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Application of multi-echo
susceptibility weighted imaging in
the evaluation of brain capillary
telangiectasias

Yun Meng, Kaixi Xu*, Xinjian Chen, Xingru Xu*, Baodong Gu,
Yunlei Zhao and Xianjun Ma

Department of Radiology, Lianyungang Traditional Chinese Medicine Hospital Affiliated to Nanjing
University of Chinese Medicine, Lianyungang, China

Objective: To explore the diagnostic value of high-resolution 3.0 T multi-echo
susceptibility weighted imaging (SWI) technique for brain capillary telangiectasias
(BCT).

Methods: In this study, 36 BCT patients’ conventional MR images and multi-
echo SWI were retrospectively collected, and the BCT imaging features on
conventional MR images, varied echo time SWI and derived quantitative
susceptibility mapping (QSM) images, were reviewed and analyzed.

Results: The patients were 25 males and 11 females, ranging in age from 28
to 90 years, with an average age of (64.75 + 11.08) years. The positive rate of
diffusion-weighted imaging (DWI) image for BCT was 36.9%, that of multi-
echo SWI long TE sequence for BCT was 100%, and that of QSM map was 85%.
The positive rate of QSM was better than that of DWI, and the difference was
statistically significant (;(2 = 334.609, p < 0.001). The long TE (22.5 ms) of multi-
echo SWI sequence showed the central vein of BCT 72.4% (498/688), and the
display rate of QSM map was 55.4% (324/585). The detection rate of central
vein of BCT was different between the two sequences, and the multi-echo SWI
sequence was better than the QSM map (;(2 = 39937, p < 0.001).

Conclusion: Multi-echo SWI technique is the most sensitive sequence for BCT
diagnosis and lesion display, and the central vein and peripheral drainage vein of
BCT lesion are clearly displayed with the extension of TE time.

KEYWORDS

brain capillary telangiectasias, magnetic resonance imaging, multi-echo susceptibility
weighted imaging, quantitative susceptibility mapping, venous imaging

Introduction

Brain capillary telangiectasias (BCT) are low-flow, occult vascular malformations
consisting of a small cluster of dilated capillary-like vessels. In most cases, they are incidentally
discovered and have no obvious clinical symptoms. They are difficult to detect on CT and
conventional MRI, often being misdiagnosed as microhemorrhages, demyelination, or tumors
(1, 2). Identifying BCT is crucial to avoid misdiagnosis and prevent unnecessary interventions.

With the widespread application of high-resolution 3.0 T MRI susceptibility-weighted
imaging (SWI) and quantitative susceptibility mapping (QSM), the frequency of BCT
detection has increased. SWI and QSM are sensitive to magnetic susceptibility differences
between tissues, providing a non-invasive method for brain venous imaging. By detecting
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magnetic field changes around vessels caused by varying
deoxyhemoglobin content in low-flow dilated capillaries, these
techniques are highly sensitive to small venous structures, blood
metabolites, iron deposition (3-5), brain iron content, blood
oxygen saturation, and calcification (6, 7). QSM has been widely
applied in clinical diagnosis and scientific research, such as the
assessment of cerebral microbleeds (8, 9) or the evaluation of
hematoma size (10-12), the research on neurodegenerative diseases
related to iron metabolism (13, 14), the differentiation between
hemorrhage and calcification (15, 16), and vascular malformations
(17-19).

Recently, a new sequence has emerged that can provide multi-
echo SWI images while simultaneously generating QSM images (20).
However, this technology has not yet been applied to the diagnosis of
BCT. This article collected 36 cases of BCT examined using high-
resolution 3.0 T multi-echo SWI technology, aiming to explore the
re-evaluation and diagnostic value of BCT.

Materials and methods
Patients

Retrospective collection of 1,705 patients who underwent SWI or
QSM examination in Lianyungang Hospital of Traditional Chinese
Medicine from January 1, 2023, to July 30, 2024, among which 385
patients were diagnosed with BCT, accounting for 22.58%. Multi-echo
SWI examination was performed on 36 BCT patients. There were 25
males and 11 females, aged 28-90 years, with an average age of
(64.75 + 11.08) years. Clinical manifestations included asymptomatic
in 6 cases, headache and dizziness in 13 cases, headache accompanied
by blurred vision in 5 cases, speech impairment in 3 cases and limb
weakness in 9 cases. Inclusion criteria: (1) Patients who were
diagnosed BCT. (2) Underwent multi-echo SWT examination of the
head; (3) Complete clinical data. Exclusion criteria: (1) Non-BCT
patients. (2) Without multi-echo SWI examination. (3) Poor
image quality.

Methods

All patients were scanned using 3.0 T MRI scanner at our hospital
(uMR790, United Imaging Healthcare), with a 32-channel phased-
array head coil. Routine sequences included TIWI, T2WI, T2-FLAIR,
DWI, ADC, and multi-echo SWI. Conventional MRI parameters were
as follows: 3D TIWI (TR 7.1 ms, TE 2.9 ms, slice thickness 1 mm,
matrix 256 x 240, FOV 24.0 cm x 25.6 cm, flip angle 8°, NEX 1,
Duration 1 min 40 s); T2WI (TR 5,421 ms, TE 132.44 ms, matrix
448 x 390, FOV 20.0 cm x 23 cm, flip angle 8°, NEX 1, Duration
1 min 22 s); FLAIR (TR 8,000 ms, TE 130.72 ms, matrix 288 x 200,
FOV 20.0 cm x 23 cm, flip angle 150°, NEX 1, Duration 1 min 36 s);
DWI (TR 2,000 ms, TE 67 ms, b-values 0/1,000 s/mm? matrix
153 x 160, FOV 22.0 cm x 23 ¢m, bandwidth 350 kHz, flip angle 90°,
NEX 2, slice thickness 5 mm, Duration 1 min 23 s). Multi-echo SWI
(slice thickness 0.8 mm with no gap, 152 slices, matrix 285 x 250, FOV
20.0 cm X 22.8 cm, bandwidth 350 kHz, flip angle 15°, NEX 1, TR
28.1 ms, and seven TEs of 3.3, 6.5, 9.7, 12.9, 16.1, 19.3, and 22.5 ms,
Duration: 4 min 54 s).
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Image processing and image analysis

After the completion of the multi-echo SWI sequence
scanning, the phase map, amplitude map, SWI map, MinP map,
and QSM map were reconstructed inline. Based on the following
criterion to diagnose the BCT: single or multiple round-like
hypointense lesions are observed in the brain parenchyma, with
punctate hyperintensity in the center on SWI amplitude images; or
on QSM images, single or multiple round-like hyperintense lesions
are seen in the brain parenchyma, with punctate hypointensity in
the center, presenting the typical “target sign.” With or without
multiple, increased, thickened, and tortuous veins around the
lesions, which appear as strip-like hypointensity connected to the
lesions. One radiologist with 15 years of experience (MY), one
with 30 years of experience (XK), and one neurologist with
16 years of experience (XX) independently read the images, and in
case of disagreement, they engaged in discussions to reach
a consensus.

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics
Version 23.0 (IBM Corp., Armonk, NY, United States). For categorical
variables, the detection of positive signs was reported as both absolute
counts and percentages, with the positive rate calculated as the
number of detected positive signs divided by the total number of
positive signs. Fleiss’ Kappa was employed to assess the inter-reader
agreement. Intergroup comparisons were conducted using the Pearson
chi-square test or Fisher’s exact test (two-sided), with statistical
significance set at p < 0.05 and high significance.

Results

Imaging findings of BCT lesions in
multi-echo SWI and QSM

other  disease
Supplementary material), on multi-echo SWI with long TE

Compared to normal or (see
(22.5 ms), BCT lesions all presented as distinct small round
hypointense signals on images, with punctate or strip-like slightly
hyperintense signals at the center and a hypointense ring at the
edge, forming a typical “single-ring target sign” (long red arrows
in Figures 1A-D, 2A-G). Lesions had clear boundaries, and
increased and thickened draining small veins were visible around
the lesions (short red arrows in Figures 1A-D, 2A-G). QSM
images showed round abnormal signals of lesions, with the central
part being hyperintense due to the passage or penetration of
central veins, a hypointense ring in the middle, and slightly
hyperintense or hyperintense signals at the outermost edge,
forming the most typical “double-ring target sign” (long red arrow
in Figure 1E). The edges of some lesions showed a slightly
hyperintense ring, and the inner side showed a hypointense ring,
forming a typical “target sign” (dashed red arrow in Figure 1E).
Meanwhile, increased and thickened small veins were observed
around the lesions (short red arrows in Figures 1E, 2H). Some
lesions only showed punctate hyperintense signals (solid long red
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FIGURE 1

Male, 73 years old, with right limb motor impairment for 15 years and dizziness for 1 day. (A) Phase map. (B) Amplitude map. (C) SWI image. (D) MinIP
image with TE of 22.5 ms. (E) QSM image. (F) DWI image. (G) ADC map. (H) FLAIR image. (I) TIWI image. (A—D) Round-like hypointense signals can

be seen in the left periventricular region and the left parietal cortex, with hyperintense signals in the center, forming a typical "target sign” (long red
arrow). The surrounding lesions show hypointense signals from the drainage of the left subependymal vein and parietal cortical vein (short red arrow).
(E) QSM shows two round-like abnormal signals in the left periventricular region. The central part is the hyperintense central vein, the middle is
hypointense, and the outermost edge is slightly hyperintense or hyperintense, forming the most typical "target sign” (long red arrow). The surrounding
lesions have strip-like hyperintense subependymal vein drainage (short red arrow) passing through two BCTs (long red arrow). The left parietal cortex
shows round-like lesions with hypointense in the center and hyperintense at the edge, forming a typical "target sign” (dashed long line). (F) DWI image,
showing punctate hypointense signals in the left periventricular region and parietal cortex (short red arrow). (G) Shows slightly hyperintense signals.
(H) Shows hypointense signals (short red arrow). (I) TIWI image, showing slightly hypointense signals.

arrow in Figure 1E). DWI, Flair, and TIWI images showed a few
punctate hypointense signals (short red arrows in Figures 1EH,I),
and ADC showed punctate hyperintense signals (Figure 1G).

As shown in Supplementary Table S2, the inter-reader
agreement was almost perfect agreement for SWI (x>0.8) and
QSM (x>0.8, except for cerebellum x=0.741), whereas DWI
demonstrated substantial agreement (x> 0.6). In 36 cases of BCT,
the number of lesions ranged from 1 to 109, including 6 cases with
1 lesion, 2 cases with 2 lesions, and 28 cases with multiple lesions.
Among them, 23 cases (63.8%) were in the brain stem, 22 cases
(61.1%) in the thalamus, 20 cases (55.6%) in the basal ganglia, 7
cases (19.4%) in the frontal lobe, 6 cases (16.7%) in the parietal
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lobe, 15 cases (41.7%) in the temporal lobe, 14 cases (38.9%) in
the occipital lobe, and 15 cases (41.7%) in the cerebellar
hemisphere. The QSM sequence with long TE (22.5 ms) had the
highest efficiency in detecting BCT, followed by the QSM map,
and the DWI image detected fewer lesions. Taking the multi-echo
SWI sequence (TE 22.5 ms) as the gold standard for detecting
BCT, the positive rate of DWI for BCT was 36.9%, that of the QSM
map was 85%, and the positive rate of QSM was better than that
of DWI, with a statistically significant difference (;(2 = 334.609,
p <0.001). The lesions were mainly distributed in the brain stem,
thalamus, and basal ganglia, and could also occur in various parts
of the brain (Table 1).

frontiersin.org


https://doi.org/10.3389/fneur.2025.1593152
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Meng et al.

10.3389/fneur.2025.1593152

FIGURE 2

Female, 53 years old, with dizziness for 5 months. (A—G) Multi-echo QSM sequences with TE values of 3.3, 6.5, 9.7, 12.9, 16.1, 19.3, and 22.5 ms,
respectively. (H) A QSM image. (A—G) Show a round low signal area in the pons (long red arrow). The surrounding area shows thickened, multiple
draining veins with low signal (short red arrow). As the TE time increases, the lesion and draining veins become clearer. (H) Shows a disordered round
signal in the pons (long red arrow), with surrounding draining veins showing high signal (short red arrow).

Comparison of the sensitivity of SWI and
QSM map in detecting the central vein of
BCT

The multi-echo SWI with long TE (22.5 ms) showed that among
the 688 detected BCT lesions, 498 could display the central vein, with
a positive rate of 72.4%. The QSM map detected 585 BCT lesions,
among which 324 could display the central vein, with a positive rate
of 55.4%. There was a difference in the detection rate of the central
vein of BCT between the two sequences, and the multi-echo SWI
sequence (TE 22.5 ms) was better than the QSM map ( 12 =39.937),
(p <0.001)) (Figure 2) (see Table 2).

Discussion
In 1941, Blackwood first described two histologically confirmed

cases of BCT (21). Histologically, this malformation consists of a cluster
of dilated, tortuous thin-walled capillaries surrounded and separated by

Frontiers in Neurology

normal brain tissue. No gliosis, calcification, or hemosiderin deposition
was observed. BCT predominantly occurs in middle-aged and elderly
individuals, with an average age of 64.75 + 11.08 years in this group.
Literature reports that BCT is rare (2, 22, 23), most commonly occurring
in the pons (24-27), although some reports indicate it is most common
in the posterior fossa (28). With the widespread clinical application of
SWTI and QSM, a search of our hospitals records from January 1, 2023,
to July 31, 2024, revealed 1,705 cases of SWI or QSM examinations,
among which 385 cases were BCT, accounting for 22.58%. On average,
there were 0.67 cases per day. Among the 36 BCT patients examined
with multi-echo SWT technology, 28 had multiple lesions. The most
common lesion sites were the brainstem, thalamus, and basal ganglia
(63.8, 61.1, and 55.6%, respectively).

Susceptibility-weighted imaging (SWI) technology was first
invented by Haacke et al. (29) in 1997 and patented in 2002. Initially
termed “high-resolution blood oxygen level-dependent venography,”
was renamed “susceptibility-weighted imaging” in 2004, as it enables
the reflection of more comprehensive information on material
magnetic susceptibility properties. Early applications of this
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TABLE 2 Comparison of the detection rate of BCT and the sensitivity of
central veins in 36 cases using multi-echo SWI sequences with long TE
(22.5 ms) and QSM image.

36.9%
100%
85.0%

Sequence No. of lesions No. of central

positive

vein

SWI 688 498

QSM 585 324

254
688
585

technology primarily focused on displaying small intracranial veins.
Literature reports confirmed through follow-up that MRI findings in
BCT patients showed that due to the occult nature of BCT and low
blood flow in the vessels, the flow void effect of the vessels was not

Cerebellum
29
70
68

obvious. Conventional MRI could not display the flow void vessels,
with most lesions appearing isointense on TIWT and T2WI, slightly

hyperintense on FLAIR, and showing multiple punctate
hypointensities on DWI, with a detection rate of only 36.9% (22, 30,
31). This led to high rates of misdiagnosis and missed diagnosis. BCT

13
78
74

is also difficult to detect in conventional imaging. SWI special

Occipital

sequences began to be applied clinically in 2004 and were not routine
examinations, and the understanding of BCT lesions was limited. For

these reasons, the true prevalence of BCT remains unknown.
Literature is relatively outdated or new literature references old reports
indicating that BCT is rare (2, 22, 23, 28-33). With the widespread use
of high-resolution 3.0 T MRI and 32- and 64-channel head phased-
array surface coils, the detection rate of BCT has increased. In our

12
64
51

Temporal

hospital, 385 cases of BCT were diagnosed in the past 19 months,
averaging 0.67 cases per day, indicating that BCT is not a rare entity
o Zow but a relatively common benign vascular variant.

©
4
(5
=
©
o

In recent years, the application of high-resolution 3.0 T MRI and
continuous improvements in related technologies have greatly expanded

its clinical application range. United Imaging in China developed the
multi-echo  susceptibility-weighted imaging sequence (swiplus)
o8 2 technology, which is based on a three-dimensional gradient multi-echo
fusion sequence (20, 34-39). By using multiple (7) TEs and shortening
TR, it achieves more significant T2* contrast, leading to local magnetic

field inhomogeneity and increased magnetic susceptibility differences
between tissues. The multi-echo gradient echo sequence fully utilizes the
positive effects of long TE on magnetic susceptibility, reducing almost all

43
99
70

distortions of single-echo long TE scans and outperforming traditional
single-echo SWI (36, 40). The multi-echo gradient echo sequence shows
higher contrast-to-noise ratio and better image quality, making small

Brainstem

cerebral veins more prominent (40). Additionally, swiplus has flow-
sensitive black blood (FSBB) imaging with diffusion gradients,
highlighting magnetic susceptibility differences between tissues (32, 33).

59
132
113

The QSM derived from the swiplus reflects the phase information

allowing effective lesion detection (41-43).
A healthy vascular network has high blood flow arteries (containing
oxyhemoglobin) between capillary clusters, and low blood flow venous

93
167
155

capillaries connect arteries and veins, serving as the main site for material

Thalamus

exchange between blood and surrounding tissue cells (containing
deoxyhemoglobin) (44). Oxyhemoglobin is diamagnetic, while

deoxyhemoglobin is paramagnetic. BCT consists of a cluster of dilated,
tortuous thin-walled capillaries with low blood flow venous blood and
scattered normal brain tissue. As the dilated, tortuous, and congested
capillaries worsen, the concentration of deoxyhemoglobin in the venous

Sequence
DWI
SWI (TE22.5 ms)
QsM

blood increases, leading to greater magnetic field gradients and magnetic

TABLE 1 Comparison of the detection rate and sensitivity of BCT in 36 cases using multiple MR sequences, along with the distribution and number of BCTs in various regions.

susceptibility (45, 46). This causes increased local magnetic field
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distortion and a significant magnetic susceptibility blooming effect. The
multi-echo SWT sequence (TEs of 3.3, 6.5, 9.7, 12.9, 16.1, 19.3, and
22.5ms) selects short TEs to display intracranial arteries, with
oxyhemoglobin in the arteries showing high signal on QSM sequences.
Longer TEs improve SNR in field maps and increase sensitivity to
magnetic susceptibility. As TE time increases from short to long, slow-
flowing small vessels and dilated capillaries gradually become clear,
consistent with literature reports (41, 43, 47). Capillaries and veins show
signal on QSM sequences, appearing as high signal on QSM maps. The
QSM sequence has a slice thickness of 0.8 mm with no gap, while
conventional MRI and traditional 2D GRE have a slice thickness of
5 mm with a 1.5 mm gap. Since BCT lesions are usually small, thicker
slices often affect lesion detection. The external magnetic field strength
and the magnetization intensity of tissues entering the external magnetic
field determine tissue magnetic susceptibility. Therefore, with a fixed
tissue magnetization intensity, the external magnetic field strength is the
key factor determining magnetic susceptibility. SWI contrast is field
strength-dependent, so high-resolution 3.0 T MRI with 32- and
64-channel head phased-array surface coils provides superior SWI image
contrast compared to 1.5T and 4- or 8-channel head phased-array
surface coils (1, 48).

In this group, 36 BCT patients underwent multi-echo SWI
examinations. The multi-echo SWTI sequence TEs were 3.3, 6.5, 9.7,
12.9, 16.1, 19.3, and 22.5 ms. At long TE (22.5 ms), BCT patients
showed clear single or multiple punctate, small round, or ring-shaped
hypointensities in the brain parenchyma with clear edges. Most lesions
appeared as round or ring-shaped hypointensities with slightly
hyperintense centers, forming the typical “single ring target sign,”
indicating central veins passing through dilated capillaries. Increased
and thickened draining capillaries or capillaries passing through the
lesions were visible around the lesions, with varying sizes and some
lesions merging. QSM maps showed round abnormal signals, with the
central high signal representing central veins, the intermediate low
signal possibly indicating the conversion process from oxyhemoglobin
to deoxyhemoglobin or lower deoxyhemoglobin content, and the outer
slightly high or high signal indicating increasing deoxyhemoglobin,
forming the typical “double ring target sign” Some lesions appeared
round with central low signal and peripheral high signal, forming the
typical “single ring target sign” Small lesions showed punctate high
signal without target signs, easily diagnosed as microhemorrhages, but
central veins were visible on long TE echoes. In this group, long TE
(22.5 ms) SWI showed that the multi-echo SWI sequence (long TE
22.5 ms) was superior to QSM maps (y* = 39.937, p < 0.001). The QSM
sequence only showed deoxyhemoglobin, but QSM maps could display
the material exchange between blood and surrounding tissue cells in
BCT lesions, indicating the conversion process from oxyhemoglobin
to deoxyhemoglobin and the deoxyhemoglobin content.

BCT lesions on SWI show the typical “single ring target sign,” while
QSM maps show the typical “double ring target sign” or “single ring
target sign” with increased and thickened draining veins around the
lesions. Lesions are small and visible on multiple consecutive slices, with
some lesions merging. CMB and BCT have similar signal characteristics,
often leading to misdiagnosis of BCT as CMB. CMB appears as punctate
hypointensities on SWI and punctate hyperintensities on QSM maps,
without the typical “single ring target sign” or “double ring target sign,”
and lesions are visible on only 1-2 slices.

In summary, the multi-echo SWI sequence highlights the
susceptibility differences between tissues and improves spatial resolution,
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thus effectively detecting lesions by increasing the longer TE and
shortening the TR, which is the most sensitive sequence for diagnosing
BCT and lesion visualization, has the potential to serve as the gold
standard for BCT diagnosis.

Data availability statement

The raw data supporting the conclusions of this article will be made
available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the Ethics
Committee of Lianyungang Traditional Chinese Medicine Hospital
Affiliated to Nanjing University of Chinese Medicine. The studies were
conducted in accordance with the local legislation and institutional
requirements. Written informed consent for participation was not
required from the participants or the participants’ legal guardians/next
of kin in with the
institutional requirements.

accordance national legislation and

Author contributions

YM: Writing — original draft, Writing — review & editing. KX:
Methodology, Investigation, Writing — review & editing, Funding
acquisition, Conceptualization, Writing - original draft. XC: Writing -
review & editing, Data curation, Writing - original draft, Visualization.
XX: Data curation, Writing - review & editing, Writing — original draft,
Conceptualization, Investigation, Validation. BG: Writing - review &
editing, Resources, Writing - original draft, Formal analysis, Supervision,
Methodology. YZ: Writing - original draft, Visualization, Writing —
review & editing, Resources, Validation, Formal analysis, Supervision.
XM: Conceptualization, Visualization, Investigation, Writing — original
draft, Data curation, Methodology, Writing - review & editing.

Funding
The author(s) declare that financial support was received for the
research and/or publication of this article. This research was supported

by the Key Project of Lianyungang Science and Technology Key
Research and Development Plan (Social Development) (No. SF2323).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

frontiersin.org


https://doi.org/10.3389/fneur.2025.1593152
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Meng et al.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Braileanu M, Wicks JM, Saindane AM. Appearance of an unusual ring enhancing
brain capillary telangiectasia on 3.0T MRI with dynamic susceptibility contrast
perfusion. Radiol Case Rep. (2020) 15:1331-4. doi: 10.1016/j.radcr.2020.05.061

2. Larson AS, Flemming KD, Lanzino G, Brinjikji W. Brain capillary telangiectasias:
from normal variants to disease. Acta Neurochir. (2020) 162:1101-13. doi:
10.1007/s00701-020-04271-3

3. Boukobza M, Guinebert S, Laissy JP. Comparison of susceptibility-weighted
angiography (SWAN) and T2 gradient-echo sequences for the detection of acute cerebral
venous thrombosis. Neuroradiol J. (2023) 36:148-57. doi: 10.1177/19714009221109885

4. Boukerche F, Balakrishnan S, Kalapos P, Thamburaj K. Detection of cerebral
cortical vein thrombosis with high-resolution susceptibility weighted imaging—a
comparison with MR venography and standard MR sequences. Neuroradiology. (2023)
65:885-92. doi: 10.1007/s00234-023-03123-y

5. Ward PGD, Ferris NJ, Raniga P, Dowe DL, Ng ACL, Barnes DG, et al. Combining
images and anatomical knowledge to improve automated vein segmentation in MRIL.
NeuroImage. (2018) 165:294-305. doi: 10.1016/j.neuroimage.2017.10.049

6. Rotta J, Perosa V, Yakupov R, Kuijf HJ, Schreiber F, Dobisch L, et al. Detection of
cerebral microbleeds with venous connection at 7-tesla MRIL Neurology. (2021)
96:€2048-57. doi: 10.1212/WNL.0000000000011790

7. Xiong Z, Gao Y, Liu Y, Fazlollahi A, Nestor P, Liu F, et al. Quantitative susceptibility
mapping through model-based deep image prior (MoDIP). Neurolmage. (2024)
291:120583. doi: 10.1016/j.neuroimage.2024.120583

8. Lee K, Ellison B, Selim M, Long NH, Filippidis A, Thomas AJ, et al. Quantitative
susceptibility mapping improves cerebral microbleed detection relative to susceptibility-
weighted images. ] Neuroimaging. (2023) 33:138-46. doi: 10.1111/jon.13054

9. Sundaresan V, Arthofer C, Zamboni G, Murchison AG, Dineen RA, Rothwell PM, et al.
Automated detection of cerebral microbleeds on MR images using knowledge distillation
framework. Front Neuroinform. (2023) 17:1204186. doi: 10.3389/fninf.2023.1204186

10.Liu T, Surapaneni K, Lou M, Cheng L, Spincemaille P, Wang Y. Cerebral
microbleeds: burden assessment by using quantitative susceptibility mapping. Radiology.
(2012) 262:269-78. doi: 10.1148/radiol.11110251

11. Vinayagamani S, Sheelakumari R, Sabarish S, Senthilvelan S, Ros R, Thomas B,
et al. Quantitative susceptibility mapping: technical considerations and clinical
applications in neuroimaging. J Magn Reson Imaging. (2021) 53:23-37. doi:
10.1002/jmri.27058

12. Wang S, Lou M, Liu T, Cui D, Chen X, Wang Y. Hematoma volume measurement
in gradient echo MRI using quantitative susceptibility mapping. Stroke. (2013)
44:2315-7. doi: 10.1161/STROKEAHA.113.001638

13. Huang W, Sweeney EM, Kaunzner UW, Wang Y, Gauthier SA, Nguyen TD.
Quantitative susceptibility mapping versus phase imaging to identify multiple sclerosis
iron rim lesions with demyelination. J Neuroimaging. (2022) 32:667-75. doi:
10.1111/jon. 12987

14. Su D, Zhang Z, Zhang Z, Zheng S, Yao T, Dong Y, et al. Distinctive pattern of metal
deposition in neurologic Wilson disease: insights from 7T susceptibility-weighted
imaging. Neurology. (2024) 102:€209478. doi: 10.1212/WNL.0000000000209478

15. Chen W, Zhu W, Kovanlikaya I, Kovanlikaya A, Liu T, Wang S, et al. Intracranial
calcifications and hemorrhages: characterization with quantitative susceptibility
mapping. Radiology. (2014) 270:496-505. doi: 10.1148/radiol.13122640

16. Schellingerhout D, Jacobsen M, Le Roux L, Johnson ], Baladandayuthapani V,
Hwang KP, et al. The calcium versus hemorrhage trial: developing diagnostic criteria for
chronic intracranial susceptibility lesions using single-energy computed tomography,
dual-energy computed tomography, and quantitative susceptibility mapping. Invest
Radiol. (2021) 56:385-93. doi: 10.1097/RLI1.0000000000000758

17. Schneider TM, Mohlenbruch M, Denoix M, Ladd ME, Bendszus M, Heiland S,
et al. Susceptibility-based characterization of cerebral arteriovenous malformations.
Investig Radiol. (2020) 55:702-10. doi: 10.1097/RLI.0000000000000695

Frontiers in Neurology

10.3389/fneur.2025.1593152

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fneur.2025.1593152/
full#supplementary-material

18. Halefoglu AM, Yousem DM. Susceptibility weighted imaging: clinical applications
and future directions. World ] Radiol. (2018) 10:30-45. doi: 10.4329/wjr.v10.i4.30

19. Hage S, Kinkade S, Girard R, Flemming KD, Kim H, Torbey MT, et al. Trial readiness
of cavernous malformations with symptomatic hemorrhage, part II: biomarkers and trial
modeling. Stroke. (2024) 55:31-9. doi: 10.1161/STROKEAHA.123.044083

20. Wu D, Liu S, Buch S, Ye Y, Dai Y, Haacke EM. A fully flow-compensated multiecho
susceptibility-weighted imaging sequence: the effects of acceleration and background
field on flow compensation. Magn Reson Med. (2016) 76:478-89. doi: 10.1002/mrm.25878

21. Blackwood W. Two cases of benign cerebral telangiectasis. J Pathol Bacteriol.
(1941) 52:209-12. doi: 10.1002/path.1700520206

22.Barr RM, Dillon WP, Wilson CB. Slow-flow vascular malformations of the pons:
capillary telangiectasias? AJTNR Am ] Neuroradiol. (1996) 17:71-8.

23. Lee RR, Becher MW, Benson ML, Rigamonti D. Brain capillary telangiectasia: MR
imaging appearance and clinicohistopathologic findings. Radiology. (1997) 205:797-805.
doi: 10.1148/radiology.205.3.9393538

24. Khurana NKR, Raz E, Mohamed AWH, Sotoudeh H, Reddy A, Jones J, et al.
Intracranial cerebrovascular lesions on TZ—weighted magnetic resonance imaging. J Clin
Imaging Sci. (2024) 14:19. doi: 10.25259/JCIS_16_2024

25. Vilela MD, Tazinaffo U. Cerebellar proliferative angiopathy associated with a
pontine telangiectasia and a developmental venous anomaly. World Neurosurg. (2018)
114:106-10. doi: 10.1016/j.wneu.2018.03.029

26. Sabayan B, Lineback C, Viswanathan A, Leslie-Mazwi TM, Shaibani A. Central
nervous system vascular malformations: a clinical review. Ann Clin Transl Neurol. (2021)
8:504-22. doi: 10.1002/acn3.51277

27. Moursi MO, Alsadi A, Ali Y, Kolleri J, Hussein T. Coexistence of brain capillary
telangiectasia and venous angioma: a case report and literature review. Clin Case Rep.
(2024) 12:8819. doi: 10.1002/ccr3.8819

28. Yoshida Y, Terae S, Kudo K, Tha KK, Imamura M, Miyasaka K. Capillary
telangiectasia of the brain stem diagnosed by susceptibility-weighted imaging. ] Comput
Assist Tomogr. (2006) 30:980-2. doi: 10.1097/01.rct.0000220810.81221.27

29. Reichenbach JR, Venkatesan R, Schillinger DJ, Kido DK, Haacke EM. Small vessels
in the human brain: MR venography with deoxyhemoglobin as an intrinsic contrast
agent. Radiology. (1997) 204:272-7. doi: 10.1148/radiology.204.1.9205259

30. Castillo M, Morrison T, Shaw JA, Bouldin TW. MR imaging and histologic features
of capillary telangiectasia of the basal ganglia. AJTNR Am ] Neuroradiol. (2001) 22:1553-5.

31. Sayama CM, Osborn AG, Chin SS, Couldwell WT. Capillary telangiectasias:
clinical, radiographic, and histopathological features. Clinical article. ] Neurosurg. (2010)
113:709-14. doi: 10.3171/2009.9.JNS09282

32.Liu MY, Chen ZY, Li JE, Xiao HE Ma L. Quantitative susceptibility-weighted
imaging in amyotrophic lateral sclerosis with 3.0 T magnetic resonance imaging. J Int
Med Res. (2021) 49:300060521992222. doi: 10.1177/0300060521992222

33. El-Koussy M, Schroth G, Gralla ], Brekenfeld C, Andres RH, Jung S, et al.
Susceptibility-weighted MR imaging for diagnosis of capillary telangiectasia of the brain.
AJNR Am ] Neuroradiol. (2012) 33:715-20. doi: 10.3174/ajnr.A2893

34. Deistung A, Dittrich E, Sedlacik J, Rauscher A, Reichenbach JR. ToF-SWI:
simultaneous time of flight and fully flow compensated susceptibility weighted imaging.
J Magn Reson Imaging. (2009) 29:1478-84. doi: 10.1002/jmri.21673

35.Du YP, Jin Z, Hu Y, Tanabe J. Multi-echo acquisition of MR angiography and
venography of the brain at 3 tesla. ] Magn Reson Imaging. (2009) 30:449-54. doi:
10.1002/jmri.21833

36. Denk C, Rauscher A. Susceptibility weighted imaging with multiple echoes. ] Magn
Reson Imaging. (2010) 31:185-91. doi: 10.1002/jmri.21995

37. Feng W, Neelavalli J, Haacke EM. Catalytic multiecho phase unwrapping scheme
(CAMPUS) in multiecho gradient echo imaging: removing phase wraps on a voxel-by-
voxel basis. Magn Reson Med. (2013) 70:117-26. doi: 10.1002/mrm.24457

frontiersin.org


https://doi.org/10.3389/fneur.2025.1593152
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fneur.2025.1593152/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2025.1593152/full#supplementary-material
https://doi.org/10.1016/j.radcr.2020.05.061
https://doi.org/10.1007/s00701-020-04271-3
https://doi.org/10.1177/19714009221109885
https://doi.org/10.1007/s00234-023-03123-y
https://doi.org/10.1016/j.neuroimage.2017.10.049
https://doi.org/10.1212/WNL.0000000000011790
https://doi.org/10.1016/j.neuroimage.2024.120583
https://doi.org/10.1111/jon.13054
https://doi.org/10.3389/fninf.2023.1204186
https://doi.org/10.1148/radiol.11110251
https://doi.org/10.1002/jmri.27058
https://doi.org/10.1161/STROKEAHA.113.001638
https://doi.org/10.1111/jon.12987
https://doi.org/10.1212/WNL.0000000000209478
https://doi.org/10.1148/radiol.13122640
https://doi.org/10.1097/RLI.0000000000000758
https://doi.org/10.1097/RLI.0000000000000695
https://doi.org/10.4329/wjr.v10.i4.30
https://doi.org/10.1161/STROKEAHA.123.044083
https://doi.org/10.1002/mrm.25878
https://doi.org/10.1002/path.1700520206
https://doi.org/10.1148/radiology.205.3.9393538
https://doi.org/10.25259/JCIS_16_2024
https://doi.org/10.1016/j.wneu.2018.03.029
https://doi.org/10.1002/acn3.51277
https://doi.org/10.1002/ccr3.8819
https://doi.org/10.1097/01.rct.0000220810.81221.27
https://doi.org/10.1148/radiology.204.1.9205259
https://doi.org/10.3171/2009.9.JNS09282
https://doi.org/10.1177/0300060521992222
https://doi.org/10.3174/ajnr.A2893
https://doi.org/10.1002/jmri.21673
https://doi.org/10.1002/jmri.21833
https://doi.org/10.1002/jmri.21995
https://doi.org/10.1002/mrm.24457

Meng et al.

38.Xu B, Liu T, Spincemaille P, Prince M, Wang Y. Flow compensated quantitative
susceptibility mapping for venous oxygenation imaging. Magn Reson Med. (2014)
72:438-45. doi: 10.1002/mrm.24937

39.Du YP, Jin Z. Simultaneous acquisition of MR angiography and venography
(MRAV). Magn Reson Med. (2008) 59:954-8. doi: 10.1002/mrm.21581

40.Han SW, Shin JH, Thn YK, Yang SH, Sung JH. Comparison of single- and
multi-echo susceptibility-weighted imaging in detecting cerebral arteriovenous
shunts: a preliminary study. J Korean Soc Radiol. (2023) 84:226-39. doi:
10.3348/jksr.2022.0080

41. Wen Y, Nguyen TD, Liu Z, Spincemaille P, Zhou D, Dimov A, et al. Cardiac
quantitative susceptibility mapping (QSM) for heart chamber oxygenation. Magn Reson
Med. (2018) 79:1545-52. doi: 10.1002/mrm.26808

42. Oshima S, Fushimi Y, Okada T, Takakura K, Liu C, Yokota Y, et al. Brain MRI with
quantitative susceptibility mapping: relationship to CT attenuation values. Radiology.
(2020) 294:600-9. doi: 10.1148/radiol.2019182934

Frontiers in Neurology

08

10.3389/fneur.2025.1593152

43. Dimov AV, Li ], Nguyen TD, Roberts AG, Spincemaille P, Straub S, et al. QSM
throughout the body. ] Magn Reson Imaging. (2023) 57:1621-40. doi: 10.1002/jmri.28624

44. Drapé E, Anquetil T, Larrivée B, Dubrac A. Brain arteriovenous malformation in
hereditary hemorrhagic telangiectasia: recent advances in cellular and molecular
mechanisms. Front Hum Neurosci. (2022) 16:1006115. doi: 10.3389/fnhum.2022.1006115

45. Biondetti E, Cho J, Lee H. Cerebral oxygen metabolism from MRI susceptibility.
NeuroImage. (2023) 276:120189. doi: 10.1016/j.neuroimage.2023.120189

46.Jiang D, Lu H. Cerebral oxygen extraction fraction MRI: techniques and
applications. Magn Reson Med. (2022) 88:575-600. doi: 10.1002/mrm.29272

47.Jiang D, Liu P, Lin Z, Hazel K, Pottanat G, Lucke E, et al. MRI assessment of
cerebral oxygen extraction fraction in the medial temporal lobe. NeuroImage. (2023)
266:119829. doi: 10.1016/j.neuroimage.2022.119829

48. Chaudhry US, De Bruin DE, Policeni BA. Susceptibility-weighted MR imaging: a
better technique in the detection of capillary telangiectasia compared with T2* gradient-
echo. AJNR Am ] Neuroradiol. (2014) 35:2302-5. doi: 10.3174/ajnr.A4082

frontiersin.org


https://doi.org/10.3389/fneur.2025.1593152
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1002/mrm.24937
https://doi.org/10.1002/mrm.21581
https://doi.org/10.3348/jksr.2022.0080
https://doi.org/10.1002/mrm.26808
https://doi.org/10.1148/radiol.2019182934
https://doi.org/10.1002/jmri.28624
https://doi.org/10.3389/fnhum.2022.1006115
https://doi.org/10.1016/j.neuroimage.2023.120189
https://doi.org/10.1002/mrm.29272
https://doi.org/10.1016/j.neuroimage.2022.119829
https://doi.org/10.3174/ajnr.A4082

	Application of multi-echo susceptibility weighted imaging in the evaluation of brain capillary telangiectasias
	Introduction
	Materials and methods
	Patients
	Methods
	Image processing and image analysis
	Statistical analysis

	Results
	Imaging findings of BCT lesions in multi-echo SWI and QSM
	Comparison of the sensitivity of SWI and QSM map in detecting the central vein of BCT

	Discussion

	References

