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Purpose: To employ an off-resonance saturation method to measure the mineral-
iron pool in the postmortem brain, which is an endogenous contrast agent that 
can give information on cellular iron status.
Methods: An off-resonance saturation acquisition protocol was implemented on 
a 7 Tesla preclinical scanner, and the contrast maps were fitted to an established 
analytical model. The method was validated by correlation and Bland-Altman 
analysis on a ferritin-containing phantom. Mineral-iron maps were obtained 
from postmortem tissue of patients with neurological diseases characterized by 
brain iron accumulation, that is, Alzheimer disease, Huntington disease, and 
aceruloplasminemia, and validated with histology. Transverse relaxation rate 
and magnetic susceptibility values were used for comparison.
Results: In postmortem tissue, the mineral-iron contrast colocalizes with 
histological iron staining in all the cases. Iron concentrations obtained via the 
off-resonance saturation method are in agreement with literature.
Conclusions: Off-resonance saturation is an effective way to detect iron in gray 
matter structures and partially mitigate for the presence of myelin. If a reference 
region with little iron is available in the tissue, the method can produce quantita-
tive iron maps. This method is applicable in the study of diseases characterized 
by brain iron accumulation and can complement existing iron-sensitive para-
metric methods.
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1  |   INTRODUCTION

Physiological iron is distributed heterogeneously within 
the brain, with the structures richest in iron being local-
ized within the basal ganglia.1 The distribution of iron 
throughout the brain is likely related to its fundamen-
tal biological processes, which involve oxygen transport, 
DNA synthesis, and mitochondrial respiration.2 In con-
trast, the dysregulation of iron homeostasis is associated 
with neurotoxicity via the formation of reactive oxygen 
species,2–6 lipid peroxidation,7 and ferroptosis,8 a form of 
cell death characterized by phospholipid oxidation.9 Iron 
is also thought to trigger inflammation which can, in turn, 
lead to additional cellular iron release.10

Brain iron accumulation is a common phenomenon 
of several neurodegenerative diseases despite their dif-
ferent pathological hallmarks. Examples are Alzheimer 
disease (AD),2,11 Huntington disease (HD),2,4,12 and the 
neurodegeneration with brain iron accumulation group of 
disorders, of which aceruloplasminemia (ACP) is a rare 
phenotype.13

One of the primary cytoplasmic proteins responsi-
ble for intra-  and extracellular iron storage is ferritin.14 
Ferritin is composed of a 24-subunit shell (apoferritin), 
which plays 3 important roles in iron regulation: it binds 
cytoplasmic Fe2+, oxidizes Fe2+ into Fe3+ (as antioxidant 
protection), and stores iron in the form of a biocompatible 
nanomineral15—ferrihydrite—or a mixture of ferrihydrite 
and other minerals.16,17 Because the core of ferritin can 
bind up to ~5000 iron atoms, the nanoparticle’s saturated 
magnetic moment can reach ~300 µB.18 Ferritin-iron levels 
constitute ~80% of total non-heme iron19; therefore, ferri-
tin is commonly used as a reporter of tissue iron status. 
Although ferritin-iron is unlikely to contribute directly 
to oxidative stress, its levels are related to the labile iron 
pool,20,21 which is implicated in neurotoxicity.

MRI is very sensitive to the magnetic field perturbation 
caused by iron ions and iron nanominerals, which have su-
perparamagnetic properties. In the presence of iron, diffus-
ing water molecules probe a broad distribution of magnetic 
fields. Consequently, a time-dependent phase is accumu-
lated, leading to reduced T2 and T∗

2 relaxation times.22–24 
Ferritin-iron is the (physiological) iron form having the 
largest effect on the MRI signal,19 thanks to its large sus-
ceptibility and abundance. The most sensitive MR methods 
for the detection of iron are the field-dependent transverse 
relaxation rate increase,25–27R∗

2 and R2 mapping,28,29 and 
QSM.30 Although quantitative maps of transverse relax-
ation rates and tissue magnetic susceptibility have already 
shown benefits in the clinic,22,31 these parameters are also 
influenced by myelin content,32–34 fiber orientation,35 tis-
sue microstructure,36 neuronal loss29 and iron aggrega-
tion.37,38 Additionally, QSM reconstructions can be affected 

by the nonlocal nature of the inverse problem that relates 
magnetic field perturbation to magnetic susceptibility, and 
this impairs quantitative analysis.

In this work, we show how an off-resonance satura-
tion (ORS) method, earlier introduced for the detection of 
iron-oxide contrast agents,39,40 can be employed to assess 
mineral-iron levels in the postmortem brain and overcomes 
some of the limitations of conventional mapping methods.

We validated the method in a ferritin phantom, and 
we employed it to characterize the mineral-iron levels in 
postmortem material obtained from 5 patients affected by 
neurological diseases associated with increased brain iron. 
We assessed the accuracy of the mineral-iron maps to re-
port on tissue iron status against QSM, R∗

2 maps, and his-
topathological staining for ferric iron, ferritin, and myelin.

2  |   METHODS

2.1  |  Tissue selection and phantom 
preparation

A ferritin-agarose phantom was prepared by adding horse 
spleen ferritin (Sigma-Aldrich, St. Louis, Missouri, ref. 
F4503) to a 1.5% agarose solution. Phantoms with differ-
ent iron concentrations were prepared: 0 mM, 1.3 mM, 
4.0 mM, 7.0 mM, 10.3 mM, and 15.1 mM. The iron con-
centration was estimated by multiplying the ferritin con-
centration by the average loading of the protein, that is, 
2500 iron/ferritin.41

Formalin-fixed tissue blocks extracted from 5 diseased 
brains were studied. Brain material from 3 patients with 
HD, 1 patient with AD, and 1 patient with ACP was ob-
tained from the pathology department of the Leiden 
University Medical Center (Leiden, The Netherlands), the 
Netherlands Brain Bank (Amsterdam, The Netherlands), 
and the Erasmus Medical Center (Rotterdam, The 
Netherlands), respectively. Patient’s informed consent was 
obtained from each respective brain bank. For each case, a 
disease-relevant area was chosen: the striatum for the HD 
case, the striatum and the globus pallidus for the ACP case, 
and the middle temporal gyrus for the AD case. The tissue 
blocks were rehydrated in phosphate-buffered solution 
for 24 hours prior to the MRI scan to partially restore T2s. 
Subsequently, the tissue was scanned in a hydrogen-free 
solution (Fomblin LC08, Solvay S. A., Brussels, Belgium).

2.2  |  MRI data acquisition

MRI data were acquired on a 7 Tesla preclinical scanner 
(Bruker Biospin, Ettlingen, Germany) using a 38-mm linear 
birdcage transmit-receive coil (T10327V3) with 8 legs.



1278  |      BOSSONI et al.

To compare the iron maps obtained with ORS to stan-
dard QSM and R∗

2 maps, R∗

2-weighted images were acquired 
using a 3D multiple gradient echo (MGE) sequence. In the 
case of the ACP tissue, the TE and inter-TE were short-
ened (by doubling the receiver bandwidth) to increase 
SNR because the heavier iron load in this tissue severely 
shortened the transverse relaxation parameters. The ac-
quisition parameters are summarized in Table 1.

ORS images were derived from 2D steady-state free 
precession images (Bruker fast imaging with steady-state 
precession-FID) with TE/TR = 3/6 ms; interscan delay 
TR = 2 s; flip angle = 10 degrees. A “control” magnitude 
image (Mcontrol), without saturation pulses, was also ac-
quired. The steady-state free precession acquisition mod-
ule was chosen for convenience, given the high SNR per 
scan time that is delivered by the acquisition method. The 
steady state condition was not a necessary requirement. 
Saturated images (Msat) were produced by a saturation 
module consisting of a train composed by the repetition 
of a hyperbolic secant pulse (bandwidth 500 Hz, duration 
40.5 ms, B1 = 1.36 µT, β-factor = 5), followed by a spoiler 
gradient of 3 ms of duration. The pulse-gradient unit was 
repeated 6 times with an interval of 5 ms in-between the 
gradients and the successive RF pulse. The off-resonance 
saturation pulses were phase-cycled to improve spoiling. 
A list of Msat was obtained upon varying the frequency of 
the off-resonance pulse. Details of the off-resonance ac-
quisition are reported in Table 2.

2.3  |  MRI data processing

MGE-magnitude images were fitted on a pixel-by-pixel 
basis to a mono-exponential decay function,23 after rul-
ing out the presence of multi-components, using the 
Levenberg–Marquardt curve-fitting algorithm to derive 
the transverse relaxation rate R∗

2. In the case of the ACP 
tissue, the echoes with intensities laying in the noise level 
(SNR ≤ 1) were excluded from the fit.

Susceptibility values (χ) were calculated from the phase 
images with the STI-Suite Matlab (Natick, Massachusetts) 
toolbox (version 2.2). Phase unwrapping of the mea-
sured phase images and removal of the background field 

were done with iHARPERELLA,42 whereas magnetic 
susceptibility calculation and streaking artifact correction 
were performed with the iLSQR algorithm.43 Raw suscep-
tibility values are reported because no reference region 
was available in these small tissue samples.

Figure 1 illustrates the pipeline of the ORS analysis. ORS 
images (Mors) were obtained from the subtraction: Mors = 
Mcontrol − Msat. Contrast (C) maps were obtained by sub-
tracting the mean intensity of Mors in a region of reference 
(ROR) from the Mors.

40 Under the assumption that the ROR 
contains no iron, the contrast (C) can be written as the prod-
uct of the fraction of protons (φ) saturated by the ORS pulses 
and the intensity of the control image (C = Mcontrol φ). In 
our work, only positive frequency offsets were chosen to ex-
clude nuclear Overhauser effects-related artifacts44 and to 
speed up the acquisition. The saturated fraction of protons, 
as derived by Delangre et al.,40 is given by:

where a = 3
√
3�−1mat

2��[Fe]Beq
=

�

[Fe]Beq
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3
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nanoparticle with saturation magnetization MS; [Fe] is the 
iron concentration (in mM); �mat is the molar volume of fer-
rihydrite45 and is equal to 5.4 × 10−6 m3/mol = 5.4 × 10−6 
mM−1; and α = 3.6 × 10−3 T (Hz mM)−1 (see Supporting 
Information for further details). We added a frequency offset 
(��) to account for resonance frequency shifts. Because N = 
6 saturation pulses were used to enhance the saturation,46 
the final expression for the contrast becomes:

Mcontrol is weighted by the proton density, relaxation 
times, and flip angle.47 The offset (off) term in the equa-
tion above was introduced to account for residual MT 
effects and imperfect saturation. Finally, the contrast map 
was fitted to Equation (2) to derive the iron concentra-
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known iron concentration was assessed with correlative 
and Bland-Altman analyses.
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T A B L E  1   Summary of the acquisition parameters for the MGE sequence, with 8 echoes (Necho)

Sample Pixel Size (mm3) FA (degrees) Averages TR (ms) TE1 (ms) Necho ΔTE Total Scan Time

HD (0.15)3 25 20 107.3 5.2 8 4.34 3 h 26 m

ACP (0.15)3 25 20 130.4 1.96 8 2.21 3 h 55 m

AD (0.15)3 25 20 107.3 5.2 8 4.34 3 h 26 m

Abbreviations: ΔTE interecho time; ACP, aceruloplasminemia; AD, Alzheimer disease; FA, flip angle; HD, Huntington disease; MGE, multiple gradient echo; 
TE1, first echo time.
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2.4  |  Histopathological validation

The same tissue blocks used for MRI were employed for 
histology. Tissue blocks were embedded in paraffin and 
sliced with a microtome into 5 µm and 20 µm thick sec-
tions. The 20 µm sections were employed for non-heme 
iron detection (Meguro staining) according to Van Duijn 
et al.48 After deparaffinization, the tissue sections were in-
cubated for 80 min in 1% potassium ferro-cyanide and then 
washed, followed by 100 min incubation in methanol with 
0.01 M NaN3 and 0.3% H2O2. Subsequently, sections were 
washed with 0.1 M phosphate buffer, followed by 80 min 
incubation in a solution containing 0.025% 3’3-diaminob
enzidine-tetrahydrochloride (Sigma-Aldrich) and 0.005% 

H2O2 in 0.1 M phosphate buffer. The reaction was stopped 
by washing with tap water. The 5 µm slices were used for 
additional staining: non-heme (mostly trivalent) iron was 
detected with Perl’s Prussian blue (Merck 1.04984.0100, 
Darmstadt, Germany), and immunohistochemical detec-
tion of myelin was done with anti-myelin PLP antibody 
(Bio-Rad, MCA 839G, Hercules, California) with second 
antibody Rb-aMs/biotin (Dako, Santa Clara, California) 
for 1 h at room temperature, followed by avidin-biotin-
complex (HRP, ABC Elite Kit, Vector Laboratories, Inc., 
Burlingame, California) for 30 min at room temperature. 
Immunohistochemical detection of ferritin was done with 
ferritin antibody (Bethyl A80-140, dilution 1:1000, over-
night incubation at room temperature; Bethyl Laboratories, 

T A B L E  2   Summary of the acquisition parameters for the ORS-SSFP acquisition

Sample BW [Hz]
Δυ0 range 
[Hz] υint [Hz]

Total Scan 
Time Pixel Size (mm3)

Reference for Contrast 
Calculation (ROR)

Phantom 500 250-649 7 1.3 h 0.3 × 0.3 × 2 Agarose-only compartment

HD 500 250-700 5 ~8 h 10 min 0.15 × 0.15 × 2 Internal capsule

ACP 500 250-700 5 ~8 h 10 min 0.15 × 0.15 × 2 Internal Capsule

AD 500 250-700 5 ~8 h 10 min 0.15 × 0.15 × 2 Cortical white matter

Abbreviations: Δυ0, frequency of the off-resonance saturation pulse; υint, interval between ORS frequencies; BW, bandwidth; ORS-SSFP, off-resonance 
saturation–steady-state free precession; ROR, region of reference.

F I G U R E  1   Analysis pipeline. After the acquisition of the nonsaturated images (“control”), the saturated images are acquired, and 
the ORS image is derived. The Z-spectrum is shown but was not used in the analysis. The ROR is shown here as a white dotted line in the 
bottom row. The contrast maps are obtained from the ORS image and the mean intensity in the ROR and fitted to the model discussed 
below. An example of the fit is shown in the right panel. The fit is the red solid line overlapped on to the experimental data (blue squares). 
Finally, a map of iron concentration in mM is obtained ([Fe]ORS map). ORS, off-resonance saturation; ROR, region of reference; SSFP, 
steady-state free precession
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Inc., Montgomery, Texas), with as a second step antigoat/
biotin (Betyhl A50-204B, dilution:1:1000, 1 h incubation 
at room temperature), followed by ABC incubation for 
30 min at room temperature. After the ABC treatment, the 
tissue was rinsed 3 times with phosphate-buffered saline 
and incubated in 0.05% 3’3-diaminobenzidine-tetrahydro
chloride (Sigma-Aldrich) with 15 µl 30% H2O2/100 ml for 
5-10 min. After rinsing several times with demineralized 
water, the slices were counterstained for 30 s with Harris 
hematoxylin and washed for 5-10 mins with tap water. 
Finally, the tissue sections were dehydrated with ethanol 
70%, 96% , and 100%, as well as xylene.

2.5  |  Correlation between histology and 
ORS imaging

To quantify the degree of agreement between the histo-
logical staining of iron with the mineral-iron concentra-
tion derived from the ORS method, oval regions of interest 
(ROI) (N = 30-40) were drawn in the gray and white matter 
regions (excluding the ROR) of all the MRI and histology 
images, except for the Perl’s Prussian blue. The histologi-
cal images were manually coregistered (affine transfor-
mation) to the MRI maps with the TrackEM2 plugin in 
ImageJ. The registered image stack was converted to an 
8-bit grayscale image. Oval ROIs were carefully drawn 
and propagated among maps with the ROI manager tool. 
Mean gray values from the predefined ROIs were quan-
tified32 after inspecting for the precise placement of the 
ROIs. Pearson correlation coefficients (ρ) and P values 
were calculated per case with the corrplot package in R 
(R version 3.6.3). The Supporting Information shows 
the location where the ROIs where drawn (Supporting 
Information Figures S3, S9 and S10).

3  |   RESULTS

3.1  |  Validation on a ferritin phantom

Figure 2 shows the iron map obtained from the ferritin-
loaded phantom and the ROI analysis on the sample’s 
compartments. The ROR was drawn in the middle of the 
phantom containing only agarose (Figure 1). The best-
fitting results were obtained when fixing Beq = 1 mT, 
which is very close to the theoretical value for ferritin (see 
Supporting Information). The fitted iron concentration 
agrees well with the nominal iron concentration, as as-
sessed by the correlative plot in Figure 2C. Furthermore, 
the agreement between the iron concentration, derived 
from the ORS map and the nominal iron concentrations, 
was assessed by Bland-Altman analysis (Figure 2D),49,50 

considering the latter parameter as the reference value. 
No data fell outside of the limits of agreement, and no sys-
tematic bias was detected at the 5% level of significance.

3.2  |  Application to postmortem ​material

Figure 3 shows the results obtained from the middle 
temporal gyrus of the AD case. A comparison is shown 
between the MRI parametric maps, that is, R∗

2, QSM, and 
the ORS iron map (termed [Fe]ORS map in the rest of the 
article); and histology, that is, myelin, iron, and ferritin. 
Elevated R∗

2 levels are seen in the myelin-rich white matter 
(white arrowheads in Figure 3) and in the cortex (white 
arrows in Figure 3). In the QSM map, negative suscepti-
bility is predominantly detected in the white matter. The 
[Fe]ORS map shows the localization of the iron in the cor-
tex and (partially) in the white matter, thus largely mirror-
ing the QSM paramagnetic contrast and the histological 
staining of iron and ferritin (protein), whereas it appears 
poorly localized to areas of positive myelin staining. Across 
all tissue blocks, the Perl’s staining was considerably 
weaker than the Meguro staining, as earlier reported,48,51 
and correlated less with the ferritin map; therefore, our 
quantitative analysis was based on the Meguro staining 
for iron, only.

The [Fe]ORS metrics correlates with the Meguro stain-
ing (ρ = 0.6) and, although more moderately, with QSM 
(ρ = 0.44) and the ferritin staining (ρ = 0.42). [Fe]ORS also 
inversely correlates with the myelin staining (ρ = −0.53). 
No significant correlation was observed between [Fe]ORS 
and the R∗

2 map. The association between QSM and R∗

2 was 
not significant, probably due to the concurrent effects of 
iron and myelin to enhance transverse relaxation. The 
strongest correlation was found between the Meguro and 
the ferritin staining (ρ = 0.7), suggesting the high localiza-
tion of iron within ferritin nanoparticles in the Alzheimer 
cortex. We anticipate that this result is rather consistent 
across cases.

The tissue block containing the striatum of the HD 
cases (Figure 4) (Supporting Information Figures S9 and 
S10) shows high R∗

2 primarily in the putamen (PU), some 
connecting fibers of the internal capsule (IC), and a thin 
stripe of the atrophied caudate nucleus (CN). The suscep-
tibility maps look heterogeneous but with an overall pos-
itive susceptibility in the putamen and CN. The IC shows 
a characteristic striped appearance of alternating posi-
tive and negative susceptibility. The [Fe]ORS map shows 
a localized increase of iron in the putamen and CN, and 
marginally on the white matter, depending on the case. 
The histological staining for ferritin, iron, and the [Fe]ORS 
map are largely opposite to the myelin-positive regions, 
which display negative susceptibility in the QSM map.
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The [Fe]ORS metrics correlates with the Meguro stain-
ing (ρ = 0.53-0.81) and QSM (ρ = 0.4-0.49) in 2 out of 3 
cases, whereas no significant correlation is found with the 
ferritin staining in all the 3 examined cases. In 2 of the 
cases, [Fe]ORS correlates with R∗

2 (ρ = 0.72-0.74), which 
in turns is uncorrelated with myelin, differently from the 
AD case, whereas it is correlated with the iron staining 
(ρ = 0.41-0.77). In 2 of the HD cases, QSM and R∗

2 show 
a positive association with (ρ = 0.43-0.54). The strongest 
correlation was found between the Meguro and the ferri-
tin staining (ρ = 0.45-0.85), similarly to the cortex of the 
Alzheimer subject. Both stainings show a negative associ-
ation with myelin, in the first case.

Lastly, the tissue block obtained from the ACP 
patient (Figure 5) shows high R∗

2 in the putamen, some 
connecting fibers of the IC, CN, and globus pallidus 

(R∗

2 ~0.3-0.6  ms−1). The QSM map is relatively smooth 
in the white matter regions, whereas the gray matter is 
heterogeneous and presents a “patchy” appearance (also 
observed in the MGE images), which hinders quantita-
tive analysis. The [Fe]ORS map on this tissue block shows 
diffuse iron across both white and gray matter struc-
tures, except for the superior part of the IC, where the 
ROR was drawn. The histological iron staining (Meguro) 
appears very intense across the whole slice, with a 
slightly higher intensity in the CN and the globus palli-
dus, which is also captured by the [Fe]ORS map. In con-
trast to the previous cases, the ACP ferritin staining was 
not used for the correlation analysis because it suffered 
from artifacts, likely due to formalin fixation. Additional 
histological results on all the tissue blocks are found in 
the Supporting Information (Figures S4-S8).

F I G U R E  2   Validation on a ferritin phantom. Panel A shows the control image with the nominal iron concentration in mM per 
compartment. Panel B shows the mineral-iron map in mM, as obtained with the ORS sequence and the fitting method discussed above. The 
bright outer rim in the iron map is likely caused by B1 inhomogeneities because a linear 8-leg birdcage coil with a high filling factor was 
employed. Panel C shows a comparison between the nominal iron concentration and the fitted one from the method discussed in this work. 
Blue data with error bars represent the mean and SD of the iron concentration in the ROI drawn in each sample compartment. The red solid 
line is the identity line and the dashed lines account for the spread in iron loading, as reported in literature for horse spleen ferritin from the 
same producer. Panel D is the Bland-Altman plot of the same data. The black solid line is the line of equality. The blue line is the bias. The 
dashed lines enclosing the green area are the limits of agreement. The dotted lines mark the 95% confidence intervals for each estimated 
statistical quantity. See Supporting Information Figures S1 and S2 for more details on the ferritin phantom. ROI, region of interest

(A) (B)

(C) (D)
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F I G U R E  3   Comparison of the quantitative MRI and histological methods to assess tissue iron load on the Alzheimer tissue block: Top 
row: MRI R∗

2
, QSM, and mineral-iron mapping. Bottom row: histological staining for myelin, iron (Perl’s and Meguro), and ferritin (scalebar: 

5 mm). The Meguro staining, and to a lesser extent the ferritin staining, appear weaker at the bottom of the tissue, likely due to prolonged 
formalin fixation. This is likely a real effect of the tissue because the same pattern is visible in the MRI metrics. The fourth echo of the MGE 
image is shown for anatomical reference. The pink circle in the MGE image encloses the ROR. The arrowheads point at the white matter, 
whereas the arrows point at the cortical sulcus. The panel on the right is a summary of the correlation analysis between all the contrasts 
and parameters here presented (see diagonal). The lower triangle reports the Pearson correlation coefficient, whereas the upper triangle is a 
visual representation of the correlation coefficient in the shape of an ellipse. The asterisks refer to the P value according to the convention: 
P < .5 (*), P < .01 (**), P < .001 (***). The intensity dropout at the top-right corner of the [Fe]ORS map is likely due to B1 inhomogeneity. The 
reader is referred to the Supporting Information Figures S2 and S3 for more information on the data analysis

F I G U R E  4   Comparison of the quantitative MRI and histological methods to assess tissue iron load in 3 Huntington tissue blocks (labels 
as above) (scalebar: 5 mm). The MGE image displays the third echo. The full-sized arrows point at the CN, whereas the arrowhead points 
at the gray-matter bridges between the PU and the CN. Please refer to Figure 3 for the details of the correlation matrix. The correlation 
matrices of 2 additional cases are shown in the bottom panels. The MRI and histology figures relative to these cases are shown in the 
Supporting Information Figures S9 and S10. CN, caudate nucleus; IC, internal capsule; MGE, multiple gradient echo; PU, putamen
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The [Fe]ORS metrics shows a significant and positive 
correlation with the Meguro staining (ρ = 0.57), and the 
QSM map (ρ = 0.39), whereas it displays a negative asso-
ciation with myelin (ρ = −0.43). Also in this case, [Fe]ORS 
correlates with R∗

2 (ρ = 0.6). QSM and R∗

2 show a moderate 
mutual association (ρ = 0.34).

4  |   DISCUSSION

In this work, we demonstrate how a method based on 
diffusion-mediated off-resonance saturation (ORS)39 
can detect mineral-iron from postmortem brain mate-
rial of 1 AD patient, 3 HD patients, and 1 ACP patient. 
This method can be translated in vivo to evaluate tissue 
iron load and therapeutic efficacy on a pathophysiologi-
cal level. Throughout this study, we have assumed that 
the mineral form of iron was ferritin-bound, that is, fer-
rihydrite. More than 80% of non-heme brain iron is stored 
within cells— in ferritin—and ferritin-bound iron is by far 
the most magnetic non-heme iron species in the brain.19 
We thus used the magnetization of ferritin to estimate the 
iron concentration. It is important to stress that there is an 
additional pool of iron forms36 (way much less magnetic 
and/or abundant), which will possibly affect the ORS met-
ric, although to a lesser degree. Nonetheless, the weak/
absent correlation between the [Fe]ORS metric and the 
ferritin stain highlights the fact that the ORS method is 
primarily sensitive to iron rather than the ferritin protein, 
and that the magnetization of ferritin nanoparticles as well 
as the composition of the protein shell may vary in pres-
ence of pathology, as earlier studies have suggested.16,52

Water molecules diffusing around iron particles 
can be selectively excited by ORS pulses based on the 

correspondence between frequency offset and distance 
from the nanoparticle: the larger the frequency offset, the 
closer the protons are to the dipolar-field source. It has 
been shown that the positive contrast obtained by this 
method is distinct from, and can be observed also in the 
presence of, MT effects.39 Although the ORS method was 
originally introduced to detect superparamagnetic iron-
oxide nanoparticles, here we show that ORS can also be 
employed to assess the presence and the concentration of 
mineral-iron in the human postmortem brain by virtue of 
the super-paramagnetic properties of the protein and its 
high concentration across the brain. Our results on the 
agarose phantom show good agreement between nominal 
and fitted iron concentrations and support the use of the 
method for iron quantification.

The comparison between the parametric MRI maps ac-
quired in this study shows some advantages of the ORS 
method over existing MR methods for tissue iron detec-
tion in postmortem tissue: 1) iron load appears primarily 
localized in specific brain regions (mainly the gray mat-
ter); 2) the white matter structures, which are highly my-
elinated, are characterized by low intensity in the [Fe]ORS 
maps, except for the ACP tissue where iron appears largely 
diffuse throughout the whole slice; and 3) the strength of 
the association between the [Fe]ORS maps and the iron 
staining is largely independent of the disease type and the 
brain region.

The appearance of the mineral-iron map in the tissue 
block obtained from the AD patient suggests that, when 
looking at the temporal lobe, iron preferentially accumu-
lates in the cortical gray matter. This is in agreement with 
previous R∗

2
53,54 and QSM studies55 reporting increased 

cortical iron levels in patients with AD or mild cognitive 
impairment, which was associated with AD pathological 

F I G U R E  5   Comparison of the quantitative MRI and histological methods to assess tissue iron load on the aceruloplasminemia 
tissue block (labels as above) (scalebar: 5 mm). The MGE image displays the first echo. The full-sized arrows point at the CN, whereas the 
arrowhead points at the gray-matter bridges between the PU and the CN nucleus. Please refer to Figure 3 for the details of the correlation 
matrix. Note that the ferritin staining is not shown here (please refer to the Supporting Information Figure S8) due to the poor quality of the 
image, resulting from prolonged formalin fixation. GP, globus pallidus
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hallmarks and an increased risk of cognitive decline. 
Magnetometry studies carried out on both sporadic and 
genetic types of AD have also found that ferrihydrite-
iron is more abundant in the AD group than in age- and 
gender-matched healthy controls.56,57

Previous analytical studies have detected significant 
increase in the total iron content of the temporal lobe of 
AD patients with respect to controls.58,59 However, the 
absolute iron concentrations ranged from ~30 µg/g59 to 
120 µg/g (wet weight)60 because age, gender, disease state, 
and technique sensitivity can impact the measured iron 
values. The highest cortical mineral-iron concentrations 
detected in our tissue block were 1.37 ± 0.25 mM (mean 
± SD), corresponding to 76.45 ± 13.95 µg/g, which is in 
agreement with the estimate of ferritin-bound iron by 
magnetometry in the AD temporal cortex57 after correct-
ing for dry weight mass-loss.

The mineral-iron map of the tissue block from the HD 
patient shows an increase of iron in the putamen and part 
of the atrophic CN. Alterations in brain iron metabolism 
with increased iron accumulation have been previously 
identified by MRI in the striatal nuclei of patients with 
HD.26,61 Iron accumulation in these structures seems to 
occur early on during the disease process,62 suggesting a 
key role of iron in the initiation and progression of the 
disease.11 In fact, in vivo MRI studies at both 3 Tesla and 
7 Tesla have shown that iron accumulation63 is associ-
ated with tissue atrophy of basal ganglia structures and 
is already present in the premanifest phase of HD.62,64,65 
Our mean fitted iron concentration in the putamen, 4.66 
± 1.35 mM, equivalent to 260.0 ± 75.33 µg/g, agrees well 
with iron concentrations measured by inductively coupled 
mass spectrometry (~240-310 µg/g).12

Finally, the mineral-iron map of the ACP tissue block 
shows a very diffuse iron load, with mean iron values of 
2.57 ± 1.45 mM, in the putamen, which is about 50% lower 
than found by our magnetometry study—and which 
quantified ferritin-iron in the same structure of the same 
patient.66 This is likely due to the combination of very fast 
relaxation times and the lack of an appropriate ROR in 
the slice.

In contrast to AD and HD, iron accumulation in ACP is 
directly related to its genetic background and results from 
the absence of functioning ceruloplasmin.13 The lack of 
ceruloplasmin-mediated oxidation of ferrous iron (Fe2+) 
to ferric iron (Fe3+) impairs iron efflux from astrocytes 
and leads to massive iron accumulation within these cells, 
whereas neurons that are mainly dependent on the sup-
ply of iron from astrocytes are probably iron-starved.13,67 
Although ferritin-bound iron appears to be by far the 
most abundant iron form in the aceruloplasminemia 
brain,66,68,69 these observations are based on patients with 
end-stage aceruloplasminemia, and it remains unclear 

how the increase in either total iron levels, as suggested by 
previous R∗

2
13,70,71 and QSM studies,70 or in the amount of 

ferritin-bound iron, is associated with the clinical course 
of the disease. In both the ACP case and 1 of the HD cases, 
it is noticeable that R∗

2 appears, in a first instance, to be a 
better marker for iron than QSM, whereas the situation is 
clearly different in the AD case. It is important to note that 
the R∗

2 enhancement can be influenced by multiple factors: 
for example, the different levels of iron across the different 
tissue samples but also the way that iron and myelin are 
spatially arranged/aggregated and their level of heteroge-
neity. It seems reasonable to conclude from this limited 
number of cases that at high iron concentrations, the iron 
level dominates the correlation; however, more in vitro 
and postmortem work will be needed to be able to build a 
quantitative model of the relative contribution of iron and 
myelin to R∗

2, QSM, or ORS contrasts.
Different MRI methods, in addition to those already 

mentioned, have been used to estimate the effect of ferri-
tin nanoparticles on the MRI parameters. In fact, ferritin-
bound iron has long been identified as the main source 
of iron-driving contrast, given the large abundance of 
the protein in the brain and its magnetic properties. The 
magnetic susceptibility of a single ferritin protein was 
estimated as χ = 520 ppm for a fully loaded particle,19 
although this value might be an upper limit.18,72

Ferritin-iron displays a peculiar linear inverse depen-
dence of T2 with B0 field,73 a trend that is retained in brain 
tissue and is attributed to the “fingerprint” of iron stores. 
This characteristic is exploited by the field-dependent 
transverse relaxation rate increase metrics.74

A method based on direct saturation to sensitize image 
contrast due to iron load75 has demonstrated a linear re-
lation with the tissue iron content and an improved gray 
matter–white matter contrast with respect to T2-weighted 
images. The ORS method here proposed differs in the 
acquisition protocol, with a much larger ORS frequency 
range being probed, as well as in the data postprocessing.

When inspecting the mineral-iron maps, some caveats 
should be considered. Firstly, our method assumes that the 
only source of contrast consists of ferrihydrite nanoparti-
cles (i.e., inside ferritin). This is a simplification because 
ferrihydrite is also included in hemosiderin.76 Also, mag-
netite/maghemite is located in the brain either outside or 
within ferritin.16,77 Previous studies have shown that these 
additional minerals are approximately 3 orders of magni-
tude less abundant than mineral-iron.56,57

Secondly, we assumed that the iron loading of each 
ferritin protein was approximately equal to half of the 
maximum filling capacity of the homonymous protein, 
whereas a lower iron loading range (i.e. 1500-1850 iron 
ions within each ferritin protein) has been reported for 
AD brain tissue and controls.78 However, because the 
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magnetization of the ferritin particle would not, or would 
only minimally, depend on the iron loading, this consid-
eration does not significantly affect the total ferritin-iron 
concentrations reported here.

Moreover, the data in this study were acquired with a 
simple linear 8-leg birdcage coil with high filling factor, 
which makes the image prone to B1-inhomogeneities. This 
may result in signal dropouts in the contrast maps and in 
the corresponding fitted [Fe]ORS maps (see for example, 
Figures 2 and 3). Future solutions could be to incorporate 
B1 and B0 correction in the analysis pipeline or to use a 
larger coil with slightly lower filling factor.

Additionally, the mineral-iron maps were obtained 
from contrast maps that were referenced to a region (ide-
ally) without iron. Therefore, the iron concentrations here 
displayed cannot be considered as absolute. This is espe-
cially clear in the case of the ACP tissue block.

The comparison of the [Fe]ORS maps to the semi-
quantitative51 Meguro staining instead of a quantitative 
assessment of iron in the tissue is an obvious limitation 
of our study; therefore, the effect of potential confound-
ers, specifically myelin fiber orientation, cannot be totally 
ruled out.

T2 maps (not acquired in this study) can provide ad-
ditional information on the degree of iron accumula-
tion and, in combination with the T∗

2 maps, could offer 
valuable information on the effective size of iron-rich 
compartments.79

Finally, although this study was intended to demon-
strate the feasibility and value of the ORS method post-
mortem, we believe that in vivo translation is very 
important and could be challenging given that ORS re-
quires the acquisition of multiple 2D images in order to 
derive the iron map, resulting in a relatively long scan 
time. It should therefore be noted that accommodating 
the sequence into an in vivo protocol, without any accel-
eration technique,80–82 may well result in reduced spatial 
resolution or SNR compared to the postmortem results 
presented here.

Another important factor to consider when interpret-
ing these results in terms of their significance for the in 
vivo case is the effect of formalin fixation. Although T2 
and T∗

2 are known to be shortened by fixation,83 this ef-
fect can be restored by washing the sample in phosphate-
buffered solution for at least 12 h.84 Because our tissue 
blocks were rehydrated for ~24 h prior to each scan ses-
sion, the relaxation times are likely close to the situation 
prior to fixation.

A final difference with the in vivo case is the tem-
perature: considering the Curie-Weiss-like change of the 
magnetization of ferritin at 7 T,85 a maximum reduction 
of ~10% in the particle’s equatorial field can be expected, 
with respect to the in vivo case.

5  |   CONCLUSION

We adapted an ORS method46,39 to quantify the mineral-
iron pool in the postmortem brain tissue of 5 patients af-
fected by neurological diseases associated with increased 
brain iron. This method can aid the interpretation of R∗

2 
and QSM maps, especially when these are confounded 
by reconstruction artifacts or the co-presence of iron and 
myelin. The accuracy of the mineral-iron map depends 
on the availability, within the tissue, of a region without 
(or with little) iron content with respect to the ROI. We 
foresee that this method will find use in the study of the 
progression of neurodegenerative diseases characterized 
by brain iron accumulation and the assessment of iron 
chelation therapy.
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FIGURE S1 R∗

2
 map of the ferritin-agarose phantom used 

as a reference in this study. These data were acquired with 
an MGE sequence with six echoes and the following pa-
rameters: TE1 = 5 ms, ΔTE = 2.5 ms, TR = 40 ms, 0.3 mm3 
resolution, NA = 5, FA = 8°. Total scan time 36 m 23 s
FIGURE S2 Illustration of the quality of the fit and fitting 
parameters for the three tissue blocks and the phantom. 
See Equation (2) of the main manuscript for the descrip-
tion of the parameters
FIGURE S3 Myelin (PLP) stain of the AD (A), HD (B) and 
ACP (C) cases with overlayed oval ROIs used for the MRI-
histological correlation analysis (yellow circles). Regions 
close to or corresponding with the ROR are excluded
FIGURE S4 Histopathology on the AD tissue block. 
Close-up on the gyrus. Scalebar on the close-up is 1 mm
FIGURE S5 Histopathology on the HD tissue block. 
Close-up on putamen, internal capsule, and caudate nu-
cleus. Scalebar on the close-up is 1 mm
FIGURE S6 Histopathology on the ACP tissue block. 
Close-up on the internal capsule, caudate nucleus, and 
part of the putamen. Scalebar on the close-up is 1 mm
FIGURE S7 Illustration of the iron accumulation in ace-
ruloplasminemia brain. Panels A and C show the modified 
Meguro staining on the whole tissue slice. Panel A was 
obtained on a 20 µm slice and a protocol optimized for the 
slice thickness. Panel C was obtained on an adjacent slice 
of 20 µm, but with shorter incubation times (the protocol 

was optimized for a 5 µm protocol slides). Panel B and 
D are close-ups on the region of interest in the putamen 
(blue square). The images illustrate the exceptional degree 
of iron accumulation in ACP. Scale bar is 50 µm in B and 
D, and 5 mm in A and C
FIGURE S8 Illustration of the ferritin histological stain 
in aceruloplasminemia. The faint stain is an effect of the 
long formalin fixation. Scalebar: 5 mm
FIGURE S9 Details of the MRI and histology of the sec-
ond HD case (striatum) displayed in Figure 4 of the main 
article. The arrow highlights the iron-rich caudate nu-
cleus. The MGE shows the first echo. Scalebar is 5 mm. 
Labels are according to the definitions of the main article. 
The ROIs used for the correlation analysis are shown in 
the bottom-right panel. The ROR was drawn in the inter-
nal capsule, as in case #1 (see Figure 4)
FIGURE S10 Details of the MRI and histology of the third 
HD case (striatum) displayed in Figure 4 of the main ar-
ticle. The MGE shows the first echo. Scalebar is 5 mm. 
Labels are according to the definitions of the main article. 
The ROIs used for the correlation analysis are shown in 
the bottom-right panel. The ROR was drawn in the inter-
nal capsule, as in case #1 (see Figure 4)
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