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A B S T R A C T

Objectives: Aceruloplasminemia (ACP) is a rare autosomal recessive disorder characterized by intracranial and

visceral iron overload. With R2*-based imaging or quantitative susceptibility mapping (QSM), it is feasible to

measure iron in the brain quantitatively, although to date this has not yet been done for patients with ACP. The

aim of this study was to provide quantitative iron measurements for each affected brain region in an ACP patient

with the potential to do so in all future ACP patients. This may shed light on the link between brain iron

metabolism and the territories affected by ceruloplasmin function.

Methods: We imaged a patient with ACP using a 3T magnetic resonance imaging scanner with a fifteen-channel

head coil. We manually demarcated gray matter and white matter on the Strategically Acquired Gradient Echo

(STAGE) images, and calculated values for susceptibility and R2* in these regions. Correlation analysis was

performed between the R2* values and the susceptibility values.

Results: Besides the usual territories affected in ACP, we also discovered that the mammillary bodies and the

lateral habenulae had significant increases in iron, and the hippocampus was severely affected both in terms of

iron content and abnormal tissue signal. We also noted that the iron in the cortical gray matter appeared to be

deposited in the inner layers. Moreover, several pathways between the superior colliculus and the pulvinar

thalamus, between the caudate and putamen anteriorly and between the caudate and pulvinar thalamus pos-

teriorly were also evident. Finally, R2* correlated strongly with the QSM data (R2 =0.67, t = 6.78, p < 0.001).

Conclusion: QSM and R2* have proven to be sensitive and quantitative means by which to measure iron content

in the brain. Our findings included several newly noted affected brain regions of iron overload and provided

some new aspects of iron metabolism in ACP that may be further applicable to other pathologic conditions.

Furthermore, our study may pave the way for assessing efficacy of iron chelation therapy in these patients and

for other common iron related neurodegenerative disorders.

1. Introduction

Aceruloplasminemia (ACP), also known as hereditary ceruloplasmin

(CP) deficiency, was first described in 1987 by Miyajima et al. [1]. It is

a rare autosomal recessive disorder affecting iron metabolism and is

caused by mutations in the CP gene on chromosome 3q22-25 [1–4]. CP

is a copper containing ferroxidase enzyme with a single polypeptide

chain composed of 1046 amino acid residues, which binds to six copper
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ions. It is synthesized and secreted by hepatocytes, astrocytes, choroid

plexus epithelium, and Sertoli cells [1,5]. Copper-bound CP exports

iron from the reticuloendothelial system, as it is involved in the con-

version of iron from its Fe2+ ferrous to the Fe3+ ferric state in plasma,

with consequent delivery of the iron to cells [6]. Iron can enter neurons

only when it is bound to transferrin (TF) in the oxidized state and this is

hampered in ACP [7]. As a consequence of decreased cellular iron

uptake, the extracellular iron pool increases. Moreover, intracellular

iron levels also increase via the iron efflux through ferroportin-1 (FPN1)

which is dependent on CP [8].

ACP diagnosis is mainly characterized in imaging by iron accumu-

lation in the brain and viscera and then established in a proband with

typical clinical findings and identification of biallelic pathogenic var-

iants in CP by molecular genetic testing. The presence of elevated levels

of ferritin, low serum copper or increased hepatic iron concentration

are often associated with very low levels to absent serum CP [7,9].

Characteristic clinical findings include: evidence of early-onset macular

degeneration with undisturbed diabetes mellitus, anemia, visual acuity

[10] and neurologic disturbance [11]. Pathologic studies have shown

marked accumulation of iron in the liver, pancreas, retina, and central

nervous system (CNS), and a marked loss of neurons in the neostriatum,

dentate nucleus, and thalamus. A Japanese study found that movement

disorders were usually the first neurological sign of ACP [9], however,

in another Caucasian cohort, more than half of the patients initially

presented with cognitive and/or psychiatric changes or a combination

of non-motor and motor features [12]. Overall, ACP phenotypes have

been found to be more heterogeneous than previously thought and

neurological manifestations can appear two decades after other clinical

symptoms [13]. Deficits in CNS include: bradykinesia, postural in-

stability gait, ataxia, tremor, orofacial dyskinesia, chorea, progressive

dementia, behavioral changes, apathy and depression [13–16]. With

more than one of the above clinical findings and typical results on la-

boratory testing, ACP should be suspected in individuals with certain

characteristic MRI findings. Abnormal low signals in the liver as well as

the striatum, thalamus, and dentate nucleus of the brain on T1- and T2-

weighted images are consistent with iron deposition and support a di-

agnosis of ACP [11]. Until recently, spin echo imaging and gradient

echo imaging including susceptibility weighted imaging (SWI) [17]

have been the mainstay of visualizing increased iron content in the

brain via signal loss in these images. A number of case studies of ACP

have clearly identified increases in iron content in deep gray matter,

thalamus, cortical gray matter, putamen, red nucleus, dentate nucleus,

globus pallidus, superior colliculi and cerebral peduncles [18].

Today MRI offers a means to quantify iron content using either R2*-

based imaging or quantitative susceptibility mapping (QSM) [19]. In

the ACP patient's brain, the nonheme iron concentration has been

shown to exceed 20 mg/100 g fresh weight in almost all regions, while

such a high level of iron could only be seen in the globus pallidus in a

healthy brain [7]. With quantitative MR mapping, it is feasible to

longitudinally track iron in the brain, however, it is difficult to assess

efficacy of iron chelation therapy without a standardized and quantified

description of ACP in MRI findings [20].

In this paper, we not only note the presence of abnormal iron levels

throughout the brain in an ACP patient but also provide quantitative

iron measurements for each affected region (the deep gray matter,

putamen, caudate, mammillary bodies, lateral habenulae, hippocampus

and so on). We also present the possible link between brain iron me-

tabolism and the territories affected by ceruloplasmin function. To our

knowledge, these findings have not been described previously and it

would be helpful to further understand the disease.

2. Materials and methods

The study was approved by the ethics committee at Ruijin Hospital

affiliated with the Shanghai Jiao Tong University School of Medicine.

Written informed consent was obtained from the participant.

2.1. Patient data

A 53-year old woman was hospitalized due to a one-year history of

progressive cognitive decline, slowness of limb movement and a 21-

year medical history of diabetes mellitus. Her spouse and colleagues

reported that the patient was irritable, anxious, and easily depressed for

the last year. The patient became unable to cope with her routine work

and daily life because of the decreased memory and slow responses.

Moreover, she presented with mild tremor in both hands and seemed to

be hesitating while talking and walking. Neurological examination

showed general slowness of reaction and movement, slight tremor, and

hypermyotonia associated with the upper extremities. The mini-mental

status examination (MMSE) was 23 (she has a college education), the

Montreal Cognitive Assessment was 17, the Hamilton depression scale

17-item (HAMD-17) was 24, and the Hamilton Anxiety Scale 14-item

(HAMA-14) was 26. Laboratory tests revealed anemia (hemoglobin

10.1 g/dl) and hyperglycemia (glucose 210 mg/dl). Notably, the patient

had severe copper‑iron disturbance with an extremely low level of

ceruloplasmin (< 2.00 mg/dl), low serum level of copper (8.54 μg/dl),

low level of serum iron (4.7 μmol/l), high level of ferritin (916.7 ng/

ml), and a low percentage of transferrin saturation (11%). Exome se-

quencing detected a mutation on the CP gene: c.606dupA drift muta-

tion; hence, the diagnosis of ACP was confirmed at the genetic level.

2.2. MR imaging

MR scanning was performed on a 3T Ingenia MRI scanner (Philips

Healthcare, Best, The Netherlands), using a fifteen-channel head coil.

The acquisition parameters followed the Strategically Acquired

Gradient Echo (STAGE) imaging protocol [21]: whole brain coverage

with a transverse acquisition, TR/TE = 25/7.5 ms, field-of-view

(FOV) = 256 mm × 256 mm, matrix = 384 × 192, slice thickness

(TH) = 2 mm, bandwidth = 220 Hz/pixel, flip angles (FAs) = 6° and

24°, a third scan was run with TE = 17.5 ms with a 6° FA. Each scan

had an acquisition time (Tacq) of 1 min, 53 s (total Tacq of just under

6 min). Further, a high resolution SWI scan with a resolution of

0.67 mm × 0.67 mm × 1.34 mm was run with TE1 = 11 ms,

TE2 = 20 ms, TR = 26 ms, FA = 9° and a Tacq of 5 min 47 s. An age-

matched healthy control was scanned with the same STAGE parameters

for visual comparison.

2.3. Reconstructing the susceptibility and R2* maps

Prior to reconstructing the QSM data, the phase image for the

TE = 7.5 ms data was pre-processed as follows: it was unwrapped using

Laplacian phase unwrapping [19] and then the background field in-

duced by the air/tissue interface was removed using Sophisticated

Harmonic Artifact Reduction for Phase (SHARP) [22] (the radius of the

kernel and the threshold in SHARP were 6 pixels and 0.05, respec-

tively). Finally, the iterative susceptibility weighted imaging and

mapping (iSWIM) method [23,24] was used to reconstruct QSM data

from the pre-processed phase image and a k-space threshold of 0.1 was

used. In iSWIM [25], the missing parts of k-space were filled in using

geometry-constrained high susceptibility components estimated after

each iteration. Due to the very high iron content, only the TE = 7.5 ms

images were used to reconstruct the QSM data. R2* maps were created

using both echoes for each of the FAs, and then averaged [21].

2.4. Method for tracing whole deep gray matter regions

The deep gray matter was manually demarcated on the STAGE maps

by one rater using previously published criteria [26,27]. The caudate

nucleus, putamen, globus pallidus, substantia nigra, red nucleus, tha-

lamus, medial thalamus, pulvinar thalamus, mammillary body, and the

dentate nucleus were traced bilaterally.
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2.5. Measuring susceptibility and R2*

Susceptibility and R2* values were calculated from the entire

structure of interest. For correlation analysis, we also traced sixty-eight

small regions (approximately 10 voxels or 9 mm3) throughout the

parenchyma which included cortical white and gray matter, deep white

and gray matter, the dentate nucleus, the corpus callosum, pons, and

cerebellum. The region sizes were kept small enough to avoid signal

artifacts from high iron or signal dropout on any of the maps to preserve

signal homogeneity within the structure. R2* values were then corre-

lated with the susceptibility values as measured from the QSM data.

3. Results

There are three main findings gleaned from the various images in

the ACP subject: the first is the enhanced ability to see iron deposition

using high resolution gradient echo imaging, the second is the ability to

quantify the tissue properties of the affected regions, and the third is the

ability to quantify local iron content. The gradient echo sequences make

it easy to see iron deposition in this case even for echo times as short as

7.5 ms although contrast improves as the echo time increases to

17.5 ms. We can see increased levels of iron in the lingual gyrus cortical

and cerebellar gray matter, as well as in the locus coeruleus and the

cuneus region gray matter (Fig. 1a, b). High levels of iron are seen in

the dentate nucleus, caudate nucleus, putamen (Figs. 1, 2) (but not the

globus pallidus (Fig. 1d, e) which had lower iron content increases), the

substantia nigra and red nucleus of the midbrain, in the thalamus

(except the medial portion which appears to be spared) and pulvinar

thalamus (Fig. 1d, e), in the lateral habenulae (Fig. 1d, e), and in

multiple connecting pathways including those between the caudate and

putamen (Fig. 2), the superior and inferior colliculi the former of which

was connected to the lateral geniculate. We also see abnormally high

signal in the body of the hippocampus, at the border of the hippo-

campus which shows a corrugated dark signal (Fig. 3) in the high re-

solution FA 9°, TE = 11 ms images. Cortical areas abutting the white

matter cranially were affected (more specifically, the inner cortical

layers are affected but not the outer layers, although the U-fibers may

also have been affected bordering the gray matter/white matter

boundaries) (Fig. 4). Some structures such as the locus coeruleus, ha-

benula and fiber pathways that were affected are reported here for the

first time in ACP patients.

3.1. Iron content and distribution

The iron content for all measured structures is shown in Table 1,

where it can be seen that, for this patient, iron content can be 5 to 10

times higher than that in healthy controls. In healthy subjects, sus-

ceptibility increases in the deep gray matter with advancing age

[26,28]. In this patient, the iron content was markedly higher than the

normal ranges in all measured cortical gray matter and deep gray

matter structures with the GP being the only exception. Further, this is

the first work in which mammillary body iron is reported in an ACP

subject; compared to a recent study, the iron content for healthy con-

trols had a mean susceptibility of 54 ± 20 ppb in the mammillary

Fig. 1. Images from this ACP subject (left and

middle columns) and from an aged-matched

healthy control (right column). For the first row:

a) magnitude image (TE = 17.5 ms, FA 6°), b)

R2* map and c) susceptibility weighted imaging

(SWI). White arrows point to iron deposition in

the lingual gyrus continuing to the cuneus. For

the second row: d) magnitude image

(TE = 17.5 ms, FA 6°), e) quantitative suscept-

ibility map (QSM) from the TE = 7.5 ms data and

f) SWI. The globus pallidus appears with rela-

tively low iron compared to the putamen within

this ACP subject (white triangles in d-e).

Connections between the habenula and the pul-

vinar thalamus along with high iron in the stria

medullaris are observed with high iron (top of

black V in d, top of white V in e). For the third

row: g) magnitude image (TE = 17.5 ms, FA 6°),

h) R2* map and i) SWI. Iron deposition is ob-

served in the right precentral gyrus in the mag-

nitude image and the R2* map.
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body, roughly four times lower than this ACP patient [29].

For healthy controls, susceptibilities for the substantia nigra, red

nucleus, caudate nucleus, putamen, dentate nucleus, and globus pal-

lidus have been reported in the realm of 120 ppb, 90 ppb, 40 ppb,

30 ppb, 110 ppb, and 75 ppb, respectively [28]. Additional suscept-

ibility and R2* values are shown in Table 1 from work by Ghassaban

and colleagues [27]. A regional analysis to quantify iron content was

performed by Liu and colleagues in which an age-based threshold was

applied to the whole structure to preserve only the high-susceptibility

pixels. In that work, for healthy controls, the “high-region” iron in the

substantia nigra/red nucleus/caudate nucleus/putamen/globus pal-

lidus was measured to be 170–200/120–180/70–105/76–160/

208–228 ppb, respectively [26].

R2* vs. QSM yielded a strong correlation (R2 = 0.67; t = 6.78,

p < 0.001, Fig. 5). The areas sampled were small, homogeneous re-

gions in the basal ganglia structures, corpus callosum, deep gray matter,

cortical gray matter and hippocampus.

Fig. 2. Long TE (17.5 ms) low flip angle (6°) images showing (a) coronal, (b) transverse and (c) sagittal orientations. White arrows point to connections observed

between the caudate nucleus and the putamen.

Fig. 3. High resolution images (FA 9°, TE = 11 ms) shown in (a) transverse, (b) sagittal and (c) coronal views. The edge of the hippocampus (short black arrows)

shows iron deposition in a corrugated fashion while the interior appears much brighter (long black arrows).

Fig. 4. Cortical areas showing in-

creased iron as seen in a) T1W en-

hanced (T1WE) images, b) long TE

(17.5 ms) low flip angle (6°) image; c)

R2* map and d) quantitative suscept-

ibility map. Note that the outer layer

of gray matter indicated by the hor-

izontal long arrow has lower iron

content than the inner layer denoted

by the upward point long arrow. The

short arrow in the lower left shows

high iron content in what appears to

also be gray matter when viewed cor-

onally.

L. Zhou, et al. Magnetic Resonance Imaging 70 (2020) 29–35

32



4. Discussion

Our results show the usual territories affected by ACP such as the

basal ganglia, thalamus and cortex as well as several other several key

new findings: 1) some fiber pathways could be seen between the su-

perior colliculus and the pulvinar thalamus, between the caudate and

putamen anteriorly and between the caudate and pulvinar thalamus

posteriorly; 2) the hippocampus was severely affected both in terms of

iron content and abnormal tissue signal; 3) the mammillary bodies had

significantly high iron; 4) the lateral habenulae had an increase in iron;

and 5) the iron manifested mostly in the inner layers of the cortical gray

matter with some mild increase apparent in the U-fibers.

From a clinical perspective, we found the deep gray matter and gyri

iron accumulation could explain some of the neurological dysfunction.

As the caudate, putamen, substantia nigra, red nucleus, and dentate

nucleus play important roles in motor control and regulation [30–32],

the high iron content in these regions likely explains the extrapyramidal

syndromes (bradykinesia, tremor and rigidity) in this patient. The iron

accumulation in the prefrontal cortex, thalamus, habenula, and hip-

pocampus (all parts of the prefrontal network and limbic-cortico-

striato-pallido-thalamic circuits) which are related to emotion (e.g.,

depression and anxiety) and cognition [33,34] could explain the pa-

tient's emotional problems and cognitive decline. More specifically, the

new finding of high iron in the mammillary bodies, which are part of

the limbic system and participate in efferenting for recent memory and

are involved in episodic or event memory [35–37], may explain the

patient's memory impairment and slow response. And for the lateral

habenulae, as a key brain region in the pathophysiology of depression

[38,39], abnormal iron accumulation there may explain the patient's

depression. Some of these clinical and MRI findings have been seen in

previous studies [40,41].

ACP has marked iron accumulation in the basal ganglia, midbrain,

dentate nucleus and cortex [7]. Based on previous studies, there are

several hypotheses for the iron deposition in these specific regions.

Firstly, because most of the cellular iron is dispatched to mitochondria

and endosomal/lysosomal compartments and participates in oxidative

metabolism, intracellular transportation and cellular secretion [42], the

high iron content mainly observed in nuclei with highly active meta-

bolism (such as the deep gray matter nuclei) is reasonable. Dysfunction

of iron efflux in ACP [8] may aggravate the abnormal iron accumula-

tion in these nuclei. Secondly, iron toxicity likely plays an important

role in dopaminergic neurons and interaction with dopamine metabo-

lism [43,44]. Neuromelanin is the end-stage product of dopamine me-

tabolism, which has iron-binding capabilities. When there is an excess

of iron that the neuromelanin cannot chelate, the resulting iron over-

load could cause oxidative stress and lead to neuronal damage. And this

leads to a vicious circle that metabolic dysfunction leads to oxidative

stress and iron accumulation which then in turn interferes with the

metabolism [45]. Thirdly, CP is synthesized and secreted by astrocytes

and autopsy studies confirm redox active iron deposited predominantly

in the perivascular spaces and terminal astrocytic processes [46,47].

And CP may participate in iron transportation crossing the blood brain

barrier (iron recaptured from the ventricular cerebrospinal fluid by the

choroidal epithelia and transported into the blood) [42]. This may ex-

plain the iron accumulation in the periventricular nuclei and sub-

cortical inner perivascular layers.

In our study, we found iron accumulation in the hippocampus

Table 1

Susceptibility and R2* values for the basal ganglia, midbrain structures, and dentate nucleus for the ACP subject and 24 healthy controls (from Ghassaban et al. [27]).

ACP Healthy controls

Volume (mm3) Susceptibility (ppb) R2* (ms) Susceptibility (ppb) R2* (ms)

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Right Caudate Nucleus 1727 326.0 ± 178.5 137.0 ± 46.8 54.6 ± 6.6 25.2 ± 3.8

Left Caudate Nucleus 1770 438.7 ± 214.5 149.6 ± 53.9 52.4 ± 7.6 24.0 ± 3.9

Right Globus Pallidus 1254 185.6 ± 35.0 92.2 ± 6.0 133.1 ± 10.1 38.4 ± 5.5

Left Globus Pallidus 1332 182.3 ± 65.0 115.0 ± 24.0 127.8 ± 7.8 38.0 ± 5.5

Right Putamen 2978 491.2 ± 281.6 142.6 ± 51.7 68.7 ± 6.4 27.0 ± 3.4

Left Putamen 3132 438.8 ± 261.3 150.1 ± 49.1 72.8 ± 7.0 28.6 ± 3.8

Right Lateral Thalamus 1782 290.2 ± 246.8 141.5 ± 54.7 – –

Left Lateral Thalamus 2024 323.0 ± 248.6 144.7 ± 49.5 – –

Right Pulvinar Thalamus 912 560.1 ± 345.9 128.3 ± 56.7 45.3 ± 7.0 21.7 ± 2.2

Left Pulvinar Thalamus 822 689.5 ± 367.8 139.5 ± 57.5 45.6 ± 6.9 21.4 ± 2.1

Right Red Nucleus 322 651.7 ± 307.1 133.6 ± 52.0 108.1 ± 13.0 32.6 ± 4.1

Left Red Nucleus 319 650.6 ± 356.0 128.9 ± 56.6 102.9 ± 12.9 31.9 ± 4.2

Right Substantia Nigra 463 374.6 ± 253.6 115.7 ± 43.5 115.4 ± 11.6 33.7 ± 4.2

Left Substantia Nigra 500 446.6 ± 246.7 129.4 ± 46.0 127.5 ± 10.8 33.4 ± 4.0

Right Dentate Nucleus 1154 822.1 ± 495.2 122.8 ± 59.9 93.1 ± 9.7 29.1 ± 7.9

Left Dentate Nucleus 1130 861.5 ± 526.3 123.7 ± 59.8 95.3 ± 11.0 27.8 ± 6.0

Right Medial Thalamus 807 881.8 ± 204.6 117.5 ± 49.5 – –

Left Medial Thalamus 820 958.2 ± 150.7 110.9 ± 42.4 – –

Right Mammillary Body 21 205.9 ± 111.9 61.4 ± 31.4 – –

Left Mammillary Body 19 240.7 ± 110.2 81.8 ± 49.3 –

Fig. 5. R2* vs. susceptibility for homogeneous regions of interest throughout

the parenchyma yielded a strong correlation (R2 = 0.67, t = 6.78, p<0.001).

This linear fit gives a susceptibility of roughly −318 ppb for an R2* value of

20/s roughly where the white matter appears. WM, White matter; GM, Gray

matter; GP, Globus Pallidus; HP, Hippocampus; CN, Caudate Nucleus; SN,

Substantia Nigra; PUT, Putamen; THA, Thalamus.
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(Fig. 3) and the inner cortical layers (Fig. 4) over and above that seen in

the deep gray matter nuclei. The abnormally high signal within the

hippocampus may be due to high iron content which is known to

shorten T1 (Fig. 3). Previous studies [48–51] have reported that pyr-

amidal neurons of inner cortical layers and hippocampus were labeled

with lactotransferrin and transferrin in both physiological and patho-

logical conditions. Because these pyramidal neurons are metabolically

active and rich with iron binding and transport proteins (lacto-

transferrin and transferrin), iron accumulation in the inner cortical

layers and hippocampus makes sense in the condition of CP absence.

We found several pathways between the superior colliculus and the

pulvinar thalamus, between the caudate and putamen, anteriorly, and

between the caudate and pulvinar thalamus, posteriorly. These were

shown as hypointense on the gradient echo magnitude images and

hyperintense on the QSM images. As previous studies [52–55] have

reported some connectivity and circuits between these nuclei, the

pathways may be a consequence of iron deposition in the strands of

gray matter that stretch between different nuclei or some terminal as-

trocytic processes which participant to activate neural signal trans-

mission between these nuclei. However, this hypothesis still needs

further pathologic confirmation. Some white matter hyperintensities

appear to be present centrally, but this may be caused by the loss of

signal from the adjacent gray matter rather than an inherent increase in

white matter signal itself.

The map of R2* versus susceptibility revealed a slope of 0.134/s/

ppb. This value is similar to that in the recent work of Ghassaban et al.

[27] which reports a slope of 0.123/s/ppb. This huge range of iron is

not present in the average person where high iron content is perhaps

200 ppb to 300 ppb. In this patient, the iron content was as large as

3 ppm in places, although regions with excessively high iron could not

generate a reliable R2* result due to signal loss in the original images

and, therefore, they were not plotted. Nevertheless, both R2* and QSM

prove to be robust methods for quantifying high iron content in this

ACP patient. Potentially either of these measures could be used to track

changes in iron content over time during treatment and potentially used

to evaluate the therapeutic effect of iron chelation medication [56].

A problem with QSM is that the zero baseline is not absolute. If all

the tissues increased their iron content including the white matter and

the white matter serves as the zero mark, then for this ACP patient, the

white matter will still appear with zero susceptibility. If one assumes

that an R2* of 20/s is representative of the usual zero baseline for R2*

in healthy controls, then this value of 20/s is reached for the ACP pa-

tient when the susceptibility is roughly −318 ppb. That suggests that

the true susceptibility should be 318 ppb greater than that quoted in

Table 1 for the ACP patient.

4.1. Study limitations/future considerations

One of the problems with a very high level of iron content is

avoiding aliasing in the phase data to obtain a good quality QSM image

without artifacts. In this study, we used an echo time of 7.5 ms which is

already long for some of the highest levels of iron. Ideally this echo time

should be closer to 2.5 ms to 5 ms when the susceptibility is on the

order of 1 to 3 ppm to produce the best QSM results. Another option

would be to scan the patient at 1.5T with 7.5 ms which is equivalent to

scanning the patient at 3.75 ms at 3T. Lastly, due to the rarity of the

disorder, this study is limited to one subject. The findings presented

herein represent the results of this unique case and generalization of

any results should be withheld until a larger cohort of subjects can be

analyzed.

5. Conclusion

As the mechanisms by which the brain disposes of or stores excess

iron are still partly unknown, the findings in this work may help further

explore the mechanisms of iron deposition and iron transportation.

QSM has proven to be a sensitive and quantitative way to measure iron

content in the brain and to map out the distribution of iron. Also, our

findings provide some new aspects of iron metabolism in acer-

uloplasminemia that may be further applicable to other pathologic

conditions.
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