric numerical data.

Results

In our study, CTP images were done for all patients
included in the study (25 patient) in addition to SWI &
DWTI using ASPECT (Table 2) to assess extension of
infarction in CTP, SWI, and DW1I without bias, and we
found the mean aspect score for SWI 4+ 1.4 and mean
aspect for DWI 7.6+1.2; in addition, mean aspect for
CTP was 4.6 £1.3. From these results, we found there
is significance difference between the SWI and DWI
with significant p value. On the other hand, there is
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Table 2 Aspect score for patients
Case SWI aspect DWI aspect PWI aspect
1 5 9 5
2 3 6 4
3 4 7 5
4 4 6 5
5 3 7 3
[§ 5 8 6
7 6 9 6
8 4 7 4
9 7 9 7
10 5 8 5
Il 4 7 3
12 3 6 4
13 3 7 3
14 5 9 6
15 4 9 4
16 3 5 3
Table 3 SWI changes versus DWI changes

Mean+SD p
SWI 4+14 <0.0001
DWI 76+£12
Table 4 SWI changes versus PWI changes

Mean £+SD p

SWI 42412 0.5

PWI 46£13

no significance difference between the SWI and CTP
ASPECT scores (Fig. 1, 2).

All patients with APVS changes had CTP changes so 16
out of 19 patients with CTP had APVS representing 84%,
and only 3 has negative APVS. On the other hand, no one
with negative CTP had APVS; this proves that there is
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Table 5 Comparison between PWI/DWI mismatch and SWI and
diffusion mismatch

N=25 p

PWI/DWI mismatch SWI/DWI mismatch

Positive 19 (76%) 16 (64%) 0.5
Negative 6 (24%) 9 (36%)
Total 25 25

Table 6 Relation between PWI changes and APVS in SWI

PWI APVS No APVS Total p
Positive 16 (84%) 3(16%) 19 0.001
Negative 0 (0%) 6 (100%) 6

Total 16 9 25

good correlation between the CTP and APVS with sig-
nificant p value (Fig. 3).

As regarding ASPECT score in different pulse
sequences including SWI, DWI, and perfusion-weighted
images, there was no discrepancy between SWI and CTP
which show the same number in many patients. On the
other hand, the DWI shows discrepancy in its numbers
compared to SWI and CTP (Table 3).

There is significance difference between SWI ASPECT
and DWI ASPECT scores with significant p value
(Table 4).

No significance difference between SWI and CTP
ASPECT score with insignificant P value was noted
(Table 5).

In total, 19 patients have perfusion—diffusion mismatch
representing about 76% compared to 16 patients who
have susceptibility—diffusion mismatch representing 64%
with no significant difference p value (Table 6).

Only 16 out of 19 patients who have perfusion changes
show APVS in SWI and the remaining patients 6 have
negative APVS proving there is correlation between
the CTP changes and APVS with significant p value
(Table 6).

(See figure on next page.)

4

Fig. 1 58-year-old male presented to stroke unit with left-sided weakness of 3-h duration, a DWI reveals normal signal intensity of both cerebral
hemispheres. No definite areas of diffusion restriction. ASPECT score 10, CTP b revealed significant delay in mean transient time along the left
frontotemporoparietal region (arrows) as well as the insula; however, deep nuclei are not affected compared to right side. The affected segments
M1-6 and insula representing ASPECT score 3, ¢ SWI reveals asymmetrical vessel sign with prominent dark dilated veins on the left cerebral
hemisphere compared to right hemisphere along M1 to M6 segments; however, the deep nuclei and insula are not affected representing ASPECT
score 4. The ASPECT score of SWI is very close to perfusion aspect score; on the other hand, the DWI reveals no abnormality. ASPECT score (3,4 &
10), respectively. So there is DW/P mismatch denoting there is an area of risk to infarction (penumbra). Also there is DW/SWI mismatch similar to
perfusion mismatch. This supports the role of SWI'in detection of area at risk. D. SWI of the same patient revealed asymmetrical vessel sign in the
form prominent cortical veins (arrow head) on the left cerebral hemisphere along (M1-M6 segments) representing the area at risk with aspect score
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Fig. 1 (See legend on previous page.)
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Discussion

SWI has been increasingly shown to be a useful non-
contrast enhanced imaging sequence in the evaluation of
acute stroke. One of the most important recent applica-
tions of SWT is imaging stroke. It is well known that reli-
able detection of the ischemic penumbra has a significant
impact on treatment and management, especially for
acute stroke patients. SWI could be a powerful tool for
better detection of the ischemic penumbra [17].

In acute stroke with arterial vessel occlusion, SWI-like
sequences may depict clot-related susceptibility changes
known as the susceptibility. The SWI plays an important
role is detection the area at risk depending on evaluation
the asymmetrical prominent vessel sign [18].

In our study, SWI was done for 25 patients and we
found that 16 patients had APVS in their images repre-
senting 64% compared to 9 patients who had negative
images. These results are in agree with (Chen et al. 2015)
who did his study on 22 patients and found that APVS
was detected in 15 patient representing about 68% and 7
patients had negative APVS. They stated that the APVS
on SWI is a signature of salvageable ischemic tissue that
will become infarcted if blood perfusion cannot be estab-
lished in time [19].

Luo et al. (2015) reported that the APVS occurred in
11 (61%) of 18 patients with cerebral infarction on SWL
Their findings showed that a finding of APVS on SWI
was significantly associated with the occurrence of dam-
aged vessels or the presence of thrombus in the affected
vessels [20].

SWI such as APVS was associated with damaged ves-
sels or the presence of thrombi in the affected vessels.
SWI could thus provide information on the status of
blood vessels in patients with acute cerebral infarction in
addition to that provided by other currently used imaging
methods [20].

(Chen et al. 2015) study results showed out of 15
patients with positive APVS 9 of them had arterial occlu-
sion proving that there is great correlation between the
APVS and arterial occlusion [19].

In our study, we also found that caudate nucleus was
the least affected area; we only found 1 patients had
APVS in the caudate nucleus representing about 4%; on
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the other hand, 15 case showed APVS in M3, 4, 5; thus,
they were the most affected areas compared to the deep
structures.

These results are in agree with (Chen et al. 2015) who
did his study on 22 patients and found that about 9
patients had APVS in the same areas like our study M3,
4, 5 but with lower percentage, and they agree with our
study as regarding the least affected area which was cau-
date nucleus, which can be explained by the admixed
venous flow in the thalamostriate vein, which drains not
only these structures, but also the thalamus [19].

Jiang et al. 2021 stated that the occurrence rate of
APVS was 67.9% in patients with anterior circulation
infarct. Most previous studies on APVS have focused on
anterior circulation stroke [21].

All patients with APVS changes had CTP changes so 16
out of 19 patients with CTP had APVS representing 84%,
and only 3 has negative APVS. On the other hand; no one
with negative CTP had APVS; there was good correlation
between the CTP and APVS with significant p value.

These results are in agreement with (Wang et al. 2017)
and (Wu et al. 2017) who found that there is significance
correlation between the CTP and APVS with significant
p value [22, 23].

In our study, we used ASPECT to read the CTP, SWI,
and DWI to be able to detect the affected areas more eas-
ily without bias and we found the mean ASPECT score
for SWI 4+ 1.4 and mean aspect for DWI 7.6+ 1.2; in
addition, mean aspect for CTP was 4.6 = 1.3. From these
results, we found there is significance difference between
the SWI and DWI with significant P value. On the other
hand, there is no significance difference between the SW1I
and CTP ASPECT scores.

These results are consistent with research done by
Wang et al. (2017) and Wu et al. (2017) who found that
there is no significance difference between the SWI and
CTP ASPECT scores, but on the other hand there is sig-
nificance difference between the SWIand DWI ASPECT
scores [22, 23].

In our study, only 16 patients with positive APVS show-
ing SWI/ DWI mismatch representing 64% and 9 patients
(36%) showed negative APVS with no definite mismatch.
On the other hand, 19 patients showed prolonged MTT

(See figure on next page.)

mismatch is also noted similar to perfusion mismatch

Fig. 2 62-year-old male presented to stroke unit with left-sided weakness of 6-h duration. a DWI reveals true diffusion restriction seen involving the
M4 & M5 segments along the territory of MCA with low ADC representing ASPECT score 8. b CTP revealed significant delay in mean transient time
along the left fronto tempro parietal region (white arrows) along M1 to M6 with involvement of deep nuclei as well as internal capsule compared to
right cerebral hemisphere with ASPECT score 3. ¢ SWI of the same patient reveals asymmetrical vessel sign with prominent dark dilated veins on the
left cerebral hemisphere along M1, 2, 4, 5 & M6 segments; however, the deep nuclei are not affected representing ASPECT score 5. The blooming
along the affected vessels denotes hemorrhagic transformation (white arrows).The ASPECT score of SWI and perfusion images are lower than

that of DWI representing ASPECT score (5, 3 & 8, respectively). DW/P mismatch noted denoting an area of risk to infarction (penumbra). DW/SWI
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Fig. 2 (Seelegend on previous page.)
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Fig. 3 a DWI shows no definite abnormality along the territory of MCA at both sides. b SWI of the same patient revealed asymmetrical vessel

sign in the form prominent cortical veins (arrow head) on the left cerebral hemisphere along (M1-M6 segments) representing the area at risk with
ASPECT score 4. ¢ CT perfusion of the same patient revealed asymmetry in tissue perfusion between the left and right hemisphere with affected left
cerebral hemisphere along (M1-M6 segments) (white arrow) as well as left lentiform nucleus (black arrow) representing the area at risk with aspect
score 3
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in CTP representing 76% and 6 patients have negative
results representing 24%. After statistical analysis, there
is no significant difference between the SWI/DWI mis-
match and CTP/DWI mismatch.

Wang RY 2021 [23] concluded that The MTT is very
sensitive to measuring the ischemia state of brain tissue,
and it has been used to define the ischemia scope. Sev-
eral research types have also proved that the increase in
oxygen extraction fraction (OEF) is related to the exten-
sion of MT'T. Since the SWI is sensitive to the change of
OEF of deoxy-haemoglobin, SWI can provide a similar
metabolic capability to MTT. Furthermore, an SWI-DW1I
mismatch and a DWI-PWI (MTT) mismatch have simi-
lar abilities [24].

Wang et al. 2017 study included 47 patients and they
found that only 16 patients had APVS and 19 patients had
positive perfusion finding with SWI/DWI mismatch that
is correlated with CTP/DWI mismatch with no signifi-
cant difference between the SWI and CTP in detection of
area at risk which is in agreement with our research [22]

A study done by Liu et al. 2016 showed that SWI/DW1
is positively correlated with PWI/DWI and PWI-DWI
mismatch volumes; their results indicated that SWI-DW1I
mismatch has the ability to detect penumbra [25].

Wang RY 2021 who did their research on 52 patients
found that 32 patients have DWI-SWI mismatches;
they stated that by contrasting the DWI-SWI mis-
match with the DWI-PWI mismatch in evaluating the
ischemic penumbra and found that a DWI-SWI mis-
match has a similar ability as a DWI-PWI to detect
the ischemic penumbra, which indicates that SWI can
be used to forecast the ischemic penumbra of patients
with acute ischemic cerebral stroke; they concluded
also that increased and thickened venous shadows in
the SWI sequence of the hypoperfusion area compared
with the contralateral [24].

In addition, Luo et al. 2015 found that DWI-SWI mis-
match was positively correlated with the DWI-MTT
mismatches. These findings suggested that similar to
the DWI-MTT mismatch, the DWI-SWI mismatch
could reflect the size of ischemic penumbra in patients
with cerebral infarction [20].

However, Verma et al. found that although SWI is
helpful in detecting tissue at risk, it cannot replace
PWI. The reason might be that MTT detects more ill-
perfused areas than SWI, especially in good collateral-
ized subjects [26, 27].

SWTI is a technique that is contrast independent, con-
suming less time, and can be considered as an alterna-
tive to CT Perfusion valuable in detecting penumbra
and help to rapidly directing patients indicated for
thrombolytic therapy.

Page 9 of 10

Conclusion

SWTI is a promising technique and comparable to CT
perfusion is evaluation of penumbra in the settings of
acute infarction.
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