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Abstract

Purpose Diffusion-weighted imaging (DWI) b0 may be able to substitute T2*-weighted gradient echo (GRE) or suscepti-
bility-weighted imaging (SWI) in case of comparable detection of intracranial hemorrhage (ICH), thereby reducing MRI
examination time. We evaluated the diagnostic accuracy of DWI b0 compared to T2*GRE or SWI for detection of ICH after
reperfusion therapy for ischemic stroke.

Methods We pooled 300 follow-up MRI scans acquired within 1 week after reperfusion therapy. Six neuroradiologists each
rated DWI images (b0 and b1000; b0 as index test) of 100 patients and, after a minimum of 4 weeks, T2*GRE or SWI images
(reference standard) paired with DWI images of the same patients. Readers assessed the presence of ICH (yes/no) and type
of ICH according to the Heidelberg Bleeding Classification. We determined the sensitivity and specificity of DWI b0 for
detection of any ICH, and the sensitivity for detection of hemorrhagic infarction (HI1 & HI2) and parenchymal hematoma
(PH1 & PH2).

Results We analyzed 277 scans of ischemic stroke patients with complete image series and sufficient image quality (median
age 65 years [interquartile range, 54-75], 158 [57%] men). For detection of any ICH on DWI b0, the sensitivity was 62%
(95% CI: 50-76) and specificity 96% (95% CI: 93-99). The sensitivity of DWI b0 was 52% (95% CI: 28-68) for detection
of hemorrhagic infarction and 84% (95% CI: 70-92) for parenchymal hematoma.

Conclusion DWI b0 is inferior for detection of ICH compared to T2*GRE/SWI, especially for smaller and more subtle
hemorrhages. Follow-up MRI protocols should include T2*GRE/SWI for detection of ICH after reperfusion therapy.
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Introduction

Intracranial hemorrhage (ICH) after reperfusion therapy
for ischemic stroke is associated with poor clinical out-
come and is an important safety endpoint in reperfusion
trials [1-3]. Standard imaging protocols for follow-up with
magnetic resonance imaging (MRI) typically include T2*-
weighted gradient echo (GRE) or susceptibility-weighted
imaging (SWI) sequences which are more sensitive for
detection of ICH compared to non-contrast CT [4, 5].

Diffusion-weighted imaging (DWTI) is also routinely
acquired for detection of acute infarcts using b1000
images. Next to acquisition of b1000 images, clinical
brain DWI sequences additionally include acquisition
of b0 images without diffusion gradients that are T2*-
weighted and, similar to T2*GRE/SWI images, sensitive
to susceptibility effects caused by blood breakdown prod-
ucts [6]. Previous studies have compared the sensitivity
of DWI b0 with T2*GRE images for detection of ICH
and found inconsistent results. Some studies found that
DWI b0 was inferior compared to T2*GRE or SWI for
detection of ICH[7, 8], while another study found no dif-
ference [9]. These conflicting findings may have resulted
from performing MRI at different magnetic field strengths
(1.5 T or 3 T), and inclusion of hemorrhages with varying
etiologies such as acute intracerebral hematomas, hemor-
rhagic transformation, and chronic cerebral microbleeds,
as well as small numbers of hemorrhages. Hence, it is
poorly understood whether DWI b0 offers similar detect-
ability of ICH as T2*GRE or SWI following reperfusion
therapy for ischemic stroke.

If the sensitivity of DWI b0 is similar to T2*GRE or
SWI for detection of ICH then DWI may serve for evaluat-
ing both acute infarcts and presence of ICH without the
need for additional acquisition of T2*GRE or SWI. This
could result in reducing MRI examination time, which is
desirable given the prolonged examination time compared
to CT and the limited availability of MR scanners.

In this study, we evaluated the diagnostic accuracy of
DWI b0 compared to T2*GRE or SWI for detection of ICH
after reperfusion therapy for ischemic stroke.

Methods

Study population

This study was performed in accordance with the STARD
guidelines for reporting diagnostic accuracy [10]. We

pooled 300 MRI scans from two ischemic stroke trials,
NORTEST (n=112; Sept 2012 — Sept 2016) and THRACE
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(n=90; June 2010 — Feb 2015), and a local cohort of
ischemic stroke patients (n=98; Sept 2019 — March 2021).
NORTEST was a randomized controlled trial comparing
the safety and efficacy of tenecteplase versus alteplase in
patients eligible for intravenous thrombolysis (IVT) [11].
THRACE was a randomized controlled trial comparing the
efficacy of endovascular thrombectomy (EVT) in addition
to IVT versus IVT alone in patients with ischemic stroke
due to anterior circulation intracranial large vessel occlu-
sion (LVO) [12]. The local cohort consisted of patients
undergoing EVT with or without IVT for ischemic stroke
due to anterior circulation intracranial LVO. All MRI scans
used in the present study were performed within 1 week
after reperfusion therapy for ischemic stroke. We balanced
the proportion of ICH-positive and ICH-negative examina-
tions (1:1 ratio) based on prior assessments done by local
radiologists. All patients or their legal representatives
provided written informed consent for use of clinical and
imaging data.

MRI acquisition

Within each cohort, follow-up stroke MRI protocols included
a DWI sequence for assessment of cerebral ischemia and
either a T2*GRE or SWI sequence for assessment of ICH.
In NORTEST and THRACE, follow-up imaging was per-
formed at multiple sites with different MRI protocols result-
ing in varying acquisition parameters. In the local cohort,
MRI was carried out with fixed acquisition parameters. An
overview of scan acquisition parameters used within each
cohort is provided in Supplementary Table 1.

Image assessment

Six neuroradiologists each read 100 pairs of DWI and
T2*GRE/SWI images of the same patients. As a result,
each pair of images was read by 2 neuroradiologists. First,
each neuroradiologist received the DWI images (b0 and
b1000) along with the corresponding ADC maps. Then,
after a minimum of 4 weeks, to prevent recollection
bias, each neuroradiologist received the paired T2*GRE/
SWI images of the same patients along with the DWI
(b0 and b1000) and ADC maps. For both T2*GRE/SWI
and DWI b0 the MR signal of ICH in the hyper acute
stage (24 h) is high, in the subsequent acute (1-3 days)
and early subacute stage (3—7 days) it is low, in the late
subacute stage (7-28 days) it is high again, and in the
chronic stage (> 1 month) signal characteristics are vari-
able. Assessments done on DWI b0 images served as the
index test and were compared to assessments done on
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Table 1 Types of ICH and definitions according to the Heidelberg Bleeding Classification

Type Description

Class 1. Hemorrhagic transformation of infarcted brain tissue

HI1 Scattered small petechiae, no mass effect

HI2 Confluent petechiae, no mass effect

PH1 Hematoma within infarcted tissue, occupying < 30%, no substantive
mass effect

Class 2. Intracerebral hemorrhage within and beyond infarcted brain tissue

PH2 Hematoma occupying 30% or more of the infarcted tissue, with obvious
mass effect

Class 3. Intracerebral hemorrhage outside the infarcted brain tissue or intracranial-extracranial hemorrhage

rPH Parenchymal hematoma remote from infarcted brain tissue
IVH Intraventricular hemorrhage

SAH Subarachnoid hemorrhage

SDH Subdural hemorrhage

HI, hemorrhagic infarction, PH, parenchymal hematoma

T2*GRE/SWI images served as the reference standard.
The presence of any ICH (yes/no) and the type of ICH was
assessed according to the Heidelberg Bleeding Classifica-
tion (Table 1) [13]. Before conducting the assessments,
all readers received a training session in which the scor-
ing forms designed for the present study were explained. HI1
Additionally, all readers were provided with a document
including guidelines, definitions, and examples of ICH
types on DWI b0 and corresponding T2*GRE/SWI images
of the same patients (Fig. 1). These examples were solely
used for training and were not taken from the cohort used
for analysis. Each reader was blinded for assessments done
by other readers and for all clinical information except for
the suspected location of the infarct (left or right hemi-
sphere, or brainstem/cerebellum).

DWI b1000 DWI b0 T2*GRE/SWI

HI2

Statistical analysis

PH1
We estimated the sensitivity and specificity for detection
of any ICH on DWI b0 compared to T2*GRE/SWI as the
reference standard per reader and among all readers. In
addition, we estimated the sensitivity for detection of
hemorrhagic infarction (HI1 and HI2) and parenchymal
hematoma (PH1 and PH2) among all readers. We did not
estimate specificity for hemorrhagic infarction and paren-
chymal hematoma as this would not reflect true negative
detection. This is because the group of patients negative
for hemorrhagic infarction is a composite of patients
with parenchymal hematoma and without any ICH, and

the other way around (patients negative for parenchymal Fig.1 Detection of intracranial hemorrhage (ICH) on diffusion-
weighted imaging (DWI) b0 and T2*GRE/SWI. Axial slices of four

. . X X examinations are displayed from top to bottom showing HI1, HI2,
infarction and without any ICH). Our study design created  pyy, and PH2 types of ICH indicated by the red arrows

PH2

hematoma is a composite of patients with hemorrhagic
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correlations from readers evaluating the same cases and
correlations from readers and cases being paired across
the reading conditions. Ignoring potential positive cor-
relations caused by this design can lead to misleadingly
narrow confidence intervals (CIs) [14]. To account for this,
we constructed random-effects logistic regression models
and considered readers and cases to be cross-correlated
random effects when estimating Cls for sensitivity and
specificity among all readers. Next, we studied the pos-
sible influence of magnetic field strength and use of dif-
ferent imaging sequences for the reference reading on the
sensitivity and specificity of DWI b0 for detection of ICH.
In order to do so, we estimated the overall sensitivity and
specificity for detection of any ICH after stratifying scans
based on magnetic field strength (1.5T versus 3T) and
imaging sequence used for the reference reading (T2*GRE
versus SWI). Finally, we determined the agreement among
readers for detection of any ICH on DWI b0 using Cohen’s
Kappa. For agreement regarding classification of ICH
according to the Heidelberg Bleeding Classification (no
ICH, hemorrhagic infarction type 1 [HI1], hemorrhagic
infarction type 2 [HI2], parenchymal hematoma type 1
[PH1], parenchymal hematoma type 2 [PH2]) on DWI b0
we used Cohen’s weighted Kappa taking into account the
degree of disagreement. Statistical analyses were done in
R (version 4.1.1) using the packages Ime4, epiR, and vcd.

Table 2 Baseline characteristics

Total study

population

(n=277)
Age, years 65 (54-75)
Male sex 158 (57.0%)
Baseline NIHSS 12 (6-19)
IVT 227 (81.9%)
EVT 120 (43.3%)
LVO* 200 (72.2%)
Stroke onset to MRI, hours 26 (22 -34)

Magnetic field strength

15T 105 (37.9%)
3T 172 (62.1%)
Sequence used as reference

T2*GRE 107 (38.6%)
SWI 170 (61.4%)

Data are presented as count (%) or median (IQR)

“LVO includes occlusion of the intracranial carotid artery (ICA) or
ICA terminus (ICA-T), M1 segment of the middle cerebral artery
(MCA), and proximal M2-MCA

NIHSS, National Institutes of Health Stroke Scale; IVT, intravenous
thrombolysis; EVT, endovascular thrombectomy; LVO, large vessel
occlusion; GRE, gradient recalled echo; SWI, susceptibility weighted
imaging
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Results

We included MRI scans from a total of 277 ischemic stroke
patients (median age: 65 years [IQR: 54 — 75 years]; 158
men [57.0%]; Table 2). We excluded 5 patients due to patient
motion during MRI and 18 patients due to incomplete DWI
series. Median time between stroke onset and performing
MRI was 26 h (IQR: 22-34 h), 105 MRIs (37.9%) were per-
formed at 1.5 T and 172 (62.1%) at 3 T, and in 107 examina-
tions (38.6%) a T2*GRE sequence was used for ICH detec-
tion and in 170 examinations (61.4%) a SWI sequence.

Comparison of ICH detection

Sensitivity and specificity of DWI b0 compared to
T2*GRE/SWI for detection of ICH is summarized for each
reader in Table 3. Among a total of 546 paired readings
which included assessments of DWI b0 and T2*GRE or
SWI images of the same patients done by the six readers,
presence of ICH was detected for 277 reads (50.7%) and
absence of ICH in for 269 reads (49.3%) on T2*GRE/SWI.
In comparison, on DWI b0, ICH presence was correctly
detected for 172 reads (31.5%) and absence of ICH for 259
reads (47.4%; Supplementary tables 3a-f). This resulted in
an overall sensitivity of 62% (95% CI: 50-76) and specific-
ity of 96% (95% CI1: 94-99; Table 3) for detection of any
ICH on DWI b0. When stratifying by ICH type, we found a
sensitivity of 52% (95% CI: 28-68) for detection of hemor-
rhagic infarction (HI1 and HI2), and a sensitivity of 84%
(95% CI: 70-92) for detection of parenchymal hematoma
(PH1 and PH2).

On DWI b0, a total of 127 ICHs (42.4%) were missed
compared to T2*GRE/SWI. To explore which types of
hemorrhages were frequently missed, we determined the
proportion of missed hemorrhages on DWI b0 compared to
T2*GRE/SWI according to ICH type (Table 4; Fig. 2). We

Table 3 Sensitivity and specificity of DWI b0 for detection of ICH
per reader and among all readers

ICH present/ Sensitivity Specificity

ICH absent* (95% CI) (95% CI)
Reader 1 451745 58% (42 - 172) 100% (92 — 100)
Reader 2 44 /47 57% (41 -171) 92% (80 —98)
Reader 3 46 /49 77% (62 — 89) 91% (80 —98)
Reader 4 471743 53% (38 — 68) 95% (84 —99)
Reader 5 46 /41 63% (48 - 77) 100% (91 — 100)
Reader 6 49 /44 65% (50— 78) 100% (92 - 100)
Overall 2771269 62% (50 — 76) 96% (94 — 99)

*According to reference reading on T2*GRE/SWI
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Table4 Type of ICH detected on T2*GRE/SWI and proportion
missed on DWI b0

Type No. detected on T2*GRE/ No. missed

SWI on DWI b0
(%)

Class 1

HI1 57 39 (68%)

HI2 96 35 (36%)

PH1 56 16 (29%)

Class 11

PH2 49 1 2%)

Class III

rPH 2 2 (100%)

IVH 15 11 (73%)

SAH 25 22 (88%)

SDH 2 1 (50%)

Total* 302 127 (42%)

“Total number of ICH exceeds 277 because multiple ICH types are
present in a subgroup of patients (e.g., parenchymal hematoma type
2 +intraventricular hemorrhage)

GRE, gradient-recalled echo; SWI, susceptibility- weighted imaging;
DWI, diffusion-weighted imaging; HI, hemorrhagic infarction; PH,
parenchymal hematoma; rPH, remote parenchymal hematoma; /VH,
intraventricular hemorrhage; SAH, subarachnoid hemorrhage; SDH,
subdural hemorrhage

Fig.2 Different types of intracranial hemorrhages indicated by red
arrows on T2*GRE/SWI but missed on DWI b0. (A) Small petechial
hemorrhage classified as HI1 on T2*GRE at 1.5T but missed on DWI
b0. (B) Small confluent hemorrhages classified as HI2 on SWI at 3T
but missed on DWI b0. (C) Parenchymal hematoma classified as PH1
on SWI at 1.5T but missed on DWI b0. (D) Large parenchymal hema-
toma classified as PH2 on SWI at 1.5T but missed on DWI b0

found that HI1 (68%) and hemorrhages outside of infarcted
brain tissue including parenchymal hematoma remote from
infarcted brain tissue (rPH, 100%), intraventricular hemor-
rhage (IVH, 73%), subarachnoid hemorrhage (SAH, 88%),
and subdural hemorrhage (SDH, 50%) were missed in a sub-
stantial number of reads.

When imaging was performed at 3T, we found a sensitiv-
ity of 68% (95% CI: 56-84) and specificity of 95% (95% CI.:
91-99) for detection of any ICH on DWI b0 compared to a
sensitivity of 50% (95% CI: 33-64) and specificity of 98%
(95% CI: 93-100) when imaging was performed at 1.5T.
When using T2*GRE as the reference standard, we found
a sensitivity 66% (95% CI: 52-79) and specificity of 97%
(95% CI: 91-99) for detection of any ICH on DWI b0 com-
pared to a sensitivity of 60% (95% CI: 43—77) and specificity
of 96% (95% CI: 92-99) when using SWI as the reference
standard. There was substantial agreement among readers
for detection of any ICH on DWI b0 (Kappa 0.67, 95% CI:
0.57-0.76) and for classification of ICH according to the
Heidelberg Bleeding Classification on DWI b0 (weighted
Kappa 0.69, 95% CI: 0.61-0.77).

Discussion

In this study, we found that DWI b0 is inferior for detection
of ICH as compared to T2*GRE/SW]I, particularly for detec-
tion of hemorrhagic infarction and less so for parenchymal
hematoma. We further found that the detection of ICH on
DWI b0 was negatively influenced when imaging was per-
formed at 1.5T compared to 3T and when SWI was used for
the reference reading compared to T2*GRE.

Our findings are in line with two previous studies, which
demonstrated that the sensitivity of DWI b0 was inferior
compared to T2*GRE when acquired at 1.5T. In contrast,
these studies used MRI scans performed in patients present-
ing with suspected stroke symptoms including hemorrhages
with varying etiologies such as acute intracerebral hema-
tomas, hemorrhagic transformation, and chronic cerebral
microbleeds. Therefore, it was still unclear what the diagnos-
tic accuracy was of DWI b0 for detection of ICH after reper-
fusion therapy with IVT and EVT. We now show that DWI
b0 is inferior for detection of ICH after reperfusion therapy
when compared to T2*GRE and SWI sequences acquired at
both 1.5T and 3T. Further stratifying hemorrhages accord-
ing to the Heidelberg Bleeding Classification revealed that
smaller and more subtle hemorrhages are more frequently
missed than larger parenchymal hematomas. Another study
found no difference between detection of ICH when using
DWI b0 compared to T2*GRE. However, this study included
only 9 patients with ICH and did not report different types
of hemorrhage in detail [9].

Sensitivity of ICH detection on DWI b0 images acquired at
3T was higher than at 1.5T. This can be explained by the fact
that susceptibility effects scale linearly with magnetic field
strength thereby increasing image contrast and conspicuity
of ICH [15, 16]. Since image contrast of DWI b0 is generally
lower compared to T2*GRE/SWI images, the former likely
benefits more from this increase. Conversely, the sensitivity
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of DWI b0 for detection of ICH was lower when using SWI
compared to T2*GRE images as the reference standard. This
is also to be expected because SWI is more sensitive com-
pared to T2*GRE for smaller and more subtle hemorrhages
[17, 18]. We show that such hemorrhages are more likely
to be missed on DWI b0 resulting in a lower sensitivity of
DWI b0 when compared to SWI versus T2*GRE. Additional
differences in acquisition parameters between DWI b0 and
T2*GRE/SWI sequences likely also influence image contrast
and conspicuity of ICH. This includes parameters such as
two dimensional versus three-dimensional image acquisition,
echo time, and spatial resolution [19].

Our results clearly show that T2*GRE/SWI sequences
should not be replaced by DWI b0 in follow-up stroke MRI
protocols to assess ICH after reperfusion therapy. Especially
when noting that not only hemorrhagic infarctions (HI1 and
HI2) but also parenchymal hematomas (PH1 and PH2) were
missed in a substantial number of cases. Furthermore, it has
recently been shown that the parenchymal hematomas (PH1
and PH2) are associated with poor functional outcome and
are therefore clinically important to detect [2, 3]. If available,
SWI is preferred over T2*GRE due to improved detection
smaller and subtle hemorrhages [17, 18]. Additionally, with
the availability of phase encoding information, SWI also
allows discriminating between different causes of suscepti-
bility for instance between hemorrhage and calcification [19].

The main strength of this study is that we included scans
acquired with various acquisition protocols reflective of
clinical practice among different centers and countries.
This made it possible to compare the sensitivity of DWI
b0 to both T2*GRE and SWI and when acquired at differ-
ent magnetic field strengths. In addition, this allows broad
generalizability of the current findings. Some limitations
must also be considered. First, we balanced the ratio of
ICH-positive and ICH-negative cases in order to increase
statistical precision but this does not reflect the prevalence
of ICH after reperfusion therapy in routine clinical practice.
Second, we included only a limited number of scans with
rPH, IVH, SAH, and SDH, limiting the ability to compare
detection of these hemorrhages on DWI b0 compared to
T2*GRE/SWI. Third, the present findings are restricted to
patients undergoing reperfusion therapy but not generaliz-
able to other populations such as patients with primary acute
intracerebral hematomas. Fourth, T2*GRE/SWI is imperfect
as reference standard but chosen for obvious pragmatic rea-
sons. Fifth, readers were potentially disadvantaged by not
having additional imaging sequences available such as T1
and FLAIR imaging that may have improved hemorrhage
detection. Sixth, DWI was acquired with routine clinical
acquisition parameters used to depict infarction but not ICH.
It is likely that further optimization of DWI acquisition e.g.,
by improving the spatial resolution, could lead to improved
detection of smaller and more subtle hemorrhages. Lastly,
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we used scans acquired within a time window of 1 week
after reperfusion therapy, without accounting for potential
differences in signal characteristics of hemorrhages at dif-
ferent time points due to natural evolution [20]. However,
since the vast majority of scans was acquired with 24—48 h
after stroke onset, we find it unlikely that accounting for
such differences in signal characteristics of hemorrhages will
yield different results.

In conclusion, we found that DWI b0 is inferior compared
to T2*GRE/SWI for detection of ICH after reperfusion
therapy for ischemic stroke, especially for smaller and more
subtle hemorrhages. Furthermore, the detection of ICH on
DWI b0 was negatively influenced when acquired at lower
magnetic field strength and when compared to SWI. Fol-
low-up stroke MRI protocols should include T2*GRE/SWI
sequences for detection of ICH after reperfusion therapy.
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tary material available at https://doi.org/10.1007/s00234-023-03180-3.

Acknowledgements None.

Funding The authors report no specific funding for this study.

Compliance with ethical standards

Conflict of interest AP reports institutional grants from Siemens
Healthineers and Bayer Healthcare. RB reports funding from the Neth-
erlands Organisation for Health Research and Development, the Dutch
Ministry of Economic Affairs and Climate Policy, and an unrestricted
grant from Siemens Healthineers. UWA reports funding from “Helse-
Vest” and from the University of Bergen for research. DD and AvdL
report funding from the Dutch Heart Foundation, Brain Foundation
Netherlands, The Netherlands Organisation for Health Research and
Development, Health Holland Top Sector Life Sciences & Health, and
unrestricted grants from Penumbra Inc., Stryker, Medtronic, Thrombo-
lytic Science, LLC and Cerenovus for research, all paid to institution.
The other authors report no conflicts.

Ethical approval Findings in this study are based on data obtained from
two stroke trial, NORTEST and THRACE, and a local cohort of stroke
patients from Erasmus MC University Medical Center. NORTEST and
THRACE were approved by local review boards. Study protocols for
the local stroke cohort were reviewed and approved by the Erasmus
MC University Medical Center Ethics Committee. All procedures per-
formed in studies involving human participants were in accordance
with the ethical standards of the institutional and/or national research
committee and with the 1964 Helsinki declaration and its later amend-
ments or comparable ethical standards.

Consent to participate All patients or their legal representatives pro-
vided written informed consent for use of clinical and imaging data.

Consent to publish All patients or their legal representatives provided
written informed consent for publication of data and images presented
in the article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,


https://doi.org/10.1007/s00234-023-03180-3

Neuroradiology

provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Goyal M, Menon BK, van Zwam WH et al (2016) Endovascular
thrombectomy after large-vessel ischaemic stroke: a meta-analy-
sis of individual patient data from five randomised trials. Lancet
387:1723-1731. https://doi.org/10.1016/S0140-6736(16)00163-X

2. Ospel IM, Qiu W, Menon BK et al (2021) Radiologic Patterns
of Intracranial Hemorrhage and Clinical Outcome after Endo-
vascular Treatment in Acute Ischemic Stroke: Results from the
ESCAPE-NAI Trial. Radiology 300:402—4009. https://doi.org/10.
1148/radiol.2021204560

3. wvan der Steen W, van der Ende NAM, Luijten SPR et al (2022)
Type of intracranial hemorrhage after endovascular stroke treat-
ment: association with functional outcome. J Neurolnterventional
Surg. https://doi.org/10.1136/jnis-2022-019474

4. Kidwell CS, ChalelaJA, Saver JL et al (2004) Comparison of MRI
and CT for detection of acute intracerebral hemorrhage. JAMA
292:1823-1830. https://doi.org/10.1001/jama.292.15.1823

5. Wycliffe ND, Choe J, Holshouser B, Oyoyo UE, Haacke EM, Kido
DK (2004) Reliability in detection of hemorrhage in acute stroke
by a new three-dimensional gradient recalled echo susceptibility-
weighted imaging technique compared to computed tomography:
a retrospective study. J Magn Reson Imaging 20:372-377. https://
doi.org/10.1002/jmri.20130

6. You SH, Kim B, Kim BK, Suh SI (2018) MR Imaging for Dif-
ferentiating Contrast Staining from Hemorrhagic Transformation
after Endovascular Thrombectomy in Acute Ischemic Stroke:
Phantom and Patient Study. AJNR Am J Neuroradiol 39:2313—
2319. https://doi.org/10.3174/ajnr.A5848

7. Lam WW, So NM, Wong KS, Rainer T (2003) BO images obtained
from diffusion-weighted echo planar sequences for the detection
of intracerebral bleeds. J Neuroimaging 13:99-105. https://doi.
org/10.1111/j.1552-6569.2003.tb00165.x

8. Lin DD, Filippi CG, Steever AB, Zimmerman RD (2001) Detec-
tion of intracranial hemorrhage: comparison between gradient-
echo images and b(0) images obtained from diffusion-weighted
echo-planar sequences. AJINR Am J Neuroradiol 22:1275-1281.
https://doi.org/10.1111/§.1552-6569.2003.tb00165.x

9. Lu CY, Chiang IC, Lin WC, Kuo YT, Liu GC (2005) Detec-
tion of intracranial hemorrhage: comparison between gradient-
echo images and b0 images obtained from diffusion-weighted

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

echo-planar sequences on 3.0T MRI. Clin Imaging 29:155-161.
https://doi.org/10.1016/j.clinimag.2004.07.024

Bossuyt PM, Reitsma JB, Bruns DE et al (2015) STARD 2015: An
Updated List of Essential Items for Reporting Diagnostic Accuracy
Studies. Clin Chem 61:1446-1452. https://doi.org/10.1136/bmj.h5527
Logallo N, Novotny V, Assmus J et al (2017) Tenecteplase versus
alteplase for management of acute ischaemic stroke (NOR-TEST):
a phase 3, randomised, open-label, blinded endpoint trial. Lan-
cet Neurol 16:781-788. https://doi.org/10.1016/S1474-4422(17)
30253-3

Bracard S, Ducrocq X, Mas JL et al (2016) Mechanical
thrombectomy after intravenous alteplase versus alteplase alone
after stroke (THRACE): a randomised controlled trial. Lancet
Neurol 15:1138-1147. https://doi.org/10.1016/S1474-4422(16)
30177-6

von Kummer R, Broderick JP, Campbell BC et al (2015) The
Heidelberg Bleeding Classification: Classification of Bleed-
ing Events After Ischemic Stroke and Reperfusion Therapy.
Stroke 46:2981-2986. https://doi.org/10.1161/STROKEAHA.
115.010049

Genders TS, Spronk S, Stijnen T, Steyerberg EW, Lesaffre E,
Hunink MG (2012) Methods for calculating sensitivity and speci-
ficity of clustered data: a tutorial. Radiology 265:910-916. https://
doi.org/10.1148/radiol.12120509

Bian W, Hess CP, Chang SM, Nelson SJ, Lupo JM (2014) Suscep-
tibility-weighted MR imaging of radiation therapy-induced cer-
ebral microbleeds in patients with glioma: a comparison between
3T and 7T. Neuroradiology 56:91-96. https://doi.org/10.1007/
$00234-013-1297-8

Conijn MM, Geerlings MI, Biessels GJ et al (2011) Cerebral
microbleeds on MR imaging: comparison between 1.5 and 7T.
AJNR Am J Neuroradiol 32:1043-1049. https://doi.org/10.3174/
ajnr.A2450

Goos JD, van der Flier WM, Knol DL et al (2011) Clinical
relevance of improved microbleed detection by susceptibility-
weighted magnetic resonance imaging. Stroke 42:1894-1900.
https://doi.org/10.1161/STROKEAHA.110.599837

Cheng AL, Batool S, McCreary CR et al (2013) Susceptibility-
weighted imaging is more reliable than T2*-weighted gradient-
recalled echo MRI for detecting microbleeds. Stroke 44:2782—
2786. https://doi.org/10.1161/STROKEAHA.113.002267

Haller S, Haacke EM, Thurnher MM, Barkhof F (2021) Suscepti-
bility-weighted Imaging: Technical Essentials and Clinical Neuro-
logic Applications. Radiology 299:3-26. https://doi.org/10.1148/
radiol.2021203071

Bradley WG Jr (1993) MR appearance of hemorrhage in the brain.
Radiology 189:15-26. https://doi.org/10.1148/radiology.189.1.
8372185

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0140-6736(16)00163-X
https://doi.org/10.1148/radiol.2021204560
https://doi.org/10.1148/radiol.2021204560
https://doi.org/10.1136/jnis-2022-019474
https://doi.org/10.1001/jama.292.15.1823
https://doi.org/10.1002/jmri.20130
https://doi.org/10.1002/jmri.20130
https://doi.org/10.3174/ajnr.A5848
https://doi.org/10.1111/j.1552-6569.2003.tb00165.x
https://doi.org/10.1111/j.1552-6569.2003.tb00165.x
https://doi.org/10.1111/j.1552-6569.2003.tb00165.x
https://doi.org/10.1016/j.clinimag.2004.07.024
https://doi.org/10.1136/bmj.h5527
https://doi.org/10.1016/S1474-4422(17)30253-3
https://doi.org/10.1016/S1474-4422(17)30253-3
https://doi.org/10.1016/S1474-4422(16)30177-6
https://doi.org/10.1016/S1474-4422(16)30177-6
https://doi.org/10.1161/STROKEAHA.115.010049
https://doi.org/10.1161/STROKEAHA.115.010049
https://doi.org/10.1148/radiol.12120509
https://doi.org/10.1148/radiol.12120509
https://doi.org/10.1007/s00234-013-1297-8
https://doi.org/10.1007/s00234-013-1297-8
https://doi.org/10.3174/ajnr.A2450
https://doi.org/10.3174/ajnr.A2450
https://doi.org/10.1161/STROKEAHA.110.599837
https://doi.org/10.1161/STROKEAHA.113.002267
https://doi.org/10.1148/radiol.2021203071
https://doi.org/10.1148/radiol.2021203071
https://doi.org/10.1148/radiology.189.1.8372185
https://doi.org/10.1148/radiology.189.1.8372185

	Comparison of diffusion weighted imaging b0 with T2*-weighted gradient echo or susceptibility weighted imaging for intracranial hemorrhage detection after reperfusion therapy for ischemic stroke
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Study population

	MRI acquisition
	Image assessment
	Statistical analysis
	Results
	Comparison of ICH detection
	Discussion
	Anchor 16
	Acknowledgements 
	References


