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Abstract

Quantitative susceptibility mapping (QSM) is a unique technique for providing

quantitative information on tissue magnetic susceptibility using phase image data. QSM

can provide valuable information regarding physiological and pathological processes

such as iron deposition, hemorrhage, calcification, and myelin. QSM has been considered

for use as an imaging biomarker to investigate physiological status and pathological

changes. Although various studies have investigated the clinical applications of QSM,

particularly regarding the use of QSM in clinical practice, have not been examined well.

This review provides on an overview of the basics of QSM and its clinical applications

in neuroradiology.
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Background

Susceptibility weighted imaging (SWI) has been widely used in clinical practice

for the evaluation of various both abnormalities and normal structures in the brain (1).

SWI is created by multiple multiplications of the high-pass-filtered phase image with the

magnitude image. Although 2D T2*-weighted gradient recalled echo (GRE) imaging is

still used in clinical practice, more susceptibility information can be obtained from SWI

with its 3D high resolution GRE imaging without partial volume effect (1). T2* mapping

or R2* mapping (R2*= 1/ T2%*) calculated from multiple echo GRE sequence has been

used for the measurement of susceptibility. Both T2* and R2* mapping provide useful

contrast reflecting tissue microstructures, but magnetic susceptibility has been difficult to

characterize on T2* or R2* mapping (1,2).

With the development of quantitative susceptibility mapping (QSM), the spatial

susceptibility distribution can be visualized by measuring local field shifts in tissues (3-

5). Both phase and magnitude images are required to create QSM as mentioned later. Iron,

myelin and calcification are the major sources of tissue susceptibility in the brain, and

QSM can differentiate between paramagnetic (e.g., iron) and diamagnetic (e.g., myelin,

calcification) substances. Tissue susceptibility values can also be determined using QSM.

Although various studies of QSM have been conducted, the clinical applications



of QSM, particularly regarding the use of QSM in clinical practice, have not been

examined well. Since QSM provides unique information on susceptibility, the use of

QSM in daily clinical practice and clinical research has potential to enhance the value of

QSM in radiology. It is important for both radiologists and QSM developers to know how

QSM can be useful in clinical practice. This review article provides an overview of the

basics of QSM and the resulting clinical applications, particularly in terms of recent works

in neuroradiology.

Procedures

In most cases, magnitude and phase images of GRE are used to create QSM.

Reconstruction of QSM requires the following steps: 1) creating a brain mask; 2) phase

unwrapping; 3) background field removal; and 4) solving an ill-posed inverse problem.

Various approaches have been proposed for each step, so only a brief introduction is given

here; please refer to previous articles if more detailed information is required (2,6-9).

1) Creating a brain mask: A binary mask image is required to determine the region of

interest for processing phase images. Magnitude images are used to generate brain masks,

then skull stripping such as with Brain Extraction Tool (BET) in FSL

(https://fsl.fmrib.ox.ac.uk/fsl), or other thresholding algorithms are used (10).



2) Phase unwrapping: Since phase values can be shown only within a range of -n and =,

phase aliasing may occur if the phase exceeds the bounds of |r]. The details are described

in previous papers (2,6-9). Various techniques have been proposed for phase unwrapping,

such as using path-based methods in the spatial domain and linear fitting methods in the

temporal domain, to obtain an estimate of true magnetic field perturbation (11,12).

3) Background phase removal: Background phase removal, which separates the tissue

phase and background phase arising outside the tissue, is important to obtain a tissue

phase to determine tissue magnetic susceptibility. Many algorithms have been proposed

and representative ones include sophisticated harmonic artifact reduction for phase data

(SHARP) (13); regularization enabled SHARP (RESHARP) (14); harmonic background

phase removal using the Laplacian operator (HARPARELLA) (15); and projection onto

dipole fields (PDF) (16).

4) Solving the ill-posed inverse problem: To determine tissue susceptibility,

deconvolution of the tissue field with the dipole kernel is necessary. Deconvolution in

image space is division in k-space, and the dipole kernel is zero when an observation

point relative to the dipole source is at + 54.7° (magic angle) with respect to the BO

direction (7). These zeroes result in an ill-posed inverse problem to obtain tissue

susceptibility, and many algorithms have been proposed to solve this problem (13,17,18).



5) Software: Many QSM software packages are currently available and representative

toolboxes are listed (https://github.com/mathieuboudreau/qsm-tools#tools). Open data

including the 2016 QSM reconstruction challenge is also available (19).

Deep learning (DL) methods

DL has recently been applied to QSM reconstruction. In most DL QSM pipelines,

the network is trained using data obtained from Calculation Of Susceptibility through

Multiple Orientation Sampling (COSMOS) or traditional optimization techniques

performed on measured MR data, and as the input data of the measured MR data (20).

DL has been developed for each step of QSM reconstruction, and despite high

expectations, several intrinsic issues remain in DL QSM (20). When test data possess

different characteristics to the training data, such as test data from a patient with

hemorrhage and training data from healthy subjects, unexpected errors may arise (20).

Further work is expected to improve the problems associated with DL QSM.

Image sequences for QSM

The GRE sequence is often used for QSM, since the phase image of GRE reflects

local magnetic field changes. Optimal phase contrast is achieved for echo time (TE) equal



to the effective transverse relaxation time T2* of the tissue (21). Since tissues with

different T2* values exist, multiple echo GRE sequence is desirable for QSM. Single echo

GRE with Wave-CAIPI acquisition has been used in cases with limited scan time, such

as COSMOS acquisition requiring scans in multiple orientations (22). In addition, 3D

echo planar imaging (EPI) with a single TE is also used for QSM with a faster scan time

(23,24). QSM can now also be created on-line from 3 TE image sequences of

STrategically Acquired Gradient Echo (STAGE) imaging (25).

QSM across different magnetic fields

The phase of a voxel is generally assumed to linearly follow the main magnetic

field and acquisition TE (4). Several factors may affect the results of QSM, including

susceptibility anisotropy associated with subject positioning, and acquisition parameters

including coverage, spatial resolution, and TE (26,27). QSM has demonstrated good-to-

excellent reproducibility at both 3 T and 1.5 T (28,29).

Brain MRI at 7 T is beneficial due to the excellent contrast-to-noise ratio, and

the benefits of QSM at 7 T have been reported (30). A study comparing 7 T and 3 T

showed that QSM at 7 T offered excellent image quality with good reproducibility (31).

Acceptable reproducibility was also achieved between 7 T and 3 T with minimal



underestimation of susceptibility at 7 T (31). Notably, optimal reproducibility was

obtained when TEs at 3 T was ~2.6 times longer than those at 7 T, suggesting that different

TEs should be selected for different field strengths (26).

Magnetic susceptibility source separation

QSM shows the susceptibility of the voxel, but does not characterize the sub-

voxel susceptibility distribution. In physiological tissues, both paramagnetic and

diamagnetic susceptibility sources may exist within a certain voxel. The opposite

susceptibility components may cancellate each other inside the voxel, and the ability to

separate opposing susceptibility sources at the sub-voxel level has been anticipated to

evaluate the specific quantification of the magnetic properties of a tissue, particularly

where iron is deposited inside white matter.

A previous attempt at separating opposing magnetic sources was performed by

assuming that both R2*, and bulk susceptibility x depend linearly on the concentration of

iron, concentration of myelin, and a constant (32). The recent approach, y-separation, is

based on the hypothesis that R2’ and frequency shift are determined by susceptibility

concentration in the static dephasing regime (33). R2 and R2* measurements are used to

obtain R2’ map (33). Another approach, DECOMPOSE-QSM algorithm, utilizes a 3-pool



signal model where each voxel comprises three distributed pools of magnetic sources:

paramagnetic; diamagnetic; and magnetically “neutral” (34). Multi-echo GRE data is

used in this model (34). In- and ex-vivo studies has been performed for these new

techniques and excellent separation has been achieved, but further studies may be needed

to validate the models.

The role of QSM in clinical practice

Paramagnetic substances such as iron appear positive on QSM, while

diamagnetic substances such as calcification and myelin are shown as negative

susceptibility. Since both paramagnetic and diamagnetic substances are shown as low

signals on SW1, differentiation between paramagnetic and diamagnetic susceptibility with

QSM may facilitate a clinical understanding of signal intensity on SWI. QSM can be used

for evaluating iron content in association with both normal aging and abnormal iron

deposition, whereas CT cannot provide useful information. Anatomical landmarks such

as deep gray matter regions, optic radiations, and physiological calcification of the pineal

gland and choroid plexus are easily recognized on QSM. With better delineation of the

subthalamic nuclei on QSM, QSM is useful for accurate placement of electrodes during

deep brain stimulation surgery (35). Susceptibility values derived from QSM can be used



for serial evaluations and group comparisons.

Presumably normal QSM findings

In brain QSM of normal subjects, most human tissues are diamagnetic, with

susceptibility values are shown within £20% of the susceptibility value of water (36). The

deep gray matter, including parts of the cortices, and veins show positive susceptibility in

normal subjects due to iron (ferritin) deposition, and deoxyhemoglobin, respectively.

White matter structures show slightly negative susceptibility due to myelin, with the optic

radiation and internal capsules showing negative susceptibility. Although iron is present

in oligodendrocytes, the diamagnetic property of abundant myelin is thought to be a major

factor in the susceptibility of white matter (5,37). Physiological calcification of the pineal

body and choroid plexus frequently shows as obvious negative susceptibility.

Age and sex-related differences in QSM

Iron is paramagnetic substance and the major source of positive susceptibility in

the brain. Although stored iron is minimal in neonates, iron concentration in the deep gray

matter and cortical areas increase with age, with a particularly rapid increase from birth

until about 20 years of age (Fig. 1) (2,38). QSM likewise demonstrates similar age-related



changes in susceptibility (39-42). Susceptibility in the motor cortices increases

throughout life. While the susceptibility of iron-rich deep gray matter also increases, the

time courses differ. The susceptibility of the globus pallidus plateaus after 20-30 years,

while those of the putamen and caudate nuclei continue to increase into the 80s (39).

Myelin is diamagnetic and causes negative susceptibility. White matter fiber

bundles and subcortical white matter exhibit a consistent biphasic temporal pattern with

an initial decrease followed by an increase in susceptibility, potentially representing the

maturation and later breakdown of myelin (39). Temporal characteristics, especially the

time to reach minimum susceptibility, vary among different white matter fiber bundles.

Sex differences in susceptibility have been reported for deep gray matter

structures, with women showing lower levels of susceptibility in the substantia nigra after

accounting for age (40). Women expected to be post menopause show lower total

magnetic susceptibility in the subcortical brain than younger female subjects or male

subjects of any age (40).

Paradoxical calcification or mineralization

CT shows high attenuation in regions with calcification such as the choroid

plexus and pineal body, and QSM shows negative susceptibility values in those regions



because calcification is diamagnetic. However, CT occasionally shows high attenuation,

particularly in the medial part of the globus pallidus, and QSM shows positive

susceptibility in the corresponding regions (paradoxical calcification) (Fig. 2). This

finding was evaluated histopathologically, demonstrating the presence of iron and

calcification at the vascular wall of the globus pallidus (43). This may be because

calcification at the vascular wall shows high attenuation on CT, and positive susceptibility

in relation to iron overwhelms the negative susceptibility associated with calcification on

QSM (44). Meanwhile, paramagnetic substances such as iron shows a lesser effect on CT

attenuation (44). Similar phenomena are encountered in Fahr disease, and discussed later.

Magnetic source separation technique, which can estimate both paramagnetic and

diamagnetic susceptibility, may help provide biophysical information in areas of

paradoxical calcification (33,34).

Microbleeds

Pathologically, old cerebral microbleeds are hemosiderin deposits caused by

minor extravasation of blood from small, fibrohyalinized arterioles (45). Microbleeds are

frequently detected in patients with hypertension (24) and are better visualized at 3 T

compared to lower magnetic field strengths. QSM is reportedly to be useful in evaluating



microbleeds with better contrast than magnitude images from SWI (46).

Cerebral amyloid angiopathy (CAA)

CAA is characterized by the deposition of f amyloid in the walls of small to

medium sized arteries (47). The pathogenesis remains uncertain but seems likely to

involve locally produced amyloid accumulates in the brain and accumulates as a result of

reduced clearance. CAA is associated with intracranial hemorrhage (ICH) and CAA-

associated ICH tends to be multifocal, and recurrent, with lobar location (47). CAA

occasionally accompanies encephalopathy as so-called as CAA-related inflammation,

presenting with acute or subacute onset of headaches, cognitive and behavioral changes,

seizures and focal neurological deficits. Perivascular or intramural vascular inflammation

and deposition of amyloid in blood vessels in the cerebral cortex and leptomeninges are

observed histopathologically (47).

Multiple microbleeds tend to be observed at gray-white matter junction, but can

also appear in the superficial cerebellum in CAA. Microbleeds are less commonly

observed in the basal ganglia and brainstem. Subarachnoid hemorrhage or superficial

siderosis is occasionally observed in adjacent sulci.

In CAA-related inflammation, patchy or confluent, asymmetrical white matter



hyperintensities are observed on T2ZWI and FLAIR (Fig. 3). Contrast enhancement is seen

in the leptomeninges or parenchymal lesions. SWI shows multiple microhemorrhages,

sometimes accompanied by subcortical hemorrhage, which QSM shows as high

susceptibility legions (Fig. 3).

Moyamoya disease

Moyamoya disease is characterized by progressive stenosis involving the

terminal internal carotid arteries with small collateral vessels. Abnormal vascular

networks that develop around the stenotic lesions, may work as collateral pathways.

Hemorrhage is one of the severe complications of moyamoya disease and follow-up

detection of microbleeds may be effective for predicting future hemorrhage (48).

Disruption of the dilated collateral vessels due to hemodynamic stress or rupture of

peripheral aneurysms that form in collateral vessels are possible sources of such bleeding

(Fig. 4) (49).

Although SWI is better than T2*-weighted imaging to detect microbleeds (50),

QSM is effective for detecting microbleeds due to the conspicuity of such lesions, and the

ability to differentiate hemosiderin from calcification.



Neurodegenerative diseases

The presence of iron is essential for normal brain function and development, but

excessive iron deposition has been proposed as critical to various pathophysiologies of

the brain. QSM allows for quantitative estimation of tissue magnetic susceptibility at the

voxel level, through the differentiation between paramagnetic and diamagnetic

substances. Since iron content is not directly measured by QSM, the pathophysiologies

of different neurodegenerative diseases must be carefully considered when interpreting

tissue susceptibility information. QSM has been applied for various neurodegenerative

diseases.

a) Parkinson’s disease (PD)

PD is characterized by degeneration and atrophy of the dopaminergic neurons in

the substantia nigra along with intracellular deposition of a-synuclein. Neuromelanin-

sensitive MR revealed that neuromelanin loss in the substantia nigra is associated with

degrees of motor deficits especially in the advanced stage of PD (51-53). Increased QSM

values in the substantia nigra have been found in PD patients compared to controls, and

these values correlate with the severity of motor disability in PD (54). Increased iron

content in the substantia nigra does not necessarily represent dopaminergic

neurodegeneration in the substantia nigra, however. Striatal dopaminergic denervation on



dopamine transporter single photon emission computed tomography (SPECT) followed

by abnormal iron accumulation in the substantia nigra on QSM has been shown to precede

the neuromelanin loss associated with dopaminergic neuronal loss (55).

b) Neurodegeneration with brain iron accumulation (NBIA)

Ceruloplasmin is the extracellular iron transporter and plays an important role in

minimizing intracellular levels of ferrous iron. Aceruloplasminemia is a severe adult-

onset NBIA in which iron accumulates within perivascular astrocytes due to insufficient

efflux cellular iron. QSM shows elevated ferrihydrite-iron as the source of iron-sensitive

MR (56).

QSM shows increased susceptibility in the globus pallidus and substantia nigra

compared to controls in panthothenate kinase-associated neurodegeneration (PKAN), one

of the NBIA syndromes (57). In mitochondrial membrane protein-associated

neurodegeneration (MPAN), another syndrome of NBIA, significantly higher

susceptibility has been found in the substantia nigra, globus pallidus, and caudate nucleus

compared to findings from healthy controls (58).

¢) Amyotrophic lateral sclerosis (ALS)

ALS is a progressive neurodegenerative disease characterized by the

degeneration of motor neurons in the brain and spinal cord. The clinical presentation of



ALS is heterogeneous in respect to the motor neurons involved, but the symptom typically

begins in the limbs. Atrophy and reduced thickness of the motor cortex is commonly

observed. Impaired iron homeostasis in the brain has been associated with oxidative

damage, eventually manifesting as neuronal cell degeneration (59).

Although decreased signal intensity is noted on SW1 in patients with ALS, QSM

shows higher detection of abnormalities associated with high levels of iron in the motor

cortex (60). QSM demonstrated that magnetic susceptibility in the precentral cortex

reflected the prevalence of upper or lower motor neuron predominant ALS (61). Increased

tissue iron loading was identified on QSM not only in the motor cortices, but also in the

substantia nigra, globus pallidus, red nucleus, and putamen (62). However, whether iron

accumulation is a cause or consequence of the neuropathological changes in ALS remains

unclear (59).

d) Cerebellar ataxia

Iron accumulation in the dentate nucleus is a well-known finding in healthy

aging and various NBIAs. Occasionally, unexpectedly decreased susceptibility values are

seen in the dentate nucleus in neurodegenerative disease. Cerebellar atrophy and low

susceptibility values in the dentate nucleus offer a clue to suspicion of abnormal gliosis

in spinocerebellar ataxia type 6 (SCA6) (63,64). Conversely, QSM also reveals a marked



elevation of susceptibility in SCA1 and multiple system atrophy-cerebellar subtype

(MSA-C), moderate elevation in Friedreich ataxia, and a tendency toward elevated

susceptibility in SCA2, to be compared to unaltered susceptibility in SCA3 (64).

Microglial activation has been reported in SCA1 and MSA-C (65), so iron accumulation

accompanying microglia has been suspected. Iron-rich microglia may be less pronounced

in SCA2 and SCA3 than in SCA1 (64). SCAG6 typically manifests as a relatively pure

cerebellar phenotype and is thought to be caused primarily by degeneration of Purkinje

cells in the cerebellar cortex (66). Loss of neurons possibly due to trans-synaptic

degeneration, and reactive astrogliosis have been reported in the cerebellar nuclei of

SCAG6 patients (64).

Cerebral autosomal dominant arteriopathy with subcortical infarcts and

leukoencephalopathy (CADASIL)

CADASIL is a hereditary cerebral small vessel disease associated with the

NOTCH3 gene. The NOTCH3 extracellular domain accumulates in arterial walls

followed by degeneration of vascular smooth muscle cells, and subsequent fibrosis and

stenosis of the arterioles, predominantly in the cerebral white matter (67). Clinical

symptoms include migraine with aura, ischemic attacks, cognitive decline and dementia,



and psychiatric manifestations.

Hyperintensity on FLAIR in the temporopolar regions and external capsules are

characteristic MR findings of CADASIL. Widespread injury to the white matter tract,

including demyelination and axonal injury, is commonly observed, and QSM revealed

increased iron deposition in the caudate and putamen that correlates with the extent of

white matter tract injury (68).

Amyloid deposition

Amyloid deposition and neurofibrillary tangles co-localize with neuronal iron

accumulation, and Alzheimer disease (AD) pathology and more specifically amyloid

deposition it has been demonstrated to be indirectly reflected by the phase information

from a T2*-weighted MR sequence (69). QSM showed correlations between iron

deposition and amyloid accumulation based on amyloid positron emission tomography

(PET) (70,71). In addition, ferritin levels in cerebrospinal fluid (CSF) appear

independently related to cognitive performance (72). Patients with AD onset at an early

age have a greater neocortical iron burden than late-onset patients (73), thus so QSM is

expected to play an important role in evaluating early AD (74).



Idiopathic basal ganglia calcification (IBGC)

IBGC, also called Fahr disease, is a rare, inherited or sporadic neurodegenerative

disorder showing calcification in bilateral basal ganglia and dentate nuclei (75).

Symptoms of IBGC are clinically heterogeneous and the condition may be asymptomatic

or present with movement disorders. Diagnosis is based on neuroimaging in the absence

of other explanations for calcification. Calcifications are present as areas of high

attenuation on CT, and histology shows calcium deposits in the walls of arterioles and

small veins and along capillaries (75). Conversely, QSM shows negative susceptibility

representing calcification as well as positive susceptibility suggesting iron accumulation.

Various metallic compounds (e.g., zinc, iron, copper, manganese, and aluminum) are

deposited in calcified areas, and the strong paramagnetic property of iron presumably

overwhelms the susceptibility of other sources (Fig. 5) (44).

When localized temporal or temporofrontal lobe atrophy as well as calcification

of symmetrical basal ganglia mimicking Fahr disease are observed, the result should be

noted as diffuse neurofibrillary tangles with calcification (DNTC) (76). Although

symptoms of IBGC may include dementia, DNTC can be differentiated from IBGC due

to the presence of progressive dementia, localized lobar atrophy and tau pathology (76).



Wernicke encephalopathy

The pathophysiology of Wernicke encephalopathy is thought to involve

cytotoxic and vasogenic edema due to dysfunctions of the Krebs cycle and pentose

phosphate pathway. High intensity lesions on FLAIR may appear in bilateral

periventricular regions of the thalamus, hypothalamus, and periaqueductal regions. SWI

detects petechial hemorrhages in the mammillary bodies (77). Contrast enhancement in

the mammillary bodies, an important imaging sign of Wernicke encephalopathy, suggests

a disrupted blood-brain barrier, which may be the cause of the microbleeds. Hemosiderin

deposition in bilateral mammillary bodies can be demonstrated on QSM for patients with

Wernicke encephalopathy (Fig. 6) (78).

Hepatic encephalopathy

High concentrations of ammonia can cross the blood-brain barrier, where

astrocytic glutamine synthetase converts ammonia and glutamate into glutamine, which

then acts as an osmolyte and increases cerebral volume (79). While ammonia is the root

cause of hepatic encephalopathy, another possible contributor to hepatic encephalopathy

is manganese toxicity, particularly against a background of longstanding hepatic cirrhosis.

Manganese accumulation and deposition in Alzheimer type II astrocytes in the globus



pallidus are currently considered the main underlying cause of motor disorders associated

with acquired hepatocerebral degeneration (80). QSM showed elevated susceptibility

values in the globus pallidus, since manganese is a paramagnetic substance (Fig. 7).

Brain tumors

Calcification is seen in various brain tumors, including oligodendroglioma,

pilocytic astrocytoma, dysembryoplastic neuroepithelial tumor, medulloblastoma,

ependymoma, ganglioglioma, choroid plexus papilloma (carcinoma), craniopharyngioma,

central neurocytoma, meningioma, and metastatic tumors especially from mucinous

colon adenocarcinoma (81). The incidence of calcification varies with each tumor.

Identifying the presence of calcification may help narrow the differential diagnosis,

differentiating between neoplastic calcification and intratumoral hemorrhage. Although a

description of susceptibility characteristics for all the different types of brain tumors is

beyond the scope of this review, we will discuss the commonly encountered entities of

glioma, germinoma, and meningioma.

a) Glioma

High-grade gliomas such as glioblastoma and metastatic brain tumors are often

associated with hemorrhage. Detection of an intra-tumoral susceptibility signal (ITSS) on



SWI is important because the ITSS grade on SWI has been associated with the size of

postoperative hemorrhage after stereotactic biopsy (82).

Among gliomas, calcification is most commonly observed in oligodendroglioma,

but is rare in astrocytic neoplasm, including glioblastoma. Oligodendroglial tumors is

associated with calcifications such as nodular or clumped patterns. Other brain tumors

such as dysembryoplastic neuroepithelial tumor, medulloblastoma, gangliocytoma, and

pineoblastoma may also present with calcification.

Representative cases of glioma with QSM are shown in Figures 8, 9, and 10.

b) Germinoma

Primary central nervous system (CNS) germ cell tumors are more common in

Japan and other countries in Asia compared with North America, and germinoma is the

most common subtype of germ cell tumor. Germinoma tends to occur in the midline, most

commonly in the pineal region (Fig. 11) and hypothalamus, and occasionally in the basal

ganglia, thalamus, brainstem, and spinal cord. Germinomas are primarily tumors of young

patients, with most patients being under than 20 years old at the time of diagnosis (83).

Germinoma in the pineal region shows a marked male preponderance, whereas that in the

suprasellar region shows no clear gender preponderance.

Germinoma in the pineal regions shows ovoid or lobulated in contours, engulfing



the calcified pineal gland (84). In pineal parenchymal tumors, calcification of the pineal

gland may be “exploded”.

¢) Meningioma

Meningioma is a common intracranial tumor arising from arachnoid cap cells.

Most meningiomas grow slowly or remain stable in size. Meningiomas are occasionally

accompanied by calcified components. Meningioma without calcification is likely to

grow exponentially, whereas meningioma with calcification shows linear or no growth

(85).

When a tumor contains a calcified component, SWI shows low intensity and

QSM shows a negative susceptibility value. If the tumor is located along the dura mater,

QSM can differentiate positive susceptibility structures suggesting venous structures

from negative susceptibility structures suggestive of calcification.

Calcifying pseudoneoplasms of the neuraxis (CAPNON)

CAPNON is a non-neoplastic, calcified lesion occurring anywhere in the CNS

(86) (Fig. 12). CAPNON lesions are reportedly intra- or extra-axial, or in the brain or

spine (86). No predilections for sex, age, or CNS location have been reported (86).

Although the nature of CAPNON is unclear, a reactive rather than a hamartomatous



process has been favored.

Treatment-related intratumoral calcification

Chemotherapeutic agents such as bevacizumab (a vascular endothelial growth

factor inhibitor) can also cause calcification within the tumor as a therapeutic effect. QSM

can help distinguish between intratumoral hemorrhage and treatment-responsive

intratumoral calcification (87). Bevacizumab-induced tumor calcifications in patients

with glioblastoma were reported to be related to better outcomes and QSM may provide

such supplementary information instead of CT, since CT is not accepted as a sufficient

standard of care to evaluate the status of brain tumors in patients.

Radiation-induced mineralizing microangiopathy

Treatment-induced calcifications have only been recognized as rather long-term

sequelae of radiotherapy, typically for childhood tumors, such as medulloblastoma.

Mineralizing microangiopathy was detected in 30% of childhood brain tumor survivors

who underwent radiotherapy at a median 20 years after radiotherapy cessation (88).

Mineralizing microangiopathy is diagnosed after identifying calcifications characteristic

of mineralizing microangiopathy on QSM or CT.



Arteriovenous fistula (AVF)

In dural AVF, curvilinear subcortical calcifications can be seen on CT in patients

with long-standing cortical venous reflux, possibly due to chronic venous congestion

(89,90). The exact mechanisms underlying the subcortical calcification of dural AVFs are

unknown, but are proposed to represent an arterial steal phenomenon or persistent venous

congestion, with calcification occurring in chronic hypoperfused brain parenchyma or

secondary to dystrophic changes in the walls of congested veins (Fig 13) (89,90). Cerebral

subcortical white matter regions are located in watershed areas of the arterial supply, and

are more sensitive to hypoxic or ischemia changes. Arterial venous malformation may

also contain dystrophic calcifications along the serpentine vessels and within adjacent

parenchyma (89,90).

Cavernous malformation

Cavernous malformation, also known as cavernous angioma, is a common

hemorrhagic vascular anomaly comprising clusters of dilated sinusoidal channels lined

with endothelial cells (91). Cavernous malformation is grossly distinct from the adjacent

brain and has a lobulated appearance. Blood products of various ages are often observed



in cavernous malformation, and developmental venous anomalies or calcifications (so-

called popcorn-ball calcification) may occasionally be present. QSM has been reported

as useful to monitor the progression of cavernous malformation based on its ability to

measure iron content inside the lesion (92).

Infections

QSM may play a certain role in the evaluation of infectious disease.

a) Tuberculoma

Intracranial tuberculosis can affect the meninges and parenchyma, resulting in

diffuse meningitis, tuberculoma, tuberculous abscess, focal cerebritis, vasculitis and

strokes. Tuberculoma and tuberculous meningoencephalitis are the important

manifestations of tuberculosis of the CNS. Tuberculomas are well-defined focal masses

that result from tuberculosis infection, and most commonly occur in the brain. The target

sign, as a small focus of calcification or enhancement in the center of a ring-enhancing

mass, may be present in some cases. Tuberculomas can also mimic other entities,

including glioblastoma, brain metastasis, intracranial hemorrhage, abscesses, or other

gliomas, which can be associated with calcifications that produce the “target sign” that

suggests reactivated or dormant tuberculosis (93). QSM helps distinguish between



calcification and hemosiderin, both of which present as hypointensity signal on SWI (Fig.

14).

b) Toxoplasma

Neurotoxoplasmosis is a common opportunistic infection, that often presents

with multiple lesions in the basal ganglia, thalamus, and corticomedullary junctions. A

ring-enhancing lesion with a small eccentric nodule along the wall is known as an

eccentric target sign. Intralesional susceptibility signal foci are present in the vast majority

of patients with neurotoxoplasmosis (94). Calcifications are observed once treatment is

initiated (Fig. 15). Calcifications are also observed in cases with congenital toxoplasmosis.

Metallic deposition associated with exogenous sources

QSM can be used for metallic deposition associated with exogenous sources.

a) Gadolinium deposition

Hyperintensity signal in the dentate nucleus and globus pallidus on T1WI is

assumed to be a consequence of the number of previous administrations of gadolinium-

based contrast agents (GBCA) (95,96). Gadolinium shows paramagnetic properties and

magnetic susceptibility on QSM is associated with the number of usages of linear-type

GBCA since free gadolinium may accumulate in the dentate nucleus (97). Currently,



macrocyclic GBCA is usually used for contrast-enhanced (CE) MRI due to better

chemical stability. Recent reports have noted that even the use of macrocyclic GBCA is

associated with increased susceptibility values in the globus pallidus (98). The

mechanism has not been clearly determined, but in vivo competition between endogenous

cations and gadolinium ions may be considered one reason (99).

b) Transfusion

One unit of packed red blood cells contains approximately 200-250 mg of iron

(100), and with approximately 10-20 consecutive transfusions, iron is deposited in tissues

where toxicity may result. Comparisons between transfusion-dependent and non-

transfusion-dependent beta-thalassemia patients and healthy controls showed disease-

related increases in iron content in the putamen and choroid plexus (101). This increase

was accentuated by regular blood transfusions (102).

Outside the brain

QSM has also been applied to the regions outside the brain (103). Applications

of QSM are currently limited, but future progress is expected.

a) Carotid artery

Carotid plaque with characteristics of intraplaque hemorrhage, lipid-rich



necrosis and calcification may increase the risk of stroke. Vessel wall MRI is widely used

to detect hyperintensity inside the plaque, representing intraplaque hemorrhage (104).

QSM has the potential to differentiate intraplaque properties using susceptibility

information (105,106). Susceptibility values are higher in intraplaque hemorrhage than in

lipid-rich necrosis, and lower in intraplaque calcification than in lipid-rich necrosis

(105,106). The reproducibility of susceptibility values inside the carotid plaque have also

been demonstrated (105). In addition, susceptibility values are reportedly sensitive to the

microstructural composition of arterial vessels, especially for collagen. QSM can provide

a sensitive and specific marker of vessel disease by detecting disruption of the

microstructures of the carotid arterial wall (107).

b) Liver

Hepatic iron overload is observed as a complication of hemochromatosis,

transfusional hemosiderosis and non-alcoholic fatty liver disease (108,109). Measuring

hepatic iron content is important to guide iron removal therapy and avoid disease

progression (110). Respiratory motions, presence of fat, and severe iron overload

complicate QSM in the abdomen, but clinical hepatic iron content can be assessed by

using QSM through various techniques (108,109).

c) Prostate



Multiparametric MR imaging including high resolution T2WI, DWI, and

dynamic contrast imaging, offers a useful technique for detecting of prostatic cancer (111).

However, multiparametric MR imaging can be confounded by post-biopsy hemorrhage

and/or calcification. Both CT and QSM allow quantitative differentiation of calcification

from non-calcified prostate tissue, and a significant correlation between values from CT

and QSM has been observed for calcification (112). Since QSM can accurately depict

prostatic calcifications, QSM can be used as an additive tool for multiparametric MR

imaging.

Conclusions

We have provided a review of the background and clinical applications of QSM

on the basis of the published evidence. Quantitative susceptibility values as well as

qualitative information for paramagnetic and diamagnetic properties contribute valuable

etiological and diagnostic information. The addition of QSM to routine protocols would

increase the clinical utility of MRIL
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Figure legends

Figure 1

A female baby born weighting 2100g. QSM obtained at a corrected age of 38 weeks

shows no apparent paramagnetic regions in the basal ganglia (white arrows) (a). Bilateral

basal veins and internal cerebral veins (gray arrows) show positive susceptibility (a, b).



On follow-up MR imaging was obtained at the age of 2 years 11months, QSM shows

positive susceptibility in the basal ganglia (white arrows) (c¢), and negative susceptibility

in white matter such as the internal capsule (black arrowheads). Bilateral basal veins and

internal cerebral veins (gray arrows) also show positive susceptibility (c, d).

Figure 2

A 64-year-old woman who underwent brain CT (a) and MR imaging (b) due to mild

headache. CT shows high attenuation spots (black arrows) in the medial part of the globus

pallidus representing calcification, while QSM shows positive susceptibility suggesting

mineralization (black arrows). Such “paradoxical calcification” is explained by the high

attenuation of calcification in the vessel walls on CT and the positive susceptibility

associated with iron present in the vessel wall overwhelming diamagnetic components

such as calcification on QSM. Note that CT shows high attenuation and QSM shows

negative susceptibility in the pineal body suggesting physiological calcification of the

pineal body (white arrow).

Figure 3

A 65-year old man. T2WI shows hyperintensity in the subcortical white matter of bilateral



frontal lobes with left side predominance (black arrowheads) (a). SWI shows multiple

punctate hypointense spots in the cerebral cortex where T2WI shows hyperintensity

(white arrows) (b). QSM shows positive susceptibility representing hemosiderin

associated with cerebral amyloid angiopathy (black arrows) (c). Cerebral amyloid

angiopathy (CAA)-related inflammation was diagnosed after brain biopsy. After steroid

therapy, abnormal white matter intensity improved.

Figure4

A 30-year-old woman with moyamoya disease. Time-of-flight (TOF) MRA shows an

abnormally dilated collateral artery along the right lateral ventricle (arrow), forming a

peripheral aneurysm (a). SWI shows low intensity around the aneurysm (arrow) (b) and

QSM shows positive susceptibility suggestive of microhemorrhage around the peripheral

aneurysm (arrow) (c). The aneurysm was also confirmed on conventional angiography

(arrow) (d).

Figure 5

A 76-year-old man with hypertension and dyslipidemia. Non-enhanced CT shows areas

of very high attenuation in the cerebellum (black arrows), but brain CT in the bone



window shows speckled high attenuation areas (black arrows) (b). TIWI shows high

intensity areas corresponding to regions of high attenuation on CT (black arrows) (c).

T1WI also shows low intensity areas in bilateral dentate nuclei (white arrows) (¢). QSM

shows negative susceptibility values representing calcification (black arrows) and areas

of increased positive susceptibility in the dentate nuclei (white arrows) (d).

Figure 6

SWI and QSM in a 55-year-old man with Wernicke encephalopathy (a, d), a 52-year-old

man with Wernicke encephalopathy (b, e), and a 55-year-old man with dizziness and no

intracranial lesions as a control patient (c, f). SWI shows low-intensity spots in both

mammillary bodies in patients with Wernicke encephalopathy (a, b), corresponding to

positive susceptibility in QSM (d, e). Conversely, SWI shows no abnormal signal in the

mammillary bodies (c), and QSM shows no apparent positive susceptibility. White arrows

indicate mammillary bodies. This figure is reprinted with permission from the authors of

Reference (78).

Figure 7

A 60-year-old man with hepatic encephalopathy associated with metastatic hepatic



tumors. CT shows no major abnormalities (a). TIWI shows hyperintense areas in

bilaterally in the globus pallidus (black arrows) (b). SWI shows punctate low intensity

spots in the globus pallidus (black arrows) and choroid plexus (white arrows) (c¢). QSM

shows punctate positive susceptibility suggesting mineralization (black arrows) and spots

of negative susceptibility bilaterally in the choroid plexus suggesting physiological

calcification (white arrows).

Figure 8

A 75-year-old woman diagnosed with glioblastoma with CSF dissemination. NE-T1WI

(a) and CE-T1WI (b) show multiple enhanced nodules around the ventricle (arrows). SWI

shows low intensities in some nodules (arrows) (¢). QSM shows positive susceptibilities

suggesting hemosiderin associated with intratumoral hemorrhage (arrows) (d).

Figure 9

A 47-year-old man with epilepsy. CT shows a high attenuation tumor in the right frontal

lobe, extending to the contralateral hemisphere via the corpus callosum (a). Non-

enhanced T1WI shows high signal in a small area compared with the region of high

attenuation on CT (b). SWI shows a low intensity lesion relatively similar to the findings



on CT (c). QSM reveals negative susceptibility lesions suggesting calcification inside the

tumor, but positive susceptibility suggesting hemosiderin at tumor periphery (d). Low-

grade glioma was suspected based on the longstanding nature of the lesions. Surgery was

not performed because the disease was stable, and oligodendroglioma was suspected

clinically.

Figure 10

A 29-year-old man with recurrent anaplastic oligodendroglioma. FLAIR shows

hyperintense area in the left temporal lobe. FLAIR also shows a small low intensity spot

(arrow) (a). TIWI shows no apparent hyperintensity in the tumor (b). Non-enhanced CT

shows high attenuation spots (arrow) (c). QSM shows spots of negative susceptibility

corresponding to the high attenuation spots on CT, suggesting calcification (arrows) (d).

Histopathological study shows microcalcification in the specimen.

Figure 11

A 20-year-old man with hydrocephalus due to pineal tumor. TIWI show a low-intensity

tumor in the pineal region (a). CE-T1WI shows good enhancement in the tumor as well

as a non-enhanced lesion in the posterior part of the pineal tumor (arrow) (b). Meanwhile,



SWI shows low intensity (a), and QSM shows a negative susceptibility value suggestive

of calcification (arrow) (d). Based on the growth pattern with engulfing physiological

pineal calcification, this tumor was considered to represent germinoma, and pathological

confirmation was subsequently obtained.

Figure 12

A 73-year-old man. No abnormal neurological findings were noted and a calcified lesion

near the anterior horn of the left lateral ventricle was identified incidentally (a). This

lesion shows low intensity on TIWI (b), low intensity on SWI (¢), and multiple areas of

punctate negative susceptibility with a small amount of positive susceptibility on QSM

(d). Since no increase in size was seen, the clinical diagnosis was calcifying pseudotumor

of the neuraxis (CAPNON).

Figure 13

A 1-year-old girl with pial AVF. Multiple dilated flow voids and enlarged dural sinus are

shown in the left occipital lobe on T2WI (a). Feeders are shown around the left lateral

ventricle on TOF-MRA (b). Coil embolization was performed for the pial AVF, and non-

enhanced CT performed 9 years after treatment shows multiple areas of high attenuation



in the corticomedullary junctions (black arrows) (c). QSM shows negative susceptibility

values corresponding to high attenuation areas, suggesting dystrophic calcification (black

arrows) (d).

Figure 14

A 30-year-old woman, diagnosed with tuberculosis infection 8 years earlier. Due to severe

headache, brain CT and MR imaging were performed, revealing multiple cerebral nodules.

Brain CT shows a high-attenuation nodule in the left frontal lobe (a). This nodule appears

isointense with a low-intensity rim on TIWI (b), low intensity on SWI (c), and negative

susceptibility on QSM, suggesting calcification (d).

Figure 15

A 35-year-old woman after bone marrow transplantation for anaplastic anemia.

Toxoplasmosis was diagnosed 10 years earlier. Follow-up NE-CT showed multiple high-

attenuation spots. SWI shows low intensity lesions. Meanwhile, QSM shows negative

susceptibility in some lesions suggesting calcification, and positive susceptibility in other

lesions suggesting old hemorrhage in calcified lesions.
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