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HEALTH AND MEDICINE

Paramagnetic susceptibility measured by magnetic
resonance imaging as an in vivo biomarker for iron

pathology in epilepsy

Zhenghao Li't, Qiangqiang Liu>*t, Tongtong Xu', Ming Zhang’, Li Li', Zhangpeng Chen*,
Yaohui Tang’, Li Jiang®, Yong Lu®, Fuhua Yan®, Yuyao Zhang’, Jiwen Xu?3*, Hongjiang Wei'-3*

Epilepsy, a neurological disorder marked by recurrent, unprovoked seizures, is often linked to dysregulated iron
metabolism, resulting in iron overload and subsequent cellular dysfunction or death within epileptogenic re-
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gions. We proposed a specific, noninvasive technique using paramagnetic susceptibility imaging via magnetic
resonance imaging to quantify in vivo brain iron levels, aiming to enhance our understanding of epilepsy pathol-
ogy and improve diagnostic accuracy. Our imaging and histopathological studies demonstrated that paramag-
netic susceptibility is a sensitive biomarker for iron quantification in epilepsy. This method effectively detects iron
abnormality from various causes and highlights that iron alters within epileptogenic zones, indicating the pres-
ence of potentially salvageable tissue. Furthermore, iron accumulation was observed to disrupt cortical laminar
structures in epileptogenic zones and was associated with the proliferation of central nervous system cells, par-
ticularly astrocytes. Paramagnetic susceptibility imaging provides previously unknown insights into epilepsy, of-
fering potential applications in diagnostics, monitoring, and personalized treatment strategies.

INTRODUCTION

Epilepsy is one of the most prevalent and critical neurological disor-
ders, characterized by recurrent and unprovoked seizures because of
abnormal neuronal activity. This condition affects individuals of all
ages and can lead to loss of consciousness, convulsions, or altered
behavior (1, 2). The etiology of epilepsy is highly complex (3, 4), but
substantial evidence indicates that iron, an essential trace element in
the central nervous system (CNS), plays an important role in its
pathophysiology by contributing directly or indirectly to seizure
activity across diverse etiologies (5-10). For example, in experimen-
tal animal models, intracortical injection of iron and intracerebral
hemorrhage following stroke or neurotrauma can trigger epileptic
seizures. Iron leakage, often because of increased blood-brain barrier
permeability in epilepsy, manifests in forms such as hemosiderin,
ferritin, and hemoglobin (11, 12). Dysregulated iron metabolism is
tightly linked to oxidative stress, a hallmark of various structural
(13), genetic (14), or immune-related epilepsies (4, 15, 16). This oxi-
dative stress exacerbates CNS cell dysfunction and damage, leading
to iron overload and ferroptosis (11, 13, 17). Iron overload also pro-
motes lipid peroxidation, impairing protein function, and is associ-
ated with increased extracellular glutamate, which can result in the
redistribution of iron between cortical and subcortical structures
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(18). Moreover, iron-mediated epilepsy could be mitigated pharma-
cologically through the attenuation of iron accumulation, ferritin
alteration, and oxidative damage (19). Therefore, precise iron quan-
tification could be a valuable target for diagnosis, monitoring, and
personalizing treatment for epilepsy.

Given the critical role of iron in epilepsy, developing a specific and
noninvasive technique for in vivo iron mapping is essential. Now, path-
ological biopsy is the gold standard for evaluating iron overload, but it
is invasive and complicated to perform. Magnetic resonance imaging
(MRI) offers excellent contrast and high-resolution images of biologi-
cal tissues, providing comprehensive in vivo information. However, the
behavior of paramagnetic iron in MRI signals is complex, primarily af-
fecting the magnetic resonance (MR) signal by perturbing the By field,
which manifests as changes in the MRI signal phase (20, 21). Tech-
niques using these properties, like susceptibility-weighted imaging, R,*
relaxation rate, and more recently developed quantitative susceptibility
mapping (QSM) (11, 22-27), have been attempted to quantify iron
in epilepsy, but these methods lack specificity because of interfer-
ence from other magnetic substances in brain tissues (28, 29), re-
sulting in low sensitivity and specificity for clinical iron detection.

Accurate iron mapping requires the ability and sensitivity to de-
tect iron and distinguish its effects from those of other substances,
such as myelin and calcium (30). Magnetic susceptibility is an in-
trinsic tissue property that quantifies how a material’s magnetiza-
tion responds to an external magnetic field, a characteristic that can
be measured using MRI (31). Paramagnetic materials, like iron, af-
fect MRI signal dephasing, while diamagnetic materials exert their
effects in the opposite direction. Iron, the most predominant source
of paramagnetic susceptibility in brain tissues, exacerbates the de-
phasing of magnetization, directly leading to signal magnitude de-
cay and accelerated phase accumulation with increased echo time
(32). By modeling iron’s unique effects on MR signals, it is possible
to isolate the contribution of paramagnetic susceptibility from other
diamagnetic substances (33-35). Thus, paramagnetic susceptibility
mapping offers opportunities for precise iron imaging in the brain.
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Our previous work demonstrated that sensitive and specific iron
quantification is feasible using gradient echo MRI by a subvoxel
QSM technique (35).

In this work, we used the quantitative paramagnetic susceptibility
(Xpara) obtained from the subvoxel QSM technique to measure chang-
es in brain iron (35). We demonstrated that ypar. is a noninvasive, spe-
cific, and accurate biomarker of iron concentration in epilepsy. Our
measurements of Ypar, in patients revealed iron overload of diverse
etiologies and showed that ), values correlate with the pathological
severity of epilepsy foci. Ex vivo experiments on resected tissues from
patients confirmed that ypar, maps effectively quantify iron overload
in epileptogenic zones in vivo. We found that iron is concentrated in
more localized tissue regions rather than being uniformly distributed
across whole specimens. Cortical depth-wise analysis, both in vivo
and ex vivo, confirmed that iron accumulation disrupts the normal
layer-specific microstructure of epileptogenic zones and is associated
with the proliferation of CNS cells, particularly astrocytes. In addi-
tion, we evaluated the effectiveness of ypara in classifying different
types of epilepsy, finding that it was able to further differentiate be-
tween subtypes on the basis of patterns of iron overload or deficiency.
These findings indicated that iron detection and quantification using
MRI-based paramagnetic susceptibility mapping could provide pre-
vious unknown insights into studying the epileptic brain.

RESULTS

Demographic and clinical characterization of patients

with epilepsy

To comprehensively investigate iron overload in epilepsy, we recruit-
ed 156 refractory patients with epilepsy (66 females) and diverse dis-
ease manifestations from May 2021 to November 2024. All patients
underwent clinical MRI scans, and positron emission tomography
(PET) scans were performed on the basis of individual clinical assess-
ments. Patients were classified into six groups according to imaging
and pathological findings, with an additional group for those with

unclear clinical pathogenesis (Table 1). As anticipated, nearly half of
the patients (71 of 156, 45.5%) had negative results on conventional
MRI scans. In our cohort, 39 patients underwent resection surgery,
with a significant difference in the proportion of surgeries among
each group (P < 0.001), suggesting that seizure severity varies with
the underlying causes.

Iron-related epilepsy revealed by the paramagnetic
susceptibility imaging

In this study, we demonstrated the sensitivity of paramagnetic suscep-
tibility in identifying iron-related epileptogenic zones and its effec-
tiveness in quantifying iron. Quantitative paramagnetic susceptibility
imaging was calculated retrospectively, as well as R,* maps and QSM
maps, which are conventional techniques used for iron quantification.
We used the paramagnetic susceptibility of tissue in the contralateral
hemisphere corresponding to the epileptogenic zone as an individual
reference. Hyperparamagnetic susceptibility (hyper-ypara) in epilepto-
genic zones is defined as a higher value relative to that of the contra-
lateral tissue. Hyperparamagnetic susceptibilities were observed in
the clinically diagnosed epileptogenic zones of patients across all cat-
egories, with a substantial proportion (56 of 156, 35.9%) displaying
these characteristics (Table 1).

Patients with traumatic injury, tumors, or vascular disease predomi-
nantly demonstrated hyperparamagnetic susceptibilities, while other
patient categories showed these features to a lesser extent (P < 0.001,
Table 1). For patients with abnormal brain development, such as focal
cortical dysplasia (FCD) or cerebral atrophy sclerosis, T1-weighted
(T1-w) and T2 fluid-attenuated inversion recovery (T2-FLAIR) images
were useful in identifying morphological changes. However, clear le-
sions were not visually observed in these modalities or R,* maps for
this subset of patients (Fig. 1A). In contrast, abnormal hyperparamag-
netic susceptibility was evident in these patients with low fluorine-18-
fluorodeoxyglucose (**F-FDG) uptake, as highlighted by yellow arrows.
Both QSM images and yp.r. maps showed hyperintensity. However,
traditional QSM images (categorized as QSM > 0 and QSM < 0)

Table 1. Demographic and clinical information of patients with epilepsy. Hyper-ypara, higher paramagnetic susceptibility of epileptogenic zones relative to

that of the contralateral tissues.

Diagnosis FCD (n = 25) Traumatic Atrophy and Tumor Vascular Other (n=9) Not clear P value
injury (n = 18) sclerosis (n=8) disease (n=71)
(n=19) (n=6)
Population of all patients (%) 16.0 11.5 12.2 5.1 5.8 45.5
Sex(female/male) 1114 810 &1 26 4/5 3140 0971
PR ses a3 s
169+129  263+7.2 + :
Duration of epilepsy (year) 114+90  80+83 1614145  86+78  173+177 7079 85+94 0089
Resecton ~ 19(760)  1(56)  3(158)  7(875) 5(833) 46 <0001
co (I e e e iy
Lefthem|sphere e e . e - A
R|ght hem|sphere11 s ; e -
e ; e 1 -
P susceptlblllty e s
distribution
* Hyper-yps 58 7(87.5) 5(833)
* Non-hyper-zpua 5(20.0) 0(0) 3(158) 0(0) 0@
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Fig. 1. In vivo imaging of patients with epilepsy and diverse etiologies. (A) MRl and FDG-PET imaging were used to detect epileptogenic zones in patients with epi-
lepsy and known etiologies, as identified by conventional MRI. Hyperparamagnetic susceptibility in ypara maps was observed in these zones, accompanied by low ®FFDG
uptake in FDG-PET images. (B) For patients with conventional MRI-negative epilepsy, ypara maps detected the epileptogenic zone in the frontal lobe, showing hyperpara-
magnetic susceptibility consistent with low '8F-FDG uptake in the FDG-PET image. (C to G) Statistical comparisons were conducted between epileptogenic zones and
corresponding contralateral tissues for MRI quantifications (n = 19), including Ry* (C), bulk susceptibility (D), paramagnetic susceptibility (E), diamagnetic susceptibility
(F), and FDG-PET (G) (n = 15); n.s., nonsignificant; *P < 0.05 and ***P < 0.001 by paired t test. (H) Paramagnetic susceptibility exhibits higher values compared to the cor-
responding QSM. All statistical analyses were performed with Bonferroni correction. CT, contralateral tissues; IL, ipsilateral lesions; Para., paramagnetic susceptibility.
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cannot differentiate between increases in paramagnetic substances or
decreases in diamagnetic substances, limiting their specificity for
quantification. In addition, they often underestimate overall brain sus-
ceptibility. In contrast, Ypar. maps specifically represent iron-dominated
paramagnetic substance concentrations, potentially indicating iron
overload. Diamagnetic susceptibility ()gi,) can vary depending on
the condition. It may decrease in cases such as FCD and atrophy or in-
crease in conditions like vascular diseases and cerebral microhemor-
rhages (CMHs). In patients with conventional MRI-visible lesions,
such as those with cases of tumors or vascular disease (Fig. 1A, bot-
tom two rows), all imaging modalities revealed epileptogenic zones.
The )para maps showed ultrahigh paramagnetic susceptibility com-
pared to the contralateral normal tissues, suggesting iron overload
because of hemorrhage or vascularization. For a proportion of patients
without visible lesions on structural MRI images or R,* or QSM maps,
hyperparamagnetic susceptibilities were observed (Fig. 1B), identifying
epileptogenic zones along with low '*F-FDG uptake. More structural
MRI-negative patients with hyper-ypar, are provided in fig. S1B. This
indicates that the iron-sensitive yp,r» maps effectively expand the de-
tection capabilities of MRL.

Paramagnetic susceptibility combined with diamagnetic
susceptibility distinguishes different subtypes of epilepsy
The epileptogenic zones were not always associated with iron over-
load. A proportion of patients (11 of 156, 7.1%) exhibited abnormal
susceptibility patterns without showing hyper-ypara (classified as
non-hyper-ypara). These patterns included hypo-ypara combined
with either hypo-yai, or hyper-yai., as well as normal yp.r. paired
with hyper-ygi, (fig. S1A and table S1).

One representative patient, who had undergone resection and was
diagnosed with FCD IIb (patient no. 9), presented an epileptogenic
zone characterized by both hypo-y¥par and hypo-ygi.. This pattern
suggested reduced iron levels accompanied by demyelination (fig.
S2B). Both paramagnetic and diamagnetic susceptibilities revealed a
disruption of the normal layer-specific structure, as indicated by
yellow and blue arrows. Approximately 2.0% of patients in our cohort
(3 of 156) exhibited these magnetic characteristics (table S1). In addi-
tion, a subset of patients (6 of 156, 3.9%) showed hypo-ypara With
hyper-y gi., indicating decreased iron levels with calcification. A small-
er proportion of patients (2/156, 1.3%) displayed hyper-y4i, alone,
indicative of calcification or zinc deposition.

In contrast, QSM was unable to separately quantify the paramag-
netic and diamagnetic components of susceptibility (fig. SIA), lim-
iting its ability to identify specific tissue composition changes. This
limitation highlights the importance of using methods that can dis-
tinguish between these two types of magnetic susceptibilities to bet-
ter understand the underlying pathological processes in epilepsy.

Quantifying iron overload in epileptogenic zones using
paramagnetic susceptibility

To further illustrate the quantitative capability of ypara, We analyzed
the epileptogenic zones in patients who underwent resection sur-
gery. Contralateral normal tissues were identified by mirroring the
corresponding lesions. Potential iron overload was confirmed in
19 patients by the significantly increased R,* (Fig. 1C, P = 0.045),
bulk susceptibility (Fig. 1D, P < 0.001), and ypar, (Fig. 1E, P < 0.001) in
the lesions. The y4i, showed only slight changes (Fig. 1F). FDG-PET
images were acquired for 15 of these patients, revealing significantly
reduced "*F-FDG uptake in the lesions (Fig. 1G, P = 0.014). The
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Xpara Shows generally higher values than the QSM in lesioned tissues
(Fig. 1H), suggesting potential diamagnetic substances removed
from bulk susceptibility. In addition, similar distributions of QSM
and Xpara indicated demyelination in lesioned tissues.

Linear analysis between FDG-PET and MRI-based quantification is
shown in Fig. 2 (A to D). The iron-sensitive )p.r, showed a significant
linear correlation with **F-FDG uptake rates (Fig. 2C, P = 0.034). Simi-
lar to )para» QSM exhibited a comparable pattern in regression analysis
with FDG-PET, while there is an increase in susceptibility values poten-
tially because of demyelination. However, this increase does not reach
statistical significance. The separated )para and yqi, were not linearly
correlated (Fig. 2E). This suggests that iron overload in epilepsy is
not fully associated with diamagnetic substances such as myelin and
calcium. These observations highlight that iron-quantification capabili-
ties of conventional R,* and QSM can be biased and influenced by yia.
In contrast, paramagnetic susceptibility independently quantified iron
overload in epileptogenic zones, offering a reliable indicator of the
severity of the condition.

Hyperparamagnetic susceptibility observed from the
epileptogenic cortex to white matter

In the case of epilepsy caused by traumatic or hemorrhagic incidents, the
epileptogenic zones typically correspond to areas with increased ypqra at
the locations of trauma or bleeding. For other etiologies, hyperparamag-
netic susceptibility is consistent with regions of low '*F-FDG uptake in
the cerebral cortex. To further assess the extent of iron overload, whole-
brain yp.r, and FDG-PET images were projected onto depth-wise sur-
faces from the pial surface to the gray matter-white matter (GM-WM)
boundary in the cortex, extending into the WM (Fig. 3A). We further
collected 14 specimens with various etiologies and conducted ex vivo
experiments on resected tissues from localized epileptogenic zones (figs.
S2 and S3). Detailed demographic information for the corresponding
patients is provided in Table 2. In addition, the information about other
patients who underwent resection surgery but did not have their tissues
collected is available in table S3.

Representative quantitative maps of depth-wise surfaces from one
patient (FCD IIb, patient no. 8) are shown in Fig. 3B. The typical epilep-
togenic zone was identified at the left temporal pole, where ypara and
FDG-PET showed significant changes compared to the contralateral
area, suggesting different indications of the lesion. Both maps main-
tained their variations across all surfaces. The increased ypara showed a
more localized characteristic, peaking near the GM-WM boundary. To
verify these in vivo imaging observations, we reconstructed the high-
resolution ypar, map (isotropic resolution of 100 pm by 100 pm by
100 pm) of the specimens (Fig. 3C). Visual inspection revealed an obvi-
ous hyperparamagnetic susceptibility band near the GM-WM bound-
ary [superficial white matter (SWM), blue dashed lines in Fig. 3C]. This
band, with ypar, = 0.033 £ 0.008 parts per million (ppm), showed high-
er iron concentration than the normal-appearing (NA) SWM band,
which had ypara = 0.014 + 0.006 ppm, suggesting abnormal iron depo-
sition in specific microstructures on and beneath the cortex. This find-
ing was further verified across all specimens with increased yparo, Where
the lesioned SWM showed an average ypara 0f 0.029 + 0.009 ppm, while
the NA SWM had an average ypara of 0.017 & 0.006 ppm (fig. S4).

Validation of paramagnetic susceptibility in vivo

by LA-ICP-TOF-MS

To further validate the accuracy of quantitative paramagnetic sus-
ceptibility imaging for in vivo iron quantification, we measured iron
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Fig. 2. Linear regression analysis between various imaging quantifications in patients who underwent resection with hyper-ypara. (A to D) Linear regression
analysis of FDG-PET and other MRI quantifications (n=15), including R,* (A), diamagnetic susceptibility bulk susceptibility (B), paramagnetic susceptibility (C), and dia-
magnetic susceptibility (D). The area between the two dashed curves represents 95% confidence intervals. Paramagnetic susceptibility showed a linear correlation with
'8F_FDG uptake. (E) No linear correlation was found between paramagnetic and diamagnetic susceptibility in either epileptogenic zones or contralateral tissues (n=19).

All statistical analyses were performed with Bonferroni correction.

concentration (using isotope >’ Fe) by laser ablation-inductively cou-
pled plasma time-of-flight mass spectrometry (LA-ICP-TOF-MS)
(Fig. 3D and fig. S2). As expected, the iron map revealed a pattern
consistent with the ex vivo ypar, findings in the epileptogenic zones.
A significant linear correlation was found between Xpar, and iron
concentration (Fig. 3E, correlation coefficient R = 0.582, P < 0.001)
and was verified in other specimens (fig. S5). Further iron staining
(Fig. 3F) showed a similar pattern of iron overload concentrated
in cell-like structures, confirming the accuracy of the iron source
detected by ypara (Fig. 3, C and D, white arrows). The specific le-
sion location identified by the in vivo Ypara (Fig. 3G) was precisely
matched with the ex vivo jpara map. The corresponding in vivo x4,
map revealed a decrease in iron-overloaded tissues, indicating po-
tential demyelination within the epileptogenic zones. However, the
T1-w image was unable to visually identify the lesioned area be-
cause of inadequate contrast. To assess the accuracy of iron concen-
tration measurements by quantitative paramagnetic susceptibility
imaging in vivo, we extracted six regions of interest (ROIs) covering
both lesioned and NA tissues. Linear correlation analysis of ROI-
averaged in vivo )par and iron concentration for each ROI showed
ahigh correlation (fig. S6, D to I, correlation coefficient R > 0.800 in
all patients) and had an averaged R = 0.601 (Fig. 3H, P < 0.001).
These results demonstrated the sensitivity and accuracy of Ypara as
an in vivo imaging biomarker for iron heterogeneity in epilepto-
genic zones.

Disruption of the layer-specific structure in iron-overloaded
epileptogenic zones

Previous studies have demonstrated a layer-specific distribution of
iron concentration from the cortex to the WM (36, 37) and a variable

Lietal., Sci. Adv. 11, eads8149 (2025) 21 March 2025

iron pattern in the cortex associated with brain diseases (38). To fur-
ther investigate the disruption of layer-specific iron distribution in
the cortex, we analyzed normalized depth-wise profiles of ypar, and
iron concentration from the cortex into the WM in specimens.

In specimens with iron-overloaded epileptogenic zones, we identi-
fied two distinct regions (Fig. 4, A to D): one with NA tissues (A1) and
another comprising iron overload tissues (A2). Normal iron profiles
were observed in all NA tissues (Fig. 4, E to H), with a peak in the SWM
at depths of 100 to 110%, averaging ypara at 0.020 ppm and iron concen-
tration at 38.728 ppm. Other depths in these areas exhibited relatively
low Ypara levels, consistent with previous studies. In contrast, iron-
overloaded areas showed a disrupted depth pattern compared to NA
tissues, especially in the SWM, with an averaging ypar, at 0.032 ppm and
an iron concentration of 66.332 ppm. Furthermore, different subtypes
of patients with epilepsy displayed varied patterns of iron deposition.
The FCD I specimen showed increased ypqra only in the SWM. The
FCD Ila specimen demonstrated elevated ypar, in the SWM and
WM. For the FCD IIb subtype, there was an increase in ypar, in the
cortex and the SWM. The neuroepithelial tumor (NET) specimen
exhibited abnormal ypar, throughout the depth profile. In addition, a
higher variability in iron concentrations was observed at each measured
depth in the iron-overloaded areas compared to NA tissues in FCD IIb
and NET cases (Fig. 4, G and H), indicating a nonuniform distribution
of iron deposition within the epileptogenic zones of these subtypes.
Meanwhile, the depth profiles of ygi, in FCD I and FCD Ila lesioned
tissues were similar to those observed in NA tissues (Fig. 4, E and F). A
decrease in yg4;, was observed in the lesioned tissues of FCD IIb and
NET specimens (Fig. 4, G and H), indicating potential demyelination.
An increase in Y¥g;, was specifically identified in the lesioned cortex of
the NET specimen, which could be attributed to calcification or zinc
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Fig. 3. The ypara map obtained from subvoxel QSM imaging can accurately reveal and quantify iron deposition heterogeneity in epileptogenic zones in vivo.
(A) Depth-wise surfaces overlaid on T1-w images. (B) Depth-wise ypara and FDG-PET surfaces extracted from the cortex (percentage depth) to the SWM. Regions of hyper-
paramagnetic susceptibility and low SUVr values colocalize in the left temporal pole, identifying epileptogenic zones. (C) Ex Vivo ypara maps of the specimen from the same
region as in (B). (D) Iron mass spectrometry results from the same slice shown in (C), revealing iron overload in zoomed-in areas. (E) Voxel-wise linear regression between
€X ViVO Ypara (C) and iron concentration (D), showing a strong linear correlation. (F) Iron staining results indicate that the observed iron overload is likely localized within
cells. (G) Precise location of the specimen in the patient’s MR image. The in vivo ypara maps effectively quantify excess iron in epileptogenic zones, corroborating findings
from the ex vivo ypara maps (C) and iron maps (D). The in vivo yqia maps exhibit a decrease in the epileptogenic zones, indicating potential demyelination. (H) Linear cor-
relation between ROl-averaged ypara and iron concentration across 36 total ROls (6 ROIs per patient, n = 6; data from the same patient are plotted with the same color).
The area between the two dashed curves represents 95% confidence intervals in (H).
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Table 2. Demographics for patients undergoing surgery with specimen collection. The epileptogenic zones were identified through preoperative
radiological assessments using MRI and FDG-PET. MRI evaluations were conducted mainly using T2-FLAIR imaging. A proportion of patients underwent
stereoelectroencephalography (SEEG) for more precise lesion localization. The underlying etiology was confirmed through pathological examination.
Abbreviations: F, female; M, male; L, left; R, right; B, bilateral; front, frontal lobe; temp, temporal lobe; par, parietal lobe; occ, occipital lobe; amy, amygdala; hip,
hippocampus; thal, thalamus; ant, anterior; post, posterior; lat, lateral; ling, lingual; GM, gray matter; WM, white matter; HS, hippocampal sclerosis.

Patient Sex Age Disease Preoperative radiological report SEEG Pathology Specimen
(year) duration site location
(year) MRl site MRI report PET site PET report
1 M 24 8 L amy, hip, ant Hyperintensity, Lanttemp, front Hypometabolism L front FCDI L front
and lat temp blurring

2 M 18 12 Rocc Hyperintensity Rocc Hypometabolism R occ FCD 1 Rocc

3 M 42 2 Rtemp GM-WM blurring, GM Rtemp Hypometabolism - FCD lla R temp
thickening

4 F 37 20 R hip Hippocampal sclero- R temp Hypometabolism - FCD lla R temp
sis, atrophy

5 M 5 3 B temp, insula, Hyperintensity B temp, insula Hypometabolism R temp FCD lla R temp

amy

6 F 23 8 L occ GM-WM blurring, GM L ling gyrus, occ, Hypometabolism L occ FCD lla L occ
thickening B temp

7 M 24 22 L temp, insula, Atrophy Ltemp,insula,R  Hypometabolism L temp FCD lla L temp

hip post insula, temp
R thal Hyperintensity, fifth  oPerculum, ant
cingulate

. e Ltemppoleh|p P s Hypometabo R

9 M 8 R occ Hypometab FCD Ilb

10 F 12 R par Hyperintensity R par-occ Hypometabolism - FCD Ilb R par-occ

1 M 53 52 L temp Hippocampal atrophy L temp Hypometabolism - HS L temp

12 F 33 20 R hip Hippocampal sclero- R temp Hypometabolism - HS R temp
sis, atrophy

13 M 10 10 L temp Hyperintensity L temp Hypometabolism - NET (WHO L temp

grade 1)
14 F 20 3 R temp GM-WM blurring - - Rtemp  Negative R temp

deposition. These findings suggest that iron overload disrupts the
normal layer-specific structure of the cortex in epileptogenic zones,
accompanied by alterations in other diamagnetic substances.

Cellular sources of high iron concentration in cortical
epileptogenic zones

The disrupted cortical structure in iron-overloaded epileptogenic zones
of FCD IIb and NET patients suggests substantial cellular-level altera-
tions. A previous study has reported that seizure-related iron accumula-
tion originates from CNS cells (11). To explore the source of the iron
overload visualized by ypar., we performed immunofluorescence and
Perls’ staining to colocalize CNS cells (including astrocytes, microglia,
and neurons) and iron in both FCD IIb and NET specimens.

Perls’ staining revealed higher iron content in lesioned areas com-
pared to the surrounding NA tissues (Fig. 5A, FCD IIb specimen). In
NA tissues, tufted astrocytes, identified by anti-glial fibrillary acidic pro-
tein (GFAP) expression, exhibited extensive branching and dense pro-
cesses (Fig. 5B). In contrast, astrocytes in lesioned tissues exhibited
shorter, less extensive branches, with partial colocalization of iron (Fig.
5B). Microglia, labeled by anti-ionized calcium-binding adapter mole-
cule 1 (Ibal), were sparsely distributed in NA tissues and partially colo-
calized with iron in the lesioned areas (Fig. 5C). Neurons, identified by
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anti-f III tubulin (Tujl), showed clear cell bodies in NA tissues (Fig.
5D). However, neurons in lesioned tissues exhibited abnormal mor-
phology, associated with iron deposition. Similar abnormalities were
observed in NET specimens (fig. S7), where astrocytes were found to
colocalize with iron deposits, particularly around small blood vessels.

Further statistical analysis was conducted on both FCD IIb and
NET cases. Neuroglial proliferation was observed in the lesioned
tissues, with a 339% increase in astrocytes (Fig. 5E) and a 196%
increase in microglia (Fig. 5F). This proliferation contributed to
iron sequestration in cells (Fig. 5, I and J), ultimately leading to iron
accumulation. Although neurons did not show an abnormal increase
in number, they did sequester iron (Fig. 5K). Our study found that
astrocytes were the primary contributors to iron sequestration, having
the highest counts and ratio of iron-positive cells in lesioned areas
(Fig. 5, H and L). These findings underscore the critical role of CNS
cells in excess iron accumulation and metabolism in epilepsy, con-
firming their contributions to the observed iron overload.

DISCUSSION
In this study, we demonstrated that quantitative paramagnetic sus-
ceptibility imaging effectively detects molecular-level iron in normal
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Fig. 4. Depth-wise analysis reveals disruption of the cortical laminar structure in iron-overloaded epileptogenic zones. (A to D) Two regions (A1 and A2) from each
iron-overloaded specimen, representing patients diagnosed with FCD |, FCD lla, FCD llb, and NET, were analyzed from the outer cortex to the WM. (E to H) Normalized
depth-wise profiles from the cortical surface (0% depth) through the GM-WM boundary (100% depth) to the WM (150% depth). A reference value of 0.01 ppm (gray lines)
was used to compare paramagnetic susceptibility levels across regions of different specimens. The yellow dashed lines at 100% depth represent the GM-WM boundary.
Regions with normal iron level (A1) display distinct layer-specific characteristics in ypara, With a peak in the SWM (100 to 110% depth). Corresponding ygqia increases in the
WM, reflecting prominent myelination. In contrast, iron-overloaded regions (A2 of each specimen) exhibit notably higher ypa.r, values, with varying patterns depending
on the epilepsy subtype. Abnormal y4i, values are also observed in FCD llb and NET cases (G and H) in A2 regions compared to A1, suggesting changes in diamagnetic

substances such as myelin, calcium, or zinc.

tissues and epileptogenic zones in epilepsy. Understanding the com-
plex pathophysiology of epilepsy, which involves various molecular
and cellular processes, is crucial for diagnosis, monitoring, and treat-
ment (39). Epileptic lesions often involve astrocyte dysregulation,
leading to iron accumulation. Excess iron is tightly linked to oxida-
tive stress, which can damage or kill CNS cells (15). Measuring iron
concentration provides insights into epileptic pathology and cortical
changes, but accurately mapping this in vivo has been challenging
with existing imaging techniques. Our results show that the specific
physical parameter )psra can map tissue iron with a high linear cor-
relation with iron concentration across a wide range in vivo (Fig.
3H). Using Ypara» We found that 35.9% (56 of 156) of patients with
epilepsy in our cohort with diverse etiologies exhibited iron over-
load. In addition, iron deficiency was observed in 5.8% (9 of 156) of
the patients. Through yg4i, assessment, we also detected demyelination
or calcification in these subjects. We also detected disruptions in the
cortical layer structure from the cortex to the WM using ¥para maps
both in vivo and ex vivo, indicating dysregulation in CNS cells involved
in iron sequestration.

Although iron is known to be ferromagnetic, it behaves as a para-
magnetic component in brain tissues, forming compounds such as
hemosiderin (Fe’* and Fe**), deoxyhemoglobin, methemoglobin,
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or ferritin, essential for brain functions (40-44). Proper iron regula-
tion is vital to avoid its toxic effects (45), which can cause oxidative
stress, lipid peroxidation, and ferroptosis, potentially leading to sei-
zures (45, 46). Excess iron is linked to neuronal death and metabolic
dysregulation, which can be detected through *F-FDG uptake in
FDG-PET imaging in epileptogenic zones (15, 46). We demonstrat-
ed that yp.r, hyperintensity represents excess iron concentration and
reflects reduced metabolic rates in epileptogenic zones (Figs. 2C and
3, C, D, and G). While other paramagnetic substances exist in the
brain, such as copper (e.g., Cu*") (47), iron remains the predomi-
nant paramagnetic susceptibility source in brain tissues, with the
largest molar susceptibility and abundance (48). In vivo and ex vivo
linear regression analysis (Fig. 3, E and H) indicates that non-iron
contributions are negligible compared to the large range of iron-
contributed Xpara. Therefore, the paramagnetic parameter Ypqra is
an excellent imaging biomarker for tracking epilepsy progression
induced because of abnormal iron metabolism.

In contrast to the whole low-metabolic specimens for the surgical
resection to prevent a recurrence, excess iron deposition manifests as
a more localized characteristic with an area of a small part of sulci or
gyri (Fig. 3B). Localized iron deposition disrupts the cerebral cortex’s
original laminar structure, affecting CNS cell distribution, especially
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in the FCD IIb and NET cases (Figs. 4 and 5, A to D, and fig. S7). Our
results show that astrocytes and microglia proliferate abnormally and
sequester iron in epileptogenic zones from both FCD IIb and NET
patients, consistent with previous studies (11, 13). In particular, astro-
cytes are closely associated with epilepsy and abnormal iron metabo-
lism (11). Astrocytes with pycnotic morphology in epileptogenic
zones dysregulate iron transport through the permeability-increased
blood-brain barrier to brain tissues, thereby resulting in iron absorp-
tion and high concentrations of deposition of hemosiderin (11, 49, 50).
We found a high increase in astrogliosis with the most highly over-
loaded iron sequestration in iron deposition areas (Fig. 5, E and I), and
this dysregulation can be specifically detected by ypare. This may indi-
cate that the presence of potentially salvageable tissue in iron-normal
NA regions could be identified by ypar. In addition, astrocytes associ-
ated with iron influence the occurrence and progression of epilepsy by
regulating pro-inflammatory states in the epileptic brain (51, 52).

The origin of iron varies across different epileptic etiologies. Tu-
mors are known to compromise the integrity of the blood-brain bar-
rier (53). Iron within tumor tissues may originate from proliferative
blood vessels, which penetrate brain tissues and lead to iron accu-
mulation. This, in turn, accelerates ferroptosis (54, 55), a process
that can contribute to seizure activity. Our findings corroborate this
mechanism (figs. S2A, NET specimen, and S7A). Previous studies
have shown that FCD IIb is characterized by oxidative stress, chronic
activation of Nrf-2 (nuclear factor erythroid 2-like 2), and disrup-
tions in redox state and iron metabolism, often associated with
mammalian target of rapamycin dysregulation and developmental
malformations (11, 13). Zimmer et al. further demonstrated that
early sustained activation of higher lipid peroxidation and dysregu-
lation of iron metabolism are key pathological features of FCD IIb.
Our study also confirms that this type of iron deposition can be
sequestered by CNS cells. These processes occur before seizure onset
and may contribute to epileptogenesis.

Now, surgery remains the most effective treatment of FCD IIb
and tumors for patients with epilepsy. However, exploring new drug
therapies is crucial for alleviating patient suffering. Evidence sug-
gests that FCD IIb and NET epilepsy, characterized by iron over-
load, could be mitigated by reducing iron uptake into CNS cells,
thereby decreasing their inflammatory state. This approach holds
therapeutic promise for epilepsy (15, 56). Zimmer et al. proposed
that agents inhibiting iron adaptation, such as Nrf-2 inhibitors or
ferroptotic agents, could serve as alternative strategies for inter-
vening in aberrant pre-epileptogenic cellular processes (13). Other
studies have suggested that phosphorylated heat shock protein -1
may help to reduce iron levels by inhibiting transferrin receptor-1
expression (57), potentially preventing the onset of seizures. The
efficacy of such therapies could be monitored using quantitative
paramagnetic susceptibility imaging, offering a noninvasive means
to evaluate treatment outcomes.

Various MRI techniques have been proposed for iron quantifica-
tion by using magnetic susceptibility, but they face challenges like
mixed substance information to the measured susceptibility value
(20). For example, susceptibility-weighted imaging, combining mag-
nitude and high-frequency phase information of the MRI signal,
enhances the susceptibility contrast by magnetic sources (58). How-
ever, the phase is not an intrinsic tissue property and mixes all the
substance information in tissues. The same problem appears in Ry*
images, a widely used technique for iron quantification in brain
and liver tissues, ignoring the magnitude decay effects by other
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substances such as myelin or calcium as well as the natural relaxation
rate offset (i.e., R, relaxation rate) (59). QSM techniques were devel-
oped by directly decoding the susceptibility information from phase
images (31), although they must account for coexisting sources like
iron, calcium, and myelin.

Lorio et al. were the first to systematically explore MRI-based
magnetic susceptibility, observing a decrease in iron and myelin in
FCD IIb lesions, along with increased calcium, zinc, and iron in glio-
neuronal tumor cases (25). This groundbreaking work in QSM
studies on epilepsy pathology has inspired the development of sub-
voxel QSM methods, enabling more detailed and precise analyses of
susceptibility changes in epilepsy. Our study builds on these advance-
ments, showing progress in the application of magnetic susceptibility
for studying epilepsy pathology. Specifically, we demonstrated that
Xpara can effectively quantify iron and the corresponding ygi, was
used to quantify myelin, calcium, and zinc. Among the 14 collected
specimens, 4 cases (including FCD I, FCD IIa, FCD IIb, and tumor
specimens) exhibited iron overload, as indicated by ¥para, with demy-
elination identified through yg;,. In addition, we also observed hypo-
Xpara Susceptibility in another FCD IIb specimen. Our histological
studies revealed similar abnormalities in magnetic substances in
both FCD IIb and tumor (NET) samples, consistent with findings
reported by Lorio et al. (fig. S2, A and B).

FCD IIb is characterized by cytoarchitectural alterations, includ-
ing dysmorphic neurons and balloon cells. In our collected FCD
specimens, we observed notable demyelination in FCD IIb cases.
Our study shows both iron overload and iron deficiency in these
FCD IIb specimens, suggesting two potential pathologic pathways
connecting iron and neuronal function. Iron overload is closely asso-
ciated with cell death, as it catalyzes the Fenton reaction, leading to
the production of reactive oxygen species and lipid peroxidation,
ultimately resulting in ferroptosis and neurodegeneration within
brain tissue (15, 16). Conversely, iron deficiency can lead to reduced
myelin synthesis, impaired synaptogenesis, and altered neurotrans-
mitter homeostasis, all of which can compromise neurodevelop-
ment (46). This may indicate that increased iron levels have damaged
the originally normal nerve fibers, whereas decreased iron levels
have prevented the nerve fibers from developing properly. These
findings suggest that FCD IIb patients could be categorized on the
basis of )para and yaia measurements. Specifically, FCD IIb cases
could be subdivided into three groups according to whether ypara
values are increased, decreased, or normal, potentially indicating
distinct underlying pathologies. Future studies are necessary to vali-
date the pathological and radiological values of these maps in larger
cohorts. Overall, our findings demonstrate that in vivo Ypara and xdia
notably enhance the ability to independently quantify iron and my-
elin noninvasively. This approach provides a more precise alterna-
tive to conventional QSM, which primarily identifies the dominant
magnetic source.

In normal brain tissues, iron and myelin are often found to coexist.
However, in the lesioned tissues of neurological disorders, including
epilepsy, excessive iron can lead to myelin damage. This demyelination
can extend to both SWM and WM, which may be detectable through
decreased ygi,. It is crucial to acknowledge that substances like zinc
and calcium also contribute to ygi,. Our findings show that in lesions
with excess iron, diamagnetic calcium and zinc levels increase, coincid-
ing with demyelination. Therefore, myelin quantification using mea-
sured ygi, can be influenced by the presence of these diamagnetic ions.
Future advancements in subvoxel QSM techniques should focus on
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the separated quantification of myelin and diamagnetic ions, espe-
cially in evaluating their efficacy for detecting demyelination or cal-
cification in epilepsy (25, 26).

Clinical implementation of paramagnetic susceptibility imaging
can be integrated with routine gradient echo sequences without
additional costs or time for patients with epilepsy (60). For instance,
this imaging can complement conventional structural MRI (e.g.,
T1-w and T2-FLAIR) for detecting morphological changes and
iron-related abnormalities in suspected epileptogenic zones (Fig. 1B).
The ease of deploying physically informed ypara for iron quantifica-
tion makes it suitable for major clinical MR scanners. The same
principle for iron quantification could potentially be transferred to
other iron-related neurodegenerative diseases, such as multiple sys-
tem atrophy, Alzheimer’s disease, progressive supranuclear palsy,
Parkinson’s disease, and multiple sclerosis (61, 62).

However, this study has some limitations. Nonisotropic acquisi-
tion was performed on magnetic susceptibility imaging to balance
patient tolerance and susceptibility precision, which may introduce
perturbations to the quantification of QSM and subvoxel QSM images
(63). We conducted ex vivo magnetic susceptibility mapping using a
high isotropic resolution, validating the accuracy of paramagnetic
susceptibility imaging for quantifying iron in brain tissue. The choice of
reference values, which should be carefully selected to ensure accu-
racy, could also influence MRI-based susceptibility values (64). This
issue is more commonly encountered in ex vivo magnetic suscepti-
bility measurements, where the lack of a suitable reference tissue can
lead to misestimation, which may affect ypqra values. Furthermore,
follow-up experiments and analysis for patients with epilepsy would
be useful to further explore the specificity and sensitivity of ypara in
iron quantification.

In summary, we introduced quantitative paramagnetic suscepti-
bility imaging using subvoxel QSM as an imaging biomarker for de-
tecting and quantifying iron concentration in epilepsy in vivo. We
found that iron overload is more frequent than iron deficiency in
epileptogenic zones localized to more specific cortical regions, dis-
rupting the layer structure, and was sequestered by proliferating CNS
cells, particularly astrocytes. Our approach can aid in diagnosing and
evaluating iron deposition in patients with epilepsy and has the poten-
tial to support personalized therapeutic strategies.

MATERIALS AND METHODS

Participants

All procedures of the current study were approved by the Ethics
Committee of Ruijin Hospital Luwan Branch, Shanghai Jiao Tong
University School of Medicine (approval no. LWEC2023040). Patients
with epilepsy admitted to the hospitals epilepsy center were screened
for eligibility. Written informed consent was obtained from all
participants or their guardians before the study’s initiation. Inclu-
sion criteria for patients entailed a diagnosis of refractory epilepsy
without a history of psychiatric disorders or other neurological
diseases. Patients were excluded if they had contraindications to
3.0-T MR scanning, such as having a metallic implant, suffering
from claustrophobia, or being pregnant. The in vivo imaging data
were obtained during patients’ initial scans before any intracra-
nial interventions. Relevant clinical data were collected from the
patients” electronic medical records. During the study period, 39 par-
ticipants from the cohort underwent resection surgery following
strict clinical protocols.
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In vivo imaging acquisition

The MR scanning protocol was performed for each patient at the
Ruijin Hospital Luwan Branch using a 3.0-T MRI scanner (uMR890,
United Image Healthcare, Shanghai, China) with a 48-channel radio
frequency (RF) head coil. The protocol for patients with epilepsy
included three-dimensional (3D) inversion recovery—prepared fast
spoiled gradient echo sequence for T1-w imaging, inversion recovery
spin echo sequence for T2-FLAIR imaging, multiecho gradient echo
(mGRE) sequence, and multiecho spin echo (mSE) sequence for
quantitative imaging.

The imaging parameters for this study were as follows: T1-w:
postinterpolation spatial resolution, 0.5 mm by 0.5 mm by 0.5 mm;
repetition time (TR), 7.51 ms; echo time (TE), 3.4 ms; inversion
time, 1100 ms; bandwidth (BW), 240 Hz per pixel; flip angle (FA),
15° total acquisition time (TA), 7 m:5 s. T2-FLAIR: postinterpola-
tion spatial resolution, 0.53 mm by 0.53 mm by 0.53 mm; TR, 6000
ms; TE, 400 ms; inversion time, 1845 ms; BW, 600 Hz per pixel; FA:
66° TA, 7 m:53 s. Reconstruction with twofold interpolation with
artificial intelligence-assisted compressed sensing was applied to
the above imaging to acquire higher quality of tissue structural images.
mGRE: axial scan; spatial resolution, 1.03 mm by 1.03 mm by 2.00 mm;
TR, 35 ms; TE,/spacing/TEg, 2.5/4.3/24.0 ms; BW, 350 Hz per pixel;
FA, 15°. mSE: spatial resolution, 1.20 mm by 1.20 mm by 2.00 mm;
TR, 2900 ms; TE,/spacing/TEg, 10.5/10.5/63 ms; BW, 225 Hz per pixel;
TA, 7 m:42 s.

All FDG-PET scans were performed at the Shanghai Universal
Medical Imaging Diagnostic Center on a Siemens Biograph mMR
scanner (Siemens Healthcare, Erlangen, Germany) with an eight-
channel phase-array head coil. Patients fasted for 4 to 6 hours and
were then intravenously administered "*F-FDG at a mean dose of
0.1 mCi/kg body weight. After 30-min resting, the static PET data
were acquired in list mode with a spatial resolution of 1.04 mm by
1.04 mm by 2.03 mm. The list-mode data of the point source were
reconstructed using the ordinary Poisson ordered subset expecta-
tion maximization algorithm, with eight iterations and 21 subsets,
followed by postfiltering with a 2.0-mm full width at half maximum
Gaussian kernel. The relative scatter correction was applied, and all
FDG-PET images were normalized to the standardized uptake value
ratio (SUVr) using the mean cerebellar uptake as the reference.

Magnetic susceptibility map reconstruction

QSM maps were derived by the phase component from mGRE data.
Initially, raw phase images underwent unwrapping by a Laplacian-
based method (65). The brain tissue phase was extracted by varying
spherical kernel filtering (V-SHARP) (66). The first-echo tissue phase
image was discarded because of inadequate phase accumulation
(67, 68), which could lead to increased noise levels and a decreased
contrast-to-noise ratio (fig. S8). The remaining phase images were
averaged across echo times. Last, QSM maps were reconstructed by
the streaking artifact reduction method (STAR-QSM) (69).

The paramagnetic and diamagnetic susceptibility maps were
reconstructed using the APART-QSM method (35). Briefly, this
subvoxel QSM method introduces a comprehensive complex GRE
data model with a voxel-specific magnitude decay kernel (a) to charac-
terize the behaviors of Ypara and yg;, in the GRE signal (S) on the
basis of given echo time (TE;) and magnetic field (B,). Formally, the
signal model is given by

S(TEj) — Moe—(Rz+alxpmI+alxd.a|)TEj . ¢t brest2fig TE;+2my By [D* (para +tai ) TE; }
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where M is the extrapolated magnitude signal at zero echo time.
2nfys TE; denotes the background phase. ¢y, represents the residual
phase. D is the magnetic dipole kernel, and y is the gyromagnetic ratio.
Whole-brain R, maps were estimated from the mSE data and rig-
idly registered to the first-echo magnitude image of the mGRE data.
Last, the subvoxel QSM maps were generated with the APART-QSM
algorithm using the complex GRE data, the QSM maps, and the pre-
registered R, maps. The mGRE-derived R,* maps were simultane-
ously estimated using a monoexponential model in the APART-QSM
method. All image processes were executed on MATLAB 9.7 (R2019a,
MathWorks Inc., Natick, MA). The paramagnetic susceptibility maps
from APART-QSM were used to quantify the iron concentration.

In vivo data processing and analysis

Whole-brain image analysis

Before analysis, all the other images were rigidly registered to the indi-
vidual T1-w structural images. The T1-w images and the T2-FLAIR
images, combined with the FDG-PET images, were used for brain
dysplasia assessment, metabolic function evaluation, seizure patho-
genesis identification, and epileptogenic zone localization. Quantita-
tive MRI images (including the Ry*, QSM, Xpara» and xgia) were used
for the tissue characteristics variation analyses in epileptogenic zones.
We focused on the hyperparamagnetic susceptibility signals in epilep-
togenic zones, which may reveal excess iron deposition. Epileptogenic
zones were semiautomatically segmented and manually corrected
using ITK-SNAP (www.itksnap.org) (70). Two experienced neurolo-
gists evaluated all MRI and FDG-PET images in consensus.
Statistical analysis

Comparisons of demographic, clinical, and paramagnetic suscepti-
bility characteristics across various pathogenetic groups were con-
ducted using standard statistical tests. Analysis of variance (ANOVA)
or chi-square tests were used on the basis of the distributional proper-
ties of the data using MATLAB for the analyses. For patients who
underwent resection surgery and showed iron overload detected by
MRI quantifications, paired sample ¢ tests were conducted to com-
pare ipsilateral lesions with their contralateral tissue counterparts in
terms of R,*, bulk susceptibility, paramagnetic susceptibility, diamag-
netic susceptibility, and FDG-PET imaging data. Contralateral tissues
were identified by nonlinearly transforming the first-echo magnitude
image of the mGRE data to a symmetric T1-w template (ICBM 2009¢
Nonlinear Symmetric) (71). The ipsilateral lesions were then mir-
rored onto the contralateral hemisphere, followed by inverse trans-
formation to map then back to the individual subject’s space. The
Bonferroni correction was implemented on all statistical tests, with a
corrected P < 0.05 as a significant difference. Linear regression analy-
sis was performed between paramagnetic and diamagnetic suscepti-
bility, as well as all MRI quantifications and FDG-PET.

Brain neocortical and subcortical surface mapping

To demonstrate the depth-wise hyperintensity features of paramag-
netic susceptibility extending from the cortex to subcortical regions
within the epileptogenic zones, the cortical surfaces and WM sur-
faces were generated using FreeSurfer (http://surfernmr.mgh harvard.
edu/). Specifically, individual T1-w images served as the basis for sur-
face reconstruction within FreeSurfer. The depth-wise cortical surfaces
were generated at specific distance fractions (25, 50, and 75%) from
the pial surface to the GM-WM boundary in the cortex and at constant
depths (0.5, 1.0, 1.5, and 2.0 mm) beneath the GM-WM boundary.
The paramagnetic susceptibility maps and FDG-PET images were
sampled at predefined surfaces and subsequently projected onto
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the standard FsAverage surface template within FreeSurfer, with
spatial smoothing applied using a 6-mm full width at half maximum
Gaussian kernel.

Ex vivo specimen preparation and MR measurements
Fourteen blocks of human neocortical tissue specimens of epilepto-
genic zones were obtained from the epilepsy center at Ruijin Hospital
Luwan Branch. These specimens came from drug-resistant patients
with epilepsy who underwent surgical resection after a thorough pre-
operative assessment. The neocortical resection for each patient was
tailored on the basis of electrophysiological and imaging data to min-
imize brain function deficits. On the basis of preoperative in vivo
paramagnetic susceptibility maps, four specimens were expected to be
iron overloaded, while the others were not. The specimens were fixed
in a 4% paraformaldehyde solution immediately after surgery. The
entire procedures of patient recruitment, obtaining informed consent,
collecting personal data, and the protocol for brain tissue specimen
acquisition were all approved by the institutional review board.

Following fixation at 4°C for 4 weeks, the specimens were trans-
ferred into 0.01 M phosphate-buffered saline (1x PBS) for an additional
week to prepare them for MR scanning by allowing signal recovery.

For MR scanning, the specimens were placed in a 50-ml centri-
fuge tube and immersed in liquid fluorocarbon (Galden, PFPE, Sol-
vay, Brussels, Belgium). The MRI data were acquired on a 9.4-T MR
scanner (Bruker, BioSpec 94/30, Ettlingen, Germany) with a three-
channel receive-only RF surface array coil. The specimens were ori-
ented so that their long axes aligned with the main magnetic field.
High-resolution 3D mGRE and mSE images were acquired with
individually optimized parameters for each specimen, ensuring an
isotropic spatial resolution of 100 pm across all specimens. Partial
Fourier acquisition was used at a ratio of 0.75 to accelerate the
scanning process. The mGRE sequence was acquired with a TR of
250 ms and FA of 45°. For the mSE sequence, the TR was 400 ms.
Five to seven echoes were acquired with minimum TE and echo
spacing of both sequences.

Histology in epileptogenic zone specimens

Brain tissue preparation

To validate the iron quantification accuracy of the paramagnetic sus-
ceptibility map, the same tissue specimens were processed for histo-
chemistry and quantitative iron mapping after completing MRI
acquisition. The specimens were cryoprotected in 15 and 30% sucrose
at 4°C until the tissue sank. Once sunk, specimens were embedded in
an optimal cutting temperature compound (Tissues-Tek, Torrance,
US) and stored at —80°C until they were ready for sectioning. The
specimens were cut into 50-pm-thick sections with a maximum cross
section using a cryostat (Leica CM1950, Wetzlar, Germany). Con-
secutive sections were washed with 1x PBS for subsequent staining
and mass spectrometry analysis.

Immunofluorescence and histochemistry

Tissue sections underwent Perls’ staining (Solarbio, Beijing, China)
for 20 min at 37°C to delineate the distribution of tissue iron. To
improve the bright-field contrast of iron, the staining was enhanced
with 3,3’-diaminobenzidine (Solarbio, Beijing, China) for 20 min at
37°C. Whole-section imaging was acquired using an upright micro-
scope (Leica DM6 B, Wetzlar, Germany) at a magnification of 10X.
Adjacent sections were immersed in Luxol fast blue for 6 hours at
60°C for myelin staining.
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For classifying the distribution of potentially iron-overloaded cell
types in the epileptogenic zones, immunofluorescence and Perls’
costaining were performed on the same sections. Astrocytes, microg-
lia, and neurons were costained with iron, and pathological changes of
cells from normal to lesioned tissues were simultaneously analyzed.
Selected sections were washed three times in 1Xx PBS for 5 min each
and then permeabilized in 0.3% Triton X-100 (Sigma-Aldrich, US) for
20 min on a rocking platform at room temperature. Washing steps
were repeated, and sections were then blocked with 2% bovine serum
albumin (MeilunBio, China) for an hour. Subsequently, sections were
incubated overnight (for 16 hours) at 4°C with primary antibodies
[Rabbit-anti-GFAP (1:200, Millipore AB5804, US), Rabbit-anti-Ibal
(1:200, Abcam ab178680, UK), and Rabbit-anti-Tujl (1:200, Abcam
ab52623, UK)]. Following primary incubation and subsequent washes,
sections were incubated with the Donkey-anti-Rabbit-IgG-488 sec-
ondary antibody (1:500, Invitrogen A21206, US) for an hour in the
dark. Sections were then thoroughly washed and incubated with
4',6-diamidine-2’-phenylindole dihydrochloride (1:1000, Beyotime
C1002, China) for 5 min, followed by two more washes for 5 min each.
Last, the sections were subjected to Perls’ staining procedures. The
images were acquired using the same microscope but at a higher
magnification of 20X to capture detailed costaining results.
Quantitative elemental mapping with LA-ICP-TOF-MS
Elemental mapping was conducted on sections from every specimen
using LA-ICP-TOF-MS. Selected sections underwent continuous abla-
tion in a line-by-line mode using a commercial laser ablation system
(NWRImageGeo, ESI, US) at a rapid ablation speed of 12,000 um/s, a
193-nm laser wavelength, a rectangular laser spot size of 60 pm by
60 pm, and a repetition frequency of 200 Hz. Energy fluence was cali-
brated to 0.6 J/cm” to completely ablate the 50-pum tissue layer without
contamination from the underlying glass substrate. The ablated tissues
were transported to an inductively coupled plasma time-of-flight mass
spectrometer (TOFWERK ICPTOF R, TOFWERK, Switzerland) via a
helium gas stream at a flow rate of 0.244 liters/min. Upon ablation,
tissue ionization was achieved through an RF plasma source opera-
tional at 1400 W. Argon was used as the plasma, auxiliary, and transport
gas with respective flow rates of 15, 1, and 0.9 liters/min. Mass spectra
were acquired continuously at a mass resolution of 3000 m/Am and
temporally averaged to a sampling interval of 0.005 s per pixel. The iso-
tope *’Fe was chosen for iron analysis to avoid interference from
“Ar'%O during the ablation process, which could affect the naturally
abundant isotope **Fe. The isotopes *'P, *Ca, and ®*Zn were simultane-
ously acquired as references for diamagnetic susceptibility imaging.

Measured element intensity time profiles of inductively cou-
pled plasma mass spectrometry were converted to 2D maps and
processed using Iolite version 4 (Melbourne, Australia). The rela-
tive quantitative data (in parts per million) for each point on the
LA-ICP-TOF-MS images were obtained by using NIST1486 as a
calibration standard.

Ex vivo data processing and statistical analysis

Registration and regression analysis

Paramagnetic susceptibility maps of specimens were semiautomati-
cally linearly registered to the corresponding LA-ICP-TOF-MS (*'Fe,
iron) images. For the registration between ex vivo )p.r. maps and
iron images, an initial alignment was achieved by manually locating
a coarse reoriented paramagnetic susceptibility imaging slice on the
basis of the section position of the specimen. This was followed by a
linear registration from the 3D resliced ex vivo )para maps to the 2D

Lietal., Sci. Adv. 11, eads8149 (2025) 21 March 2025

iron section images. Voxel-wise linear regression analysis was con-
ducted between ex vivo )para maps and iron images.

A similar pipeline was applied to in vivo imaging. Tissue blocks
were manually labeled and reoriented on T1-w and magnitude
images, guided by the preoperative localization of the epileptogenic
zones. Linear registration was then performed to align the in vivo
tissue block T1-w and magnitude images with the ex vivo magnitude
images. Subsequently, this transformation was applied to the in vivo
paramagnetic susceptibility imaging data. Given the predefined
transformation from ex vivo MRI to iron imaging, a connection was
established between in vivo MRI and iron imaging. Given notable
resolution differences between in vivo MRI and iron imaging, ROI-
averaged linear regression analysis was conducted between iron
images and in Vivo )par, maps using an ROI with a size of 2.5 mm by
2.5 mm (fig. S4). In total, 36 ROIs (six from each of the six patients)
were extracted from the iron images and in vivo ¥para maps.
Depth-wise profile generation
Depth-wise cortical-subcortical profiles of paramagnetic suscepti-
bility maps and iron images were produced by averaging values across
selected regions. Iron-overloaded regions were identified in four speci-
mens, while NA tissues with a normal iron concentration were ex-
tracted from the same specimens. Given the variable thickness of
the cortex, each depth-wise profile was converted to percentiles from
the pial surface (0% depth) to the GM-WM boundary (100% depth).
For plotting the WM profile, the 50% depth of cortical thickness was
extended beneath the cortex at that point. These depth-wise profiles
were generated using LayNii version 2.3.0 (72). The equivolume
principle (73) was applied to preserve the relative volume across
cortical folds, enabling the transformation of values associated with
cortical layers of varying thicknesses into standardized depth loca-
tions. The final depth-wise profiles consisted of 30 points along the
depth, averaged from 60 samples along the GM-WM boundary
within the extracted regions.

Statistical analysis

For costaining experiments of CNS cells (astrocytes, microglia, and
neurons) and iron, cell counts were conducted in both NA and le-
sioned tissues within each field of view of 200 pm by 200 pm. In
addition, the number of iron-overloaded cells was also recorded.
The iron concentration colocalized with each cell type was semi-
quantified by measuring the normalized iron intensity in bright-
field imaging, enabling the comparison of iron sequestration by cells
between NA and lesioned tissues. Two-sample ¢ tests were per-
formed to compare NA and lesioned tissues regarding CNS cell
counts, the number and ratio of iron-overloaded CNS cells, and iron
content within CNS cells.

Supplementary Materials
This PDF file includes:

Figs.S1to S8

Tables S1to S3
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