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ABSTRACT
Purpose: Paramagnetic ions are distributed throughout the human brain. The increased accumulation of these metals, such as
iron and copper, can induce cellular death and the development of neurological diseases. Electron Paramagnetic Resonance (EPR)
is a spectroscopic technique capable of detecting these ions in a given biological sample.
Methods: Samples from 17 human brain structures of 8 ex vivo subjects were extracted, lyophilized, and triturated for EPR
measurements at variable temperatures ranging from 193 to 293 K. Simulations were performed using the EasySpin toolbox to
calculate qualitative parameters and the EPR absorption of high-spin iron (Fe(III)), copper ion (Cu(II)), and ferritin (Ft) signals
in all obtained EPR spectra.
Results: The simulated parameters showed a considerable percentage variation relative to the input values, which resulted in
spectral visual changes of each paramagnetic ion signal. The simulated EPR brain spectra demonstrated temperature dependence,
with an increase in the amplitude of Fe(III), Cu(II), and Ft signals as the temperature decreased.
Conclusions: The magnetic behavior of these paramagnetic species exhibited linearity with the inverse of temperature for the
Cu(II) EPR absorption across all brain structures, while Fe(III) and Ft signals showed a nonlinear pattern in the EPR absorption,
with heterogeneity among all brain regions and subjects.

1 | Introduction

The human body has different paramagnetic trace elements that
contribute to metabolic processes. Iron is an essential metal
in the transportation of oxygen, and about 70% of the human
body’s iron (approximately 50 mg/kg body weight) is found in
the hemoglobin [1]. At the cellular level, iron participates in the
mitochondrial energy metabolism as an electron transporter or
enzyme catalyst, and in the nucleus as a DNA repairer [2]. For
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copper, while in considerably lower concentrations in the whole
body when compared to iron [3, 4], it is also present in the blood
in the form of ceruloplasmin enzymes, which have the ability to
oxidize Fe(II) into Fe(III). Furthermore, copper and iron have
other metabolic crossroads in the human liver and brain [5],
where both of them accumulate with aging [6–9].

However, the imbalance of iron and copper increases the toxic-
ity in the molecular environment and might cause cellular death.
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In the human body, this damage could induce liver diseases [10,
11] or neurological disorders, which some authors linked the
development of Parkinson’s disease [12–14], Alzheimer’s disease
[15–17] and Multiple Sclerosis [18, 19] with an increase of brain
iron concentration.

In vivo metal quantification in the brain cannot be performed
by an absolute method. Yet, Magnetic Resonance Imaging (MRI)
techniques such as Quantitative Susceptibility Mapping (QSM)
and R2* maps showed to be sensitive to the concentration of iron
in the brain [20–25]. QSM contrast is also age-dependent in sev-
eral gray matter regions [26, 27], while the changes of susceptibil-
ity caused by temperature variation are still under investigation
[28, 29]. Unfortunately, it is difficult to create precise methodolo-
gies to evaluate this dependence for in vivo situations. Ex vivo
studies using spectroscopic techniques might help assess the tem-
perature effects on brain paramagnetic species.

Electron Paramagnetic Resonance (EPR) is a spectroscopic tech-
nique sensitive to paramagnetic ions in biological samples, repre-
sented by the signals in its spectrum as the first derivative of the
sample’s absorbance. The basic concepts of EPR are analogous to
NMR, except that the excited spins are from unpaired electrons
instead of the atomic nuclei spin. Quantitative information can
be extracted from EPR spectra by the second integral of each para-
magnetic ion signal, where the EPR absorption is proportional to
the concentration or the magnetic susceptibility of the paramag-
netic ion. Other quantitative information about each paramag-
netic system can be obtained with dedicated simulations.

In post-mortem human brain samples, EPR is able to detect
both Fe(III) and Cu(II) paramagnetic ions contained in systems
such as ferritin and neuromelanin, both iron-based proteins [24,
30–33]. Few studies carried out EPR measurements at variable
temperature for post-mortem brain samples, but only for few
structures or subjects [32, 34, 35], leaving the magnetic behavior
of these ions undefined for other brain structures among a larger
size of subjects.

Other relevant EPR studies outside the human brain discuss
mostly qualitative results of their spectra [36–40]. The qualita-
tive discussion is, in general, limited to the presence or absence

of a specific paramagnetic ion in the medium. Quantitative data
is necessary to explore the differences in paramagnetic systems,
such as the molecular environment and ion concentration in the
whole brain.

The main objective of this study is to investigate the magnetic
behavior of paramagnetic species as a function of temperature
in post-mortem human tissue from different brain regions. In
the present study, the EPR data are analyzed to evaluate the
effects on paramagnetic sites over a specific temperature range
or across multiple brain regions and subjects. Furthermore, the
Locus coeruleus (LC) is a brain structure that has rarely been
investigated by EPR across different subjects, as previous stud-
ies tend to combine the LC tissue from multiple subjects into
a pooled sample [30, 41]. The dataset of this study comprises a
wide variety of brain structures obtained from multiple ex vivo
subjects, which are condensed into an interpretable form to facil-
itate quantitative comparisons under different conditions. This
approach provides insights into the physical and biological stabil-
ity of certain paramagnetic systems and may serve as a basis for
evaluating the impact of neurological disorders on these centers
in future studies.

2 | Methods

2.1 | Human Brain Samples

This study was approved by the local ethics committee. Sam-
ples from nine regions: Caudate nucleus (CN), Putamen (PUT),
Globus pallidus (GP), Pre-central gyrus (CPR), Hippocampus
(HIP), Entorhinal cortex (ENT), Red nucleus (RN), Locus
coeruleus (LC), and Substantia nigra (SN) (Figure 1) were
extracted from the brain of 8 male donors with ages ranging from
50 to 80 years old (68.3± 11.9 years old) without clinical diagno-
sis of any neurodegenerative disease according to a post-mortem
interview performed by trained gerontologists with a knowl-
edgeable informant. Brain tissue was fixed in a 4% buffered
paraformaldehyde within 24 h of death. After fixation, the brain
was cut in consecutive coronal slices, while the brainstem in axial
slices. To avoid metal contamination, a specific ceramic blade was
used. The extraction of the samples of brain regions of interest

FIGURE 1 | Coronal slices from brain and axial slices from the brainstem of fixed brain from a representative individual with the selected areas.
(a) Coronal brain slice with Caudate nucleus (CN), Putamen (PUT) and Globus pallidus (GP); (b) coronal brain slice with Pre-central gyrus (CPR),
Hippocampus (HIP) and Entorhinal cortex (ENT); (c) axial brainstem slices of the midbrain with the Red nucleus (RN) and Substantia nigra (SN) and
pons with the Locus coeruleus (LC).
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(Figure 1) was performed by the same experienced pathologist
in coronal slices of the brain and in axial slices of the brainstem
using a specific ceramic blade to avoid metal contamination. Each
sample area was separated into individual Eppendorf tubes for
right and left sides, with the exception of the locus coeruleus (LC).
For the LC, both hemispheres were combined because its sample
quantity was lower than 25 mg for all subjects. The brain samples
in the Eppendorfs were lyophilized, removing approximately 70%
of liquid content, and manually triturated into dry powder. No
additional chemical treatment was carried out.

2.2 | EPR Spectral Acquisition

Spectral acquisition was performed for 17 brain structures, result-
ing in 136 samples. The wet and dry mass of each sample was
measured before all acquisitions. An X-band (9 GHz) EPR spec-
trometer (JEOL) was used with the parameters listed in Table 1.
The temperature was decreased from 293 to 193 K in steps of 20 K
using liquid nitrogen. No absolute calibration of the g-values was
performed. The correction of the field for frequency differences
was not applied, since the relative variation in the microwave fre-
quency at each spectral acquisition was below 0.1%. Larger vari-
ations could lead to shifts in the magnetic field and, therefore,
would require correction.

2.3 | Spectral Simulation and Quantification

The spectral simulation was performed by the EasySpin tool-
box (version 6.0.2) in MATLAB (version R2022b) using the func-
tion pepper. A previous pipeline developed for brain EPR spec-
tra simulations [32, 42] was used and improved for this study
(Supporting Information document). All steps of pre-processing
and simulation are listed below; spectra are shown in Figure 2.
In parentheses: the time needed to obtain a result of good quality
in the simulation (typical desktop PC with 32 GB RAM and Intel
Core i7-10700F CPU).

1. Pre-processing steps included the subtraction of EPR cav-
ity signal from raw spectra (Figure 2a) and also baseline
correction (1–5 min) resulting in pre-processed raw spec-
tra (Figure 2b). The method of baseline correction uses
the 2nd integral over the full spectrum until zero slope is
reached over the resulting plateau at the high-field end of
the spectrum [42].

TABLE 1 | EPR spectra acquisition parameters for all brain samples.

EPR parameter

Power 2 mW
Frequency interval 9.150± 0.003 GHz
Modulation amplitude 1 mT
Modulation frequency 100 kHz
Acquisition time 4 min
Field sweep 50–550 mT

2. Simulation of high-spin iron (Fe(III)) signal centered at
g= 4.30 from 50 mT to 220 mT field range (3–10 min,
Figure 2c).

3. Subtraction of the Fe(III) simulated signal from raw
spectra, resulting in copper-ion + ferritin raw spectra
(Figure 2d).

4. Smoothing using Fourier transform with 2nd order fil-
tering was performed over full field range to isolate the
copper-ion (Cu(II)) signals from the ferritin (Ft) compo-
nent (approximately 1 min, Figure 2d).

5. Simulation of Cu(II) signals between g
⊥
= 2.22 and

g|| = 2.04 from 220 to 370 mT field range (less than 3 min,
Figure 2d).

6. Subtraction of the smoothed simulated Cu(II) signal from
Cu(II)+Ft raw spectra, resulting in the Ft signal centered
at g= 2.01 (Figure 2e).

7. Simulation of the Ft signal from Step 6. in the full field
range (30 or more minutes, Figure 2e).

8. All the individual simulations were added up to build the
full simulated EPR spectra (Figure 2f). Full simulated EPR
spectra are then normalized by the sample dry mass used
in the spectrometer.

9. The pre-processing and simulation steps are then repeated
for all temperatures (Figure 2g).

10. The absorption of each EPR signal is calculated as the sec-
ond integral (from here on referred to as “EPR absorption”)
along the field range at all temperatures, given that EPR
signal is the first derivative of the sample’s absorbance.

Some of the initial simulation parameters used in the EasySpin
pipeline were based on previous studies [32, 33] and are listed in
Table 2.

2.4 | Statistical Analysis

Signal-to-noise ratio (SNR) of all simulated spectra was calcu-
lated relative to the Fe(III) signal at g= 4.30 to qualitatively assess
the influence of noise in the pre-processing and simulation steps
(Section 2.3).

Linear regression was performed to obtain the slope of the EPR
absorption as a function of the inverse of the temperature. The
calculation of the slope was weighted by the mean standard devi-
ation; the mean slope of all brain structures was calculated only
for the Cu(II) signal (Table 3).

The percentage deviation of the simulated parameters from the
EPR signal of each paramagnetic ion was calculated relative to
the minimum simulated value:

𝐷(%) =
|
|𝑋 −𝑋min

|
|

𝑋min
100%, (1)

where𝑋 is the simulated value of the parameter of interest. Mean
percentage deviation was calculated across all temperatures, sub-
jects and brain regions (Figure 5).
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FIGURE 2 | Simulation steps for EPR spectra at room temperature (293 K) of one representative subject’s right putamen. First of all, the EPR raw
signal is pre-processed to (a) remove the cavity signal and to (b) correct the baseline displacement. Once the spectra are corrected, EasySpin simulation
is individually performed for the (c) Fe(III), (d) Cu(II), and (e) Ft systems. After the simulations, (f) all three components (black arrows centered at the
g-values of the signals) are combined to build the fully simulated spectrum. Lastly, (g) these steps are repeated for the other temperatures.

3 | Results

3.1 | Simulated Spectra

The acquired EPR spectra at all temperatures had SNR between
5 and 50. EPR spectra at the lower end of the SNR range were not

negatively affected by their noise during the pre-processing and
simulation steps performed for each paramagnetic ion’s signal, as
described in Section 2.3, and resulted in good simulations.

Fe(III) and Cu(II) signals were easily and quickly simulated in
all EPR spectra. On the other hand, the Ft signal proved to be the
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TABLE 2 | Initial simulation parameters used in the EasySpin pipeline.

System S g1, g2 HStrain D (MHz) Weight

Ft (1) 10 [33] 2.010 (0.05) [33] 1509.3 (1000) 155.097 (50) 0.723 (0.15)
Ft (2) 10 [33] 2.010 (0.05) [33] 3931.9 (1000) 244.698 (50) 1.860 (0.15)

System S gx, gy, gz gStrain D (GHz) E (GHz)

Fe(III) 5/2 [32] 1.818 (0.05) 0.222 (0.1) [32] 25.326 (5.0) 8.707 (0.5)
1.955 (0.05) 0.042 (0.1) [32]
2.129 (0.05) 0.388 (0.1) [32]

S g||, g
⊥

gStrain A||, A
⊥

(MHz)

Cu(II) 1/2 [32] 2.219 (0.05) 0.031 (0.02) 38.892 (5.0)
2.039 (0.05) 0.053 (0.02) 550.146 (20)

Note: Values in parenthesis represent the variation range for each parameter during the fitting of the signal. The g-value defines the combination of magnetic field and
microwave frequency of the resonance. Strain is the broadening of each g-tensor component. The g-tensor components reflect the symmetry of the signal: High-spin iron
(Fe(III)) has rhombic tensor (gx, gy, and gz components differ), the copper-ion (Cu(II)) signal has an axial symmetry (g|| and g

⊥
components) and ferritin (Ft) is considered

isotropic (single g-value), with two different components (Ft(1) and Ft(2)) and weighed by the weight parameter. D and E are the zero-field splitting constants and A is the
anisotropic hyperfine tensor. S is the spin quantum number of each system.

TABLE 3 | Slope of EPR absorption of the Cu(II) system from Figure 6 (mean slope 𝛼 = 0.20± 0.01 K−1).

Brain region CN CPR ENT GP HIP LC PUT RN SN

(1/K) 0.20 0.21 0.21 0.22 0.19 0.20 0.21 0.19 0.19

FIGURE 3 | Differences between EPR spectra of three representative subjects for left globus pallidus (GP, highlighted in yellow) at the lowest
temperature in the study (193 K). The second subject shows a strong contribution from the Fe(III) signal, while the seventh subject exhibits a larger
Ft signal and the fourth subject displays a prominent contribution from the Cu(II) signal. For all these situations, the simulation agrees well with the
measurement.

most difficult to simulate, due to its various fitting parameters,
larger field spread, and lower SNR values compared to Fe(III) and
Cu(II) systems.

From all 136 available samples, 39 could not be simulated: six
samples had abnormal signals close to the Fe(III) or Ft signals;
five samples exhibited lyophilization problems and were dis-
carded (EPR spectra were not acquired); and 28 had low dry mass
after lyophilization. Thereby, the spectral simulation was per-
formed on 97 brain samples at six temperatures (193 K). For all of
these samples, 12 spectra were not acquired at a given tempera-
ture when the EPR spectrometer demonstrated instability or any

error during the acquisition time. Overall, 570 spectra were fully
simulated (Supporting Information in Figures S4–S11).

Differences in EPR spectra were observed between the subjects,
with respect to the relative amplitude of the three simulated
signals. Figure 3 shows EPR spectra for the same brain region
and temperature of three different subjects in this study. In each
case, the Fe(III), Ft, and Cu(II) signals had the highest ampli-
tude along the field sweep compared to the two other contribu-
tions, respectively. These differences were also observed in dif-
ferent brain regions between the subjects and throughout the
temperatures.
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3.2 | Simulated Parameters

After simulation of all EPR spectra, the simulated values of
all parameters corresponding to each paramagnetic ion were
obtained. The parameters that produced the most significant
visual differences in the spectra were the g-values across all three
systems.

Figure 4 illustrates a practical example of these differences in the
simulated EPR spectra from both sides of globus pallidus (GP) in
room temperature (293 K) of a single subject. The peak-to-peak
linewidth of right GP (Figure 4) was the result of a simulation
with percentage variation of approximately 4% from the gz input
value (Table 2). In comparison to the left GP simulated spectrum
(Figure 4), the percentage variations were less than 1% for gz.
Small percentage variations in the g-components of each system
can cause considerable spectral visual changes.

The heatmaps presented in Figure 5 exhibit the mean percentage
deviation of a single simulated g-component of Fe(III), Cu(II),
and Ft signals across all the temperatures, subjects, and brain
regions. The bilateral LC was not represented in all three middle
heatmaps because there were only two samples of this brain
structure. These heatmaps show that the Fe(III) and Cu(II)
ions remained considerably stable across these three variables
(Figure 5a,b), with mean percentage variations of g-value below
10% along the temperatures and not greater than 5% across
subjects and brain regions. The left heatmap of the Fe(III) signal
(Figure 5a) reveals two subjects with the highest variations in the
mean g-value of the GP structure; the same region is exemplified
in Figure 4.

In relation to g-components of the Ft signal (Figure 5c), the
deviation values were significantly higher in percentage in

FIGURE 4 | Simulated Fe(III) signal for right and left globus pal-
lidus (GP) of the 7th subject. Green equation shows the applied magnetic
field (𝐵) in the zero-crossing signal, where ℎ is Planck constant, 𝜈 is
the microwave frequency, 𝜇

𝐵
is the Bohr magneton and 𝑔 is the g-value.

Microwave frequencies are 9.148 GHz for the right GP and 9.149 GHz for
the left GP. Note that dashed black lines show the peak-to-peak separation
of both signals, visualizing the difference in the peak-to-peak linewidth of
these two samples, where the lineshape can vary depending on the simu-
lated g-values or strain, for instance.

comparison to both Fe(III) and Cu(II) signals. The 7th subject,
for example, showed variations up to 20% in most of the brain
regions across all temperatures in the left heatmap (Figure 5c),
and also across the structures in the right heatmap (Figure 5c).
High percentage variations were also observed for the other sim-
ulated parameters of Ft, and are exposed in the Supporting Infor-
mation (Figure S3). These variations in the g-component of the
Ft signal also produced visual changes in its spectra for sev-
eral brain regions of different subjects (Supporting Information
in Figures S4–S11), analogous to the Fe(III) signal shown in
Figure 4.

The acquired spectra of the simulated samples presented in
Figure 4 were acquired at slightly different microwave frequen-
cies (see caption of Figure 4). These differences in frequencies are
not sufficiently large to explain the shift in line position, that is,
g-value.

3.3 | Temperature Dependence
of Paramagnetic Ions

The EPR absorptions calculated by the second integral were
obtained for all temperatures in the range of 193 K for the Fe(III),
Cu(II), and Ft signals from all simulated spectra. In general,
the EPR absorptions increased as the temperature was lowered.
These values were normalized to the maximum amplitude of the
signal for each subject and represented as a function of the inverse
of temperature in the same range, as shown in Figure 6. The nor-
malized EPR absorption plotted as a function of the inverse of
temperature is referred to as the Curie-plot in the following.

Since the Cu(II) signal displayed a linear behavior of EPR absorp-
tion with the inverse of temperature, the slope of the curve of this
paramagnetic ion was obtained for each brain structure (Table 3).

The mean and standard deviation values across all subjects of
the Fe(III), Cu(II), and Ft absorptions from all brain regions at
all temperatures are shown in Figure 7. The right and left sides
of the SN and GP had the highest values in the Fe(III) signal
(Figure 7). For the Cu(II) signal, the LC and both sides of the
SN had the highest mean EPR absorptions, while the GP, LC,
RN, and SN demonstrated the highest EPR absorptions in the
Ft signal (Figure 7). We observed significant mean deviations
from some brain regions, such as the GP for the Fe(III) signals,
SN for the Cu(II) signal, and the RN and SN for the Ft signal
(Figure 7). These large standard deviation intervals occurred due
to one representative subject that exhibited high EPR absorptions
for all paramagnetic ions in these regions. The standard devia-
tion intervals of the bilateral LC were not represented in Figure 7
because, in the present study, there were only two samples of this
structure.

4 | Discussion

This study aimed to investigate the temperature-dependent prop-
erties of paramagnetic species in human brain tissue using EPR
measurements at variable temperatures. The magnetic behavior
of nine gray matter structures in the ex vivo human brain was
assessed.
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FIGURE 5 | Mean percentage deviation of simulated g-components: (a) gz-component of Fe(III) signal, (b) g||-component of Cu(II) signal and
(c) g2-component of Ft signal. The percentage deviations were calculated relative to the minimum simulated value of each parameter, as shown
by Equation 1 (Section 2.4). Mean values were calculated across all temperatures, subjects and brain regions, respectively for left, middle and right
heatmaps. The Y-axis of left and middle heatmaps represents the right (R) and left (L) sides of all brain structures. The empty data (NaN) are due to
missing brain samples for each subject in the present study.

In contrast to elemental analysis techniques such as Induc-
tively Coupled Plasma Mass Spectrometry (ICP-MS), the EPR
method allows for the identification of specific paramagnetic
species. For example, in the case of iron, EPR can distinguish
between isolated Fe(III) ions and ferritin-bound iron. This advan-
tage, however, comes with two notable limitations. First, dia-
magnetic or EPR-silent species, such as Fe(II), are not detected.
Second, the magnitude of the EPR absorption signal cannot be

directly converted into absolute concentrations of these species
(Figures 6 and 7); only relative amounts can be determined. Con-
sequently, a complete characterization of brain samples would
benefit from the inclusion of complementary analytical methods,
such as ICP-MS. Previous studies have combined EPR data from
post-mortem brain tissue with element concentrations obtained
by ICP-MS [24] and have correlated both measurements with
quantitative MRI data [24, 25].
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FIGURE 6 | Normalized EPR absorption as a function of the inverse of temperature for several brain regions. Red, blue and black dots represent
high-spin iron (Fe(III)), copper-ion (Cu(II)) and ferritin (Ft) signals, respectively. Each line is one ex vivo subject. Abbreviations are CN, Caudate nucleus;
CPR, Pre-central gyrus; ENT, Entorhinal cortex; GP, Globus pallidus; HIP, Hippocampus; LC, Locus coeruleus; PUT, Putamen; RN, Red nucleus, and
SN, Substantia nigra.

The percentage variation of all brain EPR spectral parameters
with temperature is poorly explored in literature. In the present
study, the percentage variations in the simulated parameters,
as explained in Figure 5 and in the Supporting Information
(Figures S1–S3), did not compromise the quality of each simu-
lation, nor negatively affect the EPR absorption calculation from
the Fe(III), Cu(II), and Ft contributions.

In the present study, we develop a new approach to present EPR
results of a large number of samples in a compact form that
is designed to give a quick overview of overall spectral proper-
ties. It also enables tracing differences in EPR parameters in a
large number of brain regions and subjects. The heatmaps shown
in Figure 5, and the temperature dependence plot in Figure 7,
are illustrations of this. Our approach consists of two steps: (i)

streamlining simulations of several paramagnetic centers in brain
material following [32, 33, 36, 42] and (ii) representing the results
as the variations in representative parameters. The resulting rep-
resentations, for example, Figure 5, can condense a large amount
of data to discover patterns that otherwise would go unnoticed.
This made it possible to analyze and represent 570 simulated
spectra in the present study. These heatmaps (Figure 5) contain
information about the stability of the paramagnetic ion signal
along all the simulations and across the temperature range.

The GP spectra shown in Figure 4 correspond to the
gz-component mean-percentage variation found for a single
subject in the left heatmap (Figure 5a). While these left heatmaps
of g-components represent the physical behavior of the Fe(III),
Cu(II), and Ft signals, once the mean values were calculated
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FIGURE 7 | Mean EPR absorption of (a) Fe(III), (b) Cu(II) and (c) Ft sites from left and right sides of all brain structures, including the bilateral
LC. The EPR absorption values are divided by 104. The error bars represent the standard deviation interval from each calculated mean EPR absorption
at each temperature. Lower temperatures are represented by lighter colors at each graph, as shown by their own legend.

across all temperatures, the middle and right heatmaps show
the biological differences between different brain structures and
subjects in all three paramagnetic ions.

These results (Figure 5) explain that Fe(III) and Cu(II) ions are
physically stable at the temperatures studied, and biologically sta-
ble for different subjects and brain regions, while Ft does not
present such stability. The lack of stability of this protein may
suggest that there is a variety of Ft in different biological systems.
However, it may also indicate that the proposed model for the
Ft signal simulation is not sufficiently accurate. Recent studies
addressed some difficulties that arise during the pre-processing
and simulation of this signal, while proposing some ways to

reduce possible distortions in the Ft spectra [33, 42]. However,
since these approaches were applied in the present study, it is
unlikely that such distortions significantly affected the results.

The magnetic behavior of Fe(III), Cu(II), and Ft for each brain
structure as a function of the inverse of temperature is seen in
Figure 6. In the temperature range from 193 K to 293 K used in
this study, Cu(II) (blue lines) exhibited a linear paramagnetic
behavior for all structures, while Fe(III) and Ft (in red and black
lines, respectively) did not show such linearity. The linear behav-
ior of Cu(II) in this temperature range can be explained by Curie’s
classical law of magnetic susceptibility, given by𝜒 =C/T, where C
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is a constant and T is the temperature. The non-linearity observed
in the EPR absorptions from both Fe(III) and Ft signals with 1/T
suggests that these ions have additional contributions to their sus-
ceptibility in addition to the classical Curie paramagnetism [32,
43, 44].

Furthermore, the EPR absorption behavior of both Fe(III) and
Ft with the inverse of temperature was heterogeneous across dif-
ferent brain structures. Also, the dispersion of the slopes of all
Fe(III) and Ft curves (Figure 6) reflects the heterogeneity in the
magnetism of these species between the subjects.

Studies analyzing the Curie-plots for different brain structures
are rare in the literature, but our results are consistent with the
findings of Otsuka et al. [32]. In that study, the temperature range
was considerably broader (from 5 to 300 K) and included only
samples from the GP, SN, and LC of a single ex vivo subject. In our
study, GP, SN, and LC also did not show a linear dependence of
the EPR absorption with the inverse of temperature for the Fe(III)
and Ft signals, as reported by Otsuka et al. [32].

In the temperature range from 193 to 293 K, same as used in the
present study, Otsuka et al. observed that the EPR absorptions of
Cu(II) from GP, SN and LC structures reached a reduced slope
in comparison with the remainder of the temperature range [32].
The slope found in the present study (Table 3) for Cu(II) is similar
to what was found by Otsuka et al. [32]. Yet, our mean slope of
𝛼 = 0.20± 0.01 K−1 (Table 3) shows that all brain structures have
the same linear behavior of Cu(II)’s EPR absorption as function
of 1/T in the range from 193 K to 293 K, as the standard deviation
represented only 4.9% of the absolute mean value.

Additionally, in Otsuka et al. the EPR absorptions of GP, SN and
LC structures were fitted using the Curie–Weiss equation for
Fe(III) and Cu(II) signals and a combination of Curie–Weiss and
exponential Van-Vleck equations for the Ft signal [32]. Unlike the
classical Curie law equation, the Curie–Weiss formula depends
on the Curie temperature (𝑇

𝐶
), a point above which a ferro-

magnetic material loses its magnetic properties [44], while the
Van-Vleck formula consists of a sum of multiple exponentials,
with their exponents proportional to 1/T [32, 43]. In addition to
the linear regression performed for the Cu(II) signal to evaluate
the classical Curie paramagnetism, none of these other equations
were fitted to the absorption curves of Fe(III) or Ft in the present
study, as this approach would not be meaningful given the tem-
perature range used.

Especially for Ft in the human brain, the behavior of its EPR
absorption over a broader temperature range from 5 to 300 K
appears similar across these three brain structures, but exhibits
different profiles depending on the temperature regime. Over-
all, from room temperature to 150 K, paramagnetic behavior was
observed [32], as in the present study. Upon further lowering
the temperature, the EPR absorption reached a plateau and then
decreased with decreasing temperature [32].

This type of behavior is expected for Ft. Bossoni et al., who con-
ducted similar EPR analyses of Ft isolated from human liver in
a temperature range from 5 to 210 K [33], and found the same
type of curve as Otsuka et al. observed for brain samples [32]. The
maximum EPR absorption of liver Ft was approximately at 120 K,

which is referred to as “blocking temperature”, below which
antiferromagnetic behavior, that is, decreasing signal intensity
with decreasing temperature, is observed [33]. Unfortunately,
the present study is limited by a restricted temperature range
from 193 to 293 K. This prevented us from reaching temperatures
below 150 K to detect the blocking temperature of Ft in all brain
structures. Further EPR studies using wider temperature ranges
will be able to determine the blocking temperatures in several
post-mortem brain regions and between ex vivo subjects.

Furthermore, another biomolecule capable of storing Fe(III) ions
is neuromelanin (NM) [45, 46]. NM is an iron-based compound
found throughout the human brain [41], but mainly concentrated
in SN and LC dopaminergic neurons. In EPR spectra, NM organic
radicals can be detected in brain samples with a specific chemical
treatment at low temperatures. This chemical treatment was first
carried out by Zecca et al. and repeated in several studies with the
goal of characterizing NM in brain samples [30, 35, 47, 48].

Aime et al. and Lopiano et al. conducted studies with Q-band
(35 GHz) and X-band (9 GHz) EPR of NM samples extracted from
control and Parkinson’s disease subjects [34, 35] at temperatures
from 4 K to room temperature. For the 9 GHz EPR, Aime et al. and
Lopiano et al. detected a signal of the NM organic radical around
330 mT at g= 2.0 [34, 35]. This signal has also been detected at
the same position in other studies using similar methodologies
[30, 41]. Aime et al. and Lopiano et al. [34, 35] also show that this
radical species is difficult to detect in the presence of the param-
agnetic metal ions naturally occurring in the SN and LC regions.
They show that a chemical treatment to remove such param-
agnetic metal ions enhances the radical signal. Therefore, it is
expected that the contribution of this signal is weak, as observed
in the spectra shown here.

In addition, the strong contribution from Cu(II) and Ft com-
ponents partly masks the radical signal. Other factors are the
measurement conditions, such as the large modulation ampli-
tude and relatively high microwave power. Future studies assess-
ing the NM organic radicals in EPR spectra of brain samples
should be performed with experimental parameters adapted to
the organic radicals to elucidate the magnetic behavior of this sig-
nal as a function of temperature.

The EPR absorption of each paramagnetic ion for all brain regions
is shown in Figure 7. The LC was the brain structure with the
highest mean value of the Cu(II) signal (Figure 7). This result is
consistent with what is reported in the literature, as the LC is a
copper-rich human brain region [41, 49, 50]. For Fe(III), both the
right and left sides of GP and SN exhibited the highest mean val-
ues (Figure 7). Some studies that evaluated the iron accumulation
in the post-mortem human brain also found high concentrations
of this metal in these regions [9, 41, 51, 52], corroborating the
results.

In contrast, the Ft signal showed large fluctuations in both mean
and standard deviation values between different brain regions
(Figure 7). These standard deviation values indicate that the Ft
concentration is highly heterogeneous between the subjects of
the present study in specific brain regions, such as the left and
right sides of RN and SN (Figure 7). It should be pointed out that
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some of these fluctuations arise from the low SNR of the Ft spec-
tra from several structures, which increases the variability in both
mean and standard deviation values. Otsuka et al. carried out
EPR measurements to quantify Ft in several brain regions and
found large differences in the Ft from different subjects [24]. In
that study, both sides of GP, RN, and SN had the highest mean
values of EPR absorption [24], as found for the same regions in
Figure 7. However, Otsuka et al. did not find high mean values
of EPR absorption for the Ft in the bilateral LC [24], whereas
the present study (Figure 7) shows the opposite. This difference
might be due to the number of subjects, as the present study had
only two LC samples, while Otsuka et al. had 13 samples for this
same structure [24].

The present findings demonstrate the potential of EPR mea-
surements to expand the quantitative analysis of changes in
paramagnetic centers across multiple post-mortem brain struc-
tures. Although the structural and biological implications of the
observed temperature dependence remain to be clarified, the
results provide a valuable basis for future investigations aiming
to relate such effects to pathological factors. In this context, sub-
sequent studies may explore the association of EPR results to spe-
cific pathological aspects of neurodegenerative diseases. Estab-
lishing the behavior of these paramagnetic centers for different
subjects with no previous diagnosis in life of neurodegenerative
disease is an essential first step, ensuring a reliable reference for
later interpretation of the pathological effects in future studies.

5 | Conclusions

The magnetic behavior and ion concentration of different para-
magnetic species in the ex vivo human brain is heterogeneous
between different brain structures and subjects. The EPR absorp-
tion of Cu(II) is linear as a function of the inverse of temperature,
suggesting a Curie paramagnetic behavior, while both Fe(III) and
ferritin’s EPR absorptions do not follow a linear pattern, indicat-
ing additional contributions to the susceptibility apart from the
Curie paramagnetism. The approach provides a method to visu-
alize and compare EPR parameters across multiple brain regions
and subjects, enabling the tracking of the changes observed here
in larger statistical groups.

Acknowledgments

This work had financial support from São Paulo Research Foundation
(FAPESP, project: 2023/04823-3, A.A. scholarship), Brazilian National
Council for Scientific and Technological Development (CNPq, project:
403948/2022-3, A.A. scholarship, project: 310618/2021-5, C.E.G.S. fel-
lowship), and Coordenação de Aperfeiçoamento de Pessoal de Nível
Superior—Brasil (CAPES, A.A. scholarship, J.H.M.A. scholarship). The
authors thank all the professionals from the Clinics Hospital of the Fac-
ulty of Medicine of the University of São Paulo (HCFMUSP) for the
extracted brain samples used in this study, as well as for the support
of the National Institute on Aging of the National Institutes of Health
under award number R01AG070826. The Article Processing Charge for
the publication of this research was funded by the Coordenação de
Aperfeiçoamento de Pessoal de Nível Superior - Brasil (CAPES) (ROR
identifier: 00x0ma614).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. P. Sharp, “The Molecular Basis of Copper and Iron Interactions,” Pro-
ceedings of the Nutrition Society 63, no. 4 (2004): 563–569, https://doi.org/
10.1079/PNS2004386.

2. S. Levi and E. Rovida, “The Role of Iron in Mitochondrial Function,”
Biochimica et Biophysica Acta (BBA) - General Subjects 1790, no. 7 (2009):
629–636, https://doi.org/10.1016/j.bbagen.2008.09.008.

3. W. W. Harrison, M. G. Netsky, and M. D. Brown, “Trace Elements in
Human Brain: Copper, Zinc, Iron, and Magnesium,” Clinica Chimica Acta
21, no. 1 (1968): 55–60, https://doi.org/10.1016/0009-8981(68)90010-7.

4. D. T. Dexter, F. R. Wells, A. J. Lee, et al., “Increased Nigral Iron Con-
tent and Alterations in Other Metal Ions Occurring in Brain in Parkin-
son’s Disease,” Journal of Neurochemistry 52, no. 6 (1989): 1830–1836,
https://doi.org/10.1111/j.1471-4159.1989.tb07264.x.

5. J. F. Collins, J. R. Prohaska, and M. D. Knutson, “Metabolic Cross-
roads of Iron and Copper,” Nutrition Reviews 68, no. 3 (2010): 133–147,
https://doi.org/10.1111/j.1753-4887.2010.00271.x.

6. B. Hallgren and P. Sourander, “The Effect of Age on the Non-Haemin
Iron in the Human Brain,” Journal of Neurochemistry 3, no. 1 (1958):
41–51, https://doi.org/10.1111/j.1471-4159.1958.tb12607.x.

7. G. J. Brewer, “Risks of Copper and Iron Toxicity During Aging in
Humans,” Chemical Research in Toxicology 23, no. 2 (2010): 319–326,
https://doi.org/10.1021/tx900338d.

8. D. Fanni, V. Fanos, C. Gerosa, et al., “Effects of Iron and Copper Over-
load on the Human Liver: An Ultrastructural Study,” Current Medic-
inal Chemistry 21, no. 33 (2014): 3768–3774, https://doi.org/10.2174/
0929867321666140601163244.

9. P. Ramos, A. Santos, N. R. Pinto, R. Mendes, T. Magalhães, and
A. Almeida, “Iron Levels in the Human Brain: A Post-Mortem Study
of Anatomical Region Differences and Age-Related Changes,” Journal
of Trace Elements in Medicine and Biology 28, no. 1 (2014): 13–17,
https://doi.org/10.1016/j.jtemb.2013.08.001.

10. D. M. Danks, “Copper and Liver Disease,” European Journal of Pedi-
atrics 150 (1991): 142–148, https://doi.org/10.1007/BF01963553.

11. Y. Kohgo, K. Ikuta, T. Ohtake, Y. Torimoto, and J. Kato, “Body
Iron Metabolism and Pathophysiology of Iron Overload,” Interna-
tional Journal of Hematology 88 (2008): 7–15, https://doi.org/10.1007/
s12185-008-0120-5.

12. J. Lan and D. H. Jiang, “Excessive Iron Accumulation in the Brain:
A Possible Potential Risk of Neurodegeneration in Parkinson’s Disease,”
Journal of Neural Transmission 104 (1997): 649–660, https://doi.org/10.
1007/BF01291883.

13. H. Mochizuki and T. Yasuda, “Iron Accumulation in Parkinson’s Dis-
ease,” Journal of Neural Transmission 119 (2012): 1511–1514, https://doi.
org/10.1007/s00702-012-0905-9.

14. L. H. You, F. Li, L. Wang, et al., “Brain Iron Accumulation Exacerbates
the Pathogenesis of MPTP-Induced Parkinson’s Disease,” Neuroscience
284 (2015): 234–246, https://doi.org/10.1016/j.neuroscience.2014.09.071.

15. L. Silvestri and C. Camaschella, “A Potential Pathogenetic Role of
Iron in Alzheimer’s Disease,” Journal of Cellular and Molecular Medicine
12, no. 5a (2008): 1548–1550, https://doi.org/10.1111/j.1582-4934.2008.
00356.x.

Magnetic Resonance in Medicine, 2026 3041

https://doi.org/10.1079/PNS2004386
https://doi.org/10.1079/PNS2004386
https://doi.org/10.1079/PNS2004386
https://doi.org/10.1016/j.bbagen.2008.09.008
https://doi.org/10.1016/j.bbagen.2008.09.008
https://doi.org/10.1016/0009-8981(68)90010-7
https://doi.org/10.1016/0009-8981(68)90010-7
https://doi.org/10.1111/j.1471-4159.1989.tb07264.x
https://doi.org/10.1111/j.1471-4159.1989.tb07264.x
https://doi.org/10.1111/j.1753-4887.2010.00271.x
https://doi.org/10.1111/j.1753-4887.2010.00271.x
https://doi.org/10.1111/j.1471-4159.1958.tb12607.x
https://doi.org/10.1111/j.1471-4159.1958.tb12607.x
https://doi.org/10.1021/tx900338d
https://doi.org/10.1021/tx900338d
https://doi.org/10.2174/0929867321666140601163244
https://doi.org/10.2174/0929867321666140601163244
https://doi.org/10.2174/0929867321666140601163244
https://doi.org/10.1016/j.jtemb.2013.08.001
https://doi.org/10.1016/j.jtemb.2013.08.001
https://doi.org/10.1007/BF01963553
https://doi.org/10.1007/BF01963553
https://doi.org/10.1007/s12185-008-0120-5
https://doi.org/10.1007/s12185-008-0120-5
https://doi.org/10.1007/s12185-008-0120-5
https://doi.org/10.1007/BF01291883
https://doi.org/10.1007/BF01291883
https://doi.org/10.1007/BF01291883
https://doi.org/10.1007/s00702-012-0905-9
https://doi.org/10.1007/s00702-012-0905-9
https://doi.org/10.1007/s00702-012-0905-9
https://doi.org/10.1016/j.neuroscience.2014.09.071
https://doi.org/10.1016/j.neuroscience.2014.09.071
https://doi.org/10.1111/j.1582-4934.2008.00356.x
https://doi.org/10.1111/j.1582-4934.2008.00356.x
https://doi.org/10.1111/j.1582-4934.2008.00356.x


16. S. Brar, D. Henderson, J. Schenck, and E. A. Zimmerman, “Iron Accu-
mulation in the Substantia Nigra of Patients With Alzheimer Disease
and Parkinsonism,” Archives of Neurology 66, no. 3 (2009): 371–374,
https://doi.org/10.1001/archneurol.2008.586.

17. J. L. Liu, Y. G. Fan, Z. S. Yang, Z. Y. Wang, and C. Guo, “Iron and
Alzheimer’s Disease: From Pathogenesis to Therapeutic Implications,”
Frontiers in Neuroscience 12 (2018): 632, https://doi.org/10.3389/fnins.
2018.00632.

18. R. Williams, C. L. Buchheit, N. E. Berman, and S. M. LeVine,
“Pathogenic Implications of Iron Accumulation in Multiple Sclerosis,”
Journal of Neurochemistry 120, no. 1 (2012): 7–25, https://doi.org/10.
1111/j.1471-4159.2011.07536.x.

19. S. M. LeVine, M. Bilgen, and S. G. Lynch, “Iron Accumulation in Mul-
tiple Sclerosis: An Early Pathogenic Event,” Expert Review of Neurothera-
peutics 13, no. 3 (2013): 247–250, https://doi.org/10.1586/ern.13.14.

20. B. Bilgic, A. Pfefferbaum, T. Rohlfing, E. V. Sullivan, and
E. Adalsteinsson, “MRI Estimates of Brain Iron Concentration in
Normal Aging Using Quantitative Susceptibility Mapping,” NeuroImage
59, no. 3 (2012): 2625–2635, https://doi.org/10.1016/j.neuroimage.2011.
08.077.

21. J. H. O. Barbosa, A. C. Santos, V. Tumas, et al., “Quantifying Brain
Iron Deposition in Patients With Parkinson’s Disease Using Quantitative
Susceptibility Mapping, R2 and R2*,” Magnetic Resonance Imaging 33, no.
5 (2015): 559–565, https://doi.org/10.1016/j.mri.2015.02.021.

22. C. Liu, H. Wei, N. J. Gong, M. Cronin, R. Dibb, and K. Decker, “Quanti-
tative Susceptibility Mapping: Contrast Mechanisms and Clinical Appli-
cations,” Tomography 1, no. 1 (2015): 3, https://doi.org/10.18383/j.tom.
2015.00136.

23. S. Ropele and C. Langkammer, “Iron Quantification With Susceptibil-
ity,” NMR in Biomedicine 30, no. 4 (2017): e3534, https://doi.org/10.1002/
nbm.3534.

24. F. S. Otsuka, “Quantification of Paramagnetic Ions in Human Brain
Tissue: Correlation to Quantitative Magnetic Resonance Imaging (Tese de
Doutorado),” Universidade de São Paulo, Ribeirão Preto 1 (2023): 1–138,
https://doi.org/10.11606/T.59.2023.tde-10112023-150646.

25. F. S. Otsuka, M. C. G. Otaduy, R. D. Rodriguez, C. Langkammer,
J. H. O. Barbosa, and C. E. G. Salmon, “Biophysical Contrast Sources
for Magnetic Susceptibility and R2* Mapping: A Combined 7 Tesla, Mass
Spectrometry and Electron Paramagnetic Resonance Study,” NeuroImage
302 (2024): 120892, https://doi.org/10.1016/j.neuroimage.2024.120892.

26. G. Li, R. Tong, M. Zhang, et al., “Age-Dependent Changes in Brain
Iron Deposition and Volume in Deep Gray Matter Nuclei Using Quantita-
tive Susceptibility Mapping,” NeuroImage 269 (2023): 119923, https://doi.
org/10.1016/j.neuroimage.2023.119923.

27. D. J. Madden and J. L. Merenstein, “Quantitative Susceptibility Map-
ping of Brain Iron in Healthy Aging and Cognition,” NeuroImage 282
(2023): 120401, https://doi.org/10.1016/j.neuroimage.2023.120401.

28. H. Kan, Y. Uchida, N. Arai, et al., “Decreasing Iron Susceptibility With
Temperature in Quantitative Susceptibility Mapping: A Phantom Study,”
Magnetic Resonance Imaging 73 (2020): 55–61, https://doi.org/10.1016/j.
mri.2020.08.012.

29. J. Chen, N. J. Gong, K. T. Chaim, M. C. G. Otaduy, and C. Liu,
“Decompose Quantitative Susceptibility Mapping (QSM) to Sub-Voxel
Diamagnetic and Paramagnetic Components Based on Gradient-Echo
MRI Data,” NeuroImage 242 (2021): 118477, https://doi.org/10.1016/j.
neuroimage.2021.118477.

30. D. Sulzer, C. Cassidy, G. Horga, et al., “Neuromelanin Detection by
Magnetic Resonance Imaging (MRI) and Its Promise as a Biomarker
for Parkinson’s Disease,” Npj Parkinson’s Disease 4, no. 1 (2018): 11,
https://doi.org/10.1038/s41531-018-0047-3.

31. L. H. Vroegindeweij, L. Bossoni, A. J. Boon, et al., “Quantifi-
cation of Different Iron Forms in the Aceruloplasminemia Brain

to Explore Iron-Related Neurodegeneration,” NeuroImage: Clinical 30
(2021): 102657, https://doi.org/10.1016/j.nicl.2021.102657.

32. F. S. Otsuka, M. C. G. Otaduy, O. R. Nascimento, and C. E. G. Salmon,
“Quantification of Paramagnetic Ions in Human Brain Tissue Using
EPR,” Brazilian Journal of Physics 52, no. 3 (2022): 94, https://doi.org/
10.1007/s13538-022-01098-4.

33. L. Bossoni, J. A. Labra-Muñoz, H. S. van der Zant, et al., “In-Depth
Magnetometry and EPR Analysis of the Spin Structure of Human-Liver
Ferritin: From DC to 9 GHz,” Physical Chemistry Chemical Physics 25, no.
40 (2023): 27694–27717, https://doi.org/10.1039/D3CP01358H.

34. S. Aime, B. Bergamasco, D. Biglino, et al., “EPR Investigations of the
Iron Domain in Neuromelanin,” Biochimica et Biophysica Acta (BBA) -
Molecular Basis of Disease 1361, no. 1 (1997): 49–58, https://doi.org/10.
1016/S0925-4439(97)00014-8.

35. L. Lopiano, M. Chiesa, G. Digilio, et al., “Q-Band EPR Investigations of
Neuromelanin in Control and Parkinson’s Disease Patients,” Biochimica
et Biophysica Acta (BBA) - Molecular Basis of Disease 1500, no. 3 (2000):
306–312, https://doi.org/10.1016/S0925-4439(99)00116-7.

36. B. G. Malmström and T. Vänngård, “Electron Spin Resonance of Cop-
per Proteins and Some Model Complexes,” Journal of Molecular Biology 2,
no. 2 (1960): 118–124, https://doi.org/10.1016/S0022-2836(60)80034-4.

37. J. F. Boas and G. J. Troup, “Electron Spin Resonance and Möss-
bauer Effect Studies of Ferritin,” Biochimica et Biophysica Acta
(BBA)-Protein Structure 229, no. 1 (1971): 68–74, https://doi.org/10.
1016/0005-2795(71)90319-9.

38. M. P. Weir, T. J. Peters, and J. F. Gibson, “Electron Spin Resonance
Studies of Splenic Ferritin and Haemosiderin,” Biochimica et Biophys-
ica Acta (BBA)—Protein Structure and Molecular Enzymology 828, no. 3
(1985): 298–305, https://doi.org/10.1016/0167-4838(85)90311-5.

39. R. Cammack and C. E. Cooper, “Electron Paramagnetic Reso-
nance Spectroscopy of Iron Complexes and Iron-Containing Proteins,”
Methods in Enzymology 227 (1993): 353–384, https://doi.org/10.1016/
0076-6879(93)27014-8.

40. T. Kubiak, R. Krzyminiewski, and B. Dobosz, “EPR Study of Param-
agnetic Centers in Human Blood,” Current Topics in Biophysics 36, no. 1
(2013): 7–13, https://doi.org/10.2478/ctb-2013-0006.

41. L. Zecca, T. Shima, A. Stroppolo, et al., “Interaction of Neu-
romelanin and Iron in Substantia Nigra and Other Areas of Human
Brain,” Neuroscience 73, no. 2 (1996): 407–415, https://doi.org/10.1016/
0306-4522(96)00047-4.

42. F. S. Otsuka, M. C. García Otaduy, O. R. Nascimento, C. E. Garrido
Salmon, and M. Huber, “Challenges of Continuous Wave EPR of Broad
Signals—The Ferritin Case,” Applied Magnetic Resonance 55 (2024):
1–16, https://doi.org/10.1007/s00723-024-01719-y.

43. C. J. O’Connor, “Magnetochemistry—Advances in Theory and
Experimentation,” Progress in Inorganic Chemistry 29 (1982): 203–283,
https://doi.org/10.1002/9780470166307.ch4.

44. S. Mugiraneza and A. M. Hallas, “Tutorial: A Beginner’s Guide to
Interpreting Magnetic Susceptibility Data With the Curie-Weiss Law,”
Communications Physics 5, no. 1 (2022): 95, https://doi.org/10.1038/
s42005-022-00853-y.

45. L. Zecca, F. A. Zucca, H. Wilms, and D. Sulzer, “Neuromelanin of
the Substantia Nigra: A Neuronal Black Hole With Protective and Toxic
Characteristics,” Trends in Neurosciences 26, no. 11 (2003): 578–580,
https://doi.org/10.1016/j.tins.2003.08.009.

46. E. Ferrari, A. Capucciati, I. Prada, et al., “Synthesis, Structure Charac-
terization, and Evaluation in Microglia Cultures of Neuromelanin Ana-
logues Suitable for Modeling Parkinson’s Disease,” ACS Chemical Neuro-
science 8, no. 3 (2017): 501–512, https://doi.org/10.1021/acschemneuro.
6b00231.

3042 Magnetic Resonance in Medicine, 2026

https://doi.org/10.1001/archneurol.2008.586
https://doi.org/10.1001/archneurol.2008.586
https://doi.org/10.3389/fnins.2018.00632
https://doi.org/10.3389/fnins.2018.00632
https://doi.org/10.3389/fnins.2018.00632
https://doi.org/10.1111/j.1471-4159.2011.07536.x
https://doi.org/10.1111/j.1471-4159.2011.07536.x
https://doi.org/10.1111/j.1471-4159.2011.07536.x
https://doi.org/10.1586/ern.13.14
https://doi.org/10.1586/ern.13.14
https://doi.org/10.1016/j.neuroimage.2011.08.077
https://doi.org/10.1016/j.neuroimage.2011.08.077
https://doi.org/10.1016/j.neuroimage.2011.08.077
https://doi.org/10.1016/j.mri.2015.02.021
https://doi.org/10.1016/j.mri.2015.02.021
https://doi.org/10.18383/j.tom.2015.00136
https://doi.org/10.18383/j.tom.2015.00136
https://doi.org/10.18383/j.tom.2015.00136
https://doi.org/10.1002/nbm.3534
https://doi.org/10.1002/nbm.3534
https://doi.org/10.1002/nbm.3534
https://doi.org/10.11606/T.59.2023.tde-10112023-150646
https://doi.org/10.11606/T.59.2023.tde-10112023-150646
https://doi.org/10.1016/j.neuroimage.2024.120892
https://doi.org/10.1016/j.neuroimage.2024.120892
https://doi.org/10.1016/j.neuroimage.2023.119923
https://doi.org/10.1016/j.neuroimage.2023.119923
https://doi.org/10.1016/j.neuroimage.2023.119923
https://doi.org/10.1016/j.neuroimage.2023.120401
https://doi.org/10.1016/j.neuroimage.2023.120401
https://doi.org/10.1016/j.mri.2020.08.012
https://doi.org/10.1016/j.mri.2020.08.012
https://doi.org/10.1016/j.mri.2020.08.012
https://doi.org/10.1016/j.neuroimage.2021.118477
https://doi.org/10.1016/j.neuroimage.2021.118477
https://doi.org/10.1016/j.neuroimage.2021.118477
https://doi.org/10.1038/s41531-018-0047-3
https://doi.org/10.1038/s41531-018-0047-3
https://doi.org/10.1016/j.nicl.2021.102657
https://doi.org/10.1016/j.nicl.2021.102657
https://doi.org/10.1007/s13538-022-01098-4
https://doi.org/10.1007/s13538-022-01098-4
https://doi.org/10.1007/s13538-022-01098-4
https://doi.org/10.1039/D3CP01358H
https://doi.org/10.1039/D3CP01358H
https://doi.org/10.1016/S0925-4439(97)00014-8
https://doi.org/10.1016/S0925-4439(97)00014-8
https://doi.org/10.1016/S0925-4439(97)00014-8
https://doi.org/10.1016/S0925-4439(99)00116-7
https://doi.org/10.1016/S0925-4439(99)00116-7
https://doi.org/10.1016/S0022-2836(60)80034-4
https://doi.org/10.1016/S0022-2836(60)80034-4
https://doi.org/10.1016/0005-2795(71)90319-9
https://doi.org/10.1016/0005-2795(71)90319-9
https://doi.org/10.1016/0005-2795(71)90319-9
https://doi.org/10.1016/0167-4838(85)90311-5
https://doi.org/10.1016/0167-4838(85)90311-5
https://doi.org/10.1016/0076-6879(93)27014-8
https://doi.org/10.1016/0076-6879(93)27014-8
https://doi.org/10.1016/0076-6879(93)27014-8
https://doi.org/10.2478/ctb-2013-0006
https://doi.org/10.2478/ctb-2013-0006
https://doi.org/10.1016/0306-4522(96)00047-4
https://doi.org/10.1016/0306-4522(96)00047-4
https://doi.org/10.1016/0306-4522(96)00047-4
https://doi.org/10.1007/s00723-024-01719-y
https://doi.org/10.1007/s00723-024-01719-y
https://doi.org/10.1002/9780470166307.ch4
https://doi.org/10.1002/9780470166307.ch4
https://doi.org/10.1038/s42005-022-00853-y
https://doi.org/10.1038/s42005-022-00853-y
https://doi.org/10.1038/s42005-022-00853-y
https://doi.org/10.1016/j.tins.2003.08.009
https://doi.org/10.1016/j.tins.2003.08.009
https://doi.org/10.1021/acschemneuro.6b00231
https://doi.org/10.1021/acschemneuro.6b00231
https://doi.org/10.1021/acschemneuro.6b00231


47. L. Zecca and H. M. Swartz, “Total and Paramagnetic Metals in
Human Substantia Nigra and Its Neuromelanin,” Journal of Neu-
ral Transmission-Parkinson’s Disease and Dementia Section 5 (1993):
203–213, https://doi.org/10.1007/BF02257675.

48. T. Shima, T. Sarna, H. M. Swartz, A. Stroppolo, R. Gerbasi, and
L. Zecca, “Binding of Iron to Neuromelanin of Human Substantia Nigra
and Synthetic Melanin: An Electron Paramagnetic Resonance Spec-
troscopy Study,” Free Radical Biology and Medicine 23, no. 1 (1997):
110–119, https://doi.org/10.1016/S0891-5849(96)00623-5.

49. T. Xiao, C. M. Ackerman, E. C. Carroll, et al., “Copper Regulates
Rest-Activity Cycles Through the Locus Coeruleus-Norepinephrine Sys-
tem,” Nature Chemical Biology 14, no. 7 (2018): 655–663, https://doi.org/
10.1038/s41589-018-0062-z.

50. S. Lutsenko, C. Washington-Hughes, M. Ralle, and K. Schmidt,
“Copper and the Brain Noradrenergic System,” JBIC Journal of Biolog-
ical Inorganic Chemistry 24 (2019): 1179–1188, https://doi.org/10.1007/
s00775-019-01737-3.

51. G. Bartzokis, T. A. Tishler, P. H. Lu, et al., “Brain Ferritin Iron May
Influence Age-and Gender-Related Risks of Neurodegeneration,” Neu-
robiology of Aging 28, no. 3 (2007): 414–423, https://doi.org/10.1016/j.
neurobiolaging.2006.02.005.

52. Z. Liu, H. C. Shen, T. H. Lian, et al., “Iron Deposition in Substantia
Nigra: Abnormal Iron Metabolism, Neuroinflammatory Mechanism and
Clinical Relevance,” Scientific Reports 7, no. 1 (2017): 14973, https://doi.
org/10.1038/s41598-017-14721-1.

Supporting Information

Additional supporting information can be found online in the Support-
ing Information section. Figure S1. Mean percentage deviation of Fe(III)
simulated parameters (gx , gy, gz, Strainx , Strainy, Strainz, D and E) across
temperatures, subjects and brain regions. Each heatmap shows the devia-
tion averaged over one dimension (temperature, subject or region). Color
scale represents the deviation magnitude in percent. These maps illus-
trate the relative variability of each parameter across experimental condi-
tions, showing generally low inter-temperature dependence, with higher
variability observed for the strain components. Figure S2. Mean percent-
age deviation of Cu(II) simulated parameters (g||, g

⊥
, Strain||, Strain

⊥
, A||,

and A
⊥

) across temperatures, subjects and brain regions. Each heatmap
shows the deviation averaged over one dimension (temperature, subject
or region). Color scale represents the deviation magnitude in percent.
These maps highlight the relative stability of Cu(II) simulated parame-
ters across experimental conditions, with generally low variability across
subjects and regions, and slightly higher deviations observed for the strain
and anisotropy-related parameters along temperatures. Figure S3. Mean
percentage deviation of Ft simulated parameters (g1, g2, Strain1, Strain2,
D1, D2, Weight1 and Weight2) across temperatures, subjects and brain
regions. Each heatmap shows the deviation averaged over one dimen-
sion (temperature, subject or region). Color scale represents the deviation
magnitude in percent. These maps demonstrate that Ft simulated param-
eters across experimental conditions were generally higher in deviation in
comparison to Fe(III) and Cu(II) simulated parameters, especially for the
strain components and zero-field splitting parameters. Figure S4. EPR
spectra of Fe(III), Cu(II) and Ft signals ranging from 193 to 293 K from
all brain regions of the 1st ex vivo subject. Each set of panels displays the
experimental spectrum (black line) and the individual simulated contri-
butions at each temperature, as indicated in the legend below. This figure
illustrates the paramagnetic behavior of these three species as the temper-
ature decreases, with an increase of its signal amplitude. Figure S5. EPR
spectra of Fe(III), Cu(II) and Ft signals ranging from 193 to 293 K from
all brain regions of the 2nd ex vivo subject. Each set of panels displays the

experimental spectrum (black line) and the individual simulated contri-
butions at each temperature, as indicated in the legend below. This figure
illustrates the paramagnetic behavior of these three species as the temper-
ature decreases, with an increase of its signal amplitude. Figure S6. EPR
spectra of Fe(III), Cu(II) and Ft signals ranging from 193 to 293 K from
all brain regions of the 3rd ex vivo subject. Each set of panels displays the
experimental spectrum (black line) and the individual simulated contri-
butions at each temperature, as indicated in the legend below. This figure
illustrates the paramagnetic behavior of these three species as the temper-
ature decreases, with an increase of its signal amplitude. Figure S7. EPR
spectra of Fe(III), Cu(II) and Ft signals ranging from 193 to 293 K from
all brain regions of the 4th ex vivo subject. Each set of panels displays the
experimental spectrum (black line) and the individual simulated contri-
butions at each temperature, as indicated in the legend below. This figure
illustrates the paramagnetic behavior of these three species as the temper-
ature decreases, with an increase of its signal amplitude. Figure S8. EPR
spectra of Fe(III), Cu(II) and Ft signals ranging from 193 to 293 K from
all brain regions of the 5th ex vivo subject. Each set of panels displays the
experimental spectrum (black line) and the individual simulated contri-
butions at each temperature, as indicated in the legend below. This figure
illustrates the paramagnetic behavior of these three species as the temper-
ature decreases, with an increase of its signal amplitude. Figure S9. EPR
spectra of Fe(III), Cu(II) and Ft signals ranging from 193 to 293 K from
all brain regions of the 6th ex vivo subject. Each set of panels displays the
experimental spectrum (black line) and the individual simulated contri-
butions at each temperature, as indicated in the legend below. This figure
illustrates the paramagnetic behavior of these three species as the temper-
ature decreases, with an increase of its signal amplitude. Figure S10. EPR
spectra of Fe(III), Cu(II) and Ft signals ranging from 193 to 293 K from all
brain regions of the 7th ex vivo subject. Each set of panels displays the
experimental spectrum (black line) and the individual simulated contri-
butions at each temperature, as indicated in the legend below. This figure
illustrates the paramagnetic behavior of these three species as the temper-
ature decreases, with an increase of its signal amplitude. Figure S11. EPR
spectra of Fe(III), Cu(II) and Ft signals ranging from 193 to 293 K from all
brain regions of the 8th ex vivo subject. Each set of panels displays the
experimental spectrum (black line) and the individual simulated contri-
butions at each temperature, as indicated in the legend below. This figure
illustrates the paramagnetic behavior of these three species as the tem-
perature decreases, with an increase of its signal amplitude.
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