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Abstract

A transient ischemic attack (TIA) is a transient episode of neurological dysfunction without
evidence of acute infarct demarcation on neuroimaging. The radiographic features of
TIAs are uncertain, as since there is currently no perfect imaging method with which to
differentiate a stroke from a TIA. We aimed to evaluate whether regional abnormalities
are associated with TIA by identifying tissue with increased susceptibility (χ) values using
quantitative susceptibility mapping (QSM). A total of 39 adults with clinical TIA symptoms
(66 ± 12 years) and 39 age- and sex matched controls (65 ± 12 years) underwent MRI.
Based on the QSM-maps, local susceptibility changes were tested for statistically significant
differences between patients with TIA and healthy controls. The susceptibility maps of TIA
patients showed that magnetic susceptibility differed from that of healthy volunteers, with
the strongest effects observable in the right lingual gyrus (p < 0.001) and bilaterally in the
caudal anterior cingulate (cACC, p < 0.01). TIA is often difficult to diagnose at the time of
presentation in the emergency department, and QSM could show an association between
regional QSM abnormalities and TIA.
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1. Introduction
A transient ischemic attack (TIA) is a transient episode of neurological dysfunction,

without evidence of acute infarction on neuroimaging. In the past, TIA was arbitrarily
distinguished from stroke by a duration of neurological symptoms of less than 24 h [1].
However, this definition allowed for patients at risk of permanent infarction to be misclassi-
fied as having a TIA, and thus the aforementioned tissue-based definition is favored [1]. It
is well established that symptoms of TIAs usually resolve within 24 h, often within hours,
but prolonged episodes occasionally occur [1,2].

There is uncertainty regarding the radiographic features of TIAs since there is no
perfect imaging method with which to differentiate a stroke from a TIA [1]. Whereas CT
scans of the brain are often unremarkable, there is controversy regarding the significance of
regions demonstrating high signal intensity on DWI, a finding present in approximately
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half of all TIAs [3]. Therefore, additional imaging markers are desirable for the diagnosis
of TIA.

A TIA is characterized by a temporary disturbance of brain function in a specific
region, caused by a transient reduction in cerebral blood flow. Stroke symptoms are often
identical to those of TIA initially, but they do not resolve on their own and can result in
lasting neurological deficits depending on their severity and the area of the brain affected.

Magnetic susceptibility differences in the brain can be measured by MRI using quanti-
tative susceptibility mapping (QSM). QSM uses the magnetization induced in tissue when
placed in a magnetic field to provide a quantitative measure of the tissue susceptibility
(χ) distribution [4,5]. QSM improves the detection and identification of iron and calcium
deposition and allows better characterization of pathological iron and myelin variations,
as well as unique details of brain morphology within deep brain nuclei [6,7]. Several
QSM-MRI studies have shown an association between altered tissue magnetic susceptibil-
ity and various conditions such as attention deficit/hyperactivity disorder [8], multiple
sclerosis [9,10], Huntington’s disease [11,12], Parkinson’s disease [13,14], and Alzheimer’s
disease [11,15–17]. QSM has also been extensively evaluated for application to ischemic
stroke [18,19].

Higher magnetic susceptibility in cortical veins has been observed on susceptibility
maps in the ischemic hemisphere of stroke patients, indicating an increased oxygen extrac-
tion fraction [19–22]. As susceptibility reflects the magnetizability of a tissue, it is sensitive
to local and global oxygenation. Thus, magnetic susceptibility-based contrast has been
used to determine oxygenation status in the brain [22–25]. QSM has been applied in the
assessment of vessel function and oxygen metabolism in patients and animal models with
acute ischemic stroke [19,26–29]. In patients with acute stroke, prominent vessels with high
magnetic susceptibility were observed with SWI and QSM [28,30–33]. To the best of our
knowledge, no studies on the application of QSM to TIA have so far been published.

We aimed to evaluate whether regional QSM abnormalities are associated with TIA,
potentially providing an imaging marker with which to identify transiently hypoperfused
tissue by detecting microstructural alterations in tissue susceptibility. For this, we com-
pared the χ values of TIA patients with those of a group of age- and sex-matched healthy
volunteers to identify possible underlying alterations in regional susceptibility values.

2. Materials and Methods
2.1. Subjects

We recruited 39 patients (age > 18 years) who presented with stroke-like symptoms
at the emergency department of our hospital (sudden weakness or numbness on one side
of the body, difficulty speaking or understanding speech, vision problems, dizziness and
severe headache, as well as vision loss, blurred vision or double vision, vertigo, confusion,
and problems with balance and coordination). All these patients had unremarkable results
of examination of the brain with CT angiography and CT perfusion. All patients underwent
an additional MRI scan for further clarification of the pathology underlying the clinical
symptoms within 24 h of enrollment in the study. Each patient was informed about the
study prior to the MRI, and participation was voluntary. Informed consent was given by
all participants prior to enrollment in the study. The study was approved by the local ethics
committee (EKNZ 2022-01947).

In addition, 39 age- and sex-matched healthy volunteers were scanned (age > 18 years).
All potential participants with contraindications to MRI [34] or a known history of cere-
brovascular diseases were excluded from the study.

After a board-certified neuroradiologist had screened the images and excluded other
possible reasons for the stroke-like symptoms, a final diagnosis of TIA was made by the
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neurological senior supervisor during hospitalization of the patient. Diagnosis was based
on a full neurologic examination. In addition, an electrocardiogram was performed to
evaluate for atrial fibrillation and blood pressure, pulse rate, and oxygen saturation were
measured, as well as routine blood work.

2.2. Mri

All MRIs were acquired on a 3 Tesla MRI Scanner (Skyra or Vida, Siemens Healthineers,
Erlangen, Germany). For image acquisition, a 32-head channel coil was used. Our in-house
stroke protocol was followed, which included the following sequences: DWI, SWI and
T2-weighted FLAIR, followed by the QSM sequence (TR = 59 msec, 8 TEs = 5, 8, 11, 14, 17,
20, 23, 26 msec, flip angle = 20◦, FOV = 220 × 220 mm2, slice thickness = 2 mm, 1 average,
TA = 6:27 min) and anatomical T1 MP-RAGE sequence (TR = 2230 msec, TE = 4.78 msec,
flip angle = 9◦, FOV = 220 × 220 mm2, slice thickness = 0.9 mm, 1 average, TA = 5:05 min).

2.3. Image Analysis

The QSM maps were obtained using the QSMxT framework [35]. The phase un-
wrapping, background field removal, and dipole inversion steps were achieved using
the TGV-QSM algorithm. T1-weighted images were segmented using FreeSurfer via the
Aseg probabilistic atlas. Then, the T1-weighted anatomical images were registered to the
magnitude images in the QSM space using the MINC toolkit. QSM statistics for 46 brain
regions were extracted.

2.4. Statistics

Statistical analysis was performed using SPSS statistics software (version 29) (IBM
Corporation, Armonk, NY, USA). An unpaired t-test together with Cohen’s d absolute effect
size was used to test statistically significant differences in normally distributed QSM values
between TIA patients and healthy volunteers. p-values were indicated after controlling the
false discovery rate using the Benjamini–Hochberg procedure to correct for performing
46 tests [36]. Pearson’s correlation coefficient was calculated between the imaging delay
and susceptibility values in different brain areas. Results are expressed as mean ± SD.
Values outside the range of mean ± 4 × SD were excluded from the analysis.

3. Results
Demographic information and the results of clinical tests on all participants are sum-

marized in Table 1. No statistically significant differences in demographic characteristics
(age, weight, BMI and sex) were detected between the patients with TIA and healthy vol-
unteers. All the patients were asymptomatic within 24 h (15 ± 10 h, ranging from minutes
to 23 h). Symptom duration varied from a couple of seconds to several hours, up to 1 day.
One patient had a focal DWI hyperintensity without any correlation on the corresponding
ADC map. The FLAIR image confirmed it to be a classical “T2 shine-through” effect. The
median time delay until MRI was conducted was 21 h (17 ± 7 h, range 2 to 23 h). No
correlation was detected between the imaging delay and the susceptibility values of the
TIA individuals.

Figure 1 shows examples of susceptibility maps, indicating the regional distribution
of brain tissue susceptibility, for a healthy control and an individual with TIA. To detect
differences in mean ROI susceptibility between controls and patients with TIA, 46 t-tests
were performed (see Supplementary Materials). The resulting p-values were adjusted
for multiple testing by using the Benjamini–Hochberg false discovery rate control [36],
resulting differences in susceptibility levels between controls and TIA patients in the right
lingual gyrus (p < 0.001, d = −0.766) and bilateral caudal anterior cingulate (cACC, p < 0.01,
d(R) = 0.614 and d(L) = 0.635, respectively) (Table 1, Figure 2).
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Table 1. Pooled data of all the study subjects (mean ± SD).

Healthy Controls
(n = 39)

TIA
(n = 39)

Sex (f/m) * 22/17 19/20

Age (years) 65 ± 12 66 ± 12

Weight (kg) 74 ± 13 76 ± 13

Height (cm) 170 ± 9 168 ± 7

BMI (kg/m2) ** 26 ± 4 27 ± 4

Clinical symptoms (one patient can have
several symptoms)

n.a.

Sudden weakness or numbness on one
side of the body, problems to move n (%) (17) 44%

Difficulty in speaking n (%) (10) 23%

Difficulty of understanding speech n (%) (1) 3%

Visual disturbances n (%) (10) 26%

Vertigo n (%) (15) 38%

Disorientation n (%) (5) 13%

Problems with balance and coordination
n (%) (5) 13%

Headache n (%) (2) 5%

Symptom duration
<24 h n (%) n.a. 39 (100%)

Diffusion restriction n (%) n.a. (1) 3%

χ (ppm) HC TIA
R lingual gyrus (p < 0.001, d = −0.766) 0.0174 ± 0.0091 0.0254 ± 0.0116

R ACC (p < 0.01, d = 0.614) −0.0191 ± 0.0128 −0.0273 ± 0.0139
L ACC (p < 0.01, d = 0.635) −0.0172 ± 0.0102 −0.0249 ± 0.0138

* f = female; m = male, ** BMI = Body Mass Index; R = right; L = left; ACC = caudal anterior cingulate;
χ = susceptibility, ppm = parts per million; d = Cohen’s d absolute effect size; n.a. = not applicable.

Figure 1. Susceptibility maps indicating the regional distribution of brain tissue susceptibility:
(A) healthy control and (B) individual with TIA.
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Figure 2. Areas where susceptibility values showed statistically significant differences in persons
with TIA compared to healthy volunteers: the right lingual gyrus (p < 0.001) and bilaterally in the
caudal anterior cingulate cortex (cACC, p < 0.01).

4. Discussion
In this study, we used QSM to assess magnetic abnormalities indicating local alter-

ations of an increased oxygen extraction fraction inducing an increase in paramagnetic
deoxyhemoglobin due to hypoperfusion. Compared to healthy volunteers, susceptibility
values in persons with TIA showed statistically significant differences in the right lingual
gyrus and bilateral cACC.

TIA is associated with time-limited brain dysfunction in a circumscribed area. This is
caused by a regional reduction in cerebral blood flow, resulting in either transient or minor
observable clinical symptoms.

Areas exhibiting statistically significant differences in tissue susceptibility demonstrate
a noteworthy correlation with brain regions known to manifest symptoms following a TIA,
suggesting a potential link between regional neurological dysfunction and an increased
oxygen extraction fraction [22,37].

It is known that brain iron concentrations increase with normal aging [38]. However,
elevated iron levels may also result from a variety of conditions, including neurodegen-
erative diseases [38]. Recent studies suggest that serum ferritin levels could be a novel
predictor of hemorrhagic transformation following ischemic stroke. Experimental investi-
gations have confirmed the detrimental impact of iron overload on the ischemic brain and
the endothelial lining of blood vessels [39].
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During healthy aging, iron deposits accumulate heterogeneously in specific regions
of the brain and are largely located in the deep gray matter nuclei [6,40]. There is a rapid
increase in iron accumulation from birth up to the age of 20 years; it slows down in
middle age and increases again after 60 years [6,41]. Our cohorts were therefore strictly
age-matched to avoid any bias due to normal aging.

We acknowledge several limitations of our study. The comparison between TIA pa-
tients and healthy controls did not include minor strokes. However, affected patients can
normally be accurately diagnosed based on routine MRI and/or CT images. Furthermore,
acquisition time increased due to the QSM sequence, which could be challenging in an
emergency clinical setting. The number of subjects recruited in our study was relatively
small, and several patients suffered from overlapping symptoms; it was not possible to
divide patients into subgroups based on their symptoms. The findings in the lingual
gyrus and cACC may reflect broader microvascular/perfusion vulnerability rather than
focal symptom-causing lesions. Therefore, these results should be considered prelimi-
nary, and further studies are needed to confirm our findings—these findings cannot yet
support diagnostic use. Only healthy controls were included in the study, since clinical
MRI sequences do not offer any possibility to differentiate TIAs from controls. There is
a possibility that QSM abnormalities are not only unique to TIA but reflect underlying
cerebrovascular disease burden; however, this is already enough to differentiate them
from other possible reasons for stroke-like symptoms. Our healthy controls were recruited
without a known history of cerebrovascular diseases. However, additional factors possibly
influencing susceptibility values, such as hypertension, diabetes, smoking, renal dysfunc-
tion, medications, and anemia, were not examined in the healthy control group. Detailed
matching for systemic metabolic risk factors was outside our study scope.

Early assessment of patients arriving at the emergency department makes the diagno-
sis of TIA enormously difficult. The diagnosis of TIA depends on the quality and quantity
of information available and the time of assessment. Imaging-sensitive markers would be
invaluable for making the correct diagnosis of TIA.

As many as 60% of patients referred to a TIA clinic will not have a final diagnosis of
TIA [42,43]. Identification of possible TIA mimics is an important stage in the assessment
of patients with transient neurologic symptoms. An accurate diagnosis of a stroke mimic
impacts treatment decisions and provides reassurance when the diagnosis turns out to be
less serious (for example, TIA).

5. Conclusions
Early clinical assessment in the emergency setting often presents challenges in diagnos-

ing TIA. QSM suggests an association between regional QSM abnormalities and TIA and
possibly has promise in the future as an imaging biomarker, thereby enhancing diagnostic
precision, informing timely treatment decisions, and improving patient reassurance.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/jimaging12080387/s1, Table S1: Additional brain areas tested for
a statistically significant difference between patients with TIAs and healthy controls.

Author Contributions: Conceptualization, J.B. and L.R.; methodology, J.B., L.R. and P.G.; software,
J.B.; validation, J.B., M.D., P.G. and L.R.; formal analysis, J.B.; investigation, J.B.; resources, J.B.; data
curation, J.B.; writing—original draft preparation, J.B.; writing—review and editing, P.G., M.D., M.G.,
P.G.U., L.R., F.W., P.M. and J.B.; visualization, J.B. and M.G.; supervision, L.R. and P.M.; project
administration, J.B.; funding acquisition, J.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Aarau Kantonsspital Research Fund (Grant No. 1410.000.210).

https://doi.org/10.3390/jimaging12080387

https://www.mdpi.com/article/10.3390/jimaging12080387/s1
https://www.mdpi.com/article/10.3390/jimaging12080387/s1
https://doi.org/10.3390/jimaging12080387


J. Imaging 2026, 12, 387 7 of 9

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of Ethikkomission Nordwest- und
Zentralschweiz (EKNZ) (protocol code EKNZ 2022-01947 and date of approval 18 November 2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to privacy or ethical restrictions.

Acknowledgments: The authors thank Susan Kaplan for reviewing the language in this manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

cACC Caudal anterior cingulate
QSM Quantitative susceptibility mapping
TIA Transient ischemic attack

References
1. Easton, J.D.; Saver, J.L.; Albers, G.W.; Alberts, M.J.; Chaturvedi, S.; Feldmann, E.; Hatsukami, T.S.; Higashida, R.T.; Johnston, S.C.;

Kidwell, C.S.; et al. Definition and evaluation of transient ischemic attack: A scientific statement for healthcare professionals from
the American Heart Association/American Stroke Association Stroke Council; Council on Cardiovascular Surgery and Anesthesia;
Council on Cardiovascular Radiology and Intervention; Council on Cardiovascular Nursing; and the Interdisciplinary Council on
Peripheral Vascular Disease. The American Academy of Neurology affirms the value of this statement as an educational tool for
neurologists. Stroke 2009, 40, 2276–2293. [PubMed]

2. Kidwell, C.S.; Alger, J.R.; Di Salle, F.; Starkman, S.; Villablanca, P.; Bentson, J.; Saver, J.L. Diffusion MRI in patients with transient
ischemic attacks. Stroke 1999, 30, 1174–1180. [CrossRef] [PubMed]

3. Oppenheim, C.; Lamy, C.; Touzé, E.; Calvet, D.; Hamon, M.; Mas, J.-L.; Méder, J.-F. Do Transient Ischemic Attacks with
Diffusion-Weighted Imaging Abnormalities Correspond to Brain Infarctions? AJNR Am. J. Neuroradiol. 2006, 27, 1782–1787.
[PubMed]

4. Langkammer, C.; Schweser, F.; Krebs, N.; Deistung, A.; Goessler, W.; Scheurer, E.; Sommer, K.; Reishofer, G.; Yen, K.; Fazekas, F.;
et al. Quantitative susceptibility mapping (QSM) as a means to measure brain iron? A post mortem validation study. NeuroImage
2012, 62, 1593–1599. [CrossRef] [PubMed]

5. de Rochefort, L.; Liu, T.; Kressler, B.; Liu, J.; Spincemaille, P.; Lebon, V.; Wu, J.; Wang, Y. Quantitative susceptibility map
reconstruction from MR phase data using Bayesian regularization: Validation and application to brain imaging. Magn. Reson.
Med. 2010, 63, 194–206. [CrossRef] [PubMed]

6. Deistung, A.; Schweser, F.; Reichenbach, J.R. Overview of quantitative susceptibility mapping. NMR Biomed. 2017, 30, e3569.
[CrossRef] [PubMed]

7. Kan, H.; Uchida, Y.; Kawaguchi, S.; Kasai, H.; Hiwatashi, A.; Ueki, Y. Quantitative susceptibility mapping for susceptibility source
separation with adaptive relaxometric constant estimation (QSM-ARCS) from solely gradient-echo data. NeuroImage 2024, 296,
120676. [CrossRef] [PubMed]

8. Berberat, J.; Kagerer, S.M.; Späni, C.; Hua, J.; Bavato, F.; Gruber, P.; van Zijl, P.C.; Perroud, N.; Li, X.; Stämpfli, P.; et al. Brain iron
load and neuroaxonal vulnerability in adult attention-deficit hyperactivity disorder. Psychiatry Clin. Neurosci. 2025, 79, 282–289.
[CrossRef] [PubMed]

9. Eskreis-Winkler, S.; Zhang, Y.; Zhang, J.; Liu, Z.; Dimov, A.; Gupta, A.; Wang, Y. The clinical utility of QSM: Disease diagnosis,
medical management, and surgical planning. NMR Biomed. 2017, 30, 3668. [CrossRef] [PubMed]

10. Stüber, C.; Pitt, D.; Wang, Y. Iron in Multiple Sclerosis and Its Noninvasive Imaging with Quantitative Susceptibility Mapping.
Int. J. Mol. Sci. 2016, 17, 100. [CrossRef] [PubMed]

11. Bartzokis, G.; Tishler, T.A. MRI evaluation of basal ganglia ferritin iron and neurotoxicity in Alzheimer’s and Huntingon’s disease.
Cell. Mol. Biol. 2000, 46, 821–833. [PubMed]

12. Domínguez, J.; Ng, A.C.L.; Poudel, G.; Stout, J.C.; Churchyard, A.; Chua, P.; Egan, G.F.; Georgiou-Karistianis, N. Iron accumulation
in the basal ganglia in Huntington’s disease: Cross-sectional data from the IMAGE-HD study. J. Neurol. Neurosurg. Psychiatry
2016, 87, 545–549. [CrossRef] [PubMed]

13. He, N.; Ling, H.; Ding, B.; Huang, J.; Zhang, Y.; Zhang, Z.; Liu, C.; Chen, K.; Yan, F. Region-specific disturbed iron distribution in
early idiopathic Parkinson’s disease measured by quantitative susceptibility mapping. Hum. Brain Mapp. 2015, 36, 4407–4420.
[CrossRef] [PubMed]

https://doi.org/10.3390/jimaging12080387

https://www.ncbi.nlm.nih.gov/pubmed/19423857
https://doi.org/10.1161/01.str.30.6.1174
https://www.ncbi.nlm.nih.gov/pubmed/10356095
https://www.ncbi.nlm.nih.gov/pubmed/16971636
https://doi.org/10.1016/j.neuroimage.2012.05.049
https://www.ncbi.nlm.nih.gov/pubmed/22634862
https://doi.org/10.1002/mrm.22187
https://www.ncbi.nlm.nih.gov/pubmed/19953507
https://doi.org/10.1002/nbm.3569
https://www.ncbi.nlm.nih.gov/pubmed/27434134
https://doi.org/10.1016/j.neuroimage.2024.120676
https://www.ncbi.nlm.nih.gov/pubmed/38852804
https://doi.org/10.1111/pcn.13806
https://www.ncbi.nlm.nih.gov/pubmed/40013605
https://doi.org/10.1002/nbm.3668
https://www.ncbi.nlm.nih.gov/pubmed/27906525
https://doi.org/10.3390/ijms17010100
https://www.ncbi.nlm.nih.gov/pubmed/26784172
https://www.ncbi.nlm.nih.gov/pubmed/10875443
https://doi.org/10.1136/jnnp-2014-310183
https://www.ncbi.nlm.nih.gov/pubmed/25952334
https://doi.org/10.1002/hbm.22928
https://www.ncbi.nlm.nih.gov/pubmed/26249218
https://doi.org/10.3390/jimaging12080387


J. Imaging 2026, 12, 387 8 of 9

14. Murakami, Y.; Kakeda, S.; Watanabe, K.; Ueda, I.; Ogasawara, A.; Moriya, J.; Ide, S.; Futatsuya, K.; Sato, T.; Okada, K.; et al.
Usefulness of quantitative susceptibility mapping for the diagnosis of parkinson disease. AJNR Am. J. Neuroradiol. 2015, 36,
1102–1108. [CrossRef] [PubMed]

15. van Bergen, J.M.; Li, X.; Hua, J.; Schreiner, S.J.; Steininger, S.C.; Quevenco, F.C.; Wyss, M.; Gietl, A.F.; Treyer, V.; Leh, S.E.; et al.
Colocalization of cerebral iron with amyloid beta in mild cognitive impairment. Sci. Rep. 2016, 6, 35514. [CrossRef] [PubMed]

16. Acosta-Cabronero, J.; Williams, G.B.; Cardenas-Blanco, A.; Arnold, R.J.; Lupson, V.; Nestor, P.J. In vivo quantitative susceptibility
mapping (QSM) in Alzheimer’s disease. PLoS ONE 2013, 8, e81093. [CrossRef] [PubMed]

17. Ayton, S.; Wang, Y.; Diouf, I.; Schneider, J.A.; Brockman, J.; Morris, M.C.; Bush, A.I. Brain iron is associated with accelerated
cognitive decline in people with Alzheimer pathology. Mol. Psychiatry 2020, 25, 2932–2941. [CrossRef] [PubMed]

18. Kataike, V.M.; Desmond, P.M.; Steward, C.; Mitchell, P.J.; Davey, C.; Yassi, N.; Bivard, A.; Parsons, M.W.; Campbell, B.C.;
Ng, F.; et al. Iron changes within infarct tissue in ischemic stroke patients after successful reperfusion quantified using QSM.
Neuroradiology 2024, 66, 2233–2242. [CrossRef] [PubMed]

19. Probst, J.; Rohner, M.; Zahn, M.; Piccirelli, M.; Pangalu, A.; Luft, A.; Deistung, A.; Klohs, J.; Wegener, S. Quantitative susceptibility
mapping in ischemic stroke patients after successful recanalization. Sci. Rep. 2021, 11, 16038. [CrossRef] [PubMed]

20. Fan, A.P.; Bilgic, B.; Gagnon, L.; Witzel, T.; Bhat, H.; Rosen, B.R.; Adalsteinsson, E. Quantitative oxygenation venography from
MRI phase. Magn. Reson. Med. 2014, 72, 149–159. [CrossRef] [PubMed]

21. Weisskoff, R.M.; Kiihne, S. MRI susceptometry: Image-based measurement of absolute susceptibility of MR contrast agents and
human blood. Magn. Reson. Med. 1992, 24, 375–383. [CrossRef] [PubMed]

22. Haacke, E.; Tang, J.; Neelavalli, J.; Cheng, Y. Susceptibility mapping as a means to visualize veins and quantify oxygen saturation.
J. Magn. Reson. Imaging JMRI 2010, 32, 663–676. [CrossRef] [PubMed]

23. Ward, R.J.; Zucca, F.A.; Duyn, J.H.; Crichton, R.R.; Zecca, L. The role of iron in brain ageing and neurodegenerative disorders.
Lancet Neurol. 2014, 13, 1045–1060. [CrossRef] [PubMed]

24. Wagner, F.; Haenggi, M.M.; Wagner, B.; Weck, A.; Weisstanner, C.; Grunt, S.; Z’graggen, W.J.; Gralla, J.; Wiest, R.; Verma, R.K. The
value of susceptibility-weighted imaging (SWI) in patients with non-neonatal hypoxic-ischemic encephalopathy. Resuscitation
2015, 88, 75–80. [CrossRef] [PubMed]

25. Verma, R.K.; Wagner, F.; Weisstanner, C.; Strozzi, S.; Lang, M.F. Venous pattern of polymicrogyria detected by susceptibility
weighted imaging (SWI). Acta Radiol. Open 2015, 4, 2058460115617353. [CrossRef] [PubMed]

26. Hsieh, M.-C.; Tsai, C.-Y.; Liao, M.-C.; Yang, J.-L.; Su, C.-H.; Chen, J.-H. Quantitative Susceptibility Mapping-Based Microscopy of
Magnetic Resonance Venography (QSM-mMRV) for In Vivo Morphologically and Functionally Assessing Cerebromicrovascula-
ture in Rat Stroke Model. PLoS ONE 2016, 11, e0149602. [CrossRef] [PubMed]

27. Uwano, I.; Kudo, K.; Sato, R.; Ogasawara, K.; Kameda, H.; Nomura, J.-I.; Mori, F.; Yamashita, F.; Ito, K.; Yoshioka, K.; et al.
Noninvasive assessment of oxygen extraction fraction in chronic ischemia using quantitative susceptibility mapping at 7 Tesla.
Stroke 2017, 48, 2136–2141. [CrossRef] [PubMed]

28. Luo, Y.; Gong, Z.; Zhou, Y.; Chang, B.; Chai, C.; Liu, T.; Han, Y.; Wang, M.; Qian, T.; Haacke, E.M.; et al. Increased susceptibility of
asymmetrically prominent cortical veins correlates with misery perfusion in patients with occlusion of the middle cerebral artery.
Eur. Radiol. 2017, 27, 2381–2390. [CrossRef] [PubMed]

29. Vaas, M.; Deistung, A.; Reichenbach, J.R.; Keller, A.; Kipar, A.; Klohs, J. Vascular and tissue changes of magnetic susceptibility in
the mouse brain after transient cerebral ischemia. Transl. Stroke Res. 2018, 9, 426–435. [CrossRef] [PubMed]

30. Kao, H.-W.; Tsai, F.Y.; Hasso, A.N. Predicting stroke evolution: Comparison of susceptibility-weighted MR imaging with MR
perfusion. Eur. Radiol. 2012, 22, 1397–1403. [CrossRef] [PubMed]

31. Chen, C.Y.; Chen, C.I.; Tsai, F.Y.; Tsai, P.H.; Chan, W.P. Prominent vessel sign on susceptibility-weighted imaging in acute stroke:
Prediction of infarct growth and clinical outcome. PLoS ONE 2015, 10, e0131118. [CrossRef] [PubMed]

32. Xia, S.; Utriainen, D.; Tang, J.; Kou, Z.; Zheng, G.; Wang, X.; Shen, W.; Haacke, E.M.; Lu, G. Decreased oxygen saturation in
asymmetrically prominent cortical veins in patients with cerebral ischemic stroke. Magn. Reson. Imaging 2014, 32, 1272–1276.
[CrossRef] [PubMed]

33. Kim, P.; Langheinrich, K.; Cristiano, B.; Grigsby, P.; Oyoyo, U.; Kido, D.; Jacobson, J.P. Low thalamostriate venous quantitative
susceptibility measurements correlate with higher presenting NIH stroke scale score in emergent large vessel occlusion stroke. J.
Int. Med. Res. 2020, 48, 300060519832462. [CrossRef] [PubMed]

34. Dill, T. Contraindications to magnetic resonance imaging: Non-invasive imaging. Heart 2008, 94, 943–948. [CrossRef] [PubMed]
35. Stewart, A.W.; Robinson, S.D.; O’Brien, K.; Jin, J.; Widhalm, G.; Hangel, G.; Walls, A.; Goodwin, J.; Eckstein, K.; Tourell, M.; et al.

QSMxT:Robust masking and artifact reduction for quantitative susceptibility mapping. Magn. Reson. Med. 2022, 87, 1289–1300.
[CrossRef] [PubMed]

36. Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat.
Soc. Ser. B Methodol. 1995, 57, 289–300. [CrossRef]

https://doi.org/10.3390/jimaging12080387

https://doi.org/10.3174/ajnr.a4260
https://www.ncbi.nlm.nih.gov/pubmed/25767187
https://doi.org/10.1038/srep35514
https://www.ncbi.nlm.nih.gov/pubmed/27748454
https://doi.org/10.1371/journal.pone.0081093
https://www.ncbi.nlm.nih.gov/pubmed/24278382
https://doi.org/10.1038/s41380-019-0375-7
https://www.ncbi.nlm.nih.gov/pubmed/30778133
https://doi.org/10.1007/s00234-024-03444-6
https://www.ncbi.nlm.nih.gov/pubmed/39172165
https://doi.org/10.1038/s41598-021-95265-3
https://www.ncbi.nlm.nih.gov/pubmed/34362957
https://doi.org/10.1002/mrm.24918
https://www.ncbi.nlm.nih.gov/pubmed/24006229
https://doi.org/10.1002/mrm.1910240219
https://www.ncbi.nlm.nih.gov/pubmed/1569876
https://doi.org/10.1002/jmri.22276
https://www.ncbi.nlm.nih.gov/pubmed/20815065
https://doi.org/10.1016/s1474-4422(14)70117-6
https://www.ncbi.nlm.nih.gov/pubmed/25231526
https://doi.org/10.1016/j.resuscitation.2014.12.024
https://www.ncbi.nlm.nih.gov/pubmed/25576980
https://doi.org/10.1177/2058460115617353
https://www.ncbi.nlm.nih.gov/pubmed/26668757
https://doi.org/10.1371/journal.pone.0149602
https://www.ncbi.nlm.nih.gov/pubmed/26974842
https://doi.org/10.1161/strokeaha.117.017166
https://www.ncbi.nlm.nih.gov/pubmed/28663515
https://doi.org/10.1007/s00330-016-4593-y
https://www.ncbi.nlm.nih.gov/pubmed/27655300
https://doi.org/10.1007/s12975-017-0591-x
https://www.ncbi.nlm.nih.gov/pubmed/29177950
https://doi.org/10.1007/s00330-012-2387-4
https://www.ncbi.nlm.nih.gov/pubmed/22322311
https://doi.org/10.1371/journal.pone.0131118
https://www.ncbi.nlm.nih.gov/pubmed/26110628
https://doi.org/10.1016/j.mri.2014.08.012
https://www.ncbi.nlm.nih.gov/pubmed/25131626
https://doi.org/10.1177/0300060519832462
https://www.ncbi.nlm.nih.gov/pubmed/30859887
https://doi.org/10.1136/hrt.2007.125039
https://www.ncbi.nlm.nih.gov/pubmed/18552230
https://doi.org/10.1002/mrm.29048
https://www.ncbi.nlm.nih.gov/pubmed/34687073
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.3390/jimaging12080387


J. Imaging 2026, 12, 387 9 of 9

37. Guo, J.; Jia, J.; Zhang, J.; Liu, X.; Li, G.; Zhao, X.; Liu, Y. Prognostic Value of Stress Hyperglycaemia Ratio in Young Patients with
Ischaemic Stroke or Transient Ischaemic Attack. Cerebrovasc. Dis. 2023, 52, 526–531. [CrossRef] [PubMed]

38. Spence, H.; McNeil, C.J.; Waiter, G.D. The impact of brain iron accumulation on cognition: A systematic review. PLoS ONE 2020,
15, e0240697. [CrossRef] [PubMed]

39. Mehrpour, M.; Mehrpour, M. Is the serum ferritin level a considerable predictor for hemorrhagic transformation of ischemic
stroke? Med. J. Islam. Repub. Iran 2016, 30, 363. [PubMed]

40. Li, W.; Wu, B.; Batrachenko, A.; Bancroft-Wu, V.; Morey, R.A.; Shashi, V.; Langkammer, C.; De Bellis, M.D.; Ropele, S.; Song, A.W.;
et al. Differential developmental trajectories of magnetic susceptibility in human brain gray and white matter over the lifespan.
Hum. Brain Mapp. 2014, 35, 2698–2713. [CrossRef] [PubMed]

41. Larsen, B.; Bourque, J.; Moore, T.M.; Adebimpe, A.; Calkins, M.E.; Elliott, M.A.; Gur, R.C.; Gur, R.E.; Moberg, P.J.; Roalf, D.R.; et al.
Longitudinal development of brain iron is linked to cognition in youth. J. Neurosci. 2020, 40, 1810–1818. [CrossRef] [PubMed]

42. Prabhakaran, S.; Silver, A.J.; Warrior, L.; McClenathan, B.; Lee, V.H. Misdiagnosis of transient ischemic attacks in the emergency
room. Cerebrovasc. Dis. 2008, 26, 630–635. [CrossRef] [PubMed]

43. Brazzelli, M.; Shuler, K.; Quayyum, Z.; Hadley, D.; Muir, K.; McNamee, P.; De Wilde, J.; Dennis, M.; Sandercock, P.; Wardlaw,
J.M. Clinical and imaging services for TIA and minor stroke: Results of two surveys of practice across the UK. BMJ Open 2013, 3,
e003359. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jimaging12080387

https://doi.org/10.1159/000528068
https://www.ncbi.nlm.nih.gov/pubmed/36599308
https://doi.org/10.1371/journal.pone.0240697
https://www.ncbi.nlm.nih.gov/pubmed/33057378
https://www.ncbi.nlm.nih.gov/pubmed/27493907
https://doi.org/10.1002/hbm.22360
https://www.ncbi.nlm.nih.gov/pubmed/24038837
https://doi.org/10.1523/jneurosci.2434-19.2020
https://www.ncbi.nlm.nih.gov/pubmed/31988059
https://doi.org/10.1159/000166839
https://www.ncbi.nlm.nih.gov/pubmed/18984948
https://doi.org/10.1136/bmjopen-2013-003359
https://www.ncbi.nlm.nih.gov/pubmed/23929917
https://doi.org/10.3390/jimaging12080387

	Introduction 
	Materials and Methods 
	Subjects 
	Mri 
	Image Analysis 
	Statistics 

	Results 
	Discussion 
	Conclusions 
	References

