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Traumatic brain injury (TBI) represents a major public health challenge
worldwide. Traumatic axonal injury (TAI) is a key determinant of outcome yet
remains difficult to assess directly in vivo in routine clinical practice and is
therefore typically inferred indirectly using advanced neuroimaging
techniques. Cerebral microbleeds (CMBs), detected primarily with
susceptibility-based MRI sequences, have emerged as putative imaging
markers associated with axonal injury and injury severity in TBIl. A broad and
heterogeneous body of literature has explored their relevance using gradient-
echo (GRE), susceptibility-weighted imaging (SWI), quantitative susceptibility
mapping (QSM), and diffusion tensor imaging (DTI), as well as
neuropsychological correlates. In this mini review, we provide a focused
narrative synthesis of studies examining the detection, characterization, and
interpretative framework of CMBs in TBI, with particular emphasis on
susceptibility-based MRI and diffusion imaging approaches. We highlight areas
of convergence and inconsistency in the literature and discuss
methodological and conceptual considerations relevant to the use of CMBs
as context-dependent imaging markers in TBI.

KEYWORDS
cerebral microbleeds, CMBS, diffusion tensor image (DTI), susceptibility weighted
image (SWI), TAMVI, tractography, traumatic axonal injury (TAl), traumatic brain
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GRAPHICAL ABSTRACT

and the multimodal assessment of white matter injury

From Microbleeds to Axonal Damage:
Current Evidence and Future Directions

The significance of cerebral microbleeds is context dependent; however, they
may serve as markers of white matter injury.

Overview of the proposed relationship between traumatic brain injury, cerebral microbleeds, and axonal damage, highlighting microbleed detectability
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Introduction

Traumatic brain injury (TBI) represents a major global public
health challenge. Globally, 50-60 million people sustain a TBI each
year, contributing to an estimated economic burden of nearly 400
billion USD and ranking TBI among the top three causes of injury-
related death and disability projected through 2030 (1).

Accurate assessment of injury severity and prognosis is crucial for
the optimal allocation of rehabilitation resources, ensuring both cost-
effectiveness and equitable access to care. Numerous TBI
rehabilitation strategies are under investigation, and their successful
clinical implementation depends on precise and reliable diagnosis
(2). Among the neuropathological consequences of TBI, traumatic
axonal injury (TAI) plays a pivotal role in determining long-term
outcomes. TAI results from the mechanical stretching and
disruption of axons, predominantly affecting the white matter
(WM) (3). Yet, despite its clinical significance, TAI often remains
undetectable using conventional CT and standard MRI sequences.
Advanced diffusion-based MRI techniques offer sensitive tools for
detecting microstructural WM damage. However, their routine
times and

clinical use is limited by

computational complexity.

long acquisition

Importantly, certain pathological markers associated with TAI
can be visualized. Among these, cerebral microbleeds (CMBs)
have garnered growing interest. Because capillaries and adjacent
axons occupy the same microanatomical milieu within the white
matter, they are exposed to similar macroscopic mechanical
loading during traumatic deformation. From a biomechanical
perspective, large transient strains are therefore likely to affect
and the surrounding microvascular network,
potentially resulting in axonal disruption and focal capillary

both axons
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injury in close spatial proximity. In line with this concept, the
recommendation of the
of Neurological and Stroke,
introducing the term traumatic axonal and/or microvascular

recently published nomenclature
National Institute Disorders
injury (TAMVI), underscores the close relationship between
trauma-induced microvascular damage and axonal disruption
(5). Accordingly, CMBs may co-occur with regions vulnerable to
TAI and may serve as indirect, context-dependent radiological
markers; however, this association is not uniform, and CMBs do
not invariably reflect underlying axonal injury (4). But in some
cases, CMBs may reflect isolated small-vessel pathology without
relevant adjacent axonal disruption; therefore, not all CMBs
imply clinically meaningful TAI (6).

Accordingly, CMBs can be conceptualized as mechanistic co-
lesions associated with TAI, markers of global injury severity, or
mixed vascular susceptibility lesions of heterogeneous origin, such
as focal vessel wall fragility related to pre-existing microangiopathy
or inflammation. Careful clarification of the conditions under
which CMBs
Establishing this distinction would support the use of CMB

indicate concomitant TAI is therefore crucial.

detection as a practical, context-dependent marker for TAI

Detection of CMBs

Their detection relies on the susceptibility

differences induced by paramagnetic blood degradation products

magnetic

relative to the surrounding diamagnetic brain tissue. These
susceptibility effects form the basis of their appearance on T2*-
weighted and susceptibility-weighted MRI (SWI) sequences (7),
where CMBs typically appear as small, ovoid, or curvilinear
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hypointense foci with a maximum size up to 10 mm (8). In
contrast, on quantitative susceptibility mapping (QSM), CMBs
are characterized by positive magnetic susceptibility values (9)
The introduction of SWI, which incorporates both magnitude
and phase information, has substantially improved the sensitivity
of CMB detection (10). A previous study investigating subjects
with CAA demonstrated that the use of clinical GRE sequences
detected a total of 103 CMBs, whereas SWT identified 310 CMBs
in the same three patients (11). Similarly, another study
examining seven patients with TBI on MRI acquired on average
five days after trauma reported that GRE detected 200 lesions
using visual assessment and 162 lesions using computer-based
measurement. In contrast, SWI identified substantially more
lesions, with 935 detected by visual assessment and 1038 by
computer-based measurement. Although SWI sensitivity for
CMBs exceeds a T2- GRE technique, but the substantially longer
acquisition time is a limiting factor (12). To address this,
accelerated SWI 3D multishot and
segmented echo-planar imaging (segEPI)—have been developed
(13). Recent studies comparing conventional GRE-based SWI

techniques—such as

with segEPI-SWI in trauma populations found that the two
methods perform comparably in detecting CMBs (14).

The detectability of CMBs is strongly influenced by the
magnetic field strength. In a baseline cohort of 550 community-
dwelling individuals, CMBs were detected in 45 participants at
3.0 T. Among the 25 individuals who underwent additional
imaging at 1.5T, a total of 53 CMBs were identified at 3.0 T
compared with 41 at 1.5 T, corresponding to an approximately
30% higher detection rate at 3.0 T (15). Beyond conventional
field strengths, ultra-high-field MRI further enhances CMB
detection. In a cohort of 10 TBI patients examined on average
22 months after trauma, SWI identified 485 CMBs at 3T,
increasing to 584 CMBs (+20%) at 7T with similar spatial
resolution, and to 684 CMBs (+41%) at 7 T using tenfold higher
spatial resolution (16, 17). However, the clinical utility of 7 T in
TBI remains debated, Hiitler et al. reported that its higher
sensitivity did not translate into superior prognostic accuracy for
indicators of the acute clinical state and chronic neurobehavioral
parameters compared to 3 T imaging (18).

Radiological-histopathological correlation studies focusing on
CMBs are available only in limited numbers, which constrains the
interpretation and generalizability of their findings (19, 20). In a
detailed postmortem correlation study, the mean interval between
pre-mortem MRI and death was 18 months. Twenty-five cases
underwent heterogeneous MRI protocols across scanners and
field strengths (1.5 T and 3 T), while neuropathological analysis
was performed corresponding to CMB locations. In total, 31
CMBs identified on
histopathology detected an additional 25 lesions, resulting in 52
confirmed CMBs. Of the MRI-detected lesions, 27 were
histopathologically confirmed, corresponding to a true-positive

were pre-mortem  MRI, whereas

rate of 51.9%. Importantly, histopathology identified a substantial
number of additional CMBs, yielding a false-negative rate of
48.1%. Given that histological analysis was restricted to slabs
selected based on MRI findings, the true false-negative rate is
likely underestimated. Four MRI-detected lesions represented false
positives, primarily attributable to mimics (21). A brief summary
is provided in Table 1, outlining etiological causes of CMBs as
well as pathologies that mimic their appearance.
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Finally, the temporal dynamics of CMBs add further
complexity to their interpretation. While many CMBs remain
visible for years, animal models and human studies have
demonstrated that some lesions can transiently disappear
between 24 and 72h post-injury (41, 42). Conversely, other
reports have described a gradual increase in CMB size or
conspicuity over time, suggesting evolving tissue responses at
the injury site (43).

Role of the CMB in the prognosis

Early investigations in boxers identified CMBs in 3 out of 42
(44) and 2 out of 21 (45) athletes, with none detected in control
did not
significance. It is notable that while the first study used a 3 T
MRI without SWI, the latter employed 1.5T system, likely
limiting sensitivity. Lawrence et al. using 3T SWI detected
CMBs in 6 of 13 TBI patients, with their presence associated
with significantly lower initial Glasgow Coma Scale (GCS)
scores. No CMBs were observed in patients with a GCS of 15,
in CMB number correlated with GCS
improvement over 15 days (46). Similarly, Tao et al. found a

groups; however, these findings reach statistical

and reductions

significant negative correlation between the number of SWI-
detected CMBs and GCS scores in 25 patients (47). Other
studies confirmed that patients with more severe TBI exhibit
greater CMB burden, particularly in the corpus callosum,
brainstem, and cerebral hemispheres. However, in binary logistic
regression for the Glasgow Outcome Scale-Extended (GOSE),
CMBs did not remain independent predictors—likely reflecting
the lower sensitivity of 1.5 T imaging (48). A large multicenter
study reported that the presence of CMBs was associated with
lower GCS scores, higher TBI severity classification, and poorer
GOSE outcomes (49). Beyond global outcomes, CMBs have also
been associated with specific cognitive and psychiatric domains,
although findings remain heterogeneous. In a cohort of 26
patients with mTBI and detectable CMBs on 3T SWI (mean
24.8 days digit
performance was observed compared with patients without

imaging time: post-injury), lower span
CMBs (50). In contrast, other studies reported no significant
differences in working memory assessed 3-24 months post-
injury using 3T SWI in 77 service members with mTBI (51).
Notably, in a prospective study, CMB burden in the frontal,
parietal, and temporal lobes was significantly higher among 28
patients with mTBI, normal CT and conventional MRI, who
developed depression at 1-year follow-up, compared with 137
patients without depressive symptoms; MRI was performed
between 2h and 3 days after injury (52). The heterogeneity
observed across the literature likely reflects the inherently
complex and multifactorial nature of the condition. However,
the use of diverse neuroradiological modalities and modeling
approaches may facilitate a deeper understanding of the role

of CMBs.

CMB linked to white matter vulnerability

A biomechanical finite element (FE) model has been applied
to estimate the occurrence and distribution of CMBs. In this
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TABLE 1 Summary of the diverse etiological origins of cerebral microbleeds and the pathologies that may mimic their appearance on MRI.

Microbleeds etiologys

Etiology

Stroke (22)

Typical clinical context

Acute or subacute ischemic stroke

Characteristic
distribution

Peri-infarct and cortical-

subcortical regions

Pathophysiological mechanism

Blood-brain barrier disruption and reperfusion-related

microvascular injur

Traumatic brain injury (4)

Clinical history of TBI

Corpus callosum, brainstem, deep

white matter, gray-white junction

Shear-induced capillary rupture adjacent to axonal

injury

Hypertensive arteriopathy
(23)

Chronic hypertension, older age

Deep gray nuclei (basal ganglia,

thalamus), brainstem, cerebellum

Lipohyalinosis and rupture of small penetrating arteries

Cerebral amyloid
angiopathy (CAA) (24)

Elderly, cognitive impairment

Lobar cortex and subcortical

white matter

Amyloid-# deposition weakening vessel walls

aging (25)

Elderly patient

Mixed deep and periventricular

distribution

Chronic microvascular degeneration

Radiation-induced

vasculopathy (26)

Prior cranial radiotherapy

Within or adjacent to radiation

field

Endothelial damage and delayed capillary fragility

Inflammatory

vasculopathies (27)

Vasculitis, autoimmune disorders

Variable, often multifocal

Immune-mediated vessel wall injury

Antithrombotic
Treatment/thrombolysis

(28)

Anticoagulant therapy, bleeding disorders

Variable

Impaired hemostasis predisposing to microhemorrhage

Patient in critical condition

(29, 30)

ECMO, ICU

Juxtacortical, corpus callosum

Hypoxia-induced hydrostatic and biochemical
alterations can compromise blood-brain barrier

integrity, erythrocyte extravasation

Fabry disease (31)

Lysosomal storage disorder

Variable

Vascular glycosphingolipid accumulation

Infective endocarditis (32)

Heart failure, heart murmur, inflamation

Pre dominantly cortical

Hypotheses: Pyogenic vasculitis or subacute
microvascular inflammatory processes or endothelial

dysfunction

Cardiac valve Replacement

(33)

History of cardiac valve surgery

Variable

Fat embolism (34)

Dyspnoe, neurologic symptoms, petechial

hemorrhage and usualy fractures in history

Diffuse, small focal

hypointensities

Starfield pattern, Walnut kernel pattern

Moyamoya (35)

Nonarterioscleotic, steno occlusive disease
of the distal internal carotid arteries and

their proximal branches,

Deep gray matter and

periventricular regions

Chronic hemodynamic stress, fragile collateral vessels,

and microvascular rupture

Microbleeds mimics

Mimic

Imaging features

Key differentiating characteristics

Calcifications (27)

Hypointense on SWI/GRE

Hyperdense on CT; diamagnetic on phase images

Cavernous malformations

(Type IV, Zabramski) (36)

Small punctate hypointensities

Often familial; associate with epileptic seisure or focal neurologic deficite

Microaneurysms (37)

Focal susceptibility

May enhance or be visible on angiography

Microthrombi (30)

Focal susceptibility

Often transient; may correlate with ischemic lesions

Perivascular spaces (flow

artifacts) (27)

Linear or dot-like signal loss

Follows vascular course; disappears on orthogonal planes

Venous structures/venules

(37)

Tubular hypointensity

Continuity across slices; orientation a.long veins

Pneumocephalus (38)

Irregular susceptibility

Corresponds to intracranial air on CT; follows non-vascular spaces; atypical distribution;

clinical history of trauma or surgery

Iron deposits (basal

ganglia) (39)

Symmetric hypointensity

Typical anatomical pattern; age-related

Micrometastasis (40)

Hypointense on SWI/GRE

In the case of melanoma, post contrast T1 hyperintensiti
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study, high-resolution 3 T and 7 T MRI QSM images were used to
map the venous system and refine the FE model. The results
showed that regions corresponding to CMBs exhibited high
axial strain and elevated strain rates. Region-of-interest analysis
of WM tracts showed significantly higher 95th percentile peak
axial strain and strain rate in tracts containing CMBs compared
to those without (axial strain: 0.197 vs. 0.163; strain rate: 64.9
vs. 57.0s7Y), indicating preferential localization of CMBs to the
upper tail of the mechanical load distribution in the FE model
(53). Beyond the development of CMBs, such strain potentially
also causes substantial disruption to the WM architecture,
to TAL While SWI spatially ~detailed
information on CMBs, diffusion tensor imaging (DTI) offers
complementary insight into the microstructural consequences of

leading provides

TAI Combining these two modalities Casson et al. examined 45
retired NFL players, applying global WM masks segmented with
SPM8. Their findings indicated that SWI-detected CMBs and
FA were associated with the number of “dings” (ie,
subconcussive head impacts) sustained during football play (54).
Andersen et al. studied 14 patients with severe TBI in the
subacute phase using 3 T SWI and subdivided the brain into
five anatomical regions. A significant association between DTI-
derived metrics and the presence of CMBs was observed only in
the mid-sagittal region. In addition, post hoc predictive
modeling showed that combining CMB burden with DTI
parameters from deep brain regions was associated with
improved prediction of Coma Recovery Scale-Revised (CRS-R)
scores. While each modality alone demonstrated predictive
value, the combined model showed the strongest
correspondence with individual CRS-R scores (55).

Similarly, Aline et al. found that mild TBI (mTBI) patients
with persistent CMBs at one year displayed significantly altered
DTI metrics on tract-based spatial statistics (TBSS). In their
study of 30 mTBI patients, those with CMBs and without
showed significant group differences in eight neuropsychological
test results at one week, with five of these assessing
psychomotor speed and information processing speed. At 3
months, one test showed a significant difference, and at 1 year,
five test results differed significantly, with the CMBs group
performing worse in all but one measure. Additionally, the
CMBs group reported higher symptom severity on the Post-
Concussion Symptom Scale at 1 year, particularly for total
symptoms, fatigue, difficulty concentrating, and difficulty
remembering. The number of CMBs at 1 week correlated
positively with ten symptom measures at 3 months and six at 1
year, indicating that a higher initial CMB burden was associated
with greater subsequent symptom severity (56). In line with
these findings, Haberg et al. reported that, among 73 moderate-
to-severe TBI patients (according to the Head Injury Severity
Scale) more than one-year post-injury, those who were CMB-
positive showed global FA reductions and mean diffusivity
(MD) increases in TBSS compared with CMB-negative patients
(57). Dahl et al. also applied TBSS analysis, complemented by
whole WM and atlas-based assessments. Identifying significant
correlations between total CMB load and DTI metrics; however,
these associations disappeared after adjusting for GCS or post-
traumatic amnesia (PTA), suggesting that CMBs may partly
reflect overall injury severity (58). Andreasen et al. further
highlighted that the spatial distribution of CMBs carries valuable
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information: CMBs in deep midline regions (thalamus, basal
ganglia) were associated with longer PTA durations and
combining CMB count with FA improved the prediction of
PTA length compared to FA alone in the subacute stage after
severe TBI (59). In support of this, Mazwi et al. reported that
CMBs in the hippocampus and corpus callosum were linked to
prolonged PTA in univariate analysis. While admission GCS was
the only individual predictor in multivariate analysis, a
combination of hippocampal and callosal CMBs, age, and GCS
together in regression tree analysis explained 26% of PTA
variance and identified a subgroup with extended PTA (60).
Similarly, Té6th et al. reported that the presence of any CMBs in
the basal ganglia region was indicative of severe diffuse WM
damage, even after adjusting for clinical variables and CT
findings (61). Bognar et al. reported that in moderate-severe
TBI (according to the Mayo classification), patients with CMBs
showed greater DTI alterations than CMB-negative patients
using TBSS. Whole-WM and tractography-defined WM DTI
metrics correlated with CMB number, especially in the corpus
callosum (62). The importance of the corpus callosum is
highlighted by the independent association between callosal MD
z-scores and CMB density in connected structures in moderate-
to-severe TBI (63).

Impact of CMBs on tractography

Diffusion measures acquired at 1 week and 6 months post-
injury using unscented Kalman filter two-tensor tractography
with whole-brain seeding showed that CMBs independently
predicted FA decreases at 6 months, particularly in the corpus
middle
temporal regions (64). Similarly in mTBI patients, Rostovsky

callosum, longitudinal fasciculus, and superficial
et al. conducted a 6-month longitudinal follow-up study using
deterministic tractography. They observed that even small
CMBs, including those located deep within the brain, were
associated with significant reductions in FA in surrounding WM
tracts. To further explore these structural changes, they applied
streamline matching to assess alterations in the trajectories of
WM pathways over time. Using a prototype streamline
calculation method to compute a curve index, they quantified
changes in tract curvature and demonstrated that the trajectories
of several WM pathways had undergone measurable alterations
associated with the presence of CMBs (65). These findings may
help explain why Petnehazy et al. did not observe significant
diffusion parameter differences when analyzing entire tracts in
patients with moderate-to-severe TBI (according to Mayo). It is
likely that when all voxels along a tract are averaged, focal
alterations become diluted, masking localized abnormalities (66).
Maher et al

provided case-based evidence illustrating how individual CMBs

Complementing these group-level findings,
can locally disrupt WM architecture in patients with mTBI. In
the first patient CMB was located near the splenium of the
fiber

asymmetric and divergent trajectories ipsilateral to the CMB,

corpus callosum. The perilesional tracts showed
visible in both acute and chronic scans. In the second patient
CMB was located near a fiber bundle connecting the right
temporal and parietal lobes, and a post-injury shift of the tract

toward the lateral ventricle was observed over time. Together,
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these observations demonstrate that even small CMBs may induce
localized changes in surrounding WM and disrupt neural network
circuitry, potentially contributing to long-term alterations in brain
connectivity (67). Extending this to a larger cohort, Irimia et al.
found that ~97% of CMBs were surrounded by areas of
reduced FA 34% + 11%),
particularly within associative tracts such as the corpus
callosum, cingulum, and longitudinal fasciculi. These structural

significantly (mean  decrease:

changes correlated with cognitive decline, with stronger effects
in older and male patients (68).

Local significance of CMBs

Corroborating these findings at a more localized level, Moen
et al. investigated FA values in the immediate vicinity of CMBs
Their
significantly lower FA values in patients compared to controls,

using manually delineated masks. study revealed
with the reduction being even more pronounced for CMBs
located within the corpus callosum (69). It is important to note
that, in contrast to the findings of Griffin et al., who reported
no histopathological correlation between CMBs and TAI (49),
but the local significance of CMBs was further supported by
Keene et al. They identified multiple CMBs in bull raiders with
a history of TBI. MRI-guided postmortem histopathological
analysis revealed signs of axonal necrosis in the corresponding
regions, directly linking CMBs to localized TAI (70). One
potential explanation for this discrepancy is that Griffin et al.
focused on perilesional white matter surrounding chronic
CMBs,
reversible and therefore no longer detectable at the chronic time

where microstructural alterations may have been
point. In addition, not all CMBs necessarily colocalize with TAI,
which may further contribute to the observed differences. This
interpretation is further supported by the work of Mittenzwei
et al., who analyzed postmortem brain from three donors with a
history of severe TBI and death occurring 1-2 weeks after
trauma. In their study, TAI—defined by the presence of APP-
associated with 28 of 44

microbleeds (64%). This proportion was significantly higher

positive axonal swellings—was

than that observed in randomly sampled white matter regions
(5 of 44 regions), suggesting a non-random spatial relationship
between CMBs and TAI during the subacute phase following
severe TBI (71).

Future directions

A promising future direction is to more fully integrate QSM
into CMBs research, given its superior ability compared to SWI
to quantify (9). As Eskreis-Winkler et al. emphasize, QSM
enables direct voxel-wise measurement of magnetic susceptibility
making it more specific and quantitative than conventional SWI
methods (72).

The standardization of CMB detection holds considerable

through the
characterization

potential for future research, particularly
development of automated detection and
algorithms. While some semi-automated methods are already
available (73), new automated methods not only promise to

increase reproducibility and throughput across studies but also
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to extract clinically relevant metrics. Recent work has extended
beyond binary lesion maps to automatically characterize CMBs
by their size and anatomical distribution (74).

To accelerate tractography processing, convolutional neural
network (based tractography approaches are already available,
offering substantially faster reconstruction of white matter
pathways compared to conventional diffusion-based algorithms
(75). In addition, the application of diffusion kurtosis imaging
and its integration with CMB assessment may offer valuable
opportunities for capturing non-Gaussian diffusion effects and
characterizing microstructural complexity associated with TAL

Importantly, TBI is a multidimensional pathology, and many
reported associations are context-dependent. Recent consensus
frameworks have emphasized the need for multidomain
assessment. Within such a framework, the role of CMBs may be
better delineated, including the conditions under which they
meaningfully reflect matter

underlying white injury in

conjunction with clinical severity and other biomarkers (5).

Conclusion

In summary, available observational evidence suggests that
CMBs are associated with TAI and injury severity, potentially
reflecting both focal white matter disruption and more global
network impairment. Their presence, burden, and spatial
distribution have been linked to clinical,
TBI,
heterogeneous and context dependent. Importantly, CMBs’

functional, and

cognitive outcomes after although findings remain
detectability and apparent burden depend on imaging sequence,
timing after injury, and potential pre-existing microangiopathy.
Further research is therefore needed to define the context-
specific role of CMBs in clinical settings. In this regard, the
adoption of the recently proposed TAMVI nomenclature is
recommended in clinical practice to more accurately describe

the underlying pathology.

Author contributions

DB: Conceptualization, Investigation, Methodology, Writing —
original draft, Writing — review & editing. ZP: Conceptualization,
Investigation, Writing - original draft, Writing - review & editing.
PL: Conceptualization, Methodology, Writing - original draft,
Writing - review & editing. PB: Investigation, Methodology,
Writing - original draft, Writing - review & editing. TD:
Conceptualization, Project administration, Supervision,
Validation, Writing — original draft, Writing — review & editing.
BK: Conceptualization, Investigation, Methodology, Supervision,
Writing - original draft, Writing - review & editing. AT:
Conceptualization, Methodology, Supervision, Writing — original
draft, Writing - review & editing.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. The study was supported by
Neuroscience, Adult

National Laboratory of Translational

frontiersin.org


https://doi.org/10.3389/fradi.2026.1760936

Bognar et al.

Nervous System Disorders, RRF-2.3.1-21-2022-00011 Supported
by the Ministry of Culture and Innovation through the National
Research, Development, and Innovation Fund, this study was
funded by the University Research Scholarship Program under
project code PTE-LJDKO-2025-195.

Conflict of interest

The author(s) declared that this work 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 author(s) declared that generative AI was used in the

creation of this manuscript. Language corrections were

References

1. Maas AIR, Menon DK, Adelson PD, Andelic N, Bell MJ, Belli A, et al. Traumatic
brain injury: integrated approaches to improve prevention, clinical care, and research.
Lancet Neurol. (2017) 16(12):987-1048. doi: 10.1016/S1474-4422(17)30371-X

2. Calderone A, Cardile D, Gangemi A, De Luca R, Quartarone A, Corallo F, et al.
Traumatic brain injury and neuromodulation techniques in rehabilitation: a
scoping review. Biomedicines. (2024) 12(2):438. doi: 10.3390/biomedicines12020438

3. Johnson VE, Stewart W, Smith DH. Axonal pathology in traumatic brain injury.
Exp Neurol. (2013) 246:35-43. doi: 10.1016/j.expneurol.2012.01.013

4. Imaizumi T, Miyata K, Inamura S, Kohama I, Nyon KS, Nomura T. The difference
in location between traumatic cerebral microbleeds and microangiopathic
microbleeds associated with stroke. J Neuroimaging. (2011) 21(4):359-64. doi: 10.
1111/j.1552-6569.2011.00593.x

5. Manley GT, Dams-O’Connor K, Alosco ML, Awwad HO, Bazarian JJ, Bragge P,
et al. A new characterisation of acute traumatic brain injury: the NIH-NINDS TBI
classification and Nomenclature initiative. Lancet Neurol. (2025) 24(6):512-23.
doi: 10.1016/S1474-4422(25)00154-1

6. Charidimou A, Linn J, Vernooij MW, Opherk C, Akoudad S, Baron J-C, et al.
Cortical superficial siderosis: detection and clinical significance in cerebral amyloid
angiopathy and related conditions. Brain. (2015) 138(8):2126-39. doi: 10.1093/
brain/awv162

7. Duyn JH, Schenck J. Contributions to magnetic susceptibility of brain tissue. NMR
Biomed. (2017) 30(4):e3546. doi: 10.1002/nbm.3546

8. Kaaouana T, Bertrand A, Ouamer F, Law-Ye B, Pyatigorskaya N, Bouyahia A, et al.
Improved cerebral microbleeds detection using their magnetic signature on T2*-
phase-contrast: a comparison study in a clinical setting. Neuroimage Clin. (2017)
15:274-83. doi: 10.1016/j.nicl.2016.08.005

9. Liu T, Surapaneni K, Lou M, Cheng L, Spincemaille P, Wang Y. Cerebral
microbleeds: burden assessment by using quantitative susceptibility mapping.
Radiology. (2012) 262(1):269-78. doi: 10.1148/radiol.11110251

10. Deistung A, Mentzel H-J, Rauscher A, Witoszynskyj S, Kaiser WA, Reichenbach
JR. Demonstration of paramagnetic and diamagnetic cerebral lesions by using
susceptibility weighted phase imaging (SWI). Z Med Phys. (2006) 16(4):261-7.
doi: 10.1078/0939-3889-00324

11. Nandigam RNK, Viswanathan A, Delgado P, Skehan ME, Smith EE, Rosand J,
et al. MR Imaging detection of cerebral microbleeds: effect of susceptibility-
weighted imaging, section thickness, and field strength. Am J Neuroradiol. (2009)
30(2):338-43. doi: 10.3174/ajnr.A1355

12. Tong KA, Ashwal S, Holshouser BA, Shutter LA, Herigault G, Haacke EM, et al.
Hemorrhagic shearing lesions in children and adolescents with posttraumatic diffuse
axonal injury: improved detection and initial results. Radiology. (2003) 227(2):332-9.
doi: 10.1148/radiol.2272020176

13. Sati P, Thomasson DM, Li N, Pham D, Biassou NM, Reich DS, et al. Rapid, high-
resolution, whole-brain, susceptibility-based MRI of multiple sclerosis. Mult Scler.
(2014) 20(11):1464-70. doi: 10.1177/1352458514525868

14. Wang W, Li N, Papageorgiou I, Chan L, Pham DL, Butman JA. Segmented 3D
Echo planar acquisition for rapid susceptibility-weighted imaging: application to

Frontiers in Radiology

10.3389/fradi.2026.1760936

supported by ChatGPT (OpenAl), used for improving grammar
and clarity in the manuscript.

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
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.

microhemorrhage detection in traumatic brain injury. ] Magn Reson Imaging.
(2022) 56(5):1529-35. doi: 10.1002/jmri.28326

15. Stehling C, Wersching H, Kloska SP, Kirchhof P, Ring ], Nassenstein I, et al.
Detection of asymptomatic cerebral microbleeds. Acad. Radiol. (2008)
15(7):895-900. doi: 10.1016/j.acra.2008.01.013

16. Conijn MMA, Geerlings MI, Biessels GJ, Takahara T, Witkamp TD, Zwanenburg
JIM, et al. Cerebral microbleeds on MR imaging: comparison between 1.5 and 7T.
AJNR Am ] Neuroradiol. (2011) 32(6):1043-9. doi: 10.3174/ajnr.A2450

17. Moenninghoff C, Kraff O, Maderwald S, Umutlu L, Theysohn JM, Ringelstein A,
et al. Diffuse axonal injury at ultra-high field MRI. PLoS One. (2015) 10(3):¢0122329.
doi: 10.1371/journal.pone.0122329

18. Hiitter B-O, Altmeppen J, Kraff O, Maderwald S, Theysohn JM, Ringelstein A,
et al. Higher sensitivity for traumatic cerebral microbleeds at 7T ultra-high field
MRI: is it clinically significant for the acute state of the patients and later quality
of life? Ther Adv Neurol Disord. (2020) 13:175-85. doi: 10.1177/1756286420911295

19. Schrag M, McAuley G, Pomakian J, Jiffry A, Tung S, Mueller C, et al. Correlation
of hypointensities in susceptibility-weighted images to tissue histology in dementia
patients with cerebral amyloid angiopathy: a postmortem MRI study. Acta
Neuropathol. (2010) 119(3):291-302. doi: 10.1007/s00401-009-0615-z

20. Tatsumi S, Shinohara M, Yamamoto T. Direct comparison of histology of
microbleeds with postmortem MR images. Cerebrovasc Dis. (2008) 26(2):142-6.
doi: 10.1159/000139661

21. Haller S, Montandon ML, Lazeyras F, Scheffler M, Meckel S, Herrmann FR, et al.
Radiologic-Histopathologic correlation of cerebral microbleeds using Pre-mortem
and post-mortem MRI. PLoS One. (2016) 11(12):e0167743. doi: 10.1371/journal.
pone.0167743

22. Koennecke H-C. Cerebral microbleeds on MRI. Neurology. (2006) 66(2):165-71.
doi: 10.1212/01.wnl.0000194266.55694.1e

23. Poels MMF, Vernooij MW, Tkram MA, Hofman A, Krestin GP, van der Lugt A,
et al. Prevalence and risk factors of cerebral microbleeds. Stroke. (2010)
41(10_suppl_1):5103-6. doi: 10.1161/STROKEAHA.110.595181

24. Haller S, Vernooij MW, Kuijer JPA, Larsson E-M, Jager HR, Barkhof F. Cerebral
microbleeds: imaging and clinical significance. Radiology. (2018) 287(1):11-28.
doi: 10.1148/radiol.2018170803

25. Romero JR, Preis SR, Beiser A, DeCarli C, Viswanathan A, Martinez-Ramirez S,
et al. Risk factors, stroke prevention treatments, and prevalence of cerebral
microbleeds in the framingham heart study. Stroke. (2014) 45(5):1492-4. doi: 10.
1161/STROKEAHA.114.004130

26. Passos J, Nzwalo H, Valente M, Marques J, Azevedo A, Netto E, et al. Microbleeds
and cavernomas after radiotherapy for paediatric primary brain tumours. J Neurol Sci.
(2017) 372:413-6. doi: 10.1016/j.jns.2016.11.005

27. Sharma R, Dearaugo S, Infeld B, O’Sullivan R, Gerraty RP. Cerebral amyloid
angiopathy: review of clinico-radiological features and mimics. ] Med Imaging
Radiat Oncol. (2018) 62(4):451-63. doi: 10.1111/1754-9485.12726

28. Wang D-N, Hou X-W, Yang B-W, Lin Y, Shi J-P, Wang N. Quantity of cerebral
microbleeds, antiplatelet therapy, and intracerebral hemorrhage outcomes: a

frontiersin.org


https://doi.org/10.1016/S1474-4422(17)30371-X
https://doi.org/10.3390/biomedicines12020438
https://doi.org/10.1016/j.expneurol.2012.01.013
https://doi.org/10.1111/j.1552-6569.2011.00593.x
https://doi.org/10.1111/j.1552-6569.2011.00593.x
https://doi.org/10.1016/S1474-4422(25)00154-1
https://doi.org/10.1093/brain/awv162
https://doi.org/10.1093/brain/awv162
https://doi.org/10.1002/nbm.3546
https://doi.org/10.1016/j.nicl.2016.08.005
https://doi.org/10.1148/radiol.11110251
https://doi.org/10.1078/0939-3889-00324
https://doi.org/10.3174/ajnr.A1355
https://doi.org/10.1148/radiol.2272020176
https://doi.org/10.1177/1352458514525868
https://doi.org/10.1002/jmri.28326
https://doi.org/10.1016/j.acra.2008.01.013
https://doi.org/10.3174/ajnr.A2450
https://doi.org/10.1371/journal.pone.0122329
https://doi.org/10.1177/1756286420911295
https://doi.org/10.1007/s00401-009-0615-z
https://doi.org/10.1159/000139661
https://doi.org/10.1371/journal.pone.0167743
https://doi.org/10.1371/journal.pone.0167743
https://doi.org/10.1212/01.wnl.0000194266.55694.1e
https://doi.org/10.1161/STROKEAHA.110.595181
https://doi.org/10.1148/radiol.2018170803
https://doi.org/10.1161/STROKEAHA.114.004130
https://doi.org/10.1161/STROKEAHA.114.004130
https://doi.org/10.1016/j.jns.2016.11.005
https://doi.org/10.1111/1754-9485.12726
https://doi.org/10.3389/fradi.2026.1760936

Bognar et al.

systematic review and meta-analysis. ] Stroke Cerebrovasc Dis. (2015) 24(12):2728-37.
doi: 10.1016/j.jstrokecerebrovasdis.2015.08.003

29. Liebeskind DS, Sanossian N, Sapo ML, Saver JL. Cerebral microbleeds after use of
extracorporeal membrane oxygenation in children. ] Neuroimaging. (2013)
23(1):75-8. doi: 10.1111/j.1552-6569.2012.00723.x

30. Corréa DG, Cruz Junior LCH, Bahia PRV, Gasparetto EL. Intracerebral
microbleeds in sepsis: susceptibility-weighted MR imaging findings. Arq
Neuropsiquiatr (2012) 70(11):903-4. doi: 10.1590/50004-282X2012001100017

31. Kono Y, Wakabayashi T, Kobayashi M, Ohashi T, Eto Y, Ida H, et al
Characteristics of cerebral microbleeds in patients with fabry disease. J Stroke
Cerebrovasc Dis. (2016) 25(6):1320-5. doi: 10.1016/j.jstrokecerebrovasdis.2016.02.019

32. Champey ], Pavese P, Bouvaist H, Kastler A, Krainik A, Francois P. Value of brain
MRI in infective endocarditis: a narrative literature review. Eur J Clin Microbiol Infect
Dis. (2016) 35(2):159-68. doi: 10.1007/s10096-015-2523-6

33. Jeon S-B, Lee J-W, Kim §J, Chung C-H, Kwon SU, Choi CG, et al. New cerebral
lesions on T2*-weighted gradient-Echo imaging after cardiac valve surgery.
Cerebrovascular Diseases. (2010) 30(2):194-9. doi: 10.1159/000317108

34. Giyab O, Balogh B, Bogner P, Gergely O, Téth A. Microbleeds show a
characteristic distribution in cerebral fat embolism. Insights Imaging. (2021)
12(1):42. doi: 10.1186/s13244-021-00988-6

35. Wenz H, Wenz R, Maros M, Ehrlich G, Al-Zghloul M, Groden C, et al. Incidence,
locations, and longitudinal course of cerebral microbleeds in European moyamoya.
Stroke. (2017) 48(2):307-13. doi: 10.1161/STROKEAHA.116.014335

36. Zabramski JM, Wascher TM, Spetzler RF, Johnson B, Golfinos J, Drayer BP, et al.
The natural history of familial cavernous malformations: results of an ongoing study.
J. Neurosurg. (1994) 80(3):422-32. doi: 10.3171/jns.1994.80.3.0422

37. Weerink LB, Appelman AP, Kloet RW, Van der Hoorn A. Susceptibility-weighted
imaging in intracranial hemorrhage: not all bleeds are black. Br J Radiol. (2023)
96(1148):20220304. doi: 10.1259/bjr.20220304

38. Palma JA, Zubieta JL, Dominguez PD, Garcia-Eulate R. Pneumocephalus
mimicking cerebral cavernous malformations in MR susceptibility-weighted
imaging. AJNR Am ] Neuroradiol. (2009) 30(6):e83. doi: 10.3174/ajnr.A1549

39. Haacke EM, Cheng NY, House MJ, Liu Q, Neelavalli J, Ogg RJ, et al. Imaging iron
stores in the brain using magnetic resonance imaging. Magn Reson Imaging. (2005)
23(1):1-25. doi: 10.1016/j.mri.2004.10.001

40. Godechal Q, Mignion L, Karroum O, Magat J, Danhier P, Morandini R, et al.
Influence of paramagnetic melanin on the MRI contrast in melanoma: a combined
high-field (11.7T) MRI and EPR study. Contrast Media Mol Imaging. (2014)
9(2):154-60. doi: 10.1002/cmmi.1554

41. Kornyei BS, Szab6 V, Perlaki G, Balogh B, Szab¢ Steigerwald DK, Nagy SA, et al.
Cerebral microbleeds may be less detectable by susceptibility weighted imaging MRI
from 24 to 72 hours after traumatic brain injury. Front. Neurosci. (2021) 15:711074.
doi: 10.3389/fnins.2021.711074

42. T6th A, Berente Z, Bogner P, Kornyei B, Balogh B, Czeiter E, et al. Cerebral
microbleeds temporarily become less visible or invisible in acute susceptibility
weighted magnetic resonance imaging: a rat study. J Neurotrauma. (2019)
36(10):1670-7. doi: 10.1089/neu.2018.6004

43. Toth A, Kovacs N, Tamas V, Kornyei B, Nagy M, Horvath A, et al. Microbleeds
may expand acutely after traumatic brain injury. Neurosci Lett. (2016) 617:207-12.
doi: 10.1016/j.neulet.2016.02.028

44. Hihnel S, Stippich C, Weber I, Darm H, Schill T, Jost J, et al. Prevalence of
cerebral microhemorrhages in amateur boxers as detected by 3T MR imaging. Am
] Neuroradiol. (2008) 29(2):388-91. doi: 10.3174/ajnr.A0799

45. Hasiloglu ZI, Albayram S, Selcuk H, Ceyhan E, Delil S, Arkan B, et al. Cerebral
microhemorrhages detected by susceptibility-weighted imaging in amateur boxers.
Am ] Neuroradiol. (2011) 32(1):99-102. doi: 10.3174/ajnr.A2250

46. Lawrence TP, Pretorius PM, Ezra M, Cadoux-Hudson T, Voets NL. Early
detection of cerebral microbleeds following traumatic brain injury using MRI in
the hyper-acute phase. Neurosci Lett. (2017) 655:143-50. doi: 10.1016/j.neulet.2017.
06.046

47. Tao ], Zhang W, Wang D, Jiang C, Wang H, Li W, et al. Susceptibility weighted
imaging in the evaluation of hemorrhagic diffuse axonal injury. Neural Regen Res.
(2015) 10(11):1879. doi: 10.4103/1673-5374.170322

48. Castano-Leon AM, Cicuendez M, Navarro-Main B, Paredes I, Munarriz PM,
Hilario A, et al. Traumatic axonal injury: is the prognostic information produced
by conventional MRI and DTI complementary or supplementary? ] Neurosurg.
(2022) 136(1):242-56. doi: 10.3171/2020.11.JNS203124

49. Griffin AD, Turtzo LC, Parikh GY, Tolpygo A, Lodato Z, Moses AD, et al.
Traumatic microbleeds suggest vascular injury and predict disability in traumatic
brain injury. Brain. (2019) 142(11):3550-64. doi: 10.1093/brain/awz290

50. Huang Y-L, Kuo Y-S, Tseng Y-C, Chen DY-T, Chiu W-T, Chen C-J.
Susceptibility-weighted MRI in mild traumatic brain injury. Neurology. (2015)
84(6):580-5. doi: 10.1212/WNL.0000000000001237

51. Tate DF, Gusman M, Kini J, Reid M, Velez CS, Drennon AM, et al. Susceptibility
weighted imaging and white matter abnormality findings in service members with

Frontiers in Radiology

10.3389/fradi.2026.1760936

persistent cognitive symptoms following mild traumatic brain injury. Mil Med.
(2017) 182(3):e1651-8. doi: 10.7205/MILMED-D-16-00132

52. Wang X, Wei X, Li M, Li W, Zhou Y, Zhang B, et al. Microbleeds on
susceptibility-weighted MRI in depressive and non-depressive patients after mild
traumatic brain injury. Neurol Sci. (2014) 35(10):1533-9. doi: 10.1007/s10072-014-
1788-3

53. Duckworth H, Azor A, Wischmann N, Zimmermann KA, Tanini I, et al. A finite
element model of cerebral vascular injury for predicting microbleeds location. Front
Bioeng Biotechnol. (2022) 10:860112. doi: 10.3389/fbioe.2022.860112

54. Casson IR, Viano DC, Haacke EM, Kou Z, LeStrange DG. Is there chronic brain
damage in retired NFL players? Neuroradiology, neuropsychology, and neurology
examinations of 45 retired players. Sports Health. (2014) 6(5):384-95. doi: 10.1177/
1941738114540270

55. Andreasen SH, Andersen KW, Conde V, Dyrby TB, Puonti O, Kammersgaard LP,
et al. Limited colocalization of microbleeds and microstructural changes after severe
traumatic brain injury. J Neurotrauma. (2020) 37(4):581-92. doi: 10.1089/neu.2019.
6608

56. Studerus-Germann AM, Gautschi OP, Bontempi P, Thiran J-P, Daducci A,
Romascano D, et al. Central nervous system microbleeds in the acute phase are
associated with structural integrity by DTI one year after mild traumatic brain
injury: a longitudinal study. Neurol Neurochir Pol. (2018) 52(6):710-9. doi: 10.
1016/j.pjnns.2018.08.011

57. Haberg AK, Olsen A, Moen KG, Schirmer-Mikalsen K, Visser E, Finnanger TG,
et al. White matter microstructure in chronic moderate-to-severe traumatic brain
injury: impact of acute-phase injury-related variables and associations with
outcome measures. ] Neurosci Res. (2015) 93(7):1109-26. doi: 10.1002/jnr.23534

58. Dahl J, Tenovuo O, Posti JP, Hirvonen J, Katila AJ, Frantzen J, et al. Cerebral
microbleeds and structural white matter integrity in patients with traumatic brain
injury—a diffusion tensor imaging study. Front Neurol. (2022) 13:888815. doi: 10.
3389/fneur.2022.888815

59. Andreasen SH, Andersen KW, Conde V, Dyrby TB, Puonti O, Kammersgaard LP,
et al. Two coarse spatial patterns of altered brain microstructure predict post-
traumatic amnesia in the subacute stage of severe traumatic brain injury. Front
Neurol. (2020) 11:800. doi: 10.3389/fneur.2020.00800

60. Mazwi NL, Izzy S, Tan CO, Martinez S, Glenn M, Giacino JT, et al. Traumatic
microbleeds in the hippocampus and corpus callosum predict duration of
posttraumatic amnesia. /| Head Trauma Rehabil. (2019) 34(6):E10-8. doi: 10.1097/
HTR.0000000000000479

61. Toth A, Kornyei B, Kovacs N, Rostas T, Buki A, Doczi T, et al. Both hemorrhagic
and non-hemorrhagic traumatic MRI lesions are associated with the microstructural
damage of the normal appearing white matter. Behav Brain Res. (2018) 340:106-16.
doi: 10.1016/j.bbr.2017.02.039

62. Bognir D, Petnehdzy Z, Laar P, Doczi T, Schwarz A, Kornyei BS, et al.
Cerebral microbleeds in traumatic brain injury: their impact on white matter
integrity assessed by diffusion MRI. Front Neurol. (2025) 16:1630427. doi: 10.3389/
fneur.2025.1630427

63. van der Eerden AW, van den Heuvel TL, Perlbarg V, Vart P, Vos PE, Puybasset L,
et al. Traumatic cerebral microbleeds in the subacute phase are practical and early
predictors of abnormality of the normal-appearing white matter in the chronic
phase. Am J Neuroradiol. (2021) 42(5):861-7. doi: 10.3174/ajnr.A7028

64. Robles DJ, Dharani A, Rostowsky KA, Chaudhari NN, Ngo V, Zhang F, et al.
Older age, male sex, and cerebral microbleeds predict white matter loss after
traumatic brain injury. Geroscience. (2022) 44(1):83-102. doi: 10.1007/s11357-021-
00459-2

65. Rostowsky KA, Maher AS, Irimia A. Macroscale white matter alterations due to
traumatic cerebral microhemorrhages are revealed by diffusion tensor imaging. Front
Neurol. (2018) 9:948. doi: 10.3389/fneur.2018.00948

66. Petnehézy Z, Bognar D, Laar P, Déczi T, Schwarz A, Kornyei BS, et al.
Investigating microbleeds and white matter hyperintensities in TBI at a tract-
level: a DTI study. Magn Reson Imaging. (2025) 125:110541. doi: 10.1016/j.mri.
2025.110541

67. Maher AS, Rostowsky KA, Chouwdhury NF, Irimia A. Neuroinformatics and
analysis of connectomic alterations due to cerebral microhemorrhages in geriatric
mild neurotrauma. Proceedings of the 2018 ACM International Conference on
Bioinformatics, Computational Biology, and Health Informatics; New York, NY,
USA (2018). p. 165-71. doi: 10.1145/3233547.3233598

68. Irimia A, Ngo V, Chaudhari NN, Zhang F, Joshi SH, Penkova AN, et al. White
matter degradation near cerebral microbleeds is associated with cognitive change
after mild traumatic brain injury. Neurobiol Aging. (2022) 120:68-80. doi: 10.1016/
j.neurobiolaging.2022.08.010

69. Moen KG, Vik A, Olsen A, Skandsen T, Haberg AK, Evensen KAI, et al.
Traumatic axonal injury: relationships between lesions in the early phase and
diffusion tensor imaging parameters in the chronic phase of traumatic brain
injury. J Neurosci Res. (2016) 94(7):623-35. doi: 10.1002/jnr.23728

70. Keene CD, Latimer CS, Steele LM, Mac Donald CL. First confirmed case of
chronic traumatic encephalopathy in a professional bull rider. Acta Neuropathol
(2018) 135(2):303-5. doi: 10.1007/s00401-017-1801-z

frontiersin.org


https://doi.org/10.1016/j.jstrokecerebrovasdis.2015.08.003
https://doi.org/10.1111/j.1552-6569.2012.00723.x
https://doi.org/10.1590/S0004-282X2012001100017
https://doi.org/10.1016/j.jstrokecerebrovasdis.2016.02.019
https://doi.org/10.1007/s10096-015-2523-6
https://doi.org/10.1159/000317108
https://doi.org/10.1186/s13244-021-00988-6
https://doi.org/10.1161/STROKEAHA.116.014335
https://doi.org/10.3171/jns.1994.80.3.0422
https://doi.org/10.1259/bjr.20220304
https://doi.org/10.3174/ajnr.A1549
https://doi.org/10.1016/j.mri.2004.10.001
https://doi.org/10.1002/cmmi.1554
https://doi.org/10.3389/fnins.2021.711074
https://doi.org/10.1089/neu.2018.6004
https://doi.org/10.1016/j.neulet.2016.02.028
https://doi.org/10.3174/ajnr.A0799
https://doi.org/10.3174/ajnr.A2250
https://doi.org/10.1016/j.neulet.2017.06.046
https://doi.org/10.1016/j.neulet.2017.06.046
https://doi.org/10.4103/1673-5374.170322
https://doi.org/10.3171/2020.11.JNS203124
https://doi.org/10.1093/brain/awz290
https://doi.org/10.1212/WNL.0000000000001237
https://doi.org/10.7205/MILMED-D-16-00132
https://doi.org/10.1007/s10072-014-1788-3
https://doi.org/10.1007/s10072-014-1788-3
https://doi.org/10.3389/fbioe.2022.860112
https://doi.org/10.1177/1941738114540270
https://doi.org/10.1177/1941738114540270
https://doi.org/10.1089/neu.2019.6608
https://doi.org/10.1089/neu.2019.6608
https://doi.org/10.1016/j.pjnns.2018.08.011
https://doi.org/10.1016/j.pjnns.2018.08.011
https://doi.org/10.1002/jnr.23534
https://doi.org/10.3389/fneur.2022.888815
https://doi.org/10.3389/fneur.2022.888815
https://doi.org/10.3389/fneur.2020.00800
https://doi.org/10.1097/HTR.0000000000000479
https://doi.org/10.1097/HTR.0000000000000479
https://doi.org/10.1016/j.bbr.2017.02.039
https://doi.org/10.3389/fneur.2025.1630427
https://doi.org/10.3389/fneur.2025.1630427
https://doi.org/10.3174/ajnr.A7028
https://doi.org/10.1007/s11357-021-00459-2
https://doi.org/10.1007/s11357-021-00459-2
https://doi.org/10.3389/fneur.2018.00948
https://doi.org/10.1016/j.mri.2025.110541
https://doi.org/10.1016/j.mri.2025.110541
https://doi.org/10.1145/3233547.3233598
https://doi.org/10.1016/j.neurobiolaging.2022.08.010
https://doi.org/10.1016/j.neurobiolaging.2022.08.010
https://doi.org/10.1002/jnr.23728
https://doi.org/10.1007/s00401-017-1801-z
https://doi.org/10.3389/fradi.2026.1760936

Bognar et al.

71. Mittenzwei R, Maioli H, Sytsma K, Kirkland A, Keene CD, Diaz-Arrastia R, et al.
Traumatic microhemorhages are not synonymous with axonal injury. medRxiv.
(2024):70309. doi: 10.1101/2024.10.21.24315697

72. Eskreis-Winkler S, Zhang Y, Zhang J, Liu Z, Dimov A, Gupta A, et al. The clinical
utility of QSM: disease diagnosis, medical management, and surgical planning. NMR
Biomed. (2017) 30(4):¢3668. doi: 10.1002/nbm.3668

73. Morrison MA, Payabvash S, Chen Y, Avadiappan S, Shah M, Zou X, et al. A user-
guided tool for semi-automated cerebral microbleed detection and volume

Frontiers in Radiology

09

10.3389/fradi.2026.1760936

segmentation: evaluating vascular injury and data labelling for machine learning.
Neuroimage Clin. (2018) 20:498-505. doi: 10.1016/j.nicl.2018.08.002

74. Sundaresan V, Zamboni G, Dineen RA, Auer DP, Sotiropoulos SN, Sprigg N,
et al. Automated characterisation of cerebral microbleeds using their size and
spatial distribution on brain MRIL. Eur Radiol Exp. (2025) 9(1):5. doi: 10.1186/
541747-024-00544-z

75. Wasserthal J, Neher P, Maier-Hein KH. Tractseg—fast and accurate white matter tract
segmentation. Neuroimage. (2018) 183:239-53. doi: 10.1016/j.neuroimage.2018.07.070

frontiersin.org


https://doi.org/10.1101/2024.10.21.24315697
https://doi.org/10.1002/nbm.3668
https://doi.org/10.1016/j.nicl.2018.08.002
https://doi.org/10.1186/s41747-024-00544-z
https://doi.org/10.1186/s41747-024-00544-z
https://doi.org/10.1016/j.neuroimage.2018.07.070
https://doi.org/10.3389/fradi.2026.1760936

	From microbleeds to axonal damage: current evidence and future directions
	Introduction
	Detection of CMBs
	Role of the CMB in the prognosis
	CMB linked to white matter vulnerability
	Impact of CMBs on tractography
	Local significance of CMBs
	Future directions

	Conclusion
	Author contributions
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


