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ORIGINAL RESEARCH
BRAIN

Usefulness of Quantitative Susceptibility Mapping for the
Diagnosis of Parkinson Disease

Y. Murakami, S. Kakeda, K. Watanabe, I. Ueda, A. Ogasawara, J. Moriya, S. Ide, K. Futatsuya, T. Sato, K. Okada, T. Uozumi, S. Tsuji, T. Liu,
Y. Wang, and Y. Korogi

ABSTRACT

BACKGROUND AND PURPOSE: Quantitative susceptibility mapping allows overcoming several nonlocal restrictions of susceptibility-
weighted and phase imaging and enables quantification of magnetic susceptibility. We compared the diagnostic accuracy of quantitative
susceptibility mapping and R2* (1/T2*) mapping to discriminate between patients with Parkinson disease and controls.

MATERIALS AND METHODS: For 21 patients with Parkinson disease and 21 age- and sex-matched controls, 2 radiologists measured the
quantitative susceptibility mapping values and R2* values in 6 brain structures (the thalamus, putamen, caudate nucleus, pallidum, sub-
stantia nigra, and red nucleus).

RESULTS: The quantitative susceptibility mapping values and R2* values of the substantia nigra were significantly higher in patients with
Parkinson disease (P � .01); measurements in other brain regions did not differ significantly between patients and controls. For the
discrimination of patients with Parkinson disease from controls, receiver operating characteristic analysis suggested that the optimal
cutoff values for the substantia nigra, based on the Youden Index, were �0.210 for quantitative susceptibility mapping and �28.8 for R2*.
The sensitivity, specificity, and accuracy of quantitative susceptibility mapping were 90% (19 of 21), 86% (18 of 21), and 88% (37 of 42),
respectively; for R2* mapping, they were 81% (17 of 21), 52% (11 of 21), and 67% (28 of 42). Pair-wise comparisons showed that the areas under
the receiver operating characteristic curves were significantly larger for quantitative susceptibility mapping than for R2* mapping (0.91
versus 0.69, P � .05).

CONCLUSIONS: Quantitative susceptibility mapping showed higher diagnostic performance than R2* mapping for the discrimination
between patients with Parkinson disease and controls.

ABBREVIATIONS: Az � area under the receiver operating characteristic curve; PD � Parkinson disease; QSM � quantitative susceptibility mapping; ROC � receiver
operating characteristic

The diagnosis of Parkinson disease (PD), a movement disorder

with varying combinations of rest tremors, bradykinesia, ri-

gidity, and postural instability, is based mainly on clinical assess-

ments that do not yield great accuracy. One objective of noninva-

sive neuroimaging techniques in PD is to find markers that aid in

the diagnosis, disease-progression monitoring, and long-term

drug-impact evaluation.1 MR imaging with rich tissue contrasts

and high spatial resolution offers a unique value for probing PD

brain structure and function.

Particularly, there has been substantial interest in in vivo MR

imaging of increased nigral iron content,2,3 a pathophysiologic

feature involved in the selective dopaminergic neurodegeneration

of the substantia nigra in patients with PD.4 Iron likely stored in

ferritin5 is highly paramagnetic and can be sensitized in MR im-

aging by using relaxation contrast (such as T2-weighted imaging)

and susceptibility contrasts (such as T2*-weighted imaging and

R2* [1/T2*] mapping).6 For quantitative study of brain iron, R2*

mapping has been used,7,8 demonstrating increased iron in the

substantia nigra in patients with PD,9-11 and a recent postmortem

correlation study has demonstrated that the relationship with R2*

can be linear in regions of more uniform iron deposition.12 How-

ever, R2* mapping depends on field strength,13 contains substan-

tial blooming artifacts that increase with TE,14 and generally re-

lates to iron concentration in a complex way, varying from linear

to quadratic.15-17
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Recently, quantitative susceptibility mapping (QSM) has been

developed to determine tissue magnetic susceptibility from gra-

dient-echo data.18-20 Because ferritin susceptibility is much stron-

ger than other tissues in brains free of hemorrhages and aggre-

gates of other metals, QSM can be used to quantify brain iron

distribution.21,22 Clinical data from patients with multiple sclero-

sis suggest that QSM is more sensitive than R2* mapping in de-

tecting changes in multiple sclerosis brains.23

According to a previously published study using QSM, a sig-

nificant difference was not found between patients with PD and

healthy control subjects for the susceptibility value of the substan-

tia nigra.24 However, because only 9 patients were available for the

previous study, the clinical potential of QSM has not been fully

elucidated. Furthermore, the difference between QSM and the

standard method for studying iron change, including R2* map-

ping, has not been evaluated in patients with PD. In this study, we

tested the hypothesis that QSM is more sensitive than R2* map-

ping to pathologies in PD brains by comparing QSM and R2*

values in 6 brain structures (the thalamus, putamen, caudate nu-

cleus, pallidum, substantia nigra, and red nucleus) in patients

with PD and healthy controls.

MATERIALS AND METHODS
MR Imaging
All subjects underwent brain MR imaging with QSM. All studies

were performed on a 3T MR imaging system (Signa Excite 3T; GE

Healthcare, Milwaukee, Wisconsin) by using a dedicated 8-chan-

nel phased array coil (Invivo, Gainesville, Florida). QSM was ob-

tained with a 3D flow-compensated multiecho spoiled gradient

echo sequence.25 The imaging parameters included the following:

coronal planes covering the brain; number of TEs, 11; first TE, 4.5

ms; TE spacing, 5 ms; TR, 58.4 ms; flip angle, 15°; bandwidth per

pixel, �62.5 Hz; FOV, 22 � 16.5 cm; acquisition matrices, 320 �

416; section thickness, 1.5 mm; imaging time, 7 minutes 1 second.

A parallel imaging method (the array spatial sensitivity encoding

technique) was used with a reduction factor of 2. In this study, 56

coronal sections were used to capture the center of the brain that

contains the deep gray nuclei structures. QSM was reconstructed

from the complex data obtained during the gradient-echo se-

quence by using the morphology enabled dipole inversion tech-

nique.19 After the complex multiecho MR images were saved, a

nonlinear fitting was performed to estimate the magnetic field

inhomogeneity, followed by a magnitude-guided phase unwrap-

ping.20 The background field was further removed by applying

the projection to the dipole fields method.26 Finally, the remain-

ing tissue field was inverted to generate a susceptibility map by

using the morphology enabled dipole inversion method.20 An

empirically determined regularization parameter of 1000 was

consistently applied to all cases. All 11 echoes were used with

weightings proportional to their signal-to-noise ratios for recon-

structing QSM and R2*.27,28 R2* mapping was reconstructed

from the magnitude gradient-echo data with a monoexponential

fit by using the log-linear method.

In addition, all patients underwent our standard brain MR

imaging protocol, including T2-weighted imaging, FLAIR imag-

ing, and T1-weighted imaging (spin-echo or 3D fast spoiled gra-

dient-echo imaging). The imaging parameters (TR, ms/TE, ms/

TI, ms/NEX/imaging time) were 4500/85/not applicable/1 time/2

minutes 10 seconds for T2-weighted imaging; 12,000/140/2600/2

times/3 minutes 20 seconds for FLAIR imaging; and 400/4/not

applicable /2 times/2 minutes 40 seconds for spin-echo T1-

weighted images. T2 and T1-weighted images and FLAIR im-

ages were acquired at a section thickness of 5 mm, an intersec-

tion gap of 2.5 mm, an FOV of 22 cm, and a matrix of 256 �

192. The following parameters were used for spoiled gradient-

echo imaging: TR, ms/TE, ms, 10/4; flip angle, 10°; bandwidth,

42 kHz; section thickness, 1.2 mm; matrix, 256 � 256; FOV,

24 � 24 cm; imaging time, 3 minutes 56 seconds. Parallel im-

aging technique (a reduction factor of 2) was used for only

T2-weighted imaging and spoiled gradient-echo imaging.

Patients and Controls
Our institutional review board approved this retrospective study

analyzing existing patient data with patient information de-iden-

tified and waived informed consent. At our institution, the 3D

flow-compensated multiecho spoiled gradient-echo sequence is

part of routine brain MR imaging for indications including the

following: 1) screening of minor hemorrhage; and 2) evaluation

of vascular disease, movement disorder, or degenerative disease.

From the patients who underwent brain MR imaging examina-

tions, including the 3D flow-compensated multiecho spoiled gra-

dient-echo sequence between May 2012 and December 2012, the

study included 21 patients whose PD was diagnosed by 2 of the

authors (K.O. and T.U. with 18 and 30 years of experience, respec-

tively, in movement disorders). All fulfilled the UK Parkinson’s

Disease Brain Bank criteria for the diagnosis of idiopathic PD. At

the time of testing, 19 patients were on antiparkinsonian medica-

tion. From this data base, we also selected the 21 age- and sex-

matched subjects as controls, who had no history of neurologic or

psychiatric diseases. Indications for their examination included

headache, anterior communicating and middle cerebral artery

aneurysms, bilateral upper extremity numbness, benign posi-

tional vertigo, and hemifacial spasm. In all patients with PD

and controls, conventional imaging results were normal. De-

mographic and clinical data on all study subjects are shown in

Table 1.

Image Analysis
Two neuroradiologists (S.K. and J.M. with 16 and 11 years of

experience, respectively) who were blinded to the subject data

manually traced ROIs by using Image J software (National Insti-

tutes of Health, Bethesda, Maryland). For the ROI measurements

by the neuroradiologists, each image technique (QSM and R2*

mapping) was analyzed separately, and only 1 technique was

shown at a time. ROIs of the nuclei were drawn on the basis of the

Table 1: Demographic and clinical data of subjects studied
Patients with PD

(n = 21)
Controls
(n = 21) P

Sex (M/F) 9:12 9:12 1.00
Age (yr) (mean) 72.0 � 7.5 69.7 � 8.6 .54
Onset (yr) (mean) 69.0 � 8.3
Disease duration (mo) (mean) 32.7 � 27.1
H & Y stage (median) (range) 2 (1–3)

Note:—H & Y stage indicates Hoehn and Yahr stage.
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anatomic structures on the 3D QSM and R2* maps. The ROIs

included the bilateral substantia nigra, red nuclei, globus pallidus,

head of the caudate nuclei, putamina, and thalami (Fig 1). Data

on each structure were obtained from all visible sections. We cal-

culated the mean QSM and R2* values for each bilateral structure

using all echoes according to their signal-to-noise ratio.27,28 To

analyze the QSM and R2* values, we calculated the average of

the value in the bilateral regions. For each subject (patients

with PD and controls), we then used the mean QSM and R2*

values obtained by 2 neuroradiologists as the final values and

evaluated all the statistical analyses by using the final value.

Data were used to calculate the sensitivity, specificity, and the

area under the receiver operating characteristic (ROC) curve

(Az) of each method for discriminating patients with PD from

controls.

In addition, 1 radiologist (Y.M. with 8 years of experience)

measured the volume of the structures on QSM images. The vol-

ume was calculated by tracing the boundary of the structure man-

ually from the head to its tail and then summing the cross-sec-

tional areas of the entire structure and multiplying the sum by the

section thickness.

Statistical Analysis
We used statistical software (StatView 5.0; SAS Institute, Cary,

North Carolina). Differences of P � .05 were considered statisti-

cally significant. Differences in the sex- and age distribution of the

patients with PD and controls were compared with the Fisher

exact test for sex and the 2-tailed Student t test for age. Differences

in the QSM and R2* values of the patients with PD and controls

were analyzed with the Mann-Whitney U test. A computer pro-

gram (ROC-kit, 1.1B2 � Version; Charles E. Metz, University of

Chicago, Chicago, Illinois) was used to

compare the diagnostic performance of

the different MR images and to compute

the ROC curve and the Az. To discrimi-

nate between patients with PD and con-

trols, we established a cutoff value for

the signal-intensity ratio based on the

highest Youden Index (eg, QSM value of

�0.210).29 Sensitivity, specificity, and

accuracy for discriminating patients

with PD from the controls were calcu-

lated by using these cutoff values. Accu-

racies were compared with the Fisher

exact test. To measure interobserver

agreement with respect to the QSM

and R2* values recorded by the radiol-

ogists, we used the Kendall W test, in

which W � 0.20 � poor, 0.21– 0.40 �

fair, 0.41– 0.60 � moderate, 0.61–

0.80 � good, and 0.80 –1.00 � excellent

agreement.

RESULTS
As shown in Table 1, there were no sta-

tistically significant differences in the sex

and age distribution of the patients with

PD and controls. The median Hoehn

and Yahr stage of patients with PD was 2, and 20 of 21 patients

with PD had lateralized motor symptoms.

The QSM and R2* values for the substantia nigra were signif-

icantly higher in patients with PD than in controls (QSM value

0.224 versus 0.199, P � .01; Table 2 and Fig 2). The QSM and R2*

values of all other brain regions measured (the red nucleus, globus

pallidus, head of caudate, putamina, and thalami) did not differ

significantly between patients with PD and the controls. For the

20 patients with PD who had lateralized motor symptoms, we

compared the QSM values of both sides (contralateral and ipsi-

lateral to the clinically more affected side) and found that there

was no significant difference between them (0.222 versus 0.225,

P � .13).

For the mean total number of sections and the mean volume,

there were no significant differences between the patients with PD

and the controls (Table 3).

Specific Changes in the Bilateral Nigral Average Phase
Values in Patients with PD
For the discrimination between patients with PD and

controls, ROC analysis suggested optimal cutoff values of

�0.210 for the QSM value and of �28.8 for the R2* value;

these values were based on the Youden Index. The sensitivity,

specificity, and accuracy of QSM and R2* are shown in Table 4.

The accuracy was significantly higher for QSM than for R2*

(P � .05).

The ROC curves are plotted in Fig 3. The Az value was

0.91 for QSM and 0.69 for R2*. Pair-wise comparisons showed

that the Az for QSM was significantly larger than that for R2*

(P � .05).

FIG 1. QSM images (A and B) and selected regions of interest (C and D). CA indicates cau-
date nucleus; GP, globus pallidus; PU, putamen; RN, red nucleus; SN, substantia nigra; TH,
thalamus.
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Interobserver Agreement
For evaluating QSM data, interobserver agreement was good and the

Kendall W value was 0.685. For the R2* mapping, interobserver

agreement was moderate and the Kendall W value was 0.415.

DISCUSSION
Our MR imaging data on quantifying brain changes in patients

with idiopathic PD demonstrated that the QSM values were in-

Table 2: Regional QSM and R2* values
QSM (ppm) R2* Value (1/SE)

Patients with PD Controls P Value Patients with PD Controls P Value
Substantia nigra 0.224 � 0.014a 0.199 � 0.014 .01 � 10�3 30.1 � 1.5b 29.0 � 2.0 .01
Red nucleus 0.188 � 0.021 0.195 � 0.019 .15 27.0 � 1.7 27.8 � 2.2 .08
Globus pallidus 0.200 � 0.014 0.205 � 0.029 .82 29.7 � 1.8 29.5 � 2.1 .36
Head of caudate 0.166 � 0.013 0.166 � 0.013 .97 25.2 � 1.4 24.6 � 1.7 .19
Putamen 0.168 � 0.013 0.170 � 0.009 .17 26.4 � 0.9 26.7 � 1.6 .44
Thalamus 0.127 � 0.059 0.126 � 0.007 .53 22.4 � 1.0 22.8 � 1.2 .25

Note:—SE indicates standard error.
a Significantly different from controls (P � .01).
b Significantly different from controls (P � .05).

FIG 2. R2* (top row) and QSM maps (bottom row) of 2 subjects, a 68-year-old control subject (A and C) and a 66-year-old patient with PD (B and
D). Both the R2* and the QSM maps show higher paramagnetic susceptibility in the substantia nigra of the patient with PD than in the control
(arrows).

Table 3: Mean number of sections and mean volume for the ROI
measurements

Mean No. of Sections Mean Volume (mm3)

Patients
with PD Controls

Patients
with PD Controls

P
Value

Substantia nigra 9.6 9.7 598.2 � 88.0 612.5 � 66.3 .59
Red nucleus 4.8 4.7 187.9 � 15.3 189.3 � 16.6 .87
Globus pallidus 19.0 19.1 2734.7 � 263.0 2667.1 � 241.6 .54
Head of caudate 14.9 14.8 1529.9 � 115.7 1564.6 � 121.5 .47
Putamen 18.4 18.4 4964.5 � 505.2 5127.1 � 718.4 .62
Thalamus 15.2 15.1 1770.4 � 89.7 1750.5 � 118.4 .63

Table 4: Sensitivity, specificity, accuracy, and Az value of analyses
of data in patients with PD and control subjectsa

QSM Average R2* Average
Sensitivity 90% (19/21) 81% (17/21)
Specificity 86% (18/21) 52% (11/21)
Accuracy 88% (37/42) 67% (28/42)
Az value 0.91b 0.69

a Numbers in parentheses are raw data.
b Significantly different from R2* (P � .05).

FIG 3. Graphs of the ROC curves for discriminating patients with PD
and the controls. The Az value was 0.91 for QSMaverage, 0.90 for
QSMmaximum, 0.69 for R2*average, and 0.71 for R2*maximum. Pair-wise
comparisons showed that the Az for QSMaverage and QSMmaximum was
significantly larger than that for R2*average and R2*maximum (P � .05).
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creased in the substantia nigra, but not in the red nucleus, globus

pallidus, head of caudate, putamina, and thalami. The QSM value

more accurately discriminated patients with PD and the controls

than the R2* value for measuring the pathologic change in the

substantia nigra. Moreover, for the assessment of interobserver

agreement, the QSM measurement was also superior to the R2*

measurement.

Identifying a sensitive MR imaging technique for studying

substantia nigra change in patients with PD is highly valuable for

a PD study because the substantia nigra is the location of dopa-

minergic cell death in PD. Although, in this study, the QSM values

and R2* values of the substantia nigra were significantly higher in

patients with PD, the analyses of the volume of the substantia

nigra showed no significant difference between the patients with

PD and controls. The susceptibility may therefore be a more sen-

sitive marker for the detection of abnormalities of the substantia

nigra. Highly paramagnetic iron can affect both relaxation and

susceptibility contrasts in MR imaging. Accordingly, a wide range

of MR imaging techniques has been used to study substantia nigra

change in PD, including R2 (1/T2), R2*, and susceptibility-

weighted imaging.30 Previously, R2* mapping was identified as

being more sensitive than R2 mapping for measuring substantia

nigra change in PD.9 As a result, R2* mapping has become the

standard method for studying PD iron change.11,31-34 Our ROC

and interobserver agreement results here show that QSM is more

accurate than R2* mapping for measuring substantia nigra

change in PD; this finding is consistent with that in a recent study

showing that QSM is more accurate than R2* mapping in mea-

suring basal ganglia change in multiple sclerosis.23 Therefore,

QSM may replace R2* mapping for MR imaging measurement of

iron-associated change in the brain.

The physics of magnetic susceptibility may explain why QSM

is more accurate than R2* mapping. According to the MR imag-

ing signal equation, the exponential R2* decay rate reflecting the

static dephasing by the inhomogeneous field plus the thermal

random dephasing (R2) is, in general, not well-defined or, at

most, is related to iron concentration in a geometry-dependent

manner.17 Physics theory and experimental data12 demonstrated

that a good linear relationship between R2* and iron concentra-

tion may only be expected in regions of uniform iron deposition.

On the other hand, the inhomogeneous field estimated from the

MR imaging signal is the tissue susceptibility linearly convolving

with the dipole kernel.28,35 Deconvolution of the field generates

QSM,18-20 which, divided by iron molar susceptibility, is the iron

concentration map. Therefore, QSM is more accurate than R2*

mapping for measuring iron content.

MR imaging phase has also been used to measure the increased

nigral iron content in patients with PD.36 It should be cautioned

that in general, the phase depends on iron concentration in a

convoluted way according to the Maxwell Equation, the law of

magnetism. The phase value at a location reflects not the local

tissue susceptibility property but the sum of effects (dipole field

contributions) from all magnetic sources surrounding the obser-

vation point, resulting in no simple relation between phase in a

voxel and its iron content as confirmed experimentally.13

In FDG-PET studies, 100% of patients with clinically moder-

ate PD were identified,37 and 85% of patients with early PD were

differentiated from the controls.38 However, PET is limited by its

rigid technical requirements and high cost.39 In contrast, MR im-

aging is relatively noninvasive and does not require the use of

radioactive tracers, suggesting that it may be more practical for

longitudinal follow-up studies and repeat assessments.40 A previ-

ous study reported that the measurement derived from diffusion

tensor imaging has been significantly correlated with the number

of dopaminergic neurons lost in the substantia nigra in patients

with PD.41 The DTI is known to reflect local diffusion character-

istics of water molecules, while the MR imaging parameters by

QSM or R2* mapping are sensitive to iron deposits. The previous

investigators have reported that R2* and fractional anisotropy

values of the substantia nigra in patients with PD were not corre-

lated,42 though it is known that iron deposition affects the mea-

surement from DTI.43 Consequently, these MR imaging param-

eters yield different but complementary information. According

to Péran et al,33 a combination of 3 MR imaging parameters (the

R2* value, mean diffusivity, and fractional anisotropy) can yield

95% global accuracy (Az value) for discriminating patients with

PD from controls. To their observation, we add that the combi-

nation of MR imaging parameters, including QSM, whose dis-

crimination power is superior to R2* mapping, discriminates ac-

curately between patients with PD and controls.

Some patients with early-stage PD manifest asymmetric signs

and symptoms, while the late stages of PD are characterized by a

similar degree of bilateral symptoms. Therefore, we compared the

QSM values of both sides (contralateral and ipsilateral to the clin-

ically more affected side). However, our results demonstrated that

there was no significant difference between them. Others33 found

that the ratio of the smaller-to-larger median values (symmetry

ratio) for ROIs in the left and right deep gray matter regions was

similar in patients with PD and controls. Their findings coincide

with our observation that with respect to discriminating between

patients with PD and controls, there was no significant difference

between average and maximum values.

In the current study, the QSM and R2* values of all other brain

regions measured did not differ significantly between patients

with PD and the controls. Regarding the iron levels of the puta-

men in patients with PD, there seem to be inconsistent results

among previous studies. For example, 1 postmortem study found

no difference in putamen iron in PD tissue relative to controls,44

which was consistent with the current findings. In contrast, an-

other study that used the R2 parameter (R2*–R2) demonstrated

higher levels of iron not only in the substantia nigra but also in the

putamen in the PD group relative to the controls45; this discrep-

ancy with the present study may be due to the difference in the

severity of the disease (the median Hoehn and Yahr stage: 3 in the

previous study, 2 in the current study). In addition, in a previous

study, significant variation of R2* was longitudinally observed in

the caudal putamen of patients with PD evolving during a 3-year

period.46 Therefore, additional longitudinal studies are needed to

evaluate the relationship between the iron levels of the putamen

and the severity of PD more comprehensively.

Our retrospective study has some limitations. First, this study

was limited by a small sample size, which prevented us from ex-

ploring potential subgroup analyses such as a correlation between

the average phase values of the bilateral substantia nigra and dis-
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ease severity. Second, in this study, we used the clinical criteria for

the diagnosis of PD because of difficulty in obtaining a histo-

pathologic confirmation in patients with PD, which may impair

the validity of our analyses, including sensitivity, specificity, and

accuracy. Third, many patients had a long disease duration in this

study. The detection of minimal nigral lesions is particularly chal-

lenging in that clinical signs at the early stage of disease are often

subtle or ambiguous. Therefore, prospective studies on a larger

number of patients with early-stage PD and unconfirmed PD are

underway to determine whether QSM can accurately identify pa-

tients with PD. Fourth, the controls in this study were not healthy

volunteers. Although they had no history of neurologic or psychi-

atric diseases, we could not exclude the possibility of existing pa-

thology in the controls. Fifth, the reduced interobserver agree-

ment for the R2* measures probably reflects reduced stability of

R2* compared with QSM, affecting the results of the sensitivity,

specificity, and accuracy of R2* values and thereby reducing the

utility of R2* compared with QSM. Sixth, for the ROI measure-

ments, we analyzed the QSM and R2* mapping separately to com-

pare the diagnostic accuracy between them more precisely. There-

fore, the exact same ROIs were not used in this study; this

difference could affect the results of the accuracy of QSM and R2*

values. Seventh, we did not evaluate DTI scans, which can provide

an indirect measure of dopaminergic degeneration within the

substantia nigra. Studies comparing DTI and QSM findings may

help to identify underlying pathologic conditions in patients with

PD. Eighth, in our assessments, we did not subdivide the substan-

tia nigra into the pars compacta and pars reticulata.

Although others47 evaluated the nigral subdivisions in con-

trols on the basis of signal intensity and comparisons with the

known anatomy, it is not clear that the nigral subdivisions can be

evaluated separately in patients with PD. In our study, we evalu-

ated the substantia nigra as a whole. Last, the FOV of QSM cannot

cover the whole brain; it was set to cover the deep gray nuclei

structures in this study. Therefore, we could not evaluate other

important regions such as the dentate nuclei.

CONCLUSIONS
The sensitivity of QSM is superior to R2* mapping for the detec-

tion of pathologic changes in the substantia nigra of patients with

PD. QSM can identify the nigrostriatal signature of PD, and its

discrimination between patients with PD and controls is highly

accurate. Thus, the increased susceptibility due to the higher iron

content in the substantia nigra of patients with PD can be quan-

tified more accurately with QSM. Our findings suggest that QSM

may be valuable for the diagnosis and assessment of PD.

Disclosures: Tian Liu—UNRELATED: Employment: MedimageMetric; Patents
(planned, pending or issued): Cornell University,* Comments: Tian Liu is listed as an
inventor of the QSM technology. *Money paid to the institution.

REFERENCES
1. Caslake R, Moore JN, Gordon JC, et al. Changes in diagnosis with

follow-up in an incident cohort of patients with parkinsonism.
J Neurol Neurosurg Psychiatry 2008;79:1202– 07

2. Drayer BP, Olanow W, Burger P, et al. Parkinson plus syndrome:
diagnosis using high field MR imaging of brain iron. Radiology
1986;159:493–98

3. Bizzi A, Brooks RA, Brunetti A, et al. Role of iron and ferritin in MR

imaging of the brain: a study in primates at different field strengths.
Radiology 1990;177:59 – 65

4. Dexter DT, Wells FR, Lees AJ, et al. Increased nigral iron content and
alterations in other metal ions occurring in brain in Parkinson’s
disease. J Neurochem 1989;52:1830 –36

5. Griffiths PD, Dobson BR, Jones GR, et al. Iron in the basal ganglia in
Parkinson’s disease: an in vitro study using extended X-ray absorp-
tion fine structure and cryo-electron microscopy. Brain 1999;
122(pt 4):667–73

6. Wang Y. Principles of Magnetic Resonance Imaging: Physics Concepts,
Pulse Sequences, and Biomedical Applications. https://www.create
space.com: CreateSpace Independent Publishing Platform; 2012

7. Ordidge RJ, Gorell JM, Deniau JC, et al. Assessment of relative brain
iron concentrations using T2-weighted and T2*-weighted MRI at 3
Tesla. Magn Reson Med 1994;32:335– 41

8. Haacke EM, Cheng NY, House MJ, et al. Imaging iron stores in the
brain using magnetic resonance imaging. Magn Reson Imaging
2005;23:1–25

9. Gorell JM, Ordidge RJ, Brown GG, et al. Increased iron-related MRI
contrast in the substantia nigra in Parkinson’s disease. Neurology
1995;45:1138 – 43

10. Graham JM, Paley MN, Grunewald RA, et al. Brain iron deposition
in Parkinson’s disease imaged using the PRIME magnetic reso-
nance sequence. Brain 2000;123(pt 12):2423–31

11. Martin WR, Wieler M, Gee M. Midbrain iron content in early Par-
kinson disease: a potential biomarker of disease status. Neurology
2008;70:1411–17

12. Langkammer C, Krebs N, Goessler W, et al. Quantitative MR imag-
ing of brain iron: a postmortem validation study. Radiology
2010;257:455– 62

13. Yao B, Li TQ, Gelderen P, et al. Susceptibility contrast in high field
MRI of human brain as a function of tissue iron content. Neuroim-
age 2009;44:1259 – 66

14. Wang S, Lou M, Liu T, et al. Hematoma volume measurement in
gradient echo MRI using quantitative susceptibility mapping.
Stroke 2013;44:2315–17

15. Ogawa S, Menon RS, Tank DW, et al. Functional brain mapping by
blood oxygenation level-dependent contrast magnetic-resonance-
imaging: a comparison of signal characteristics with a biophysical
model. Biophys J 1993;64:803–12

16. Davis TL, Kwong KK, Weisskoff RM, et al. Calibrated functional
MRI: mapping the dynamics of oxidative metabolism. Proc Natl
Acad Sci U S A 1998;95:1834 –39

17. Yablonskiy DA, Haacke EM. Theory of NMR signal behavior in mag-
netically inhomogeneous tissue: the static dephasing regime. Magn
Reson Med 1994;32:749 – 63

18. de Rochefort L, Liu T, Kressler B, et al. Quantitative susceptibility
map reconstruction from MR phase data using bayesian
regularization: validation and application to brain imaging. Magn
Reson Med 2010;63:194 –206

19. Liu J, Liu T, de Rochefort L, et al. Morphology enabled dipole inver-
sion for quantitative susceptibility mapping using structural con-
sistency between the magnitude image and the susceptibility map.
Neuroimage 2012;59:2560 – 68

20. Liu T, Wisnieff C, Lou M, et al. Nonlinear formulation of the mag-
netic field to source relationship for robust quantitative suscepti-
bility mapping. Magn Reson Med 2013;69:467–76

21. Bilgic B, Pfefferbaum A, Rohlfing T, et al. MRI estimates of brain iron
concentration in normal aging using quantitative susceptibility
mapping. Neuroimage 2012;59:2625–35

22. Deistung A, Schafer A, Schweser F, et al. Toward in vivo histology: a
comparison of quantitative susceptibility mapping (QSM) with
magnitude-, phase-, and R-2*-imaging at ultra-high magnetic field
strength. Neuroimage 2013;65:299 –314

23. Langkammer C, Liu T, Khalil M, et al. Quantitative susceptibility
mapping in multiple sclerosis. Radiology 2013;267:551–59

24. Lotfipour AK, Wharton S, Schwarz ST, et al. High resolution mag-

AJNR Am J Neuroradiol 36:1102– 08 Jun 2015 www.ajnr.org 1107

https://www.createspace.com
https://www.createspace.com


netic susceptibility mapping of the substantia nigra in Parkinson’s
disease. J Magn Reson Imaging 2012;35:48 –55

25. Liu T, Surapaneni K, Lou M, et al. Cerebral microbleeds: burden
assessment by using quantitative susceptibility mapping. Radiology
2012;262:269 –78

26. Liu T, Khalidov I, de Rochefort L, et al. A novel background field
removal method for MRI using projection onto dipole fields (PDF).
NMR Biomed 2011;24:1129 –36

27. Kressler B, de Rochefort L, Liu T, et al. Nonlinear regularization for
per voxel estimation of magnetic susceptibility distributions from
MRI field maps. IEEE Trans Med Imaging 2010;29:273– 81

28. Pauling L, Coryell CD. The magnetic properties and structure of
hemoglobin, oxyhemoglobin and carbonmonoxyhemoglobin. Proc
Natl Acad Sci U S A 1936;22:210 –16

29. Youden WJ. Index for rating diagnostic tests. Cancer 1950;3:32–35
30. Martin WR. Quantitative estimation of regional brain iron with

magnetic resonance imaging. Parkinsonism Relat Disord 2009;
15(suppl 3):S215–18

31. Du G, Lewis MM, Shaffer ML, et al. Serum cholesterol and nigrostri-
atal R2* values in Parkinson’s disease. PloS One 2012;7:e35397

32. Rossi M, Ruottinen H, Elovaara I, et al. Brain iron deposition and
sequence characteristics in Parkinsonism: comparison of SWI,
T(2)* maps, T(2)-weighted-, and FLAIR-SPACE. Invest Radiol
2010;45:795– 802
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