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Aims: Non-invasive measures of brain iron content would be of great benefit in neurodegeneration with brain iron 

accumulation (NBIA) to serve as a biomarker for disease progression and evaluation of iron chelation therapy. 

Although magnetic resonance imaging (MRI) provides several quantitative measures of brain iron content, none 

of these have been validated for patients with a severely increased cerebral iron burden. We aimed to validate 

R 2 
∗ as a quantitative measure of brain iron content in aceruloplasminemia, the most severely iron-loaded NBIA 

phenotype. 

Methods: Tissue samples from 50 gray- and white matter regions of a postmortem aceruloplasminemia brain and 

control subject were scanned at 1.5 T to obtain R 2 
∗ , and biochemically analyzed with inductively coupled plasma 

mass spectrometry. For gray matter samples of the aceruloplasminemia brain, sample R 2 
∗ values were compared 

with postmortem in situ MRI data that had been obtained from the same subject at 3 T – in situ R 2 
∗ . Relationships 

between R 2 
∗ and tissue iron concentration were determined by linear regression analyses. 

Results: Median iron concentrations throughout the whole aceruloplasminemia brain were 10 to 15 times higher 

than in the control subject, and R 2 
∗ was linearly associated with iron concentration. For gray matter samples of 

the aceruloplasminemia subject with an iron concentration up to 1000 mg/kg, 91% of variation in R 2 
∗ could be 

explained by iron, and in situ R 2 
∗ at 3 T and sample R 2 

∗ at 1.5 T were highly correlated. For white matter regions 

of the aceruloplasminemia brain, 85% of variation in R 2 
∗ could be explained by iron. 

Conclusions: R 2 
∗ is highly sensitive to variations in iron concentration in the severely iron-loaded brain, and 

might be used as a non-invasive measure of brain iron content in aceruloplasminemia and potentially other NBIA 

disorders. 
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. Introduction 

Aceruloplasminemia (OMIM #604290) is a rare form of neurodegen-

ration with brain iron accumulation (NBIA), caused by homozygous or

ompound heterozygous mutations in the ceruloplasmin ( CP ) gene. The

bsence of functioning ceruloplasmin impairs cellular iron efflux and

eads to excess cytotoxic iron accumulation in the central nervous sys-

em and in visceral organs ( Miyajima et al., 2003 ). Postmortem studies
Abbreviations: NBIA, Neurodegeneration with Brain Iron Accumulation; CP , cerul

hort echo time; QSM, Quantitative Susceptibility Mapping; ROI, Region of interest. 
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n aceruloplasminemia have reported a five- to tenfold increase in brain

ron concentrations compared to healthy individuals ( Miyajima et al.,

003 ; Morita et al., 1995 ), predominantly affecting deep gray matter

tructures and cortex. Reliable, non-invasive measures of brain iron con-

ent would be of great benefit in NBIA to serve as a biomarker for disease

rogression and evaluation of iron chelation therapy. 

Magnetic resonance imaging (MRI) provides several quantitative

easures of brain iron content. The transverse relaxation rate R 2 
∗ 

1/ T 

∗ ) has shown a strong linear association with biochemically de-
oplasmin; ICP-MS, inductively coupled plasma mass spectrometry; UTE, ultra- 
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ermined iron concentrations in healthy gray matter brain structures

 Langkammer et al., 2010 ; Stuber et al., 2014 ; Hametner et al., 2018 ),

nd has recently been validated as a measure for cortical iron content

n Alzheimer’s disease ( Bulk et al., 2020 ). However, no validated mea-

ure exists for patients with a severely increased cerebral iron burden

 Dusek et al., 2014 ; Löbel et al., 2014 ). 

T 2 
∗ reflects the decay of transverse magnetization that results from

agnetic interactions between adjacent hydrogen protons (spin–spin

elaxation) and inhomogeneities in the local magnetic field. Param-

gnetic iron particles cause local magnetic field gradients and subse-

uent signal loss on T 2 
∗ -weighted images ( Chavhan et al., 2009 ). Tissue

ron concentration has been shown to be an important determinant of

 2 
∗ and its inverse R 2 

∗ ( Langkammer et al., 2010 ; Stuber et al., 2014 ;

ulk et al., 2020 ). However, several other factors contribute to T 2 
∗ con-

rast, such as size, chemical form, spatial distribution, clustering of iron

articles ( Li et al., 2009 ; Gossuin et al., 2007 ; Tanimoto et al., 2001 ), and

yelin ( Stuber et al., 2014 ; Hametner et al., 2018 ; Li et al., 2009 ). The

elative contribution of these sources to T 2 
∗ contrast in heavily iron-

oaded conditions is unknown. As such, the relationship between R 2 
∗ 

nd brain iron concentrations in healthy individuals and patients with

lzheimer’s disease should not be directly extrapolated to diseases with

evere brain iron overload, such as aceruloplasminemia and other NBIA

isorders. Nevertheless, R 2 
∗ is increasingly used as a measure of brain

ron content in NBIA disorders ( Löbel et al., 2014 ; Klopstock et al., 2019 ;

hou et al., 2020 ; Pan et al., 2011 ; Zorzi et al., 2011 ; Cossu et al., 2014 ;

bbruzzese et al., 2011 ), with reductions in R 2 
∗ being considered as an

bsolute proof of reductions in brain iron content of affected gray matter

tructures due to a successful iron chelation strategy ( Löbel et al., 2014 ;

lopstock et al., 2019 ; Pan et al., 2011 ; Zorzi et al., 2011 ; Cossu et al.,

014 ; Abbruzzese et al., 2011 ). 

The primary aim of our study was to establish the relationship be-

ween R 2 
∗ and brain iron content in aceruloplasminemia, and to reflect

n the suitability of R 2 
∗ as a non-invasive measure of brain iron content

n NBIA disorders. For this purpose, tissue samples from 50 gray- and

hite matter regions of a postmortem aceruloplasminemia brain and

ontrol subject were scanned at 1.5 T and biochemically analyzed with

nductively coupled plasma mass spectrometry (ICP-MS). In addition,

 2 
∗ values obtained from gray matter samples of the aceruloplasmine-

ia brain were compared with postmortem in situ MRI data that had

een obtained from the same subject, to disentangle influences of for-

alin fixation. 

. Materials and methods 

.1. Subjects 

Formalin-fixed brain slabs from one deceased aceruloplas-

inemia patient (52 years, male) ( Vroegindeweij et al., 2015 ;

roegindeweij et al., 2017 ; Kerkhof and Honkoop, 2014 ;

roegindeweij et al., 2020 ; Vroegindeweij et al., 2021 ) and one

ontrol subject (43 years, male) were obtained from the Department

f Pathology, Erasmus University Medical Center, Erasmus MC, Rot-

erdam, The Netherlands. The subjects were matched based on age,

ender and duration of fixation in 4% phosphate buffered formalde-

yde, which was 5 years for the aceruloplasminemia patient and 4.5

ears for the control case. The formalin was not renewed during these

ears. Autopsy was performed within 48 h of death. The brains were cut

nto 10 mm coronal slabs for pathological investigation, which revealed

ild cerebral ischemic abnormalities in both cases. The control subject

ad no history of neurological disease, and was known with a soft

issue sarcoma. The study of the patient with aceruloplasminemia was

pproved by the Medical Ethics Review Board of the Erasmus MC, and

is legal representative provided written informed consent. The control

ubject provided written informed consent for the secondary use of

he tissue for research purposes, and all tissue was handled in a coded

ashion according to the Dutch National Ethical Guidelines (Code for
2 
roper Secondary Use of Human Tissue, Dutch Federation of Medical

cientific Societies). 

.2. Sample dissection 

To avoid contamination with iron, all samples were dissected with

 ceramic knife and any tissue that could have been in contact with

ron-containing instruments during the autopsy procedure was removed.

rom both subjects, 50 tissue blocks of approximately 5 mm 

3 were dis-

ected from gray and white matter regions. Gray matter regions included

lobus pallidus, putamen, thalamus (ventral anterior nucleus), caudate

ucleus, dentate nucleus, amygdala, frontal-, temporal-, occipital- and

erebellar cortex. White matter samples were collected from frontal-,

emporal- and occipital white matter, corpus callosum and cerebellar

eduncle. All samples were coded for MRI and subsequent biochemical

rocessing. 

.3. MRI data acquisition 

.3.1. Postmortem in situ brain 

Postmortem MRI of the in situ aceruloplasminemia brain was per-

ormed within 36 h of death. The subject was scanned at room temper-

ture on a 3 T GE Discovery MR750 scanner (Waukesha, Milwaukee,

SA), using a GE 16-channel Head Neck Spine (HNS) coil. T 2 
∗ relax-

tion data were acquired using an axial 3D multi-echo gradient echo

equence with 8 echoes (range 3–21.5 ms, repetition time 32.2 ms, flip

ngle 15°, spatial resolution 1 mm × 1 mm × 2 mm). This acquisition

rotocol was comparable to that used in the Erasmus MC for in vivo

maging of patients with aceruloplasminemia. An axial ultra-short echo

ime (3D UTE) gradient echo sequence with 2 echoes was additionally

cquired (range 0.032 ms – 3 ms, repetition time 9 ms, flip angle 5°,

patial resolution 0.4 mm × 0.4 mm × 3 mm). This sequence had not

et been implemented in clinical practice, and its much higher in-plane

esolution was primarily chosen to better visualize the distribution of

ron in the most heavily iron-loaded brain regions. 

.3.2. Brain slabs 

Before dissection of the samples, high resolution MRI of the acerulo-

lasminemia brain slabs was performed. The slabs were arranged side

y side, covered in plastic and scanned at room temperature on a 3 T GE

iscovery MR750 scanner (Waukesha, Milwaukee, USA), using a Neo-

oil 16-channel GEM Flex small coil (Pewaukee, Wisconsin, USA). The

maging protocol consisted of a coronal 3D multi-echo gradient echo se-

uence with 3 echoes (range 6.1–25.7 ms, repetition time 32.4 ms, flip

ngle 40°, 0.2 mm × 0.2 mm × 0.1 mm spatial resolution). 

.3.3. Tissue samples 

Dissected tissue blocks from both the aceruloplasminemia and con-

rol subject were put in 2 ml tubes and immersed in 4% phosphate

uffered formaldehyde. The 100 tubes were placed in a plastic sample

older that was filled with Milli-Q water® (Millipore, USA) to further

void susceptibility artefacts due to surrounding air. MRI was performed

t room temperature on a 1.5 T GE Artist scanner using a NeoCoil 16-

hannel GEM Flex small coil (Pewaukee, Wisconsin, USA). 1.5 T was

hosen instead of 3 T given the extremely fast signal decay that was

bserved in some deep gray matter regions of the aceruloplasminemia

rain during in situ imaging. T 2 
∗ relaxation data were acquired using

ne axial 3D multi-echo gradient echo sequence with 16 echoes (range

.3–49.1 ms, repetition time 78 ms, flip angle 60°, spatial resolution

.5 mm × 0.5 mm × 0.3 mm) and two 3D UTE sequences: a short TE

ariation with 11 echoes (range 0.032–5 ms, steps of 0.5 ms, repetition

ime 14 ms, flip angle 20°, 0.6 mm 

3 isotropic spatial resolution) and a

ong TE variation with 7 echoes (range 0.032–18 ms, with TEs at 0, 1, 2,

, 8, 12 and 18 ms, repetition time 26.4 ms, flip angle 20° and 0.6 mm 

3 

sotropic spatial resolution). 
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.4. MRI data analysis 

.4.1. Postmortem in situ brain 

The in situ R 2 
∗ map of the aceruloplasminemia subject was calculated

rom the 3D multi-echo gradient echo data, using the three-parameter

tting algorithm within the AW Server software package (version 2.0,

E Healthcare, Waukesha, Milwaukee, USA): y = A • e − TE • R2 ∗ + B,

here A is the initial signal intensity, and B is the offset signal of the sys-

em. To facilitate comparisons between the in situ R 2 
∗ data and R 2 

∗ ob-

ained from the tissue samples – sample R 2 
∗ , the in situ R 2 

∗ map was man-

ally transformed with 3D Slicer (Slicer, version 4.11) ( Fedorov et al.,

012 ) to match the coronal orientation and angulation of the brain slab

f which the basal ganglia samples were taken. The high-resolution im-

ge of this brain slab was used as a reference. For each sample of which

he approximate sampling location could be identified based on anatom-

cal landmarks, a rectangular 2D region of interest (ROI) was manually

rawn on the transformed in situ image that was most similar to the sur-

ace of the sectioned brain slab, using the ROI manager tool within Im-

geJ ( Schneider et al., 2012 ). This ROI was propagated to three adjacent

n situ images, on average, depending on the dimensions of the sample.

hese dimensions were accurately verified by using photographs of the

ectioned brain slab. Mean intensity values of each ROI were extracted,

nd subsequently averaged to obtain mean in situ R 2 
∗ for each sample.

tandard deviations were obtained accordingly. 

The data analysis of the postmortem in situ MRI of the aceruloplas-

inemia subject is summarized in Fig. 1 . 

.4.2. Tissue samples 

Mean sample R 2 
∗ and its standard deviation were calculated for each

ntire tissue block of the aceruloplasminemia and control subject, by

sing the same three-parameter fitting algorithm as described above,

here the offset term captures the echoes laying in the noise. Note that,

or both subjects, the assumption of mono-exponentiality was verified

n tissue samples of the most heavily iron-loaded brain regions. Some

xamples for the aceruloplasminemia subject are shown in the Supple-

entary Material (Figure S1). 

.5. Biochemical analysis 

Following MRI, residual formalin was removed. Tissue specimens

ere washed with Milli-Q® water (Millipore, USA) and destructed ac-

ording to the method previously described ( Kumar et al., 2016 ). The

olumes of the destructives were tripled compared to the described

ethod to account for the higher amounts of tissue in our study (36–

14 mg fixed wet weight). The specimens were destroyed using 900 μl

itric acid 65% (Suprapur®, Merck, Germany) at 90 °C for 2 h. To en-

ure total tissue destruction, 300 μl hydrogen peroxide 30% (Suprapur®,

erck, Germany) was added and the solution was heated again at 90 °C

or 1 h. After cooling down, the tubes were filled with Milli-Q® water

ill 15 ml. Two blank solutions with reagents only, a solution with fresh

ormalin and a solution with formalin that was used for fixation of the

ceruloplasminemia tissue were prepared accordingly. 

National Institute of Standards and Technology (NIST)-traceable

000 mg/L elemental standards were used (TraceCERT®, Fluka) for

reparation of the iron calibration standards and internal standards.

alibration standards were prepared in a Secuflow fumehood (SCALA)

o prevent contamination by atmospheric particulates. Five external

ron calibration standards were prepared: 0, 50, 200, 1000, 5000 μg/L.

0 μg/L Rh and In were used as internal standards. The standards and

issue samples were analyzed for trace elements using the NexION®

000 (PerkinElmer, USA) ICP-MS equipped with a concentric glass neb-

lizer and Peltier-cooled glass spray chamber. An SC2 DX autosampler

PerkinElmer, USA) was connected to the ICP-MS for sample introduc-

ion. Syngistix TM Software for ICP-MS (v.2.5, PerkinElmer, USA) was

sed for all data recording and processing. Trace iron concentrations

ere determined using the kinetic energy discrimination (KED) mode
3 
ith 10% helium gas to minimize polyatomic interferences. The cali-

ration was verified by including a blank measurement and a repeated

easurement of one of the calibration standards, and required a corre-

ation coefficient of ≥ 0.999. Matrix-related effects on the analyte signal

ere excluded by the analysis of a spiked destructed tissue sample. 

All raw data are openly available upon request. 

.6. Statistics 

Statistical analyses were performed using SPSS Version 25 (IBM, Ar-

onk, NY). Tissue samples were categorized into different brain regions,

or which median (interquartile range) iron concentrations and R 2 
∗ val-

es were reported. Linear regression analyses were used to determine

he relationship between iron content and sample R 2 
∗ , separately for

ray and white matter, between in situ R 2 
∗ and sample R 2 

∗ for gray mat-

er samples of the aceruloplasminemia brain, and between iron content

nd in situ R 2 
∗ for gray matter samples of the aceruloplasminemia brain.

n analysis of covariance was used to test for significant differences be-

ween the regression slopes for gray and white matter. Statistical signif-

cance was defined as p ≤ 0.05. 

. Results 

.1. Biochemical analysis 

Biochemical analysis of 100 brain tissue samples, including 34 gray

atter and 16 white matter specimens of both the aceruloplasminemia

nd control subject, showed that for all brain regions the median brain

ron concentration in aceruloplasminemia was at least ten times higher

han in the control subject. In the deep gray matter, median iron con-

entrations in aceruloplasminemia reached above 15 times the normal

oncentration, with the dentate nucleus being by far the most heavily

ron-loaded structure ( Fig. 2 ). 

Table 1 summarizes the iron concentrations separately for each

rain region. Deep gray matter brain structures in aceruloplasminemia

howed large intra-structural variations in iron content. The dentate nu-

leus reached a maximum iron content of 4184 mg/kg wet tissue, with

 median iron concentration of over 2500 mg/kg, followed by a median

ron concentration of over 700 mg/kg in the putamen. These values are

ubstantially higher than in the control subject, where the highest iron

oncentration was found in the globus pallidus and reached 65 mg/kg,

ith a median iron concentration around 50 mg/kg. Cortical iron accu-

ulation in aceruloplasminemia was most prominent in the cerebellar

ortex, followed by the occipital cortex, temporal cortex, and frontal

ortex. In white matter, the cerebellar peduncle was most heavily iron-

oaded, followed by the temporal white matter, corpus callosum, frontal

hite matter and occipital white matter (Supplementary Material, Table

1). 

Formalin that was used to store the aceruloplasminemia brain tissue

howed a nearly nine-fold increase in iron concentration compared to

resh formalin (4.0 mg/l vs. 0.5 mg/l, respectively). 

.2. MRI data 

For aceruloplasminemia tissue samples with an iron concentration

p to 1000 mg/kg, R 2 
∗ could be reliably calculated from the 3D multi-

cho gradient echo sequence at 1.5 T ( Table 1 ). The extremely iron-

oaded dentate nucleus had a signal decay too fast to be adequately

overed by this sequence, therefore we used a UTE sequence for this

egion. The UTE sequence with TE variation from 0 ms to 5 ms at 1.5

 best covered the echo decay for the dentate nucleus samples of the

ceruloplasminemia subject (Supplementary Material, Figure S2). Vi-

ual inspection of the postmortem in situ dual-echo UTE data suggests

hat UTE sequences also have the potential to provide useful R 2 
∗ results

or these most heavily iron-loaded brain regions in situ ( Fig. 3 ). 
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Fig. 1. MRI data analysis of the postmortem in situ aceruloplasminemia brain. 

The high-resolution MR image of the brain slab containing the basal ganglia (TE = 6.1 ms) was used as a reference to appropriately align the coronal orientation and 

angulation of the postmortem in situ MRI (TE = 10.9) with that of the brain slab (3D Slicer). Rectangular regions of interest (ROIs), which were in correspondence 

with the dimensions of the samples, were manually drawn on the transformed magnitude images and subsequently projected on the R 2 
∗ map (ImageJ). The results 

of these ROIs were averaged to obtain mean in situ R 2 
∗ - here shown for one of the left putaminal samples. 

Table 1 

Iron concentrations by ICP-MS and R 2 
∗ at 1.5 T in aceruloplasminemia and control brain samples. 

Brain region Number of samples ∗ Iron concentration (mg/kg wet weight) R 2 
∗ (s − 1 ) 

ACP Control ACP Control 

Dentate nucleus 4 2576 (1912–3645) 28 (26–36) 475 (379–745) † 48 (47–51) 

Putamen 4 741 (687–822) 40 (38–46) 164 (149–170) 35 (33–37) 

Thalamus 2 580 (481–679) 37 (31–43) 132 (111–152) 42 (41–43) 

Caudate nucleus 2 506 (482–529) 45 (43–46) 90 (88–93) 39 (38–39) 

Globus pallidus 4 485 (441–592) 49 (41–61) 111 (103–130) 42 (39–65) 

Cortex 16 411 (378–443) 36 (32–39) 78 (73–88) 34 (32–36) 

Amygdala 2 314 (308–319) 29 (28–29) 66 (64–67) 35 (30–39) 

White matter 16 309 (215–394) 31 (24–34) 76 (70–99) 48 (46–53) 

Abbreviations: ACP – aceruloplasminemia. Data are expressed as median (interquartile range) values. 
∗ Number of samples for each subject. † R 2 

∗ derived from the UTE sequence with TE variation 0 ms - 5 ms, as 

the signal decay was too fast to be covered by the 3D multi-echo gradient echo sequence at 1.5 T. 

4 
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Fig. 2. Iron concentrations by ICP-MS for various brain regions of the aceruloplasminemia and control brain. 

Deep gray matter regions include basal ganglia, dentate nucleus, amygdala and thalamus. The boxplots represent median iron concentrations, together with the 

interquartile ranges. The whiskers represent values within the 1.5-fold interquartile range (A). Panel B shows the dentate nucleus samples of the aceruloplasminemia 

brain as outliers above the 1.5-fold interquartile range (dots) and 5-fold interquartile range (stars) of deep gray matter regions. 
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The relationship between iron content and sample R 2 
∗ at 1.5 T for

ceruloplasminemia tissue samples is shown in Fig. 4 . For gray matter

tructures of the aceruloplasminemia brain with an iron concentration

p to 1000 mg/kg, 91% of variation in R 2 
∗ could be explained by iron

nd R 2 
∗ increased with 0.21 s − 1 for every mg iron/kg brain tissue ( p

 0.001). The dentate nucleus was excluded from the linear regression

nalyses because its R 2 
∗ values were obtained using a separate UTE se-

uence, as described above, which was not applicable to the rest of the

issue samples. Still, its R 2 
∗ values followed the same slope (Supplemen-

ary Material, Figure S3). R 2 
∗ was slightly less sensitive to variations in

ron concentration in white matter, with a slope of 0.16 s − 1 • kg/mg ( p <

.001). The regression slope for white matter was significantly different

rom the regression slope for gray matter ( p = 0.041). No significant as-

ociation was found between R 2 
∗ and tissue iron content of the control

amples (data not shown) . 

For the 15/30 gray matter samples of the aceruloplasminemia sub-

ect that could be clearly identified on the postmortem in situ images, in

itu R 2 
∗ at 3 T and sample R 2 

∗ at 1.5 T were highly correlated, as illus-

rated in Fig. 5 A.). For white matter, the relationship between in situ R 2 
∗ 

t 3 T and sample R 2 
∗ at 1.5 T was not formally assessed, given only four

hite matter samples could be clearly identified on the postmortem in

itu images. The change in R 2 
∗ from in situ at 3 T to sample-based anal-

sis after fixation at 1.5 T was different for cortex and white matter

ompared to deep gray matter, though, as illustrated in Fig. 5 B. 

The relationship between iron content and in situ R 2 
∗ at 3 T for the

5 gray matter samples is shown in Fig. 6 , and yielded a slope of 0.63 s − 1 

 kg/mg ( p < 0.001). 

. Discussion 

Evaluating the relationship between R 2 
∗ and biochemically deter-

ined iron concentrations in postmortem aceruloplasminemia brain tis-

ue, we may conclude that R 

∗ might be used as a non-invasive measure
2 

5 
f brain iron content in aceruloplasminemia and potentially other dis-

rders within this spectrum of severe brain iron accumulation. 

Although the deep gray matter structures in aceruloplasminemia

ere most heavily iron-loaded, with median iron concentrations reach-

ng above 15 times the normal concentration, our work highlights that

ron accumulation in aceruloplasminemia occurs throughout the whole

rain and also involves cortex and white matter ( Miyajima et al., 2003 ;

orita et al., 1995 ; Miyajima, 2015 ). R 2 
∗ was highly sensitive to varia-

ions in iron content, both for affected gray and white matter samples.

he strong association between sample R 2 
∗ and in situ R 2 

∗ for gray mat-

er regions of the aceruloplasminemia brain confirms that the contrast

ifferences that were found in the sample-based analysis are represen-

ative of the in situ brain. 

The presented calibration equations, though, should be cautiously

sed to predict absolute brain iron concentrations in vivo. When com-

aring the relationship between iron content and sample R 2 
∗ at 1.5 T

ith the relationship between iron content and in situ R 2 
∗ at 3 T, dif-

erences in the regression slopes are indicative of some confounders. In

act, given that R 2 
∗ is linearly related to the magnetic field from 1.5

 to 3 T ( Yao et al., 2009 ; Peters et al., 2007 ), the slope of 0.21 s − 1

 kg/mg that was determined for gray matter samples at 1.5 T should

quate to a slope of 0.42 s − 1 • kg/mg at 3 T. Our much steeper slope

f 0.63 s − 1 • kg/mg at 3 T is probably due to leakage of iron from the

issue during the five-year interval between postmortem in situ imaging

nd biochemical analysis of the tissue ( Schrag et al., 2010 ; Gellein et al.,

008 ). Although this does not apply to the sample-based analysis, the

onverging behavior of R 2 
∗ from 3 T to 1.5 T that was observed for

eep gray matter structures compared to the cortex and white matter

uggests fixation-related changes of the latter. While some convergence

f the transverse relaxation times for deep gray matter compared to cor-

ex and white matter has also been observed after fixation in controls

 Birkl et al., 2016 ; Blamire et al., 1999 ), it is well possible that NBIA
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Fig. 3. Postmortem in situ UTE data at 3T for deep gray matter brain structures in aceruloplasminemia. A comparison between the TE = 0.032 ms and 

TE = 3 ms UTE data suggests that for the dentate nucleus (first row, white arrow), and for the red nucleus (second row, white arrow) – not biochemically analyzed in 

this study, T 2 
∗ 
< 3 ms. Magnitude images obtained from the multi-echo gradient echo (GRE) sequence at TE = 3 ms for both regions and for the basal ganglia (third 

row) are provided for comparison. 
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t  
reas with excess iron such as the deep gray matter would leak rela-

ively more iron. Autolytic postmortem processes together with a lower

issue temperature might have additionally influenced our imaging re-

ults compared to in vivo ( Birkl et al., 2016 ). It should be noted, though,

hat these limitations should be primarily considered when interpret-

ng the shape of the relationship between tissue iron content and R 2 
∗ .

he sensitivity of R 2 
∗ for variations in iron content, i.e. the strength of

his relationship, is rather substantiated by the consistency that was ob-

erved between in situ R 2 
∗ and sample R 2 

∗ , predominantly among deep

ray matter structures. 

As such, R 2 
∗ could be used to evaluate the iron content of deep gray

atter brain structures in aceruloplasminemia, and as an outcome mea-
6 
ure of iron chelation therapy. For that purpose, the selection of a region

f interest that is representative of the structure should be a major con-

ern, given the large intra-structural variation in iron content that was

bserved in our study. This underlines the importance of selecting a re-

ion of interest that covers the whole structure ( Zhou et al., 2020 ), and

f minimizing factors that might complicate reproducibility, such as dif-

erences in acquisition parameters or magnetic field strength between

ollow-up scans ( Gracien et al., 2020 ). 

The extremely fast signal decay is another challenge of using R 2 
∗ 

s a measure of the iron content for deep gray matter brain structures

n aceruloplasminemia on clinical scanners. Although this can be par-

ially mitigated by the use of 1.5 T instead of 3 T MRI ( Zhou et al.,
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Fig. 4. Relationship between iron concentration and R 2 
∗ at 1.5 T in aceruloplasminemia tissue samples. 

The solid line represents the regression line for gray matter (GM). The dotted line represents the regression line for white matter (WM). The error bars represent the 

standard deviation of R 2 
∗ . 
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t  
020 ; Labranche et al., 2018 ), even at 1.5 T our 3D multi-echo gradient

cho sequence failed to capture the extreme iron-loading of the dentate

ucleus in the studied aceruloplasminemia brain. Ultra-short echo time

UTE) sequences might enable evaluation of R 2 
∗ for such extremely iron-

oaded regions, as supported by both our quantitative analysis of the

entate nucleus samples at 1.5 T and qualitative observations in situ at 3

. However, to our knowledge, the iron concentration of approximately

000 mg/kg that was detected in one of the dentate nucleus samples of

ur aceruloplasminemia subject is the highest amount of iron that has

ver been found in the human brain. Other NBIA studies estimated deep

ray matter iron concentrations between 800 mg/kg and 1000 mg/kg

 Dusek et al., 2014 ; Löbel et al., 2014 ), up to a four-fold lower. In all

ikelihood, routine gradient echo protocols with a relatively short echo

ime ( ∼3 ms) at 1.5 T should suffice for most patients in clinical practice,

nd UTE protocols would only be required for extreme cases. 

In fact, compared to previously reported R 2 
∗ values for deep gray

atter structures in patients with aceruloplasminemia in vivo , our

ostmortem in situ R 2 
∗ values were approximately two times higher

 Zhou et al., 2020 ; Pan et al., 2011 ) . This might be explained by the
7 
onger duration of neurological manifestations in our subject compared

o these previously reported patients, as both the severity of iron ac-

umulation and its regional distribution have shown to expand with a

onger duration of neurological manifestations ( Kaneko et al., 2012 ).

lthough the loss of signal on T 2 
∗ -weighted images that was observed

ithin the dentate nucleus and red nucleus in one of the previously

eported patients might suggest that these structures are preferentially

ffected in aceruloplasminemia ( Zhou et al., 2020 ), it remains to be elu-

idated whether these findings indeed represent a common feature of the

isease. Still, the regional distribution of iron seems different in aceru-

oplasminemia compared to the healthy situation, with the lateral divi-

ion of the thalamus being remarkably iron-loaded ( Vroegindeweij et al.,

017 ; Vroegindeweij et al., 2021 ; Miyajima, 2015 ; Kim et al., 2017 ),

hile the globus pallidus may be relatively iron-spared ( Zhou et al.,

020 ; Salsone et al., 2021 ). 

Apart from the fixation-related caveats of our work that have been

escribed above, several other limitations should be considered. Firstly,

he slope of the relationship between tissue iron content and R 2 
∗ in

he studied aceruloplasminemia brain could not be directly compared
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Fig. 5. Comparison between “in situ ” R 2 
∗ and “sample ” R 2 

∗ for gray and white matter brain regions in aceruloplasminemia. 

“In situ ” R 2 
∗ was highly correlated with “sample ” R 2 

∗ for 15 gray matter regions that could be clearly identified on the postmortem in situ MRI. The relationship 

between “in situ ” R 2 
∗ at 3 T and “sample ” R 2 

∗ at 1.5 T was not formally assessed for white matter, given only four white matter data points could be included (A). 

Panel B indicates the change in R 2 
∗ from in situ imaging at 3T to sample imaging at 1.5 T for deep gray matter (red lines), cortex (light blue lines) and white matter 

samples (dark blue lines). The bold lines represent the average change in R 2 
∗ for deep gray matter samples (DGM) – ratio 0.53, cortex samples – ratio 1.15, and 

white matter samples (WM) – ratio 1.13 . 

Fig. 6. Relationship between iron concentration and “in situ ” R 2 
∗ at 3 T for aceruloplasminemia gray matter samples. The error bars represent the standard 

deviation of R 2 
∗ . Linear regression analysis was not performed separately for white matter, given only four white matter data points could be included. 
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o that in control subjects. While methodological differences and much

horter durations of formalin fixation hindered appropriate compar-

sons with previously reported iron-R 2 
∗ calibrations in control subjects

 Langkammer et al., 2010 ; Stuber et al., 2014 ; Hametner et al., 2018 ),

o significant association was found between control iron content and

ample R 2 
∗ in this work. The latter might be due to the relatively small

ange and low iron concentrations that were measured in the control

rain samples ( Langkammer et al., 2010 ; Hametner et al., 2018 ). Poten-

ial differences in the regression slope between patients with acerulo-
8 
lasminemia and healthy subjects might be due to clustering of iron par-

icles ( Gossuin et al., 2007 ), and/or the coexistence of different molecu-

ar iron forms with varying magnetic properties ( Dezortova et al., 2012 ;

irkl et al., 2020 ; Dietrich et al., 2017 ). Significant influences of changes

n the oxidation state of iron, though, were not substantiated by our

revious study that directly quantified specific molecular iron forms in

he same subject with aceruloplasminemia ( Vroegindeweij et al., 2021 ),

or by non-monoexponentiality of the transverse magnetization decay

n this work. Still, additional T sequences would have been of interest,
2 
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ince analyses of the spin-echo decay could reveal relevant information

n the clustering of iron particles ( Jensen et al., 2010 ), and the combi-

ation of R 2 and R 2 
∗ maps could provide valuable insights into the size

f these particles ( Lee et al., 2018 ). Moreover, R 2 might be considered as

 measure of brain iron content for those extremely iron-loaded regions

hat could not generate useful R 2 
∗ results using conventional gradient

cho sequences at 1.5 T. 

The lack of quantitative susceptibility mapping (QSM) is another lim-

tation of our study, as QSM also has the potential to quantify the iron

ontent in extremely iron-loaded regions where the signal decay is too

ast to generate useful R 2 
∗ results ( Haacke et al., 2015 ). On the other

and, the at least ten-fold increase in iron content throughout the whole

ceruloplasminemia brain, and the resulting lack of a zero reference re-

ion, may easily bias the relative differences in magnetic susceptibility

mong brain regions that are normally exploited by QSM ( Zhou et al.,

020 ; Langkammer et al., 2012 ). 

In conclusion, R 2 
∗ is now validated as a measure of brain iron content

or heavily iron-loaded deep gray matter brain structures in aceruloplas-

inemia, and potentially also other forms of NBIA. We show that R 2 
∗ 

inearly correlates with iron concentration, and may therefore provide

 useful quantifiable biomarker to evaluate disease progression and out-

omes of iron chelation therapy in vivo . Routine gradient echo protocols

ith a first echo time ∼3 ms at 1.5 T are recommended. 
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