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Two forms of iron as an intrinsic contrast agent
in the basal ganglia of PKAN patients

Monika Dezortova®*, Vit Herynek? Martin Krssak™<, Claudia Kronerwetter®,

Siegfried Trattnig® and Milan Hajek®

Iron deposits in the human brain can be considered as intrinsic contrast agents for magnetic resonance imaging and are used
as markers of neurodegeneration accompanied by brain-iron accumulation. We studied one of them - panthotenate-kinase
associated neurodegeneration (PKAN) - by using relaxometry at 1.5, 3.0 and 7 T in a group of six patients; we also measured
a group of five volunteers for comparison. Based on the magnetic field dependency of antiferromagnetic ferritin and
maghemite iron oxide nanoparticle relaxivities, we derived a two-component model for the description of iron deposits
in the globus pallidus of PKAN patients. According to this model, we estimated the iron content in PKAN patients as 391
g/ml of antiferromagnetic iron (ferritin) and 1.1 p.g/ml of ferrimagnetic iron, compared with 178 p.g/ml of iron in ferritin
found in controls. This two-component model explains the nonlinear shape of the relaxometric curves in in vivo measure-
ments of the relaxation rates of PKAN patients and is supported by histological findings in the original reports on PKAN

patients. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Iron ions play an important role in a number of key metabolic
pathways in the human body. In the healthy brain, non-hemic
iron begins to deposit shortly after birth, and its concentration
increases with age (1). Iron accumulation is most pronounced
in the globus pallidus, where it starts approximately at the
age of 6 months. Between the months 9 and 12, iron begins to
be deposited in the zona reticulate of the substantia nigra.
However, an excess of iron deposits leads to severe diseases
classified as neurodegeneration accompanied by brain-iron
accumulation (NBIA). The magnetic properties of iron complexes
make them indirectly observable in magnetic resonance (MR)
images, and these compounds can be considered as intrinsic
contrast agents.

Irreversible iron accumulation is a sign of a rare autosomal-
recessive disorder, the so-called panthotenate-kinase associated
neurodegeneration (PKAN, formerly known as the Hallervorden-
Spatz syndrome) (2). PKAN affects both genders and is caused by
a mutation in the gene encoding pantothenate kinase 2 (PANK2).
It affects the biochemical pathway of vitamin B5 (pantothenate
acid) and results in an increasing amount of iron in some parts of
the basal ganglia (globus pallidus and substantia nigra).

Characteristic MR findings in PKAN patients include hypoin-
tense regions in the globus pallidus (GP) and substantia nigra,
mostly accompanied by hyperintensity in the anterio-medial part
of the globus pallidus described as an ‘eye-of-the-tiger’ sign.
However, the hyperintensity may not occur in all patients with
a positive genetically confirmed diagnosis (e.g. in our patient
P3). Its presence is explained by gliotic changes and an edema,
whereas iron is accumulated in the hypointensive rim of
the GP (2,3).

Magnetic resonance relaxometry not only detects the simple
presence of iron (and other paramagnetic substances) deposits,
but it may also enable the estimation of iron concentration and

its form (4). Non-hemic iron is deposited in the body, especially
in the form of the water-soluble intracellular protein ferritin.
The ferritin molecule has a hollow spherical shape and traps
ferrous ions, oxidizes them to ferric ions and stores them inside
in the form of an antiferromagnetic ferrihydrite crystal. Each
molecule can store up to 4500 iron ions. Thus, it protects cells
from divalent iron toxicity. Experiments have suggested that
ferritin T, relaxivity linearly increases with an increasing
magnetic field, while the slope depends on the ferritin loading
factor, i.e. the amount of iron ions inside (5-7). The results of
in vitro measurements on fixed samples indicated a quadratic
dependence of the relaxation rate on the magnetic field in the
brain nuclei (8). One of the explanations could be the tissue-
specific behavior of ferritin relaxivity, while another could be
the presence of different iron complexes in the brain tissue
manifested by different magnetic properties. Even a crystal
inside the ferritin may not be completely antiferromagnetic, as
there might be a layer of disordered ions on its surface resulting
in partially ferro- or ferrimagnetic properties (9). In the case of
excessive iron deposits, we may expect a higher ratio of
disordered ions on the iron core of the ferritin, or even the
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presence of iron with stronger superparamagnetic properties of
a different origin. The latter hypothesis can be also supported
by the original findings of Hallervorden and Spatz (10), who
proposed two different iron compartments based on the
Prussian-blue staining of brain samples from a PKAN patient.
Ferrimagnetic iron can be represented by maghemite nanoparticles
(in the literature known as superparamagnetic iron oxide nanopar-
ticles, SPIO) that may be identified owing to substantially shortened
T, and T,* relaxation times. Therefore, they were used as MR
contrast agents and now are broadly used in cellular and molecular
imaging as a cellular marker (11,12). As a result of different iron
bonds and the ferrimagnetic character of these nanoparticles
compared with ferritin, a small amount of SPIO can significantly
increase transverse relaxivity.

In our previous study we described a one-component model
characterizing iron deposits in the globus pallidus of PKAN
patients in the form of ferritin only (13). The goal of the present
study was to measure the iron load of the brain tissue in PKAN
patients and to identify different forms of iron in order to
estimate their possible contribution to the deposits based on
relaxation times measured at different magnetic fields and by
comparison to controls and phantoms containing different
forms of iron.

2. RESULTS

Characteristic MRI hypointensive lesions in the globus pallidus
and substantia nigra were observed in all patients in the used
magnetic fields. Also, the ‘eye-of-the-tiger’ sign (i.e. a hypoin-
tense GP with a hyperintense medial part) of various size, inten-
sity and shape was observed in the patients (with the exception
of patient P3). T,-weighted transversal MR images through the
basal ganglia of the PKAN patients and the healthy volunteers
are shown in Fig. 1.

As we did not observe any significant differences between the
left and right hemispheres (no significant difference shown by a
t-test), we pooled the data from both hemispheres. Also, no
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statistical difference was found between the three evaluators;
therefore, we pooled the data, and Table 1 summarizes the mean
T, values for each selected area and each magnetic field.

We found significantly decreased T, relaxation times in the GP
(corresponding to the hypointense lesions in MR images) in all
the patients compared with the controls in all the used magnetic
fields. Interestingly, a statistically significant increase (p < 0.05) in
T, relaxation times was found in the putamen and caudate
nucleus in the patients compared with the controls (Table 1).

Iron concentrations were calculated from the T, values accord-
ing to the empirical equation (1) derived in Hajek et al. (13) and
based on the published values of iron concentration in the brain
(1) and normal T, (14). The calculated concentrations of iron in
the globus pallidus in the controls examined at 1.5 T corre-
sponded to the presumed normal iron concentration assessed
by Hallgren and Sourander (1). In patients, the one-component
model revealed iron concentrations that were more than double
those found in the controls (13) (Table 2, Fig. 2).

The field dependences of relaxation rates R, at 1. 5-7 T in the
evaluated brain areas, with the exception of the GP, showed a
similar convex shape of the curves in both the patients and the
controls (Fig. 3). In contrast, the relaxation rates in the globus
pallidus of the patients followed a concave shape.

In the phantoms, the field dependences of the r, relaxivity of
ferritin and SPIO at 0.5-7 T were different (Fig. 4). Ferritin solu-
tions revealed an almost linear increase of r, with the magnetic
field By (5-7,15), while SPIO nanoparticles showed more or less
constant relaxivity values in different magnetic fields (Fig. 4).
The measured relaxivities of ferritin and SPIO were used to
calculate iron concentrations in the GP in patients using a two-
component model.

Further evaluation was based on the assumption that the relaxa-
tions in the phantoms and in the brain tissue are similar. Assuming
that the contribution of the surplus iron to the relaxation rate can
be described as the difference between the relaxation rates of
PKAN patients and healthy controls, we estimated the proportional
content of both iron components. The best approximation to the
patients’ surplus iron content was 213 pg/ml of iron in an
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Figure 1. T,-weighted images of PKAN patients and controls obtained in three different magnetic fields arranged by decreasing age (1.5 and 3 T,

TR/TE=3000/75.9 ms; 7 T, TR/TE=6000/75.9 ms).

wileyonlinelibrary.com/journal/cmmi

Copyright © 2012 John Wiley & Sons, Ltd.

Contrast Media Mol. Imaging 2012, 7 509-515



IRON IN THE BASAL GANGLIA OF PKAN PATIENTS
I EEE——————————————————————

Table 1. T, relaxation times (ms; mean =+ standard deviation) in the globus pallidus (or in its dark rim part; Fig. 5) together with
other parts of the basal ganglia and frontal white matter obtained in different magnetic fields. For comparison, individual patient
data are also shown

Brain area By Controls, N=5 Patients, N=3 Patient P1 Patient P2 Patient P4
Globus pallidus 15T 69.1+1.5 518+49 | 48.8 48.2 58.3
3T 558+ 1.7 364+38 | 35.2 33.2 40.8
7T 319+ 14 232424 | 23.2 20.9 25.5
Putamen 15T 813+20 855+3517 85.7 81.7 89.1
3T 70.8+3.0 757+28 17 73.8 73.8 794
7T 445+2.8 487 +3217 47.6 458 52.8
Nucleus caudatus 15T 90.6 +2.5 945+43 1 98.1 88.9 96.6
3T 80.3+25 86.1+1.8 1 85.5 84.8 88.1
7T 526+23 570+16 17 57.9 55.3 57.9
White matter 15T 741+1.2 734+24 74.3 70.6 753
3T 69.8+ 1.7 69.0+0.5 69.0 69.2 68.8
7T 506+ 1.0 493+1.0 50.0 48.2 49.7

1,7 Indicate significant differences (p < 0.001) between patient and control groups.

Table 2. Fe concentrations (iug/ml) calculated using T, relaxation times (ms) obtained at 1.5 T in the globus pallidus (alternatively
in its dark rim only). In patients, one-component (ferritin only) and two-component (ferritin + SPIO) models were used

Controls C1 C2 a3 c4 5 Mean + SD
Age (years) 62.3 429 41.7 395 236 —
T, (ms) 66.8 68.8 69.7 70.7 69.3 69.1+15
Fe concentration (ug/ml) 196 180 173 165 176 177.8+10.2
Patients P1 P2 P3 P4 P5 P6 P3
Age (years) 32.0 29.8 19.6 184 15.5 14.2 13.8 —
T, (ms) 48.8 48.2 39.5 58.3 423 45.8 447 46.8
One-component model:
Fe concentration in ferritin form (ug/ml) 400 409 578 276 517 450 470 443
Two-component model:
Total Fe concentration in ferritin (nug/ml) 343.6 351.0 477.8 254.1 433.1 380.9 395.8 3913
in SPIO? (ug/ml) 0.85 0.89 1.55 0.39 1.32 1.05 1.12 1.1
3SPI0 is Endorem® in our case.
antiferromagnetic form and 1.1 pg/ml of iron in a ferrimagnetic
o Fe concentration on age form. Thus, the total amount of iron in the GP of our PKAN group
@ o FKAN was around 391 pg/ml of iron in the form of ferritin (including
i ° X f,ﬁ':g;" physiological ferritin) and 1.1 pg/ml of ferrimagnetic iron with
= strong superparamagnetic properties.
100 3 Interestingly, owing to its high relaxivity, even a small portion
- (0.05-0.3%) of the ferrimagnetic form of iron substantially
£ - increased the relaxation rate. Iron concentration in the globus
u'% o pallidus evaluated according to this model is shown in Table 2.
200
i 3. DISCUSSION
4 The ‘eye-of-the-tiger’ sign is well known and has been already
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Figure 2. Relation between iron deposition in the globus pallidus and
age. Iron concentration was calculated using a one-component model.
The theoretical curve was calculated based on Hallgren and Sourander’s
data (1): circles, patients; triangles, healthy controls.

described, as well as the hypointense signal, in the globus
pallidus observable in T,-weighted images (2,13,16). The contrast
between the hyperintense center and the hypointense rim
increases with the magnetic field (Fig. 1). Hypointensity in PKAN
patients corresponds to a shortened T, relaxation time caused by
iron deposits. The form of iron deposits in the basal ganglia of
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Figure 3. Dependence of relaxation rates (R, =1/T,) on B, in different parts of the brain. The graphs show the average patient (solid line) and control

(dashed line) data.
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Figure 4. Dependence of relaxivities r, on By in phantoms containing
ferritin and SPIO contrast media: solid line, ferritin; dashed line, SPIO.

PKAN patients is unclear. In healthy subjects, iron in the brain is
predominantly present in the form of ferritin, which prevents
oxidative stress by oxidizing divalent Fe** to Fe* ions that are
subsequently stored inside the apoferritin as antiferromagnetic
crystals. Oxidized iron cannot enter the Fenton reaction, which
would lead to the formation of free radicals. So far, the generally
accepted explanation for the pathological changes in PKAN
patients involves an increased iron concentration in the form
of ferritin.

Assuming that all iron deposits are in the form of ferritin, the
iron concentration can be easily calculated from the relaxation
time according to egn (1) (13). The concentrations of iron would
be in the range of 280-580 pg/ml (Table 2) in the patients and
180 pg/ml in the controls (which is in line with published data
(1,13,14)). However, differences in the field dependency of the
relaxation rates (Fig. 3) indicate that the assumption that iron is
deposited only in ferritin in an antiferromagnetic form may not
be correct.

As early as in 1922, Hallervorden and Spatz (10) pointed out
that iron in the brain might be present in different forms. If iron
in the brain of PKAN patients is deposited in different forms, we
can also expect different magnetic properties. Besides antiferro-
magnetic iron in ferritin molecules, ferrimagnetic iron (as a
magnetite or maghemite) might also be present. This would

substantially change the effect of iron on the relaxation times.
Examination of the subjects in different field strengths helped
to identify the form of these deposits in the brain.

The field dependence of the relaxation rates in the group of
controls revealed a similar trend as described for the in vitro
examination of brain nuclei samples obtained from old brain
donors with no neurodegenerative diseases (8). A similar
behavior was observed in the basal ganglia of the PKAN patients
with the exception of the GP (Fig. 3).

The relaxation rates in the GP of PKAN patients differ from
those of the controls not only in their magnitude, but also in
the shape of the field dependence. This fact supports the
hypothesis that iron is also deposited in other forms than in
ferritin. Therefore, we used a model anticipating the presence of
both antiferromagnetic (ferritin) and ferrimagnetic (SPIO) iron for
the estimation of iron concentration. The calculated amount of
ferrimagnetic iron is very small compared with antiferromagnetic
iron; nevertheless, its impact on the relaxation rate is substantial
owing to strong superparamagnetic effect.

Although the calculation of iron concentrations using the two-
component model has to be considered as an estimation only, it
confirms the presence of at least two forms of iron in the basal
ganglia of PKAN patients. This result also supports earlier histo-
logical findings (i.e. staining for Prussian blue (10) and electron
microscopy (17,18) findings).

Nevertheless, the origin of the second component remains
unknown. We cannot exclude even iron microcrystals from
hemosiderin or denaturated ferritin (which would explain the
staining for Prussian Blue) or some other effect (9).

Contrary to the shortening of the T, relaxation time in the GP,
an increase in T, relaxation times in the putamen and nucleus
caudate in patients is a new finding. Although these differences
are rather slight, their statistical significance (p <0.001) was
proved in all three magnetic fields, and thus they should not
be disregarded. We have not found any information in the liter-
ature confirming or disproving our findings, and we do not have,
at the moment, a clear explanation for this effect.

We found no correlation between the first clinical symptoms
of the disease and the calculated iron concentration. In patient
P4, a deviation in iron concentration from the other patients’
data (Fig. 2) was observed. Measurements at both 3 and 7 T
confirmed this tendency; therefore, we can exclude an
experimental error. Genetic differences might be responsible for
such differences; nevertheless, the same mutation in homoge-
neous form was also found in patient P1. The other patients
(except for patient P2) have this mutation heterozygously (Table 3).

wileyonlinelibrary.com/journal/cmmi

Copyright © 2012 John Wiley & Sons, Ltd.

Contrast Media Mol. Imaging 2012, 7 509-515



IRON IN THE BASAL GANGLIA OF PKAN PATIENTS

Table 3. Patient description

Subject  Sex, age (years) Mutation® MR examination

P1 M, 32.0 ¢.1583C > T (p.Thr528Met) in exon 6 of gene PANK2 — homozygous 15T,3T,7T

P2 F, 29.8 €.1369G >T (p.Asp457Tyr) in exon 4 of gene PANK2 - heterozygous 15T,3T,7T
c.1561G > A (p.Gly521Arg) in exon 6 of gene PANK2 - heterozygous

P3 F, 138 €.1583C > T (p.Thr528Met) in exon 6 of gene PANK2 - heterozygous 1.5 T repeatedly, 3T

and 19.6 ¢.1235+5G > A in intron 3 of gene PANK2 - heterozygous

€.1413-8_1413-9dupTTCCCC in intron 4 of gene PANK2 - heterozygous

P4 F, 184 ¢.1583C > T (p.Thr528Met) in exon 6 of gene PANK2 — homozygous 15T,3T,7T

P5 M,15.5 €.1583C > T (p.Thr528Met) in exon 6 of gene PANK2 - heterozygous 15T
¢.515_527del13 in exon 1b of gene PANK2 (p.Val172GlyfsX29) - heterozygous

P6 F, 14.2 c.1583C > T (p.Thr528Met) in exon 6 of gene PANK2 - heterozygous 15T
¢.515_527del13 in exon 1b of gene PANK2 (p.Val172GlyfsX29) - heterozygous

“Reference sequence GenBank NM_153638.2.

Thus, a simple comparison based on routine PKAN genetic tests
does not explain these differences, and probably some other
factors are involved.

The present treatment of PKAN patients is, except for deep
brain stimulation, based on the application of chelating agents
that are able to cross the blood-brain barrier and accumulate
iron ions. Iron ions in the brain are stored or released from
ferritin, and changes in ferritin concentration correspond to
changes of T, relaxivities in the globus pallidus. In pilot studies
of PKAN treatment by deferiprone, no correlation between the
decrease in T, relaxivities and clinical status was observed (19).

In our study, we have shown that there are at least two forms
of iron as an intrinsic MR contrast agent with significantly
different relaxivities, which contribute to the total relaxivity in
the globus pallidus. Our two-compartment model demonstrates
that the elimination of iron is a much more complicated process
because chelates cannot eliminate iron microcrystals, and thus
this type of treatment will probably be unsuccessful.

4. CONCLUSION

Our results obtained in PKAN patients showed a markedly
decreased T, in the globus pallidus corresponding to high iron
deposition. Based on investigations in different field strengths,
we hypothesize that iron in the GP is present in at least two dif-
ferent forms. Besides the common physiological ferritin, a small
portion of ferrimagnetic iron of unknown origin is present.
Specifically, the total iron amount in the globus pallidus in PKAN
patients in the form of ferritin is 99.7%, and 0.3% is in the form of
SPIO. The proposed model explains why treatment with chelates
has not been successful. A moderately increased T, in the
putamen and nucleus caudatus in patients remains unexplained
and requires further investigation.

Combination of in vivo relaxometry at MR systems working with
different magnetic fields represents an interesting experimental
tool for investigating the biophysical basis of various diseases.

5. SUBJECTS AND METHODS

5.1. Subjects

Six patients with genetically proven PKAN from five different
families underwent MR imaging and relaxometry. Demographic

and genetic data are summarized in Table 3. All six patients
underwent an MR examination in a 1.5 T MR system. Two of
them (patients P5 and P6) were later treated using deep brain
stimulation because of their worsening clinical status, making
further MR examination impossible (20). The remaining four
patients were also measured in a 3 T whole-body system, and
three of them underwent an additional examination ina 7 T
whole-body system.

Control data were obtained from five healthy volunteers (three
males, 41, 43 and 62 years old, and two females, 23 and 39 years
old), who underwent examinations in all three magnetic fields.
All controls and PKAN patients were informed about the examina-
tion protocol, and their (or their parents) written consent was
obtained according to the local Ethical Committee rules.

5.2. MR examination

MR examinations were performed at three MR systems working
in different magnetic fields: an 1.5 T Avanto equipped with a
whole-body transmit and 12-channel receive head coil; a 3 T
Tim Trio with a circularly polarized Helmholtz transmit/receive
head coil; and 7 T Magnetom with a circularly polarized
transmit/24-channel receive head coil (all Siemens Healthcare,
Erlangen, Germany). T,-weighted images in coronal, transversal
and sagittal orientations were used for localization. For T,
measurements we used a modified CPMG sequence with 32
echoes (echo-spacing TE, 6.9 ms; repetition time, TR, 3000 ms
at 1.5 and 3 T; TR had to be prolonged to 5000 ms or more at
7 T owing to SAR limitation). T, relaxation times were measured
in a 5 mm-thick tilted axial slice through the basal ganglia. The
read out dimension of the field of view (anterior—posterior
direction) was kept at 210 mm, while the dimension in the
phase-encoding (left-right) direction varied from 161 to 187 mm
according to the subject’s anatomy. The voxel size was kept the
same for each subject in all three magnetic fields. Each MR
examination did not exceed 1 h in total.

T, maps were calculated in the whole slice using the home-
made software ViDi described in Herynek et al. (21). Regions in
the globus pallidus, putamen, caudate nucleus and frontal white
matter in both hemispheres (Fig. 5) were selected and evaluated
independently by three MR specialists. When the ‘eye of the
tiger' sign was visible, the dark rim and the hyperintense inner
part of the GP were evaluated separately and the only dark rim
area was used for further analysis. T, values were converted to
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Figure 5. T, map of a PKAN patient with highlighted areas for T, value
determination. WM, white matter; NC, nucleus caudatus; Put, putamen; GP,
dark rim in the globus pallidus; GPi, hyperintense part of the globus pallidus.

reciprocal R, relaxation rates (i.e. R, =1/T,) for further analysis.
Standard statistical tests (F-test, t-test) were used for the data
analysis with a significance level of p < 0.05.

5.3. In vitro experiments

Phantoms (15 ml plastic tubes) containing different concentra-
tions of ferritin (horse spleen ferritin, Sigma, CZ) and a SPIO-
based contrast agent (Endorem®, Guerbet, France) suspended
in 4% gelatine (gelatine from porcine skin, Sigma-Aldrich, Czech
Republic) were prepared and measured in five different
magnetic fields. The measurements at 1.5, 3 and 7 T were
performed in the same MR systems using the same protocols
as the human examinations. Echo time range and sampling were
adjusted to the actual spin—spin relaxation. The examination was
supplemented by measurements at 0.5 (Bruker MiniSpec 20 NMR
analyzer; TR/TE=5000/2 ms, number of echoes=500) and 4.7 T
(Bruker BioSpec 4.7/20 MR spectrometer; TR/TE=5000/7.2 ms,
number of echoes =256; both systems Bruker Biospin, Ettlingen,
Germany). The concentration of iron (c, ng/ml) in the samples
was checked by atomic emission spectrometry. Relaxivities were
calculated as reciprocal values of the relaxation time related to
the iron concentration c (i.e. r, = 1/T,/c).

5.4. Calculation of iron concentration in the brain

5.4.1.  One-component (ferritin only) model

The iron concentration in the globus pallidus was calculated
using the following empirical equation derived in Hajek et al. (13)
for 1.5 T measurement:

Cre = 37/T2 — 358 (1)

where T, is the measured relaxation time (in s) and cg. is the iron
concentration (ng/ml). The equation was derived from the age
dependence of the iron content (1) and T, relaxation times (14)
obtained at 1.5 T. The equation assumes that iron is accumulated
in the form of ferritin only (14,22,23).

5.4.2. Two-component (ferritin and superpamaramagnetic iron)
model

This model is based on the assumption that surplus iron is stored
both in the form of antiferromagnetic ferritin and also in a ferri-
magnetic form. The contribution of the surplus iron to the R,
relaxation rate was estimated as the difference AR, between
the patients’ and controls’ relaxation rates. To determine the
two components of the deposited iron, the field-dependent
contribution AR, was then evaluated as the linear combination
of the experimentally determined ferritin and ferrimagnetic iron
relaxivities using a least-square analysis.
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