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ARTICLE INFO ABSTRACT

Keywords: Iron accumulation is known to be involved in frontotemporal lobar degeneration (FTLD) and possibly with a
F"O“'wten"‘l:“’rf‘ll lobar degeneration different spatial pattern in FTLD with tau (FTLD-tau) versus TDP-43 (FTLD-TDP) pathology. In this study, we
fx vivo aimed to visualize the spatial distribution of iron in ex vivo brain tissue with FTLD and healthy controls using
ron

both histology and MRI. High resolution multi-echo T2*-weighted 7T MRI was performed on ex vivo tissue of the
frontal and temporal cortex of 14 FTLD cases (6 FTLD-tau, 8 FTLD-TDP) and 11 healthy controls (HC) to obtain
T2*-weighted images and quantitative susceptibility maps (QSM). These tissue blocks were then stained for iron.
The spatial iron distribution was assessed visually by different scoring features on the three modalities (T2*-
weighted MRI, QSM, and histology) and analyzing cortical layer profiles of the signal intensity. We found more
iron accumulation in the temporal cortex of FTLD cases compared to HC, displayed by higher visual ratings and
lower signal intensity values on cortical layer profiles. Histology showed a good correlation with T2*-weighted
MRI. QSM offered complementary information compared to T2*-weighted MRI, particularly for identifying
distinct histological features of iron accumulation within the subcortical U-fibers. We conclude that iron accu-
mulation is involved in the disease process of FTLD and that T2*-weighted MRI and QSM can be used as a
noninvasive imaging modality to study cortical and subcortical iron accumulation in FTLD.

Quantitative susceptibility mapping
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1. Introduction and/or temporal lobes and accumulation of aggregated proteins. In 95%

of the cases, patients have either accumulation of TDP-43 (FTLD-TDP) or

Frontotemporal lobar degeneration (FTLD) is the second most com-
mon cause of early onset dementia, clinically presenting as behavioral
variant frontotemporal dementia (bvFTD) with behavioral impairments,
primary progressive aphasia (PPA) with language difficulties, and/or
progressive supranuclear palsy (PSP) or corticobasal syndrome (CBS)
with motor disturbances. FTLD is characterized by atrophy in the frontal

tau (FTLD-tau) (Grossman et al., 2023). Most cases of FTLD are sporadic,
but ~30% of the cases have a genetic cause with mutations in microtu-
bule associated protein tau (MAPT) (Hutton et al., 1998) or progranulin
(GRN) (Baker et al., 2006; Cruts et al., 2006) and the chromosome 9 open
reading frame 72 hexanucleotide repeat expansion (C9orf72-HRE)
(DeJesus-Hernandez et al., 2011; Renton et al., 2011) as most common
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genetic causes.

Iron is present in the brain for various processes such as myelin
production, proliferation, and mitochondrial functioning (Ferretti and
Zanella, 2024). Although iron accumulation increases during healthy
aging, several neurodegenerative diseases, such as Alzheimer's Disease
(AD), amyotrophic lateral sclerosis (ALS), and Parkinson's Disease (PD),
have shown dysregulation of the iron homeostasis (Ayton et al., 2025;
Dusek et al., 2022). This pathological iron accumulation occurs through
several mechanisms like mitochondrial dysfunction, protein misfolding
and aggregation, or neuroinflammation, may contribute to neuronal
loss. In progressive supranuclear palsy (PSP), a pathological subtype of
FTLD-tau, iron stored as ferritin, co-localized with tau filaments,
particularly in glial cells (Pérez et al., 1998), and astrocytes (Lee et al.,
2023; Lee et al., 2017). Previously, our group compared iron accumu-
lation patterns in ex vivo FTLD-MAPT and FTLD-C9orf72 cases. The
study showed diffuse mid-cortical iron bands and superficial iron bands
in both groups in the frontal and temporal cortex, although to a lesser
extent in FTLD-C9orf72. These patterns of cortical iron accumulation,
associated with protein aggregates and neuronal degeneration, corre-
lated with activated and dystrophic microglia and reactive astrocytes.
Additionally, a pilot study with a small number of cases used ultra-high
field T2*-weighted (T2*-w) MRI and showed good correspondence be-
tween hypointense changes on MRI and cortical iron observed on his-
tology (Giannini et al., 2023).

Iron-sensitive MRI techniques, such as T2*-w imaging, susceptibility
weighted imaging (SWI), and quantitative susceptibility mapping (QSM)
are noninvasive methods for detecting iron accumulation in disease.
Increased iron levels in multiple cortical and subcortical brain regions of
sporadic FTLD, positively correlated with clinical variables, like apathy,
behavioral traits, and disinhibition (Mazzucchi et al.,, 2019;
Sheelakumari et al., 2017) in several studies in FTLD. In addition, more
iron accumulation was shown in the subcortical regions of patients with
PSP or CBS with probable underlying FTLD-tau compared to healthy
controls (HC) (Satoh et al., 2023).

Ex vivo MRI offers the unique advantage of enabling higher resolu-
tion imaging, facilitating precise visualization of iron deposits in specific
brain regions and direct comparison with histology. Few studies have
investigated iron content in brain tissue of FTLD cases. So far, two FTLD
studies have reported increased iron content visible on T2*-w MRI in
various regions of the brain, e.g., the (sub)thalamus, the basal ganglia,
and frontal and temporal cortex (De Reuck et al., 2017; De Reuck et al.,
2014). By correlating histopathology and T2*-w and SWI MRI in FTLD,
spatial differences in iron accumulation were observed between FTLD-
TDP and FTLD-tau (Tisdall et al., 2022), making iron accumulation a
potential biomarker to differentiate between FTLD-TDP and FTLD-tau.
However, SWI or T2*-w MRI cannot provide quantitative information
on iron content, as the resulting contrast reflects a mixture of para-
magnetic and diamagnetic sources that cannot be disentangled. QSM has
the potential to both quantify and precisely localize iron (Langkammer
et al., 2018), and was shown to correlate well with histologically
confirmed iron accumulation in AD (Bulk et al., 2020) but has not been
studied in FTLD to date.

The primary aim of this study was to systematically compare the
sensitivity of ex vivo ultra-high field (7T) T2*-w MRI and QSM to iron
histology for detecting layer-specific iron accumulation in FTLD, and to
assess whether these MRI modalities can distinguish FTLD from HC. To
this aim, we directly compared MRI and histology using both visual
rating scores and quantitative cortical layer profiles. We hypothesized a
good correlation for the depiction of iron accumulation across the three
modalities and more pathological iron accumulation in FTLD cases
compared to HC.
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2. Methods
2.1. Postmortem brain material

Formalin-fixed tissue from the right hemisphere of 14 FTLD cases
and 11 HC were included. Depending on the tissue availability, the
middle frontal gyrus and the middle temporal cortex or the temporal
pole were included. Fig. 1 shows an overview of the study. All material
was obtained through the Netherlands Brain Bank. Autopsy was carried
out according to the Legal and Ethical Code of Conduct of the
Netherlands Brain Bank. Anonymity of all subjects was preserved by
using a de-identified system for the tissue samples following Dutch
ethical guidelines (Code for Proper Secondary Use of Human Tissue and
Dutch Federation of Medical Scientific Societies). Informed consent was
obtained before death.

2.2. MRI - Ty*-weighted MRI

The tissue was scanned on a 7T PharmaScan Bruker MRI system with
a 38 mm transmit-receive volume coil and ParaVision 360 imaging
software for the FTLD cases and ParaVision 5.1 imaging software for the
HC (Bruker BioSpin, Ettlingen, Germany). 3D Multiple gradient echo
(MGE) scans with a total scan time of 10 h were acquired. The following
scan parameters were used for the FTLD cases: 9 echoes, TE1:ATE:TE 5«
= 3.5:5:43.5 ms, TR = 150 ms, flip angle = 25° at 100 pm isotropic
resolution. The field of view (FOV) was 3 x 3 x 1.3 cm and an acqui-
sition matrix of 300 x 300 x 130 with a coronal slice orientation, and a
bandwidth of 75,757.6 Hz. The HC were scanned with slightly different
parameters: 4 echoes, TE1:ATE:TE oy = 12.5:10.7:44.6 ms, TR = 75.0
ms, flip angle = 25° at 100 pm isotropic resolution. The FOV was 2.4 x
1.4 x 1.2 cm and an acquisition matrix of 240 x 140 x 120 with a
coronal scan orientation, and a bandwidth of 25,000 Hz.

T2*-w MRI data of six cases (four FTLD-tau, two FTLD-TDP) were
also included in a previous pilot study of our group (Giannini et al.,
2023).

2.3. MRI - quantitative susceptibility mapping

QSM maps were reconstructed from the 3D MGE scans using the
SEPIA toolbox (v1.2) for QSM data (Chan and Marques, 2021). First, the
Brain Extraction Tool (BET) was used on the magnitude data to isolate
the tissue block (f = 0.3) (Smith, 2002). We used Optimum weights
Laplacian (MEDI toolbox, Medimagemetric LLC, Jan 2020) for phase
unwrapping and echo phase combination (Robinson et al., 2017;
Schofield and Zhu, 2003), VSHARP (v3.0) for background field removal,
with a spherical harmonic of the second order as refine method and a
radius of [10:-1:1] (Li et al., 2011), and MEDI (MEDI toolbox, Medi-
magemetric LLC, Jan 2020) for the dipole inversion (Liu et al., 2012; Liu
etal., 2011; Liu et al., 2018), all as implemented in SEPIA. No reference
tissue was used as there was no cerebrospinal fluid (CSF) and the ratio
between white matter and gray matter was not consistent for the cases.
QSM figures are presented with Chi range [—0.065 0.065]. One control
had no QSM data for the frontal cortex due to failed reconstruction.

2.4. Histology

After the MR, tissues were embedded in formalin-fixed paraffin. 20
pm sections were cut and stained using an in-house developed DAB-
enhanced Prussian Blue protocol (van Duijn et al., 2011). This staining
method is thought to aspecifically stain both the ferric and ferrous state
of non-heme iron. The slides were digitized using an automatic bright
field microscope (Philips Ultra Fast Scanner, Philips, Netherlands) for
microscopic evaluation with a 0.25 pm resolution. The intensity range of
the histological slides was then manually adjusted to account for
experimental variations in staining intensity. Briefly, the maximum
value was determined by the maximum pixel intensity in the
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14 FTLD cases and 11 healthy controls
(6 FTLD-tau; 8 FTLD-TDP)
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Fig. 1. Overview of the study. 14 FTLD cases and 11 healthy controls were included. All cases were first scanned on the 7 T Bruker MRI system [1] to acquire T2*-w
magnitude images [a] and QSM maps [b]. Then, the tissue blocks were embedded and stained for histological data [2]. All three data types were scored visually for
iron on several criteria [3]. Afterwards, the histological slide was converted to gray scale, down sampled, and registered to the T2*-w magnitude slice and the QSM
[4]. Then, signal intensities over the cortical layers and the superficial white matter were extracted and compared between FTLD and HC [5]. QSM is visualized with
scale [—0.065:0.065]. FTLD: frontotemporal lobar degeneration; HC: healthy controls; QSM: quantitative susceptibility mapping; Tau: tubulin associated unit; TDP:

TAR DNA-binding Protein 43; w: weighted.

background and the minimum value by the average pixel intensity of the
deep white matter per case. This resulted for all images in a white
background and a similar dark appearance of the white matter.

2.5. Scoring

For each subject, the frontal and temporal cortex were scored for the
presence of iron accumulation using previously used categories on all
three modalities (T2*-w MRI, QSM, histology) independently (Table 1)
(Bulk et al., 2018a; Bulk et al., 2018b; Giannini et al., 2023). Examples of
the different scoring criteria for each modality are shown in Fig. 2. The
4D T2*-w magnitude and 3D QSM images were scored on a 2D slice that
most closely matched the 2D histological section. Those scores were
then checked for consistency across the entire 3D volume. For one case,
the given score was not representative for the whole block, thus the
score was adjusted to the rating for the entire volume. T2*-w MRI was
scored at a TE of 33.5 ms (7th echo) for the FTLD cases and a TE of 33.9
ms (3rd echo) for the HC. All images were scored by two independent
experienced raters (FAMP and LvdW) blinded for diagnosis and iron
scores for the other modalities. In case of discrepancy between the two

Table 1
Scoring features for the visual rating scores for iron accumulation.
Feature Scoring Value
Homogeneity of the cortex Yes (homogeneous) 0
No (inhomogeneous) 2
Diffuse hypointense mid cortical band Absent 0
Partially present 1
Present 2
Superficial hypointense band Absent 0
Partially present 1
Present 2
U-fibers Absent 0
Partially present 1
Present 2

raters, the image was reviewed together, and consensus was reached.

2.6. Registration histology - MRI

To enable registration of 2D histology to 3D QSM or 4D T2*-w MRI,
the most similar slice of the T2*-w magnitude MGE MRI and the
generated QSM map compared to the histological image was manually
selected based on visual landmarks. The histology slide was then down-
sampled by a factor of 400 to more closely match the resolution of the
MR, and colour adjusted to a 32-bit gray image to facilitate registration.
The histology slide was registered to the seventh echo for the FTLD cases
or the third echo for the HC of the T2*-w magnitude image with affine
registration using the ITK-elastix toolbox (Ntatsis, 2023; Shamonin
et al.,, 2013). In cases that were more challenging to register, the
translation and rotation components were manually initialized. The
registered result was directly transposed on the 2D QSM, as the latter
was reconstructed from the T2*-w MGE data.

2.7. Cortical layer profile analysis

To determine the spatial pattern of iron over the cortical layers and
the superficial white matter, a signal intensity profile was constructed
using FIJI (v. 2.16.0) (Schindelin et al., 2012). A line was manually
drawn in the middle of a gyrus and sulcus perpendicular to the white
matter, making sure there were no artifacts or other structures (e.g.,
cortical vessels) present in any of the three modalities. This line was
divided into 40 equal segments, with the first segment starting on the
outer border of the gray matter. The 30th segment was placed on the
border of the gray matter and white matter. The profile extended for a
further 10 segments into the white matter. This fixed number of seg-
ments allowed us to normalize the cortical profiles for differences in
cortical thickness and atrophy between the cases. From the cortical layer
profile, gray-level intensity values were extracted and averaged over a 5-
pixel (500 pm) linewidth for each modality.
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=== Diffuse hypointense mid cortical band
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Fig. 2. Scoring examples for the visual rating scores for T2*-w MRI, QSM, and histology. First row depicts T2*-w magnitude MRI (third or seventh echo). Row two
are examples of QSM images. Note, homogeneity was not scored on QSM data. Third row are the histological slides. A normal cortex (A, H; green arrows) was defined
as a homogeneous appearance with two distinct layers, corresponding to the lines of Baillarger. An abnormal cortex (B, I) had an inhomogeneous appearance and
often showed a diffuse hypointense band in the mid cortical layers, obscuring the normal cortical lamination (B, E, I, red arrows). This diffuse band was hypointense
on the T2*-w MRI and histology and could be white or black on the QSM depending on the orientation to the main magnetic field. An additional hypointense band
could be observed in the superficial cortical layers, the superficial hypointense band (C, F, J, yellow arrows). This superficial hypointense band was black on the T2*-
w MRI and histology, but white or black on the QSM. In the superficial white matter, a hypointense band, the U-fibers could be observed on the T2*-w MRI and
histology, and white or black on the QSM (D, G, K, purple arrows). Rectangles indicate the location of the zooms. QSM is visualized with scale [-0.065:0.065]. QSM:
quantitative susceptibility mapping; T2*-w MRI: T2*-weighted magnetic resonance imaging;. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

To directly compare the signal intensity profiles between subjects
and modalities, the extracted values were normalized between 0 and 1.
For the cortical layer profiles of the QSM, the values were normalized
based on the 1st and 99th percentile of the whole dataset. The 1st
percentile was set as 0 and the 99th percentile as 1. Values outside this
range were not capped but calculated accordingly. The extracted values
for the cortical layer profiles of the histology ranged between 0 and 255.
To account for staining intensity differences, we applied the window as
described above for every case individually and normalized all datasets
between 0 and 1 based on the 1st and 99th percentile of the whole
dataset. For the T2*-w data we assumed that the proton density would
not be significantly different between subject, and therefore we calcu-
lated the signal intensity relatively to the signal intensity of the echo
with TE 12.5 ms. To normalize the whole T2*-w dataset, we calculated
the 1st and 99th percentile and rescaled the data accordingly.

For the T2*-w MRI and the histological images, a lower normalized
signal intensity value corresponded to a darker appearance on the im-
ages, reflecting higher iron load. Higher normalized signal intensity
values on the QSM corresponded to increased susceptibility (interpreted
as higher paramagnetic load, presumably iron). The U-fibers in the su-
perficial white matter can be either white or black, because the
diamagnetic myelinated fibers are highly anisotropic and therefore the
susceptibility is dependent on their orientation to the magnetic field
(Wharton and Bowtell, 2015). One case was excluded for the cortical
layer profiles of T2*-w MRI and the QSM due to failed reconstruction.

2.8. Statistical analysis

Demographic characteristics were compared using independent
samples t-tests for continuous data and chi-square tests for categorical
data. To test if there was more iron accumulation in FTLD vs HC, the
following analyses were done separately per modality and brain region.
The association between the scores of the different features and disease
status (FTLD vs control) were first compared using a Cochran Armitage
test for Linear Trend, taking FLTD-tau and FTLD-TDP together. After-
wards, if the trend tests were significant, separate Cochran Armitage
tests were done for the pairwise comparisons of the subgroups FTLD-tau,
FTLD-TDP, and HC. This controls for familywise error rate in the pair-
wise comparisons through the closure principle (Goeman and Solari,
2022). To test for a potential spatial pattern in these scores, we con-
structed a heatmap of the visual rating scores. Firstly, the order of the x-
axis was determined by the overall score per scorings feature on the
histology, i.e., the feature with the highest overall score was placed on
the right side, the feature with the lowest overall score on the left side.
The y-axis was then ordered based on the overall score per subject on the
histology data with the highest score at the top and the lowest at the
bottom. The T2*-w and QSM heatmaps were ordered as well with the
ranking of the histology data. We then calculated the summability score.
Summability is a measure for unidimensionality of the scoring feature
(Goeman and De Jong, 2018).

To test if there was a difference in the cortical layer profiles between
FTLD and HC, we calculated the mean normalized signal intensity values
for the two groups (FTLD and HC) per modality and cortex. We then
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calculated the area between these two lines (FTLD and HC) by sum-
mation of the square difference between the means. To test whether this
calculated area was significantly different, we used a permutation test:
we randomly reassigned the labels FTLD or HC and recalculated the test
statistic (the area between the curves) with 10% such reassignments to
acquire a null distribution. The p-value of the resulting permutation test
was the fraction of reassignment test statistics that was more extreme
than the true data value. To test whether the cortical layer profiles of the
modalities were similar to each other, a Pearson's correlation coefficient
was calculated per case between histology and T2*-w MRI, between
histology and QSM, and between T2*-w MRI and QSM. We transformed
these correlations using Fisher's z-transform before averaging the for
each comparison over all participants. P-values for these correlations
were calculated with a Fisher's combination method. Statistical signifi-
cance was set at p < 0.05. All statistical analyses were performed using R
version 4.3.3 [R Core Team, 2021].

2.9. Supplementary materials and methods

Detailed description of the study design, MRI postmortem tissue
preparation, histological staining protocol, and the scoring criteria are
provided in Appendix A. Supplementary Materials and Methods.

3. Results
3.1. Demographics

Demographics are given in Table 2. The FTLD cases were signifi-
cantly younger than the HC (p < 0.001). There was no difference in age
between FTLD-TDP and FTLD-tau (p = 0.07). There was no difference in
sex distribution (p = 0.366) or postmortem delay (p = 0.099) for any of
the groups.

3.2. Visual rating scores

All p-values of the comparison between FTLD and HC are reported in
Table 3. All p-values for the comparison between FTLD-tau, FTLD-TDP,
and HC are mentioned in Supplementary Table A.1 (frontal cortex) and
A.2 (temporal cortex).

3.2.1. Iron scores on T2*-w MRI
In the temporal cortex, FTLD cases had more often an inhomoge-
neous cortex (p = 0.026) and a diffuse hypointense mid cortical band (p
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= 0.011) compared to HC, but there was no significant difference in the
presence of the superficial hypointense band or U-fibers (Fig. 3a). Both
FTLD-TDP and FTLD-tau had more often a diffuse hypointense mid
cortical band compared to HC (p = 0.040; p = 0.020). FTLD-tau had
more often an inhomogeneous cortex compared to HC (p = 0.049)
(Supplementary Fig. A.1a). There was no difference between FTLD-tau
and FTLD-TDP.

In the frontal cortex, the superficial hypointense band was present
more often in the FTLD cases compared to the HC (p = 0.002) (Fig. 3b).
Both the FTLD-tau and FTLD-TDP cases had this superficial hypointense
band more often compared to HC (FTLD-TDP: p = 0.002, FTLD-tau: p =
0.004), but there was no difference between FTLD-tau and FTLD-TDP
(Supplementary Fig. A.1b). There were no differences in scores for the
homogeneity of the cortex, diffuse hypointense mid cortical band, or U-
fibers in the superficial white matter between FTLD and HC in the frontal
cortex.

3.2.2. Iron scores on QSM

In the temporal cortex, the diffuse hypointense mid cortical band and
superficial hypointense band were observed more often in FTLD cases
compared to HC (p = 0.003; p = 0.002 respectively) (Fig. 4a). Secondary
analysis showed that the superficial hypointense band was observed
more often in both FTLD-TDP (p = 0.009) and in FTLD-tau (p = 0.002)
compared to HC, without a difference between FTLD-TDP and FTLD-tau.
The presence of the diffuse hypointense mid cortical band was increased
in the FTLD-TDP compared to the HC (p = 0.002), but not in FTLD-tau
(Supplementary Fig. A.2a). There was no difference in the presence of
U-fibers.

U-fibers were more frequently detected in the FTLD cases compared
to HC in the frontal cortex (p = 0.004) (Fig. 4b). Both in FTLD-TDP and
FTLD-tau the U-fibers were more prominent compared to the HC (p =
0.020; p = 0.018, respectively), but there was no difference between
FTLD-tau and FTLD-TDP (Supplementary Fig. A.2b). There was no sig-
nificant difference for the diffuse hypointense mid cortical band or the
superficial hypointense band.

Interestingly, we observed some instances where the mid-cortical
bands seemed to be orientation-dependent, e.g., in Fig. 2e, indicating
that also in the cortex, there was anisotropy of diamagnetic or para-
magnetic sources,

3.2.3. Iron scores on histology
In the temporal cortex, an inhomogeneous cortex (p < 0.001), a
diffuse hypointense mid cortical band (p < 0.001), and a superficial

Table 2
Patient characteristics of the cohort.
FTLD-Tau FTLD-TDP HC P-value
N 6 8 11
Female (%) 0 (0%) 4 (50%) 6 (55%) 0.365
Male (%) 6 (100%) 4 (50%) 5 (45%) 0.365
Age at death (years) 59.7 £ 11.8 70.5 £+ 3.25 80.7 £ 9.3 0.0007*
Postmortem delay (hours) 5.53 £ 0.35 5.98 £+ 0.99 6.66 + 1.49 0.099
Clinical diagnosis
bvFTD (%) 5 (83%) 4" (50%)
PPA (%) 0 4" (50%)
PSP (%) 1 (17%)
Sporadic 1 4
Mutation 5 4
MAPT 5
C9orf72
GRN 1
TUBA4A 1

bvFTD: behavioral variant frontotemporal dementia; C9orf72: chromosome 9 open reading frame 72; GRN: progranulin; HC: healthy controls; MAPT: microtubule
associated protein tau; PPA: primary progressive aphasia; PSP: progressive supranuclear palsy; Tau: tubulin associated unit; TDP: TAR DNA-binding protein 43;

TUBA4A: tubulin alpha 4a.
" P < 0.05.
@ One patient developed amyotrophic lateral sclerosis.

b Two patients developed progressive supranuclear palsy/corticobasal syndrome.
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Table 3
P-values of the Cochran Armitage test for Trend to compare patient status (FTLD vs HC) and the visual rating score features.
Frontal Homogeneity Diffuse hypointense Superficial U-fibers
mid cortical band hypointense band
T2*-w MRI 0.201 0.895 0.002* 0.283
QSM NA 0.242 0.481 0.004*
Histology 0.173 0.032* 0.018* 0.008*
Temporal Homogeneity Diffuse hypointense Superficial U-fibers
mid cortical band hypointense band
T2*-w MRI 0.026* 0.011* 0.070 0.494
QSM NA 0.004* 0.002* 0.069
Histology 0.0001* 0.0002* 0.036* 0.596

FTLD: frontotemporal lobar degeneration; HC: healthy controls; QSM: quantitative susceptibility mapping; T2*-w MRI: T2*-weighted magnetic resonance imaging.

" p <0.05.
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Fig. 3. Boxplots of the frequencies of the visual rating scores for FTLD and HC on all four scoring features on T2*-w MRI. A. The visual rating score frequencies for the
temporal cortex. A difference was found in the occurrence of inhomogeneity and the diffuse hypointense mid cortical band for the two groups. B. The visual rating
score frequencies for the frontal cortex. A difference was found between the status (FTLD and HC) and the occurrence of the superficial hypointense band. The
numbers in the colored sections of the bars represent the observed frequency. * p < 0.05. FTLD: frontotemporal lobar degeneration; HC: healthy controls.

hypointense band (p = 0.036) were more frequent in FTLD compared to
HC (Fig. 5a). Both FTLD-TDP and FTLD-tau had an inhomogeneous
cortex (p = 0.002; p = 0.004), and a diffuse hypointense mid cortical
band (p = 0.001; p = 0.005) more often compared to HC. Only FTLD-
TDP cases showed the superficial hypointense band more frequently
compared to HC (p = 0.011) (Supplementary Fig. A.3a). There was no
difference in the presence of U-fibers.

In the frontal cortex, the presence of the diffuse hypointense mid
cortical band (p = 0.032), the superficial hypointense band (p = 0.0179),
and the U-fibers (p = 0.008) was more prominent in FTLD compared to
the HC (Fig. 5b), whereas there was no difference in homogeneity of the
cortex. These differences were all found in FTLD-TDP compared to HC
(diffuse: p = 0.011; superficial: p = 0.004; U-fibers: p = 0.010), but not in
FTLD-tau (Supplementary Fig. A.3b).

3.3. Heatmaps
The heatmaps (Supplementary Fig. A.4) show the variability of the

scores and patterns of iron accumulation across the subjects on histol-
ogy, which we considered as gold standard. The order of the subjects

was then maintained for the T2*-w MRI and QSM heatmaps. We did not
find any temporal order in the spread of iron across the different features
in any of the three modalities. The summability scores were 0.328 for
histology, 0.298 for T2*-w MRI, and 0.261 for QSM, indicating a weak or
no correlation between the order of the affected visual scoring features
and the two groups (FTLD and HC).

3.4. Cortical layer profiles FTLD vs HC

Examples of the chosen slices per modality and their cortical layer
profiles of a HC and a FTLD case are shown in Fig. 6. Typically, for the
HC the signal intensity values in the cortical layers are higher than in the
FTLD cases, with two small dips around segments 10 and 20 reflecting
the lines of Baillarger, which are more myelinated and iron rich. There is
a steep drop in the signal intensity values around segment 30, marking
the gray matter/white matter border. The U-fibers are depicted as a
sharp decrease for the QSM, markedly separated from the deeper white
matter. On T2*-w MRI and histology, the U-fibers are also visible, but far
less distinguishable from the deeper white matter. The FTLD case shows
a steep in the first segments, followed by a gradual decrease in signal
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The visual rating score frequencies for the frontal cortex. A difference was found between the status (FTLD and HC) and the occurrence of U-fibers. The numbers in
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The gray vertical dotted line depicts the border between gray matter and white matter. QSM is visualized with scale [—0.065:0.065]. GM: gray matter; QSM:
quantitative susceptibility mapping; T2*-w MRI: T2*-weighted magnetic resonance imaging; WM: white matter. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

intensity values in the deep cortical layers, corresponding to visible iron
accumulation on T2*-w MRI and histology. On QSM, this iron accu-
mulation is first visible as an increase in the signal intensity values,
corresponding to an increased susceptibility at segment 10 until segment
20 and close to segment 30. At segment 30, there is a steep drop of signal
intensity reflecting the U-fibers.

When looking at the average cortical layer profiles, the FTLD cases
showed a lower average signal intensity value in the temporal cortex
compared to the HC visible on the cortical layer profiles of the T2*-w
MRI and histology and in the frontal cortex on the T2*-w MRI (Fig. 7).
Around segment 5 of the cortical layer profile for the T2*-w MRI of the
temporal cortex, there was a small dip of the values corresponding to the
superficial hypointense band, followed by lower values for the deeper
cortical layers from segment 10 onwards. The area between the curves
was 2.57 (p < 0.001). In the frontal cortex, there is a lower overall signal
intensity in the FTLD cases compared to HC. The area between the
curves was 0.870 (p = 0.038). The average cortical layer profile in the
temporal cortex on the histological slides showed a lower signal in-
tensity value for the FTLD cases compared to the HC in the gray matter
with a similar drop around the gray matter white/matter border at
segment 30. The area between the curves was 2.17 (p < 0.001). The
other cortical layer profiles had similar patterns between FTLD and HC
(p > 0.05). The confidence interval of the cortical layer profiles in the
QSM however showed a large variability in both cortices in FTLD,
reflecting changes in susceptibility compared to HC.

3.5. Cortical layer profile correlation

There was a good mean correlation between the cortical layer pro-
files for histology and the T2*-w MRI (r = 0.92, R%Z= 0.85,p < 0.001) for

the frontal cortex and (r = 0.92, R? = 0.85, p < 0.001) for the temporal
cortex. There was a weak correlation between histology and QSM for
both the frontal (r = 0.41, RZ= 0.17,p < 0.001) and the temporal cortex
(r=0.43, R?= 0.19, p < 0.001) and for T2*-w MRI and QSM for both the
frontal (r = 0.40, R? = 0.16, p < 0.001) and temporal cortex (r = 0.44,
R? =0.19, p < 0.001).

4. Discussion

In this study we demonstrated direct comparison of ex vivo ultra-
high field T2*-w MRI, QSM, and histology for FTLD cases and healthy
controls. An important and novel finding is that T2*-w MRI and QSM
complement each other as they allow assessment of both paramagnetic
(e.g., iron) and diamagnetic (e.g., myelin) contributions to the MRI
contrasts. With QSM, we observed the presence of more pronounced
subcortical U-fibers in the superficial white matter in FTLD cases
compared to healthy controls. Additionally, we found more severe iron
accumulation in FTLD cases compared to HC, displayed as an inhomo-
geneous cortex, diffuse hypointense mid cortical bands obscuring the
normal cortical layering, and superficial hypointense bands in the gray
matter on both histology and post-mortem MRI.

Our study builds on the pilot MRI findings of Giannini et al. (2023),
providing a more comprehensive characterization of cortical iron-
related changes on ultra-high field MRI. By adding quantitative
cortical layer profiles and direct comparison of T2*-w MRI and QSM to
histology, we extend previous descriptive observations of cortical iron
bands toward a more detailed spatial and quantitative analysis.
Furthermore, by including additional FTLD cases and healthy controls,
we assess the strength of these features and explore the potential of QSM
as a complementary technique to T2*-w MRI.
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Our finding of increased iron load in FTLD is consistent with previous
studies reporting iron accumulation across different FTLD subtypes (De
Reuck et al.,, 2017; De Reuck et al., 2014; Giannini et al., 2023;
Mazzucchi et al., 2019; Satoh et al., 2023; Sheelakumari et al., 2017).
Iron accumulation was mainly located in the temporal cortex of the
FTLD cases. This likely reflects the fact that four cases in our cohort
presented with the semantic variant of PPA (svPPA) and five carried a
MAPT mutation. In both instances, pathology is most prominent in the
temporal lobes, especially during early disease stages (Boeve et al.,
2005; Giannini et al., 2023; Gorno-Tempini et al., 2011; Planche
et al., 2025; Poos et al., 2022; Sheelakumari et al., 2017; Staffaroni
et al., 2022; Whitwell et al., 2009).

We observed no significant differences in iron accumulation between
FTLD-tau and FTLD-TDP. This aligns with our previous pilot study of six
cases and is consistent with Giannini et al. (2023), who focused exclu-
sively on FTLD-TDP type B. In contrast, our results differ from those
reported by Tisdall et al. (2022), who did find a distinction between
FTLD-tau and FTLD-TDP. This discrepancy may be attributed to the
inclusion of FTLD-TDP types A and C in their study; in these subtypes,
pathology mainly affects the upper cortical layers. In type B, however,
both upper and lower layers are affected, a pattern similar to that seen in
FTLD-tau. A possible explanation for our lack of significant findings is
the inclusion of all three FTLD-TDP subtypes in our cohort. Since these
subgroups have small sample sizes and introduce pathological hetero-
geneity, they may have obscured statistical differences. However, one
can appreciate the variety of patterns of iron accumulation across the
cases in Supplementary Fig. A. 4. Future studies should focus on larger
cohorts to determine whether differences exist not only between FTLD-

tau and FTLD-TDP but also among the specific FTLD-TDP subtypes.

An interesting finding was the observation of prominent U-fibers. U-
fibers are short connections between adjacent gyri within the same re-
gion of the brain and are involved in intergyral communication and
higher cognitive functions (Catani et al., 2012; Nie et al., 2024). These
fibers are the last to be myelinated, a process heavily dependent on iron.
We observed more pronounced U-fibers in the frontal cortex, evident on
histology and QSM, in both FTLD-tau and FTLD-TDP. Especially in the
cortical layer profiles of the QSM maps, an overall increase in the sus-
ceptibility and a larger 95% confidence interval at segment 30 of FTLD
cases compared to HC is markedly visible. This overall increased sus-
ceptibility could be attributed to demyelination or iron accumulation
(Wisnieff et al., 2015). However, further investigation with specific
histological myelin staining or chi-separation (Shin et al., 2021) to
disentangle intra-voxel paramagnetic and diamagnetic contributions, is
necessary to make a definitive conclusion. This phenomenon of affected
superficial white matter and U-fibers was also observed in FTLD in a
postmortem study (Tisdall et al., 2022) and in an in vivo MRI study, in
which degeneration of these short-range U-fibers was linked to semantic
dysfunction (Savard et al., 2022). Future in vivo studies could combine
diffusion tensor imaging (DTI) or diffusion-weighted imaging (DWI)
with QSM to investigate this phenomenon more comprehensively.

The cortical layer profiles of the FTLD cases in the temporal cortex on
histology and T2*-w MRI and in the frontal cortex on the T2*-w MRI
showed a different pattern compared to HC, with lower signal intensity
values reflecting iron accumulation, in line with qualitative visual ob-
servations. The cortical layer profiles offer the advantage of providing a
quantitative assessment of iron accumulation across the cortical depth in



F.A.M. Prinse et al.

a prespecified position, in contrast to the more subjective visual rating
scores which are subject to interrater variability. The cortical layer
profiles of T2*-w MRI and histology showed a good correlation for both
brain regions, suggesting that T2*-w MRI accurately reflects similar
patterns of iron accumulation seen with histology, such as the diffuse
mid cortical band in the temporal cortices. As we adjusted for staining
differences in the histological data by applying a manual selected win-
dow, we expected the profiles of the histological data in the white matter
to overlap. This was not the case, most likely because the normalization
was based on all visible white matter, whereas the line profiles only
included part of the white matter in the gyri, which tended to show more
intense staining. The cortical layer profiles extracted from the QSM
maps showed a different overall pattern compared to the histological
and T2*-w data, reflected by the low correlation coefficients and the
relatively flat line. This could be attributed to the display and inter-
pretation of the signal intensity values in the image and the orientation
of the tissue block in respect to the main magnetic field. A QSM image
displays changes in susceptibility compared to a reference. In our
cortical layer profiles, the lines were relatively flat, centered around the
middle (reference), with the changes in susceptibility shown as an
increased or decreased signal intensity relative to the reference,
depending on the orientation of the tissue bock. If you take then the
group average of these results, you effectively cancel out the two di-
rections of the changes, resulting in a relatively flat line. Therefore, to
assess patterns of iron accumulation, it would be more appropriate to
compare the 95% confidence interval than the area between the curves.

QSM reflects the combined influence of iron, myelin, and tissue
orientation relative to the main magnetic field on local magnetic sus-
ceptibility. While QSM showed weaker correlation with histology and
T2*-w MR, it provides unique quantitative information. QSM contrast
shows the dominant susceptibility at each voxel, with paramagnetic
components such as iron appear hyperintense (white), whereas
diamagnetic components such as myelin appear hypointense (black).
The apparent susceptibility of white matter is known to depend on the
orientation of its anisotropic fiber structure with respect to the magnetic
field, which may result in either hyperintense or hypointense contrast
(Wharton and Bowtell, 2015). In contrast, gray matter is generally
considered isotropic and therefore expected to exhibit susceptibility
values independent of field orientation. However, this assumption does
not hold at the high spatial resolution employed in the present study. At
this scale, highly myelinated features such as the lines of Baillarger in
the deep cortical layers become discernible, and even paramagnetic
substances may line up anisotropically (Chen et al., 2025). As we
selected the line profiles in the middle of a gyrus, and gyri were orien-
tated variable with respect to the main magnetic field depending on the
anatomy of the tissue block, some U-fibers depicted as white, and others
as black, effectively cancelling out their strong susceptibility profile in
the mean cortical layer profile. The challenges in QSM processing, such
as erosion of tissue borders and orientation dependence, are important
limitations. However, QSM's ability to quantify susceptibility and its
potential to disentangle iron and myelin contribution when combined
with advanced post-processing or multi-modal imaging protocols,
makes it a valuable tool for to study changes in microstructure. Future
studies should optimize QSM reconstruction for small tissue blocks and
explore advanced techniques such as chi-separation (Shin et al., 2021) to
improve specificity for iron.

QSM and T2*-w MRI seem to be complementary to each other. Based
on the susceptibility source (iron and/or myelin) and the scale of these
sources, features such as intracellular iron deposition or highly orga-
nized fiber bundles are emphasized. Both scans are based on the same
relatively straightforward MGE sequence, if acquired with multiple
echoes. However, while the T2*-w MRI scan requires no additional
processing, QSM involves a more extensive post-processing pipeline.
Nevertheless, most vendors nowadays offer the pipeline integrated in
the system (Boehm et al., 2022; Voon et al., 2025) and a consensus paper
from the community with guidelines has been published (Bilgic et al.,
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2024), and thus analysis of both contrasts in conjunction would in
practice always be possible. T2*-w MRI provides high anatomical res-
olution and is more sensitive to sub-voxel susceptibility sources which
are visible due to the blooming effect. However, T2*-w MRI cannot
separate sources of contrast. On the other hand, QSM can separate
contrasts and is sensitive to microstructural tissue orientation, as seen in
the U-fibers, but its processing can introduce blurring and edge erosion.
In practice, the choice between T2*-w MRI and QSM depends on the
specific feature of interest.

One of the strengths of this study is that we used the same tissue
block for both the MRI and the histological analyses, enabling direct
comparison and validation across the three modalities. Moreover, the
cortical layer profiles provided a more detailed visualization of spatial
patterns of iron accumulations. On the other hand, as HC data were
reused from a previous study (Bulk et al., 2018b), the MRI protocol was
slightly different from the FTLD cases. The TR for the FTLD and HC scans
was not the same. However, since the T1 for gray matter and white
matter converges after fixation and is severely shortened (Raman et al.,
2017), we do not expect differences in T1-weighting between the two
protocols. To compare the T2*-w MRI contrasts, we matched the TE for
the FTLD cases as close as possible to that of the HC. In addition, the
FTLD sample was both small and heterogeneous with different pathol-
ogies and clinical diagnosis. This is, however, inherent to postmortem
studies in a rare disorder. It is advised that the results are further verified
in a larger sample size.

In conclusion, this study demonstrates that both T2*-w MRI and QSM
can detect pathological iron accumulation in FTLD, with T2*-w MRI
showing strongest correspondence to histology. However, QSM provides
complementary quantitative information and may be particularly
valuable for assessing U-fiber involvement. While our findings are based
on ex vivo data at a microscopic scale, the translation to in vivo clinical
practice is promising. Although the resolution will shift to a macroscopic
scale focusing on general brain regions rather than fine microstructural
details, similar approaches have already shown potential in Parkinson's
disease (Langkammer et al., 2016), Alzheimer's disease (Acosta-
Cabronero et al., 2013), and Amyotrophic Lateral Sclerosis studies
(Acosta-Cabronero et al., 2018). Together, these findings support the
potential of MRI-based iron mapping as a biomarker for FTLD. We are
currently running an in vivo study in a larger FTLD cohort using 7 T T2*-
w MRI and QSM to validate these findings and further evaluate their
prognostic potential (Prinse et al., 2025).
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Glossary

AD  Alzheimer's disease:

ALS amyotrophic lateralsclerosis:

BET  brain extraction tool:

bvFTD behavioral variant frontotemporal dementia:
CBS corticobasal syndrome:

CSF  cerebrospinal fluid:

C9orf72-HRE  chromosome 9 open reading frame 72 hexanucleotide repeat expansion:
DWI diffusion weighted imaging:

DTI diffusion tensor imaging:

FOV field of view:

FTLD frontotemporal lobar degeneration:
GRN progranulin:

HC healthy controls:

MAPT microtubule associated protein tau:
MGE multiple gradient echo:

PBS phosphate buffered saline:

PD Parkinson's disease:

PPA  primary progressive aphasia:

PSP progressive supranuclear palsy:

QSM quantitative susceptibility mapping:
SWI  susceptibility weighted imaging:

tau tubulin associated unit:

TDP-43 TAR DNA binding protein 43:
T2*w T2*weighted:
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