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Mild traumatic brain injury increases cortical 
iron: evidence from individual susceptibility 
mapping

Christi A. Essex,1 Devon K. Overson,2 Jenna L. Merenstein,2 Trong-Kha Truong,2

David J. Madden,2 Mayan J. Bedggood,1 Catherine Morgan,3,4,5 Helen C. Murray,5

Samantha J. Holdsworth,5,6,7 Ashley W. Stewart,8 Richard L. M. Faull,5 Patria Hume,9

Alice Theadom1 and Mangor Pedersen1

Quantitative susceptibility mapping has been applied to map brain iron distribution after mild traumatic brain injury to understand 
properties of neural tissue which may be related to cellular dyshomeostasis. However, this is a heterogeneous injury associated with 
microstructural brain changes, and ‘traditional’ group-wise statistical approaches may lead to a loss of clinically relevant information, 
as subtle alterations at the individual level can be obscured by averages and confounded by within-group variability. More precise and 
individualized approaches are needed to characterize mild traumatic brain injury better and elucidate potential cellular mechanisms to 
improve intervention and rehabilitation. To address this issue, we use quantitative MRI to build individualized profiles of regional 
positive (iron-related) magnetic susceptibility across 34 bilateral cortical ROIs following mild traumatic brain injury. Healthy popu
lation templates were constructed for each cortical area using standardized Z-scores derived from 25 age-matched male controls aged 
between 16 and 32 years (M = 21.10, SD = 4.35), serving as a reference against which Z-scores of 35 males with acute (<14 days) 
sports-related mild traumatic brain injury were compared [M = 21.60 years (range: 16–33), SD = 4.98]. Secondary analyses sensitive 
to cortical depth and curvature were also generated to approximate the location of iron accumulation in the cortical laminae and the 
effect of gyrification. Primary analyses indicated that approximately one-third (11/35; 31%) of injured participants exhibited elevated 
positive susceptibility indicative of abnormal iron profiles relative to the healthy population, a finding that was mainly concentrated in 
regions within the temporal lobe. Injury severity was significantly higher (P = 0.02) for these participants than their iron-normal coun
terparts, suggesting a link between injury severity, symptom burden, and elevated cortical iron. Secondary exploratory analyses of 
cortical depth and curvature profiles revealed abnormal iron accumulation in 83% (29/35) of mild traumatic brain injury participants, 
enabling better localization of injury-related changes in iron content to specific loci within each region and identifying effects that may 
be more subtle and lost in region-wise averaging. Our findings suggest that individualized approaches can further elucidate the clinical 
relevance of iron in mild head injury. Differences in injury severity between iron-normal and iron-abnormal mild traumatic brain in
jury participants identified in our primary analysis highlight not only why precise investigation is required to understand the link be
tween objective changes in the brain and subjective symptomatology, but also identify iron as a candidate biomarker for tissue 
pathology after mild traumatic brain injury.
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6  Mātai Medical Research Institute, Gisborne 4010, New Zealand
7  Faculty of Medical and Health Sciences, The University of Auckland, Auckland 1023, New Zealand
8  Center for Advanced Imaging, The University of Queensland, Queensland 4067, Australia

Received November 24, 2024. Revised February 18, 2025. Accepted March 10, 2025. Advance access publication March 12, 2025
© The Author(s) 2025. Published by Oxford University Press on behalf of the Guarantors of Brain. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, 
distribution, and reproduction in any medium, provided the original work is properly cited.

https://orcid.org/0009-0006-8687-3786
https://orcid.org/0000-0003-1631-1340
https://orcid.org/0000-0001-5895-4729
https://orcid.org/0000-0001-8707-7657
https://orcid.org/0000-0003-0351-6216
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/braincomms/fcaf110


9  School of Sport and Recreation, Faculty of Health and Environmental Science, Sports Performance Research Institute 
New Zealand, Auckland University of Technology, Auckland 0627, New Zealand

Correspondence to: Christi A. Essex  
Department of Psychology and Neuroscience, Auckland University of Technology  
Auckland 0627, New Zealand  
E-mail: christi.essex@aut.ac.nz

Keywords: brain iron; cerebral cortex; individualized profiles; mild traumatic brain injury; quantitative susceptibility mapping

Graphical Abstract

Introduction
Exposure to mild traumatic brain injury (mTBI) is a signifi
cant public and personal health concern, accounting for 
∼90% of the 50–60 million annual cases of traumatic brain 
injury (TBI) worldwide.1 Global financial losses related to 
TBI are estimated at ∼USD $400 billion per year,1,2 how
ever, beyond the economic impacts mTBI can increase 
the risk of neurodegeneration, dementia3,4 and premature 

death.5 In the short term, mTBI can result in a range of symp
toms with significant inter-individual variability, including 
cognitive, emotional and physiological disturbances such 
as sleep disruption, light sensitivity, fatigue, headaches, 
vertigo, vestibular problems, depression and anxiety, which 
significantly impact quality of life and participation in 
day-to-day activities for many.4 In some cases, these 
symptoms can persist up to three decades post-injury.6,7

Numerous factors contribute to differences in injury severity, 
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symptom burden, in vivo brain tissue pathology and even 
autopsy findings. These include individual differences prior 
to injury such as genetic predispositions, age, gender, IQ, 
psychiatric history, prior mTBI exposure and substance use 
history, as well as differences in the mechanisms and loci 
of injury.8 In sports-related mTBI (sr-mTBI), for example, 
variability in the sport and even player position can affect in
jury severity, lead to diverse effects on brain structure and 
function, and divergence in symptom burden and cluster.8

The heterogeneity of mTBI is apparent at even the cellular 
level. The rapid changes in inertia (acceleration/deceleration/ 
rotation) or exogenous skull impact associated with mTBI 
cause the transmission of mechanical forces to the brain, re
sulting in a mechanistically specific primary insult and 
microstructural tissue damage.8,9 This initiates a variable 
cascade of secondary cellular processes, including disruption 
of the blood–brain barrier (BBB), cerebrovascular dysfunc
tion, oxidative stress, axonal degeneration and neuroinflam
mation9,10 which can propagate for months after the initial 
impact.11 However, the pathophysiology of mTBI remains 
poorly understood, and specific biomarkers indicative of 
mTBI remain, to date, elusive. Unlike moderate-to-severe 
TBI (ms-TBI), where lesions, haemorrhages or macroscopic 
morphological abnormalities can be detected, routine MRI 
methods are often insensitive to mTBI-related neuropathol
ogy.12,13 This limitation necessitates the use of advanced 
MRI techniques not typically employed in conventional 
medical settings to identify the subtle changes in brain struc
ture characteristic of this ‘mild’ injury.14,15 Integrating these 
advanced imaging modalities into routine patient care re
quires further validation and the establishment of clinically 
and individually relevant biomarkers for mTBI diagnosis 
and treatment.

Iron accumulation is increasingly recognized as a compo
nent of neuropathology following mTBI, contributing 
not only to acute-phase secondary injury and later cell 
death,9 but also cognitive dysfunction after mTBI.16,17

Quantitative susceptibility mapping (QSM) is an advanced 
MRI technique that can be used to estimate the magnetic sus
ceptibility of tissue, such as paramagnetism exhibited by iron 
in response to an applied magnetic field.18-23 Non-heme iron 
(particularly ferritin-bound iron), is the main source of para
magnetism on QSM18,24-26 and widely recognized as the 
form of iron most involved in secondary injury after 
mTBI.9,27,28 Iron dyshomeostasis can trigger auto-toxic cir
cuits that drive neurodegenerative processes,29 including 
the generation of reactive oxygen species, which at high le
vels can lead to cytotoxic oxidative stress,30 lipid damage 
and increased permeability of the cell membrane,9 as well 
as iron-regulated cell death (ferroptosis).31 As such, elevated 
levels of iron in cortical regions would suggest localization of 
injury-related pathological processes and changes in brain 
structure. These changes may be related, but not limited to, 
mTBI-induced permeability of the BBB32 and neuroinflam
mation,33 both of which are known to be involved in iron ac
cumulation.9,30 Iron has also been implicated in the 
hyperphosphorylation of tau proteins (p-tau)28 observed in 

mTBI-related tauopathies; its co-localization with p-tau 
thus identifies it as a promising early indicator of 
neurodegeneration.34,35

A limited number of studies have employed QSM to inves
tigate the role of brain iron in microstructural tissue damage 
following mTBI, focusing mainly on subcortical nuclei or 
global grey and/or white matter (WM),36-44 with only a 
few studies including cortical regions of interest 
(ROIs)38,41 or investigating the relevance of cortical morph
ology.45 However, the diversity of mTBI effects may not be 
discernible at the group level, which currently constitutes 
the standard statistical approach. Individual-level investiga
tions of injury-specific effects may better characterize 
mTBI-related neuropathology, and are increasingly recog
nized as providing more biologically informative data than 
group-level studies, especially in clinical populations where 
targeted interventions are both useful and necessary,46 such 
as mTBI. Personalized profiles can be generated by leveraging 
Z-scores to compare the results of individual quantitative 
measures to the distribution of a healthy normative popula
tion. This approach allows for a clearer understanding of 
where the individual falls relative to normal ranges for se
lected metrics.47 Individual analytic approaches have been 
successfully applied in the context of mTBI using T2 relaxo
metry as a marker of neuroinflammation,48 and diffusion- 
weighted imaging (DWI) to investigate WM fibre tracts.49

Under the TBI umbrella more broadly, individual analyses 
have been applied to fixel-based analysis of diffusion MRI50

and diffusion tensor imaging (DTI)51 to investigate WM integ
rity, as well as structural connectomics,52 in ms-TBI. One 
study has used QSM to generate individualized profiles of 
iron deposition in ms-TBI,47 however, dedicated personalized 
investigations of iron deposition at the individual level follow
ing mild TBI are, to the authors knowledge, lacking.

To address these research gaps, we conducted the first dedi
cated individual-level investigation of iron-related mTBI ef
fects. This study aimed to: (i) generate individual profiles of 
cortical iron deposition following sr-mTBI, and; (ii) extend 
these findings by deriving profiles sensitive to cortical architec
tonics (depth and curvature) as a supplemental, secondary ap
proach. Our prior research suggests that elevated magnetic 
susceptibility should be most evident in ROIs in the temporal 
lobe.45 However, given the preliminary and exploratory na
ture of this study, we did not have specific a priori hypotheses 
about the direction of effects in all cortical regions.

Materials and methods
Ethical approval for this research was obtained from the 
Health and Disabilities Ethics Committee (HDEC) (Date: 
18/02/2022, Reference: 2022 EXP 11078) and institutional 
approval was also obtained from the Auckland University 
of Technology Ethics Committee (AUTEC) (Date: 18/02/ 
2022, Reference: 22/12). In accordance with the 
Declaration of Helsinki, all participants provided written in
formed consent prior to data collection.
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Participants
Thirty-five male contact sports players [M = 21.60 years 
(range: 16–33), SD = 4.98] with acute sr-mTBI [sustained 
within 14 days of MRI scanning (M = 10.40 days, SD =  
3.01)] and 25 age-matched male controls [M = 21.10 years 
(range: 16–32), SD = 4.35] were recruited for this observa
tional study (see Table 1). To mitigate potential age-related 
confounds, we ensured that ages were not significantly differ
ent between groups [t(58) = −0.44, P = 0.66]. Clinical 
(sr-mTBI) participants were recruited through three Axis 
Sports Medicine Clinics (Auckland, New Zealand), via print 
and social media advertisements, word-of-mouth and 
through community-based referrals from healthcare profes
sionals and sports team management. Each clinical partici
pant was required to have a confirmed sr-mTBI diagnosis 
by a licensed physician as a prerequisite for study inclusion, 
and symptom severity was assessed using the Brain Injury 
Screening Tool (BIST)53 either upon presentation to Axis 
Clinics or electronically following recruitment. Healthy con
trols (HC) were recruited through print and social media ad
vertisements, and word-of-mouth. Exclusion criteria for all 
the participants included a history of significant medical or 
neurological conditions unrelated to the study’s objectives 
and contraindications for MRI. Additionally, controls were 
excluded if they had any recent history of mTBI events (<12 
months) or were living with any long-term effects of previous 
mTBI. All participants completed a brief demographic ques
tionnaire and attended a 1-h MRI scan at The Centre for 
Advanced MRI (CAMRI), Auckland, New Zealand. All scans 
were reviewed by a certified neuroradiologist consultant for 
clinically significant findings. No findings from MRI in either 
group were considered clinically significant (see Table 1).

Neuroimaging
Details on image acquisition and processing have been previ
ously reported,45 and are summarized here for brevity.

Acquisition
MRI data were acquired on a 3T Siemens MAGNETOM Vida 
Fit scanner (Siemens Healthcare, Erlangen, Germany) 
equipped with a 20-channel head coil. A 3D flow-compensated 
Gradient Echo sequence was used to obtain magnitude and un
filtered phase images for QSM reconstruction. Data were col
lected at 1 mm isotropic voxel size with matrix size = 180 ×  
224 × 160 mm, Repetition Time (TR) = 30 ms; Echo Time 
(TE) = 20 ms; Flip Angle (FA) = 15°; Field of View (FoV) =  
180 mm (Left-Right)×224 mm (Anterior-Posterior), in a total 
acquisition time of ∼3.43 min. For each participant, a high- 
resolution 3D T1-weighted (T1w) anatomical image volume 
was acquired for coregistration and parcellation using a 
Magnetization-Prepared Rapid Acquisition Gradient Echo 
(MPRAGE) sequence (TR = 1940.0 ms; TE = 2.49 ms, FA =  
9°; slice thickness = 0.9 mm; FoV = 230 mm; matrix size =  
192 × 512 × 512 mm; GRAPPA = 2; voxel size 0.45 × 0.45 ×  
0.90 mm) for a total acquisition time of ∼4.31 min. Digital 

Imaging and Communications in Medicine files were con
verted to Neuroimaging Informatics Technology Initiative 
(NIfTI) files and transformed to brain imaging data structure54

for further processing using Dcm2Bids55 version 3.1.1, which 
is a wrapper for dcm2niix56 (v1.0.20230411).

Image processing
Bias field-corrected57,58 T1w images were processed in 
FreeSurfer59 to: (i) delineate pial and grey matter/WM (GM/ 
WM) boundary meshes and (ii) generate estimates of cortical 
thickness and curvature for each vertex.60 QSM images were 
reconstructed using a rapid open-source minimum spanning 
tree algorithm (ROMEO),61 background field removal with 
projection onto dipole fields62 and sparsity-based rapid two- 
step dipole inversion63; a pipeline congruent with recent 
consensus statement recommendations for best-practice QSM 
reconstruction.64 Whilst the optimal reference region for sus
ceptibility estimation remains debated,65 recent consensus 
guidelines recommend quantifying QSM relative to a specific 
reference structure.64 To comply with these guidelines and en
sure stability and reproducibility, QSM was referenced to 
whole-brain susceptibility as smaller regions can be more vul
nerable to artefacts, distortions and inhomogeneities, affecting 
the final brain map.64 All QSM reconstruction was carried out 
via QSM×T66 v6.4.2 (https://qsmxt.github.io/QSMxT/) and 
used a robust two-pass combination method for artefact 
reduction.67

Subsequent processing was performed using the Functional 
Neuroimaging Research Group (FMRIB) Software 
Library.68-70 For each subject, the raw magnitude image was 
skull-stripped71 and binarised. These binary masks were 
used to erode non-brain signal around the brain perimeter 
using fslmaths. Magnitude images were linearly coregistered 
to the T1w image using FMRIB’s Linear Transformation 
Tool (FLIRT)72-74 with 12 degrees of freedom (DoF). Due to 
variability in acquisition type, field-of-view and matrix size be
tween subjects’ QSM and T1w images, the 12 DoF linear regis
trations provided more accurate alignment compared to the six 
DoF alternative, allowing for better compensation of non-rigid 
anatomical variations upon visual inspection. The resulting 
transformation matrix was used for spatial normalization of 
the QSM images to T1w space. In line with prior research,60

QSM maps were thresholded into separate inter-voxel sign 
(positive and negative) maps with fslmaths. Traditional 
QSM maps represent average intra-voxel susceptibility va
lues,75 which may obscure individual susceptibility sources. 
Further confounding effects may be introduced via inter-voxel 
averaging during analysis. This thresholding approach may 
help address the latter limitation by isolating voxels containing 
predominantly paramagnetic substrates, such as iron, which 
could enable more targeted analyses of susceptibility sources. 
Only positive sign maps were used in analyses to target cortical 
iron distribution.

Cortical column generation
To generate cortical columns and sample positive susceptibility 
values, we adapted a pipeline previously applied to DWI76 and 
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QSM45,60 for depth- and curvature-specific cortical analysis. 
First, the T1w FreeSurfer59 recon served as an input into 
the easy_lausanne tool (https://github.com/mattcieslak/easy_ 
lausanne.git), based on the open-source Connectome 
Mapper,77 to separate the cortex into 34 ROIs per hemisphere 
according to the Lausanne multi-scale atlas (equivalent to the 
Desikan-Killiany atlas78 native to FreeSurfer).59

Depth

Cortical columns were created for each hemisphere in T1w 
space with write_mrtrix_tracks79 in MATLAB (version 
R2024a), which was used to connect vertex pairs between 
pial and GM/WM boundary surface meshes. Each cortical 
column was segmented into six equidistant depths extending 
from the pial surface to the GM/WM boundary using 

Table 1 Summary of sr-mTBI participant clinical characteristics

ID Age DSI BIST MOI MRI findings

mTBI-01 <20 5 140 Rugby None
mTBI-02 <20 5 12 Rugby None
mTBI-03 20s 6 78 Rugby None
mTBI-04 <20 13 18 Rugby Small fluid signal spaces in R peritrigonal WM—normal. R caudate cleft along 

ventricular surface—possibly developmental or from old ischaemic insult
mTBI-05 20s 13 42 Football None
mTBI-06 20s 13 13 Hockey Minor artifactual T1 signal in pons
mTBI-07 20s 12 6 Rugby None
mTBI-08 20s 6 56 Rugby Minor R orbital fracture (old)
mTBI-09 <20 12 54 Rugby None
mTBI-10 20s 10 52 Rugby None
mTBI-11 30s 13 13 Football None
mTBI-12 <20 5 79 Rugby None
mTBI-13 20s 13 2 Rugby Small focus of susceptibility in L superior frontal gyrus possibly vascular or nonspecific 

haemosiderin
mTBI-14 <20 13 22 Rugby None
mTBI-15 <20 8 117 Futsal Tiny cleft of fluid signal in R cingulate gyrus—minor developmental anomaly or mature 

gliosis
mTBI-16 20s 13 a Rugby None
mTBI-17 20s 10 34 Gymnastics None
mTBI-18 20s 13 28 Jiu-jitsu Some artifactual DWI signal in pons
mTBI-19 20s 11 69 Surfing Tiny susceptibility site in R temporal lobe—may be vascular
mTBI-20 <20 7 14 Rugby Minor susceptibility in transverse sulcus in R mid temporal lobe—nonspecific, may be 

vascular or reflect haemosiderin deposition from prior small volume haemorrhage
mTBI-21 20s 14 47 Rugby None
mTBI-22 <20 12 28 Football None
mTBI-23 <20 13 39 Judo None
mTBI-24 <20 9 34 Rugby None
mTBI-25 <20 12 68 Rugby None
mTBI-26 20s 12 17 Rugby 7 mm pineal cyst—normal limits. Some T1 hyperintensity in R cerebellum—artifact 

compatible
mTBI-27 <20 12 12 Rugby None
mTBI-28 20s 12 25 Rugby Mildly prominent cisterna magna
mTBI-29 30s 7 30 Football A few mildly prominent biparietal and L cerebral peduncle perivascular spaces— 

normal variant
mTBI-30 30s 12 51 Swimming None
mTBI-31 20s 5 6 Rugby None
mTBI-32 <20 12 2 Rugby Some DWI signal disturbance anterior to pons—likely artifactual
mTBI-33 <20 14 22 Rugby 2–3 tiny foci of susceptibility in R frontal lobe—nonspecific, possible site of prior 

microhaemorrhage. A punctate focus of T1 hypointensity/T2 hyperintensity 
superolateral to the frontal horn of R lateral ventricle

mTBI-34 20s 8 58 Football Bifrontal developmental venous anomaly noted—normal variants
mTBI-35 <20 8 8 Rugby Minuscule foci of susceptibility in R cerebellar hemisphere/posterior to R aspect of 

the splenium of CC—non-specific. Minor susceptibility in R sylvian fissure— 
vascular

Mean 
mTBI

21.60 (4.98) 
years of age

10.4 (3.01) 
DSI

38.1 (32.0)/ 
160 BIST

No findings considered clinically relevant

Mean HC 21.10 (4.35) 
years of age

No findings considered clinically relevant

Diagnostic assessment is limited to the volume T1, SWI and DWI sequences with only limited interpretation of the multi-echo T2 stack. Clinical assessments are relevant to the 
identification of micro-haemorrhages, areas of siderosis, T1 appearance, gliosis, volume, ventricular volumes and non-neurological findings. The possible range of BIST scores is 0 (min)– 
160 (max). Clinical group data correspond to the date of MRI only, except for BIST scores acquired >24 h post-injury and prior to MRI (<14 days post). ID, unique identifier; DSI, days 
since injury; BIST, Brain Injury Screening Tool; MOI, mechanism of injury; WM, white matter; CC, corpus callosum; DWI, diffusion-weighted imaging; L, left; R, right. aMissing data (BIST 
incomplete on the Axis Sport Medicine Clinic patient portal, reason unknown).
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MRtrix3 tckresample.79 This approach differs from previous 
studies using a 21-depth approach.45,60,76 Here, we used six 
depths to decrease the number of depth-wise comparisons, 
and to better approximate the structure of the intracortical 
layers.80,81 It should be noted that these depths represent 
equidistant segmentations rather than specific cellular 
laminae (layers I–VI) of the cortex, differing from 
ultra-high-field investigations of cortical cyto- and 
myelo-architecture. Results described here are related to 
cortical depth, rather than layer.

Curvature

The columns were also categorized based on cortical curva
ture, derived from FreeSurfer’s59 Gaussian curvature values 
at each GM/WM boundary vertex82 and quantified in units 
of 1/mm2. The categories included the gyral crown (curva
ture values: −0.6 to −0.1), sulcal bank (−0.1 to 0.1), sulcal 
fundus (0.1–0.6), or whole ROI (−0.6 to 0.6).60 Positive 
curvature values indicated sulci, while negative values indi
cated gyri, with higher values corresponding to deeper curva
tures.60 Only columns ranging from 0.5 to 6 mm in length 
were included in the analysis to capture plausible cortical 
morphology.83 Depth was measured in percentage of cortical 
thickness rather than absolute metrics (millimetre) to miti
gate variability between the participants.

Personalized QSM profiles
We generated individual QSM profiles for each ROI at the 
bilateral level using MATLAB (2024a) (see Fig. 1 for visual
ization). Mean positive susceptibility values were extracted 
across the whole ROI (curvature and depth combined), as 
well as three curvature bins (gyral crown, sulcal bank and 
sulcal fundus) and six cortical depths independently for all 
34 ROIs. For the whole-ROI profiles, Z-scores were calcu
lated for all participants (HC and mTBI), by subtracting 
the HC group mean from each individual’s susceptibility va
lue and dividing by the HC group SD; a method commonly 
used in prior research.47,48,51,52 To bring the HC data closer 
to a normal distribution, outlier scores for the HC group 
were filtered47 if they fell outside two times the interquartile 
range (IQR); a more stringent criterion than methods used to 
identify mild outliers at 1.5 times the IQR, but less extreme 
than the more conservative filter of three times the IQR.84

As a result, data from N = 1 HC participants were excluded 
in three of the 34 ROIs, and data from N = 2 HC participants 
were excluded in one of the 34 ROIs. After filtering, the 
Shapiro–Wilk normality test yielded an average W-value of 
M = 0.96 (SD = 0.02) across Z-distributions for all ROIs, in
dicating that the data distribution within each ROI was close 
to normal. The final equation for deriving the whole-ROI 
Z-scores for individual mTBI participants was as follows:

ZmTBI =
XmTBI − μHCnorm

σHCnorm
, 

where ZmTBI represents the ROI-wise Z-score for each mTBI 
participant; XmTBI is the ROI-wise mean QSM value for each 

mTBI participant; µHCnorm is the mean ROI-wise QSM value 
of the HC group after outlier filtering, and; σHCnorm is the 
ROI-wise SD of the HC group QSM values after filtering. 
This approach ensures that mTBI participants’ susceptibility 
values are directly comparable to the healthy range reflecting 
a normalized distribution. The same process was repeated 
for each depth at each curvature bin, however, the IQR filter 
was omitted due to the number of comparison points.

Statistical analysis
To assess statistical significance for whole-ROI mTBI 
Z-scores, two-tailed P-values were calculated from the 
Z-scores using the cumulative distribution function of the 
standard normal distribution. A false discovery rate (FDR) 
correction85 was applied to the P-values for 34 ROI-wise 
comparisons.

To conduct exploratory statistical tests, we divided the 
mTBI group into two subgroups: those whose Z-scores sig
nificantly deviated from HC norms (i.e. iron-abnormal) 
and those whose scores did not (i.e. iron-normal) as identi
fied via primary and secondary analyses, respectively. 
Although there was no statistically significant difference in 
age between mTBI participants and controls, we performed 
an ANOVA for the new groupings to confirm that age was 
not driving the results. Additionally, we used nonparametric 
Mann–Whitney U-tests to assess whether injury severity 
(BIST53 scores) differed significantly between iron-abnormal 
and iron-normal mTBI participants, excluding mTBI-16 for 
these analyses only due to missing injury severity data.

Results
Regional individualized cortical iron 
profiles
We calculated personalized profiles of iron-related differ
ences in positive susceptibility across 34 cortical ROIs for 
each mTBI participant, to understand the effects of mild 
brain trauma at the individual level. Of the 35 mTBI partici
pants, 11 (31%) exhibited significantly elevated positive sus
ceptibility for at least one ROI relative to the HC population 
template (see Table 2), likely indicating elevated iron. No 
clinical participants’ Z-scores were significantly lower than 
the HC population.

In these 11 clinical participants, injury-related elevated 
susceptibility was evident across all cortical lobes, however, 
these were predominantly localized to either a single lobe 
(45%) or two lobes (45%). Only one participant (9%) ex
hibited widespread, multi-focal abnormalities across the cor
tex (see Table 2 and Fig. 2). Notably, a high density of 
affected ROIs was observed in the temporal lobe for 82% 
(9 out of 11) of participants with abnormal iron profiles 
(see Table 2). In contrast, 45% (5/11) had abnormal iron 
in occipital ROIs, 27% (3/11) in frontal ROIs, 18% (2/11) 
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in the insula or cingulate and only one participant (9%) had 
an abnormal profile inclusive of parietal ROIs.

After subdividing the mTBI participants into iron-normal 
(24/35; 69%) and iron-abnormal (11/35; 31%) based on 
their individual ROI-wise profiles, a one-way ANOVA 
showed no significant effect of age between these groups 
and controls, F(2, 26) = 2.0, P = 0.2. The Mann–Whitney 
U-test revealed that injury severity (BIST53) scores were 
significantly worse for the iron-abnormal mTBI group 
(M = 59.6, SD = 40.5) than the iron-normal mTBI group 
(M = 29.2, SD = 23.3), U = 57, P = 0.02 (see Fig. 3).

Symptoms and cortical iron-related 
markers
To provide a descriptive overview of cortical iron profiles 
and corresponding symptomatology (see Table 2), we note 
observational relationships between abnormalities in the lin
gual gyrus (four participants) and cephalalgia, photophobia, 
cognitive impairment (including confusion), concentration 
issues, memory deficits and sleep disturbances. The middle 
temporal region (three participants) appeared to be linked 
to a broader symptom profile, including cognitive impair
ment (with confusion), concentration issues, memory defi
cits, fatigue, sleep disturbances, cephalalgia, phonophobia, 
photophobia, vertigo, ataxia and visual disturbances. 
Although other ROIs were less commonly affected (less 
than or equal to two participants), some descriptive infer
ences include the involvement of the superior temporal re
gion [including the superior temporal sulcus (STS) and its 

bank] with cognitive impairment, headaches, photophobia, 
phonophobia, vestibular dysfunction, memory deficits, con
centration issues, fatigue, sleep disturbances, and in one par
ticipant, severe tinnitus and irritability.

Secondary depth- and 
curvature-specific iron profiles
Secondary exploratory analyses sensitive to six cortical 
depths and three curvatures further highlighted the hetero
geneity of iron deposition in mTBI. Only 17% (6/35) of par
ticipants retained normal iron profiles; the remaining 83% 
(29/35) showed elevated susceptibility in at least one ROI, 
for at least one depth and for at least one curvature. 
Isolated instances of negative Z-scores (indicating lower 
iron compared to HC) were observed in 7 of the 29 partici
pants but were typically limited to a single ROI/depth com
bination. Overall, abnormal iron accumulation was most 
pronounced in the sulcal fundus, followed by the sulcal 
bank, and was least evident in the gyral crown. However, 
there was significant inter-individual variability in ROI/ 
curvature/depth combinations (see Fig. 4).

For the 11 participants who demonstrated increased iron 
in the whole-ROI analyses, a similar ROI-wise distribution 
of elevated iron was observed in depth- and curvature- 
specific analyses. For example, in the whole-ROI analysis 
mTBI-30 showed elevated susceptibility in the caudal 
mPFC, pars opercularis and superior frontal gyrus (see 
Table 2 and Fig. 2), which was localized to specific depths 
and curvatures in the secondary analyses. In addition, 

Figure 1 QSM post-processing and generation of individual iron profiles. Steps are performed after QSM image reconstruction using 
QSM×T. QSM images were thresholded to create a positive sign map, and mean susceptibility values were extracted for each ROI, as well as for 
each cortical depth (1–6) and curvature (crown, bank, and fundus). Z-scores were calculated using the mean and SD of the HC group, and 
standardized around a mean of zero. The HC distribution was then filtered to remove outliers exceeding two times IQR, normalizing the 
distribution. Individual profiles for mTBI participants were constructed by comparing each participant’s Z-scores to the healthy normal 
distribution, while controlling for multiple comparisons across the 34 cortical ROIs. Abbreviations are as follows: QSM, quantitative susceptibility 
mapping; ROI, region of interest; HC, healthy control; IQR, interquartile range.
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regions that did not appear in the initial analyses, including 
the insula, lateral occipital cortex (LOC), pars triangularis, 
posterior cingulate, precentral and superior parietal areas, 
exhibited elevated iron scores in depth- and curvature- 
specific analyses (see Fig. 4). Conversely, mTBI-25 exempli
fies a case where no abnormal iron profile was detected in the 
whole-ROI analysis but became evident in the analyses sen
sitive to anatomical morphology (see Fig. 4).

After grouping mTBI participants by iron status based on 
secondary depth- and curvature-specific results, a Mann– 
Whitney U-test revealed no significant difference in BIST scores 
between iron-abnormal (M = 40.6, SD = 33.5) and iron- 
normal (M = 26.3, SD = 22.4) mTBI participants, U = 63, 
P = 0.35. An ANOVA showed no significant difference in age 
between these groups and controls, F(2, 15) = 1.11, P = 0.36.

Discussion
Previous studies using QSM to examine the role of brain iron 
following mTBI have primarily focused on subcortical brain 
areas or global grey and/or WM.36-44 Only three investiga
tions have included cortical ROIs and, of these, only our pre
vious work45 accounted for anatomical variations in cortical 
depth and curvature. However, these studies relied on group- 

level statistical analyses, which can obscure individual brain 
changes due to the subtle nature of cell damage associated 
with mTBI. This approach may limit our understanding of 
this heterogeneous injury, hindering the implementation of 
individualized rehabilitation strategies and treatments. We 
believe, therefore, that research incorporating comparisons 
of individual clinical participant data to healthy normative 
ranges can play a key role in informing targeted neural and 
pharmacological interventions. We conducted the first inves
tigation of individual differences in cortical magnetic suscep
tibility after sr-mTBI across 34 cortical ROIs, using a healthy 
population template as a reference. Secondary exploratory 
analyses sensitive to cortical depth and curvature were in
cluded to better characterize injury profiles for each 
participant.

Our findings revealed that a substantial subset of indivi
duals with mTBI exhibit elevated levels of cortical magnetic 
susceptibility, indicating injury-related iron accumulation. 
Our primary investigation evidenced abnormal iron profiles 
in just under one-third (31%; 11/35) of participants relative 
to the HC population. Additionally, we found that mTBI 
participants with abnormal iron accumulation identified in 
primary ROI-wise analyses experienced more severe symp
toms. In these 11 iron-abnormal clinical participants, ele
vated iron profiles were predominantly focal to specific 

Figure 2 Individualized profiles of abnormal iron accumulation sites following mTBI. Visualization of the specific ROIs and lobes 
where mTBI participants’ (N = 1) Z-scores significantly deviate from the HC population (N = 25–23), highlighting the individualized profiles of iron 
accumulation following mTBI. The selected orientations (C, coronal; A, axial; S, sagittal) are for best visualization of each participants’ result. These 
maps have been threshold for positive susceptibility values (iron-related) and are expressed in parts per million (ppm) from 0.0 to +0.05. Z-scores 
and correspondent P-values (after FDR correction: pFDR) are detailed in Table 2.

Mild brain injury increases cortical iron                                                                                   BRAIN COMMUNICATIONS 2025, fcaf110 | 9



lobes or bi-focal (affecting two lobes). Only one participant 
exhibited multi-focal cortex-wide elevated Z-scores. The 
high density of affected temporal lobe ROIs indicates that, 
despite significant inter-subject variability, iron accumula
tion following mTBI is preferential to temporal regions. 
Taken together, our findings support an iron-related mech
anism of secondary injury that modulates symptom severity 
and may influence symptom presentation.

Iron dyshomeostasis in the basal nuclei is known to impair 
cognitive function after mTBI,16,17 however, little is known 
about the effect of ‘cortical’ iron aggregation on mTBI symp
tomatology or severity. In our previous work,45 we reported 
few correlations between regions of cortical iron accumula
tion and BIST53 scores, a measure of injury severity and 
dominant symptom cluster. This may be accounted for by 
variability in the accuracy of symptom reporting or purpose
ful underreporting of symptoms, a common phenomenon 
among sports players.86 However, group-level examinations 

may also obscure individual differences and inhibit the im
plementation of more targeted statistical approaches. By as
sessing the effect of mTBI at the individual level, we were 
able to facilitate precise between group analyses of injury se
verity that differentiated between iron-normal and 
iron-abnormal mTBI participants. Results from our primary 
analysis revealed a significantly higher symptom burden for 
participants with mTBI when their iron profiles were also 
abnormal.

The field generally lacks reliable correlations between sub
jective assessments of injury severity and objective measures 
of brain injury and recovery,87 as well as alignment between 
cognitive or clinical findings and neuroimaging results.88

Identifying reliable, objective markers of structural changes 
that are related to subjective self-reported symptoms is cru
cial because individual variations in brain injury location 
and severity can lead to disparate clinical presentations and 
recovery trajectories but may be missed in group-level ana
lyses.8 Although research indicates that most individuals re
cover well from mTBI, between 1511 and 30%8 of patients 
experience significant, and in some cases life-changing, long- 
term clinical sequelae. Understanding the underlying patho
physiological drivers of these poorer outcomes is essential 
for enabling precise, patient-specific clinical interventions. 
Our finding that 31% of participants exhibited abnormal 
iron profiles substantial enough to be detected in the primary 
ROI-wise analyses, which were linked to poorer outcomes, 
aligns with both evidence of structural brain changes de
tected with advanced MRI in up to 30% of mTBI cases,1

as well as evidence from individualized studies reporting a 
similar percentage (28%) of subacute-phase WM anomalies 
and associations with worse cognitive outcomes in ms-TBI.51

In addition, standardized susceptibility values in the basal 
nuclei are reported to correlate with mTBI symptom dur
ation, but only in a sub-group of participants with persistent 
symptomatology for at least a week.40 In keeping with these 
findings, our results reinforce the importance of individua
lized analyses in revealing not only associations between 
the extent of microstructural pathology and negative out
comes following mTBI, but for identifying at-risk cohorts. 
Here, the value of personalized approaches to understanding 
mTBI becomes strikingly apparent. Further longitudinal 
studies that track participants through recovery could help 
to determine whether elevated ROI-wise cortical iron levels 
are associated with prolonged recovery, persistent post- 
concussive symptoms, or adverse outcomes later in life. 
Such research may offer insights into why a subset of indivi
duals with mTBI fails to recover fully.

The promise of individualized assessments to identify bio
markers for mild brain injury is particularly salient given the 
current absence of objective markers for mTBI diagnosis. 
Diagnostic decisions are limited to subjective self-report 
and assessments of physiological function,13,87 as the hetero
geneity of mTBI complicates efforts to identify reliable bio
markers or imaging signatures that can be applied 
universally across patients. Whether cortical iron accumula
tion reflects inflammatory processes, BBB disruption,9

Figure 3 BIST scores by cortical iron status. A Mann– 
Whitney U-test revealed that injury severity scores were 
significantly higher for iron-abnormal (N = 10; M = 59.6, SD = 40.5) 
than iron-normal (N = 24; M = 29.2, SD = 23.3) mTBI participants, 
U = 57, P = 0.02. Median and mean scores are depicted alongside 
95% CI.
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ferroptosis,31,89 or other cytotoxic processes is beyond the 
scope of the current research. However, we posit that the sig
nificantly higher symptom burden (BIST53 score) observed in 
the iron-abnormal mTBI cohort, as identified via whole-ROI 
analyses, supports an iron-mediated mechanism of brain 
changes related to injury severity and functional impairment, 
and marks iron as a promising mTBI biomarker. Of particu
lar note, many of the symptoms observed in mTBI resemble 
those seen in other iron-mediated neurodegenerative pro
cesses, such as cognitive decline in normal aging,90 and the 
cognitive and motor dysfunctions characteristic of diseases 
like Alzheimer’s, Huntington’s, Parkinson’s and Friedrich’s 
ataxia, as well as multiple sclerosis, where iron dysregulation 
is a hallmark feature.9,91 Genetic disorders of iron overload, 
such as neuroferritinopathy, also present with cognitive and 
motor symptoms.92

The susceptibility of the temporal lobe to iron accumula
tion post-mTBI, evident in this and previous research,45

aligns with the memory impairments characteristic of 
mTBI.93 Individual-level data from our mTBI sample empha
sizes the link between high temporal iron accumulation and 
memory deficits, as exemplified by BIST53 scores related to 
memory (see Table 2). In addition, specific distributions of 
p-tau focal to temporal (and frontal) cortex are considered 
features of chronic traumatic encephalopathy (CTE),94,95

an mTBI-related neurodegenerative disorder. Of particular 

concern, co-localization of iron with p-tau in CTE has 
been highlighted in histological examinations.34 Whilst the 
precise relationship between iron overload and the down
stream hyperphosphorylation of tau proteins remains an ac
tive area of research, further exploration of the interplay 
between acute cortical iron elevation, symptom burden, tem
poral recovery dynamics and long-term brain health out
comes is warranted.

The diversity of mechanistic antecedents, pathological me
chanisms and clinical outcomes associated with mTBI re
flects the complex underlying pathophysiology.8 mTBI is 
not a uniform injury and structural indicators, such as those 
commonly observed in other forms of TBI, do not always 
correlate with clinical symptoms or outcomes.96 Here, we 
speculate that abnormal iron accumulation in specific cor
tical ROIs may be related to participant symptomatology. 
For instance, the STS plays a key role in social cognition, em
pathy, mentalising about others’ emotional states and ‘the
ory of mind.’97-99 Structural changes to this region may 
explain the severe irritability reported by mTBI-01 (see 
Table 2), along with complaints of severe tinnitus.100 As a 
hub for audiovisual integration,101 the superior temporal re
gion could also be involved in phonophobia (sound sensitiv
ity), visual disturbances and vestibular dysfunction102; 
symptoms experienced by both mTBI participants whose 
profiles indicated local iron elevation. Similarly, the lingual 

Figure 4 Cortical depth- and curvature-specific profiles of mTBI-related abnormal iron accumulation. Cortical depth- and 
curvature-specific iron profiles across five representative sr-mTBI participants. Inflated surfaces show each of the six cortical depths, from the pial 
surface (depth 1) to the GM/WM interface (depth 6). Regions of abnormal iron deposition are colour-coded according to cortical curvature. 
Colour intensity shows level of statistical significance (pFDR < 0.05). Regions with lower statistical significance that are harder to visually 
distinguish are indicated by arrows in the colour of the correspondent cortical curvature. Lateral (L) and medial (M) views are used to visualize the 
whole brain. Boundaries between ROIs are delineated using coloured lines. To derive Z-scores, individual (N = 1) mTBI participants’ data were 
compared to the HC normal distribution (N = 25), at each depth (N = 6), for each curvature (N = 3), within each ROI (N = 34). Full statistical 
results, including Z-scores and P-values (after FDR correction) are available in Supplementary Data 1. Abbreviations are as follows: pFDR = statistical 
significance (P-value) after FDR correction.
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gyrus is active during migraine episodes and responds to lu
minous stimuli, suggesting its involvement in photophobia, 
visual processing anomalies and cephalalgia (headache).103

These symptoms were observed in all clinical participants 
with iron aggregation in this region (see Table 2). Our find
ings allude to specific areas of cortical iron accumulation that 
show a relationship to clinical sequelae, suggesting that re
gions with higher iron burden may be evidence of micro
structural cell damage that disrupts normal function. Here, 
it should be noted that multiple cortical regions with abnor
mal iron markers were observed for most mTBI participants, 
making it challenging to delineate a one-to-one relationship 
between a specific ROI and symptoms reported. As such, fu
ture research should integrate functional MRI to improve the 
mapping of structural changes to deficits in functional con
nectivity and well-established brain networks that may over
lap with abnormalities in cortical grey matter regions. 
Without additional research, observations about regions of 
iron accumulation and symptom presentation are specula
tive and less convincing than case-matching between brain 
lesions in gross TBI and neurobehavioural symptom 
presentation.104

Depth- and curvature-specific iron 
accumulation
Secondary exploratory analyses revealed significant inter- 
individual heterogeneity in depth- and curvature-specific 
cortical iron accumulation. Although these subtle effects 
were not associated with injury severity, they provide evi
dence of widespread minor tissue alterations following 
mTBI. A consistent trend for iron deposition was observed 
in the sulci, with the highest concentration at the fundus, fol
lowed by the sulcal banks. This pattern may be attributed to 
the heightened vulnerability of the fundus to mTBI-related 
injury, which is susceptible to mechanical deformation due 
to the ‘water hammer effect,’ where CSF is forced into the 
depths of the sulci, causing local damage.105 Supporting 
this, previous research has demonstrated that mTBI increases 
cortical curvature in the sulcus,106 as well as widens the sulci 
and causes focal vascular injury and microhaemorrhages in 
the fundus, as evidenced by susceptibility-weighted im
aging.105 Conversely, in more severe TBI, contusions are of
ten concentrated at the gyri,93 suggesting that gyral iron 
accumulation in ‘mild’ TBI may represent a less severe ver
sion of this type of injury. An understanding of injury bio
mechanics may thus prove crucial to explaining variance in 
loci of neuropathological changes. Research shows that dif
ferent types of head impacts can result in varying brain defor
mations and injury patterns, with sulci being particularly 
vulnerable to mechanical strain, which is consistent with, 
and can be predicted by, patterns of tauopathy observed in 
neurodegenerative conditions.107 Personalized iron accumu
lation patterns may provide insight into the specific injury 
mechanisms and related cellular disruption experienced by 
each individual participant at the acute stage. Elucidating 
this link, as well as how this may be related to 

mTBI-induced neuropathology in later life, should be a focus 
for future research.

Histological studies, including Perl’s iron staining and 
ultra-high-field (7T) R2* mapping of tissue samples108

have localized iron deposition to specific cortical layers, 
reflecting distinct cyto- and myelo-architectural features 
with layer-specific distributions that show congruence with 
in vivo QSM.109 In healthy populations, iron concentrations 
typically increase from the pial surface towards the GM/WM 
boundary; deviations away from baselines for each layer 
suggest an injury-specific model of cortical cellular trauma. 
For instance, layer I primarily contains axons and dendrites, 
with the cell bodies in deeper layers110; iron accumulation in 
different layers may point to diverse pathologies affecting 
different parts of the cell. Depth-wise patterns may also 
be related to injury biomechanics: superficial iron accumula
tion may be a result of perivascular trauma, which is often 
linked to microhaemorrhages and microglial activation after 
mTBI,27,28,93 whereas deeper iron deposition may reflect 
more severe shear forces, which are known to cause signifi
cant damage near the GM/WM interface in mTBI.111 This 
is supported by computational modelling showing that shear 
forces are concentrated in this region,107 which is also a com
mon site of microbleeds.112 Tying this in with investigations 
of cortical curvature, these effects would likely be concen
trated at the sulcal fundus.105,107,113 However, evidence 
from TBI research supports contusions of the gyri that often 
follow a layer-specific pattern, with damage prominent at the 
superficial crest but extending through the cortical mantle to 
the GM/WM boundary in a ‘wedge’ of haemorrhage and 
necrotic tissue.93 Iron-dependent cell death, ferroptosis,31,89

could plausibly account for instances of iron-related gyral 
pathology in mTBI that exhibit similar depth-specific 
patterns.

It is important to note that both injuries at the pial sur
face113 and closer to the GM/WM border111 have been re
lated to adverse outcomes after mTBI. However, subpial 
iron deposition near small blood vessels in the fundus is 
congruent with distributions of sulcal tauopathy seen in 
CTE,113 which may be related to breaches in the BBB.107

Injury-induced microvascular dysfunction may increase 
BBB permeability114,115 which likely increases active trans
port of non-heme iron via vascular endothelial cells into 
the superficial layers of the cortex9,29,116 which could ac
count for perivascular accumulations.93,94 The potential 
long-term effects of iron deposition in this young cohort war
rants further investigation, given the known relationship be
tween iron accumulation and tau pathology.34

Limitations and future research
The ability of neuroimaging modalities to infer underlying 
biological processes is limited by spatial constraints and in
ference about tissue composition from indirect markers. 
While the use of QSM can provide insight into potential 
iron accumulation, it remains a surrogate measure of iron- 
tissue content. Integrating complementary modalities such 
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as PET, or protein assays, would offer a more comprehensive 
understanding of the underlying neurobiology. Additionally, 
because analyses related to cortical thickness involve sam
pling multiple tissue types across a small cross-section, high
er resolutions become particularly important.117 Although 
≤1 mm isotropic resolution is recommended to mitigate par
tial volume effects,64 such artefacts may be problematic at 
the cortical surface and GM/WM tissue interface. While ero
sion steps were used to reduce non-brain signals around the 
outer cortex, acquiring higher-resolution images, assuming 
an adequate field-of-view,60 may further reduce partial vol
ume effects. It is worth noting that QSM studies conducted 
at similar resolution found that discarding the outer depths 
did not significantly alter susceptibility measurements,60 sug
gesting that the influence of partial volume-induced distor
tions may be relatively modest under these conditions. The 
1 mm isotropic voxel resolution also inherently restricts 
depth-wise analysis of the ∼1–4.5 mm thick cerebral cor
tex.83 However, studies employing comparable depth- 
specific methodologies have utilized data from QSM,60

DTI,76 T1w/T2w imaging118 and quantitative T1 and 
QSM,119 to sample between 10 and 21 cortical depths 
with meaningful results. In addition, the DTI-based study76

reported the identification of features with 0.9 mm isotropic 
resolution, single-shell data similar to those found with 
92 µm isotropic, high-angular-resolution data,120 under
scoring the ability of these technique to conserve features 
even at coarser resolutions. Whilst the model presented 
here is more conservative than previous approaches, sam
pling fewer depths (e.g. three) could arguably capture overall 
cortical thickness and avoid redundancy; however, sampling 
fewer depths appears to forfeit distinct susceptibility features 
uniquely revealed by a six-depth model (see Supplementary 
Figs 1–34). Given inter-individual variability in cortical 
thickness, there is need for individualized approaches that 
are sensitive to heterogeneity. These inherent constraints 
should nonetheless be considered when interpreting the pre
sented data.

It should be noted that this study did not control for sev
eral potential confounding factors, including prior injuries, 
genetic predispositions and environmental influences, all 
known to affect injury severity and recovery trajectories.8

Moreover, natural age-related increases in cortical iron are 
particularly pronounced within this specific age range.121

In principle, within a sample so closely age-matched, the nor
mal distribution reflects typical variation in cortical suscepti
bility values, but age effects may still not be fully accounted 
for. The power of Z-scores to regress these variables is lim
ited, particularly at small sample sizes and future research 
should consider recruiting large control cohorts that enable 
more robust approaches, such as normative modelling.122

This would also confer the added benefit of sampling across 
broader populations, simultaneously improving generaliz
ability. This is particularly salient for female athletes, for 
whom hormonal variations,123 the use of oral contracep
tives124 and differences in neck musculature125 lend them
selves to further heterogeneity in injury severity and 

outcome. In lieu of normative modelling, investigations 
using female cohorts are planned to address this gap. 
Lastly, the current study relied on a single-echo QSM se
quence, constraining susceptibility thresholding to ‘between’ 
voxels. Multi-echo sequences enable the separation of sus
ceptibility sources ‘within’ voxels,109,126,127 and should be 
considered for future research.

To conclude, our results suggest that iron-mediated cell 
damage plays a key role in mTBI pathology. In keeping 
with the heterogeneity of mTBI, accumulation of cortical 
iron after injury is person-specific and may be influenced 
by cortical morphology. These results highlight the import
ance of examining mTBI at an individual level rather than 
relying on group-level analyses. This variability likely also 
complicates the search for universal biomarkers, further 
underscoring the need for personalized approaches that inte
grate advanced imaging and detailed symptom profiling.

Supplementary material
Supplementary material is available at Brain Communications 
online.
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