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Parkinson's disease (PD) is a progressive neurodegenerad disorder in which the major
pathologic substrate is a loss of dopaminergic neurons fronthe substantia nigra. Our
main objective was to determine the correspondence betweerchanges in the substantia
nigra, evident in neuromelanin and iron sensitive magneti@sonance imaging (MRI),
and dopaminergic striatal innervation loss in patients wit PD. Eighteen patients and
18 healthy control subjects were included in the study. Usim neuromelanin-MRI, we
measured the volume of the substantia nigra and the contrasto-noise-ratio between

substantia nigra and a background region. The apparent trasverse relaxation rate
and magnetic susceptibility of the substantia nigra were daulated from dual-echo

MRI. Striatal dopaminergic innervation was measured as deity of dopamine

transporter (DAT) by means of single-photon emission compad tomography and

[123]] N-&- uoropropyl-2b-carbomethoxy-3b-(4-iodophenyl) tropane. Patients showed a
reduced volume of the substantia nigra and contrast-to-nae-ratio and both positively
correlated with the corresponding striatal DAT density. Tdhapparent transverse relaxation
rate and magnetic susceptibility values of the substantiaigra did not differ between
patients and healthy controls. The best predictor of DAT reakction was the volume of
the substantia nigra. Clinical and imaging correlations we also investigated for the
locus coeruleus. Our results suggest that neuromelanin-MRcan be used for quantifying
substantia nigra pathology in PD where it closely correlagewith dopaminergic striatal
innervation loss. Longitudinal studies should further expre the role of Neuromelanin-MRI
as an imaging biomarker of PD, especially for subjects at #sof developing the disease.

Keywords: neuromelanin, dopamine, Parkinson's disease, MRI , FP-CIT SPECT

INTRODUCTION

Parkinson's disease (PD) is characterized by a loss of melamin (NM) containing dopaminergic
neurons in the substantia nigra (SN), with a consequent ctida of dopamine concentration in
the putamen and caudate nucleushfinger and Hornykiewicz, 1998as well as iron deposition
throughout the SN. NM-containing neurons of the locus coeusd (LC) also degenerate early in
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the disease proces@rgak et al., 2003; Zarow et al., 2paghas  SUBJECTS AND METHODS
b ted that f PD patientwh ts withimot .
een suggested that for every PD patient who presents withmo %ubjects

signs there may be 10 subclinical cases in the commu@ityi{e, X : : . . .
1993, as destruction of 60% of the NM-laden neurons in the SN € Study involved 18 subjects with PD (13 males; mediartae:

is expected before motor symptoms are maniféstz(nley and Y©ars: range 45—|77 yearj) and 15_3 age-matched hgalth;otsontr
Lees, 1991 Ildentifying individuals in the preclinical stage of PD (HC group; 11 males; median age: 58 years, range: 47-77.years)

is a fundamental step if we aim to reveal the pathophysiold)gicz}-he diagnos?s of PE was _mad(:] acc_:ording to the UK ParkinS(_)n
mechanisms of PD and consequently develop strategies tyg del Isease Brain Bank criteria. The disease St?‘ge was det«_armlne
disease onset. using the Hoehn and Yahr scale and the disease severity was

To date, imaging measures of dopaminergic function, SuCﬁvaluated using the _Uni_ ed_ I_Darkinson Disease Rating S_cale
as Single-photon emission computed tomography (SPECT) Wi,[F]UPDRS). UPDRS akinetic-rigid score (UPDRSAK) was derived

tropane (FP-CIT), represent a robust biomarkers for early prf>-26- We calculated this UPDRS sub-score as putaminal FP-

detection and assessing disease progressiaet et al., 2006 CIT binding was shown to exclusively correlate with the ekten
2007: de la Fuente-Fernandez et al., 30Such markers, of rigidity and hypokinesia Igaias et al., 200.7None of the

however, are mainly indicative of dopamine nerve terminapatiems showed signs indicatjve of atypical Parkinson.ism ove
activity which could be altered by compensatory mechanism& perloq of at least 3 years prior to the enrolment. to th.'s study.
both endogenous and in response to treatmeritrc(oks All patients had a positive response to dopaminergic drugs.

and Pavese, 2011; Stoessl et al., PGather than SN cell Cognitive de_chne_, depression as well as rapid eye movem_ent
counts. sleep behavior disorder were excluded for all subjects using

MRI techniques sensitive to NMS@saki et al., 2006; Kitao the Mini Ment'al State Examination (cut-o score of 28), the
et al., 2013; Miyoshi et al., 2013; Ogisu et al., 2013; OhtsuéfCk Depression Inventory-II (cut-o score of 6), and rapideey
et al., 201% and iron (Graham et al., 2000; Martin et al movement sleep behavior disorder screening questionneire (

2008: Baudrexel et al., 2010: Schweser et al., 2011; Lot pcdrSCOre of 5). Moreover, none of the patients reported having
et al, 2012; Ulla et al., 20lhave been found to provide su ered from any neurological or psychiatric disorders other

information about SN degeneration with potential applicaton than idiopathic '_DD a”‘?' none were ta"'”g’ or stated to have ever
as biomarkers of PDKashihara et al., 2011; Schwarz et al"been treated with antipsychotics or ar_ltldepressgnts druge._ T
2011; Matsuura et al., 2013; Miyoshi et al., 2013; Castellanﬁtqdy was approved by the Local Eth|c§ Committee (Comltgto
et al, 2015 NM containing structures can be identi ed in Etlnco M!IanoArea B). MRI data were ok_)talned prospectlverV\_/lth
the NM-sensitive images (NM-MRI) as areas of hyperintensiw‘.’vr'tten mforme_d consent from_ all subjects._SPECT and clihica
A direct comparison between post-mortem NM-MRI and data were obtained retrospectively from patients' records.

neuropathological ndings has shown that NM-MRI signal

intensity in the SN is closely associated with the quanttySPECT with FP-CIT Acquisition and
of NM-containing neurons Kitao et al., 2013 supporting Analysis

tk}eN:\'Ank between NM-MRI hyperintensity with the presence Brain SPECT was performed on all patients 3 h after intravenous
0 ) administration of 110-140 MBq of FP-CIT (DaTSCAN GE-

imasgeixgralst:ési;c;pa;g?/fg'gﬁgwg'ogzer?r:ifleazgd\?go N (?tgmironHealthcare, UK), as described igsaias et al. (2008A historic
concentration in the SN of PD patientDéxter et al., 1987, group of 15 healthy volunteers, scanned on the same SPECT

Graham et al., 2000; Zecca et al., 2001, 2004; Martin epag; 2 SAMera (4 males; median age: 67 years, range: 44-74 years),
drexel etal., 20).dronintissue has an e ect on the apparent S(_ervgd as controls for SP.ECT measufesigs etal., 2007, 2008

Bau | e Ihat has b idel PF; ited Binding values of dopamine reuptake transporters (DAT) of the

tga'lsh\;;ﬁerszaex?::;n cri?etF?c?sgtFi’on "’I‘; t?; geNg Qvl\:'dgze?xgtogf putamen and caudate nucleus were calculated on the basis of
) ) 7 VOIs de ned by means of the Basal Ganglia Matching Tool

2010; Qlla et ’?‘"’ 2013; Barbosa et al., y0The .paramagnt.atl_c? (Calvini et al., 200)/ An asymmetry index was calculated for

properties of iron also inuence the magnetic susceptibility

of the tissues §chweser et al., 2011This has recently been E);(;gg;en, and analogously for the caudate nucleusass et al.

demonstrated to allow quanti cation of tissue iron contdrased

on measurements of magnetic eld inhomogeneity through

a technique called quantitative susceptibility mapping (QSM) Putamernpsj Putameontra

(Schweser et al., 2011; Langkammer et al., 2012; Lot pour,et al Alputamen

2019 or visualized qualitatively as susceptibility weightedgas

(Rossietal., 2010; Schwarz et al., 2014; Langley et al. RtE3;

etal., 201p where the subscriptontra (contralateral) refers to the side
This study aimed to investigate the correlations between MRbpposite to the clinically most impaired hemibody, anpd;

markers (NM-MRI, R2, susceptibility) of the SN and LC of (ipsilateral) refers to the most impaired hemibody. For HC

PD patients and the corresponding nigro-striatal dopaminergi we adopted the conventional of referring to the right side as

innervation loss as measured by SPECT with FP-CIT. ipsilateral.

200

Putamenysi C Putamemontra
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MR Image Acquisition cerebral crus on the left and right sideBigure 2A). This was

All subjects underwent MRI on a clinical 3T scanner (Achievarepeated for four consecutive slices, in which the SN wablgisi
Philips Medical Systems, Best, the Netherlands) with a 3Zor each slice, a binary map was de ned as the voxels in the
channel head coil. Conventional MRI scans were obtained tmesencephalic region with signal intensity greater than:

exclude coexisting central nervous system disorders. NM-MRI

and multi-echo gradient echo scans were obtained for the MNcc C 3 Shec

comparisons of NM and iron with the SPECT data. whereMN ¢ and SDcc are the mean and standard deviation
The NM-MRI scan consisted of a T1-weighted fast spin ech@or the background ROI located in the cerebral crus on the
sequence with on-resonance magnetization transfer prefoarat corresponding slice and sid€igure 2B). ROIs for the SN were
pulses (TE/TR 12/670 ms, echo train length 4, eld of view 216nen de ned on the binary mapRigure 20).
164 mn¥, acquisition/reconstruction resolution 0.5 0.6 The SN volume was calculated as the total number of voxels
3.0mn?/0.5 05 3.0mn?, 12 slices, ve averages), with jn the segmented SN multiplied by the voxel dimensions. The
an acquisition time of approximately 7:40 mikigure 1). Asin  contrast-to-noise-ratio (CNR) between the SN and the caakbr

previous studiesNakane et al., 2008; Keren et al., 2009; Kitagrys was calculated for each slice and side of the SN as:
et al., 2013; Ogisu et al., 2013; Chen et al., Rohdgnetization MN MNec /
-MNsn cc

transfer preparation was used to improve the observable NM CNRsy D
contrast. The obliqgue axial slices of the NM-MRI scan were Shec
de ned perpendicular to the oor of the fourth ventricle, and whereMN sy andMN cc correspond to the mean signal intensity
covered approximately from the posterior commissure to thef the SN and cerebral crus, respectively, &idc corresponds
inferior pontine border. to the standard deviation of the cerebral crus. The average CN
Iron-sensitive imaging made use of a dual-echo, gradiembec of the SN across slices was then calculated for each side. The
sequence (TEL/TE2/TR 9.2/23/30.44 ms, eld of view 240 asymmetry indices (Al volume @nd Alsn-cnr) Were calculated
240mnf, resolution 1 1 1mm?®, 120 slices, ip angle 12  for the SN volume and theCNRsy in a way analogous to
with an acquisition time approximately 10 min. Magnitude andthat for SPECT measurements. Because the results of the abov
phase images were reconstructed from the gradient echo data forocedure may depend on the placement of the cerebral crus
each echo time. Again, the sections were inthe oblique piiae  ROIs, the process of ROI drawing and calculation of the volume,

perpendicular to the oor of the fourth ventricle. CNR and Al values for the SN was repeated four times, and
the average and standard deviation across measurements was
Neuromelanin-Sensitive Image Analysis calculated.

As a measure of the presence of NM, the SN volume was As the cross-sectional area of the LC is near, or pOSSib'y\be'O
estimated from the NM-MRI images using the 3D Slicer softwaréhe resolution limit of our scans, we did not consider volunyetr
package (version 4.3.1, http://www.slicer.org). In briefjlar to ~ of LC to be reliable. We instead limited our evaluation of ti@
previous studiesGhen et al., 2014; Langley et al., 2)&Feader, 10 its contrast relative to surrounding tissue. For eactesithe
blinded to the clinical status of the subjects, rst de neiomlar ~location of the LC was taken to be the highest intensity voxel

(4mm diameter) background regions of interest (ROIs) in theadjacentto the fourth ventricle on that side (Mx) (Keren etal.,
2009. Once each Lfzax was located, the LC signal intensity was

taken to be the intensity of Ligax and its four abutting voxels
in the image plane Rigure 3). This was repeated for each of

A B three consecutive 3 mm-thick axial slices. Backgroundeefse
b IS ROIls (circles with diameter 6 mm) were placed in the pontine
tegmentum in the three slices in which the LC was identi ed.
This processing was carried out using a custom software routine
in Matlab (Mathworks Inc., Sherborn, MA, USA). The CNR
between the LC and the pontine tegmentum (TG) was calculated
in a way analogous to that for SN.
c D .MNc MNg/
CNRc D SDro
Lastly, to allow direct comparisons betwe8NRsy and CNR ¢,
measurements were normalized to the corresponding median
/ / value of the HC group to represent a % di erence from normal
value (YCNRsy and %CNR ¢, respectively).

FIGURE 1 | NM-MRI of the substantia nigra and locus coeruleus . Iron-Sensitive Image AnaIySiS
NM-MRI images at the levels of the substantia nigra (arrowlael) and the locus Quantitative T2 maps were calculated from the magnitude
coeruleus (arrow) of a 66-year-old healthy womagA,C) and a 70-year-old images at di erent echo times using the scanner manufacturer-
man with PD (B,D). . . .

supplied software, and inverted to obtain R2Zalues. Phase and
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Cc

FIGURE 2 | De nition of region of interest (ROI) for the substa ntia nigra (SN) in the neuromelanin-MRI images involved (A) pl  acing circular reference
ROls in the cerebral crus, (B) creating binary map to identify h igh intensity voxels and (C) isolation of the voxel clusters corresponding to the SN.

and susceptibility of the SN were calculated. The proceduse wa
repeated two times, and the average of the two measuremests wa
calculated.

Statistical Analysis

Statistical analysis were performed with the JMP statistical
package, (version 10.0, SAS Institute, Inc., Cary, NC, USA).
Gender di erence between PD and HC groups was analyzed
using Pearson's chi-squared test. Other di erences betvieen

PD and HC groups were analyzed by means of Mann-Whitney
U test. The Spearman correlation coe cients)(were calculated

to investigate statistical dependencies amongst MRI and SPECT
measures, demographic and clinical variables. The threséedd

of statistical signi cance was seta& 0.05 (False Discovery Rate
corrected). A predictive analysis (least squares) between MRI
and SPECT measures were then performed. Receiver operating
characteristics analysis was performed to assess the diagnost
accuracy of NM-MRI results. The 95% con dence intervals
for sensitivity and speci city were calculated accordingthe

FIGURE 3 | De nition of the region of interest (ROI) for the loc - us Clopper-Pearson method. The intraclass correlation coe cient
coeruleus (LC) in the neuromelanin-MRI images involved ident ifying d to assess the intra-rater reliabilit

the highest intensity voxel adjacent to the fourth ventricle (LCmax): was use Y-

which together with its four adjacent voxels were then used to

calculate LC signal intensity.  The circular reference ROI in the pontine RESU LTS

tegmentum is also indicated.

Clinical Data
There were no signi cant gender or age dierences between
magnitude images for the di erent echo times were processethe PD patients and the HC group recruited for the present
o ine to calculate quantitative maps of magnetic suscepttpil study. There was however, a signi cant di erence in gender
via the morphology-enabled dipole inversion method (MEDI-between the PD group and the pre-existing HC group (used
Toolbox for Matlab, Cornell MRI Research Lab, New York, NYhere as controls for SPECT measures). Median age of the PD
USA) (de Rochefort et al., 2010; Liu et al., 2011 patients at motor symptoms onset was 56 years (38-70 years).
Bilateral SN ROIs were delineated manually by a blindeMedian disease duration was 6 years (3—15 years). Eight of the
researcher using the 3D Slicer software package. The SN R®P patients had disease durations greater than the mediareval
were drawn on the gradient echo magnitude images with thef the PD group (11 years on average, range: 8-15 years); the
longest echo-time (T2weighted), and then applied to the R2 remaining 10 patients had referred motor signs for 6 yearess |
and susceptibility maps. The left and right SN were de ned a$4 years on average; range: 3—6). All patients were at Hoetin an
the hypointense bands between the red nucleus and cerebrédhr stage 2. The median UPDRS-III (motor part) score was 14
peduncle across six slicgsigure 4A). If the SN was visible in (range: 5-25) in a “meds-o ” phase (12 h L-Dopa withdrawal of
more than six slices, then the six central slices where the S$¢legiline, rasagiline, amantadine, cabergoline, pergalitEr2 h
had the largest area were selected, starting either at teédé discontinuation of prolonged duration formulations of dopamnei
the red nucleus showing the largest radius, or one slicerddove agonists). The median hemi-body UPDRSscore was 6 (range:
minimize the probability of including the subthalamic nuake 1-8) and 2 (range: 0—-4) for the more and less a ected side
Subsequently, the ROIs were used to sample thg[Rgure 4B)  respectively. The average L-Dopa daily dose was 3&32 mg
and susceptibilityigure 40 maps, and the mean values of R2 and the average L-dopa equivalent daily dose was 5023 mg.
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SPECT with FP-CIT Kitao et al., 2013 To account for intra-rater variability, every
When compared to a pre-existing group of HC, all PD patientameasurement was performed four times, and the measurements
had signi cantly reduced striatal DAT binding values in ot were averaged. The intraclass correlation coe cients WERS,
putamen and caudate nucleu3aple 1). For both structures, 074, and 0.74 for the SN volume, tlNRsy, and theCNR ¢,

the reduction was greater on the side contralateral to theespectively, which is an acceptable level of reproducibility. F
most a ected hemibody, as indicated by the asymmetry indexall NM-MRI measures, there were no signi cant di erences
(Alpytamenand Al caudatd- As expected, DAT binding values of between sides (contra and ipsi) of the SN. In patients, the
the Putamegontra Negatively correlated with disease durationmean SN volumegonta Was lower than SN volumgs;, but the

(r D 0.51,p < 0.05), UPDRS-IIl and UPDRg& score dierence did not reach statistical signi cance © 0.08). In

(r D 0.46,pD 0.05andr D 0.47,p< 0.05 respectively). It comparison to the HC group, the NM measures derived from
is worth noting that striatal DAT binding did not di er betwae  NM-MRI were signi cantly reduced in PD patientsTéble 1).

male and female in our HC cohort. SN volumecontra (but not SN volumejps) was negatively
correlated with UPDRS-IlII{D 0.61,p< 0.01) and UPDRAx
Neuromelanin-Sensitive MRI (r D 0.63p< 0.01).

Areas of hyperintensity were reliably detected in the NM-MRI  CNRsn-contra Was positively correlated Wit€NR c-contra (f
images in positions corresponding to the locations of the SNP 0.56, p < 0.05), and all but four PD patients showed
and LC Figure 1), consistent with previous NM-MRI and post- greater %NR c-contra Values than %BNRsn-contra: Alsnvol @nd
mortem studies $asaki et al., 2006; Keren et al., 2009, 201&Isn-cnr Were not signi cantly di erent between PD and HC

faeV L

FIGURE 4 | Iron-sensitive imaging of the substantia nigra. The regions of interest for the substantia nigra were de ned itaterally for iron-sensitive imaging as the
hypointense band between the red nucleus and cerebral pedutie in the Tf—weighted images (A) and were then used to sample the R2 maps (B) and susceptibility
(C) maps, seen here for a 51-year-old man with PD.

B C

TABLE 1 | Brain imaging ndings in patients with PD and healthy subjects.

Patients with PD Healthy controls p-value
SPECT with FP-CIT Putamen contra 1.60 0.67 460 0.83 P < 0.001
Putamen i 2.06 0.75 465 0.83 P < 0.001
Alputamen 28.09 22.08 239 175 P < 0.001
Caudate ¢ontra 297 1.02 492 0.98 P < 0.001
Caudate jyg; 3.28 0.97 494 0.96 P < 0.001
Alcaudate 20.84 26.71 322 233 P < 0.001
NM-MRI SN volume _¢ontra 236 50mm3 344  51mm?3 P < 0.001
SN volume _ip; 283 84mm3 362 60mm3 P< 0.01
AlsN-volume 21.88 15.32 13.82 822 P> 0.05
CNRgN-contra 428 041 491 0.38 P < 0.001
CNRg-ipsi 442 0.45 483 0.37 P< 0.01
AlsN-cNR 8,59 7.25 6.08 3.72 P> 0.05
CNR|C-contra 354 0.87 489 0.61 P < 0.0001
CNR| C-ipsi 3.85 0.96 507 0.47 P < 0.001
Iron-sensitive MRI R2 {ontra 4117 10.96s 1 3747 5.16s 1 P> 0.05
Rzi*pSi 4330 10.01s 1 39.09 574s 1 P> 0.05
Susceptibility contra 0.16 0.05ppm 0.13  0.03 ppm P> 0.05
Susceptibility ipsi 0.15 0.05ppm 0.13  0.03 ppm P> 0.05

Data listed as mean standard deviation. PT, putamen; CN, caudate nucleus; Al, asymmetrgpdex; Vol, volume; SN, substantia nigra; CNR, contrast-to-noise-ratio; cordr contralateral
(to the side opposite to the clinically most impaired hemibody) and ipsipsilateral. For HC we adopted the conventional of referring to the right side apsilateral.
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groups, and, for PD patients, they did not correlate with the(Figures 5A,B and CNRsn(-contraandips) (Figures 5C,D and the

corresponding AbutamenOr Al caudateMeasurements. In fact, in  corresponding DAT binding measurements of both the putamen

seven PD patients thENRsy values were lower ipsilateral to and the caudate nucleus amongst the patients. ThER ¢ was
the worst a ected hemibody and opposite to the putamen withalso signi cantly correlated with the corresponding DAT kling
lowest DAT binding values. Despite this, signi cant positivemeasurements of putamen and caudate nucléigures 5E,F.

correlation was also found between both SN volyqgiraandips)

Of all measurements, the best predictor of DAT reduction of

A
4 5
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FIGURE 5 | Non parametric correlation analysis with linear re gression between NM-MRI and SPECT measures in patients with P D. NM-MRI measures of
the substantia nigra (SN volume andCNRgy) and locus coeruleus CNR_¢) were signi cantly correlated with DAT binding values of theutamen (A,C,E) and caudate
nucleus (B,D,F). The Spearman correlation coef cients () and the p-values are indicated in each gure. The lled circles correspnd to the measurements in the
contralateral side, and the empty circles to the measuremes in the ipsilateral side.
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both the putamen and caudate nucleus was the SN volumsomparing B and susceptibility values with NM-MRI or

(Figure 6). SPECT ndings Figure 8). The intraclass correlation coe cient
The receiver operating characteristics analysis showedesn arfor the measurements were 0.91 and 0.90 for the Rad

under the curve of 0.94, and provided three relevant cut-o susceptibility, respectively.

values: (1) SN volumgynra D 325 mn? with 83% diagnostic

accuracy, 100% sensitivity (95% con dence intervals: 81 to

100%), and 66.67% speci city (95% con dence intervals: 41 t|SCUSSION

87%) in discriminating PD from HC (all PD subjects had lower

values); (2) SN volumegontra D 256 mn? showing 83% diagnostic PET and SPECT have been extensively employed to elucidate

accuracy, 66.67% sensitivity (95% con dence intervalsto4l

the functional changes associated with PD and other

87%) and 100% speci city (95% con dence intervals: 81 tameurodegenerative disorderssdias et al., 2007, 2011; Brooks

100%) (all HC had higher values); (3) SN voluggra D

and Pavese, 2011; Stoessl et al., 2011).2Id date, the imaging

292 mn?®, with the highest diagnostic accuracy and a goodneasures of dopaminergic function by SPECT with FP-CIT

trade-o between sensitivity and speci city (accuraby 86%,

represent a robust biomarkers for early PD detection and

sensitivityD 89% (95% con dence intervals: 65.29 to 98.62%)assessing disease progression. Although the deployment of
and specicity D 83% (95% con dence intervals: 58.58 toPET and SPECT scanners is becoming more common, their

96.429%)).

Iron-Sensitive MRI
Quantitative maps of R2and susceptibility showed a large

availability is still limited. In addition, the expense, d@ion,
and invasive nature of radionuclide imaging limit its clialc
application, particularly for longitudinal assessment, ¢arg
cohorts of patients, and evaluation in non-conrmed cases

contrast between the SN and the surrounding brain tissu€” subjects at risk to develop PD. MRI has been gaining

(Figure 4), but we did not nd signi cant di erences in R2
and susceptibility values of the SN between the PD and
groups {Table 1). In PD patients, positive correlations with age
were seen for R (r D 0.43,p < 0.01), Susceptibilifys; (r

D 0.34,p < 0.05), and Susceptibiligynira (r D 0.42,p < 0.05),
and with disease duration for R& (r D 0.52,p < 0.05),
Susceptibilityysi (r D 0.66,p < 0.01) and Susceptibiligyntra

(r D 0.58,p < 0.05) Figure 7). Neither R2 nor susceptibility

HER

ground over the past decade as an attractive alternative to
diotracer methods. MRI techniques have evolved to provide
novel information about the degenerative process in PD and
other movement disorders opening potential applications for
the di erential diagnosis. Its non-invasive nature, divigysof
possible contrasts, lower cost, good availability, and in paldr
the fact that MRI does not use ionizing radiation contribute to
its attractiveness.

Recently, the NM-MRI $asaki et al., 20))6has provided

values correlated with any other demographic or Clinicalnotable contrast between NM-containing structures and

parameter. Of the two correlated variables (i.e., age arehdes
duration), disease duration proved, at a Stepwise regressi
analysis, to independently correlate with both parameter%gRZ
F-ratio D 4.22,p D 0.05; Susceptibilifysi: F-ratio D 15.48,

surrounding brain tissues with potential applications as

Yomarker of PD. Several NM-MRI studieSli{ibata et al., 2006;

Schwarz et al., 2011; Garcia-Lorenzo et al., 2013; Miyosthi, et
2013; Ohtsuka et al., 2014; Castellanos et al.,)diae shown

p < 0.01), whereas the correlation with age was not statibjicalsigni cant reductions in measures of NM-MRI contrast and

signi cant. Lastly, no signi cant correlation was found wh

FIGURE 6 | Prediction analysis of DAT binding values of the (A )
putamen and (B) caudate nucleus based on NM-MRI ndings.

Prediction of DAT binding values was signi cant for both the ptamen p <
0.0001, R2 D 0.61, RMSED 0.48, PRESSD 9.33) with SN volume being the
best predictor (o < 0.0001) CNRgy leverage:p D 0.22, and CNR_ ¢ leverage:
p D 0.29), and the caudate nucleus ¢ < 0.0001, R2 D 0.50, RMSED 0.73,
PRESSD 21.53) again with SN volume as the best predictorg( < 0.01)
(CNRgy leverage:p D 0.11, and CNR ¢ leveragep D 0.32). RMSED Root
mean square error; PRESD Predicted residual error sum of squares.

volume of the SN and LC in PD patients compared with healthy
controls, leading to the suggestion that the NM-related casit

in MRI images re ects a loss of NM-containing neurons. In
fact, a direct comparison between post-mortem NM-MRI and
neuropathological ndings itao et al., 2018has shown that
NM-MRI signal intensity in the SNc is closely associated with
the quantity of NM-containing neurons, supporting the link
between NM-MRI hyperintensity with the presence of NM, and
raising the prospect of NM-MRI being a potential biomarker
of PD.

In this study we investigated the correlations between
MRI markers of the SN and LC of PD patients and the
corresponding nigro-striatal dopaminergic innervation doas
measured by SPECT with FP-CIT. Both of the examined NM-
MRI based measures of the SN (SN volume a@@NRsy)
correlated signi cantly with dopaminergic striatal inneation
loss as measured by SPECT with FP-CHg(re 5 and SN
volume was highly correlated with striatal DAT binding vetu
(Figure 6). Also of relevance, NM-MRI measurements, as well
as SPECT ndings, correlated with the severity of PD-relate
motor signs. Our results support the ability of NM-MRI to
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FIGURE 7 | Non parametric correlation analysis with linear re  gression between the clinical data [age (A-D) and disease dur  ation (E-H)] and the
iron-sensitive imaging measures [R2 * (A,B,E,F) and susceptibility (C,D,G,H)] in -patients with ~ PD. The Spearman correlation coef cients () and the p-values

are indicated in each gure. The lled circles correspond to tle measurements in the contralateral side, and the empty cites to the measurements in the ipsilateral
side.

di erentiate PD patients from healthy subjects as indicatad i the cut-o of SN volumeconga D 292mn? obtained by
previous reports $asaki et al., 2006; Ohtsuka et al., 3050  receiver operating characteristics analysis provided andistic

in agreement with prior NM-MRI studies, PD patients showedaccuracy of 86%, with good sensitivity (89%) and speci city
signi cant reductions in SN contrast and volume. In partiayl  (83%).
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FIGURE 8 | Non parametric correlation analysis with linear re  gression between the SPECT measures in the putamen (A,C) and ca  udate nucleus (B,D)
and the iron-sensitive imaging measures (R2 *and susceptibility) in patients with PD.  No signi cant correlation was found when comparing R2 and
susceptibility values with the SPECT ndings. The Spearmanarrelation coef cients () and the p-values are indicated in each gure. The lled circles correspnd to
the measurements in the contralateral side, and the empty miles to the measurements in the ipsilateral side.

The discrepancy between asymmetry indexes (i.eyidMen  Speci ¢ to PD patients with concomitant rapid eye movement
and AlsnvolumeOF Alsn-cnRr) Was unexpected. In particular, the sleep behavior disordefs@rcia-Lorenzo et al., 20L3hus, the
asymmetry of DAT binding measurement at a striatal level inclinical characteristics and evolution of speci c risk faist may
PD patients was not mirrored by an asymmetry of NM-MRI be determined by the changes at the LC, but require studies
measurements. In light of the close correlation between-possuitable for the identi cation of such relationships. Degpihese
mortem NM-MRI and the quantity of NM-containing neurons interesting results, the di culty in distinguishing the LO'dm
(Kitao et al., 2013 our ndings for Alspvolume @nd Alsn-cnr  the sub-coeruleus region due to its position and size, and the
may re ect the actual SN neuron loss, whereas the asymmetrtechnical limitations of our NM-MRI (see below), we consider
striatal DAT density seen with Alitamen and the consequent the imaging and analysis methods for this structure to be
asymmetry of clinical signs in PD patients, might be in uedce unsatisfactory.
by pre-synaptic compensatory mechanisms. The process of iron accumulation in SN of PD patients is

Under the assumption that @NR ¢ re ects neuron loss in  also not completely understood. Iron concentrations in disseéc
the LC area, the nding of greater @NR ¢ in comparison SN pars compacta and pars reticulata measured with accurate
to the YCNRsn, would support the presence of an ascendingspectroscopic methods have shown that iron concentrations
pathological process in PD patien®réak et al., 2003Thiswas in these regions increase with disease sevefbityx{er et al.,
indeed evident in 14 patients. However, the fact that fourgrats  1987; Hirsch et al., 19)1and it has been proposed that
did not show such a pattern suggests that it does not occur ihigh iron content in the SN makes this region susceptible to
all PD patients. Notably, a reduced®R ¢ (averaged for both neurodegenerationZecca et al., 2004; Ward et al., 21k
hemispheres) from NM-MRI has recently been observed to bthe literature however, iron imaging results are mixed. eBalv
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reports have described an increase iron concentration in thenethod and imaging sequence characteristics. In this study

SN of PD patients Graham et al., 2000; Martin et al., 2008;we used a semiautomatic segmentation method based on the

Baudrexel et al., 20},0but equally, we and others did not nd approach previously describe8¢hwarz et al., 2011; Chen et al.,

signi cant di erences in iron concentration between PD and 20149. Although our intra-operator variability in segmentation

controls (Galazka-Friedman et al., 1996; Zecca et al., 2004; Wawas reasonable, this and the inter-operator variability doe

et al., 201t We did however, nd greater iron accumulation, as background ROI positioning could be largely eliminated in fugur

indicated by R2 and susceptibility values, in PD patients with studies through the use of completely automated segmenmtatio

longer disease duration, even accounting for age, and dégg  for quanti cation of SN and LC volumes using NM-MRI, as

of their disease severity or dopaminergic drug doses. Morgoveecently suggesteéstellanos et al., 201 T hird, the NM-MRI

across the available MRI studies a rather large range of iromethod applied here involved a clinically acceptable scan time

concentration and con dence intervals has been reportechbotbelow 10 min, but did not optimally resolve the LC for volumietr

in PD patients and controls Martin et al., 2008; Lot pour assessment and even the SN volume measurements were subject

et al.,, 2012; Ulla et al., 20)L3These observations lead us toto partial volume e ects. Further, the NM-MRI 2D multislice

suspect that subtle dierences in patient characteristics andcan yielded inhomogeneous signal intensities betweeessli

measurement technique may be responsible for the incomsigte due to its sensitivity to radiofrequency eld inhomogerieg,

of results obtained with iron imaging by MRI, such that betterand di ering magnetization transfer weighting through cess

standardization of technique is needed if the limitatiorigiRl ~ talk e ects. These necessitated a slice by slice approach to ROI

for accurate measurement of iron in brain tissue are to bele nition. A 3D acquisition, as described liygisu et al. (2013)

overcome and it is to have a role as a biomarker for Rutin ~ may allow more robust ROI de nition. Last, there were also

etal., 2008 some limitations regarding the iron-sensitive MRI technigde.
We did not attempt nigral subdivision into pars compactagreater number of echoes may improve the R2&timation and

and pars reticulata, such as can be performed at higher magnethe quality of the QSM results.

eld (Lot pour et al., 2012; Lehéricy et al., 2017 he region of In conclusion, NM-MRI is a means of quantifying

interest de nitions we have used are however strongly tethe SN pathology in PD patients that closely correlates with

contrast in the images. Di erences in location and morphologydopaminergic striatal innervation loss. It may serve as an

of the SN are apparent in the ROIs de ned for our NM- imaging marker of PD, in particular regarding SN neuron loss,

and iron-sensitive MRI. Whereas areas of hyperintensity weralthough further longitudinal multi-imaging studies, pdsty

detected in the NM-MRI, the T2 weighted images showed involving subjects at risk of PD, are required.

the SN as a hypointense band, rostral, and lateral to the

hyperintense area in the NM images. Langley et al. have rgcenAUTHOR CONTRIBUTIONS

found NM and susceptibility weighted imaging contrasts to

be selectively sensitive to caudal and rostral compartments PS, GP, LZ, AC designed research; Il, PT, PS, GM, AC
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MRI and susceptibility weighted imaging (or QSM as used

herein) are also complementary in their respective senséi/i This study was sponsored by Fondazione IRCCS Ca Granda

to neuronal death and iron deposition, such that investigatof  Ospedale Maggiore Policlinico di Milano, the Grigioni

the degenerative processes in the SN is likely to bene tfioairt Foundation for Parkinson's Disease, and the Interdiszipksa

combined use. Zentrum fur Klinische Forschung (IZKF) of the University
This study presented several limitations. First, the numbeHospital Wuerzburg.

of patients in our study did not allow us to cover the full

spectrum of PD stages, and we selectively recruited patienSCKNOWLEDGMENTS

without any (non-dopaminergic) PD-related comorbidities.,

dementia, depression, postural instability or falls, rapice ey The Authors are thankful to Dr. Margherita Canesi (Centro

movement sleep behavior disorder, etc.). This may limit ouParkinson, CTO, Istituti Clinici di Perfezionamento, Milan

scope for establishing clinical correlations, but was sitethe Italy) for patient referrals, and to Dr. Frank Steigerwald

study design, which was to directly compare MRI metrics of SNNeurologische Klinik und Poliklinik, Universitéatsklinika

pathology and its consequent striatal dopaminergic inndorat Wurzburg, Germany) and Dr. Fulvio Adorni (Istituto di

loss. Second, we obtained cut-o values for SN volume shgwinTecnologie Biomediche, CNR, Segrate-Milan, Italy) foricaity

high sensitivity and speci city in identifying PD patientsub  reading the manuscript. Selected ndings from this paper have

further studies testing these values in other groups of PIbeen presented at the 22nd Annual Meeting of the International

patients and HC are required to validate their usability toSociety for Magnetic Resonance in Medicine, and the 18th

di erentiate PD patients from HC. The estimates of SN volume International Congress of Parkinson's Disease and Movement

and thus the cut-o points are dependent on the segmentatiorDisorders.

Frontiers in Aging Neuroscience | www.frontiersin.org 10 August 2016 | Volume 8 | Article 196



Isaias et al.

Neuromelanin and Dopaminergic Loss

REFERENCES

Barbosa, J. H. O., Santos, A. C., Tumas, V., Liu, M., Zheng, &écke¢, E. M., et al.
(2015). Quantifying brain iron deposition in patients with Parkbn's disease
using quantitative susceptibility mapping, R2 and Rdagn. Reson. Imaging
33, 559-565. doi: 10.1016/j.mri.2015.02.021

Baudrexel, S., Nurnberger, L., Rub, U., Seifried, C., Klein, JD€ller, T.,
et al. (2010). Quantitative mapping of T1 and Taiscloses nigral and
brainstem pathology in early Parkinson's dised&suroimagé1, 512-520. doi:
10.1016/j.neuroimage.2010.03.005

Braak, H., Rlb, U., Gai, W. P., and Del Tredici, K. (2003). Idiojzafftarkinson's
disease: possible routes by which vulnerable neuronal types may jeetsiob
neuroinvasion by an unknown pathogeh.Neural Transnml10, 517-536. doi:
10.1007/s00702-002-0808-2

Brooks, D. J., and Pavese, N. (2011). Imaging biomarkers in Rarkindisease.
Prog. NeurobioB5, 614-628. doi: 10.1016/j.pneurobio.2011.08.009

Calvini, P., Rodriguez, G., Inguglia, F., Mignone, A., Guerra,,laRd Nobili,
F. (2007). The basal ganglia matching tools package for striptake semi-
quanti cation: description and validatiorEur. J. Nucl. Med. Mol. Imagirig,
1240-1253. doi: 10.1007/s00259-006-0357-2

Castellanos, G., Fernandez-Seara, M. A., Lorenzo-Betanc@rt@ga-Cubero, S.,
Puigvert, M., Uranga, J., et al. (2015). Automated neuromelanin imgaas a
diagnostic biomarker for Parkinson's Diseab#ov. Disord.30, 945-952. doi:
10.1002/mds.26201

Chen, X., Huddleston, D. E., Langley, J., Ahn, S., Barnum, C. JqrF&cA.,
et al. (2014). Simultaneous imaging of locus coeruleus and sulsstagta
with a quantitative neuromelanin MRI approaciMagn. Reson. Imaging2,
1301-1306. doi: 10.1016/j.mri.2014.07.003

de la Fuente-Fernandez, R., Schulzer, M., Kuramoto, L., CraBgndachandiran,
N., Au, W. L., etal. (2011). Age-speci c progression of nigrosatidysfunction
in Parkinson's diseas@nn. Neurol.69, 803-810. doi: 10.1002/ana.22284

de Rochefort, L., Liu, T., Kressler, B., Liu, J., Spincemaille,eBarlL. V., et al.
(2010). Quantitative susceptibility map reconstruction from MRapé data
using bayesian regularization: validation and application to biaiaging.
Magn. Reson. Me@3, 194-206. doi: 10.1002/mrm.22187

Dexter, D. T., Wells, F. R., Agid, F., Agid, Y., Lees, A. J..efePn et al. (1987).
Increased nigral iron content in postmortem parkinsonian braimncet2,
1219-1220. doi: 10.1016/S0140-6736(87)91361-4

Ehringer, H., and Hornykiewicz, O. (1998). Distribution of noradaéine and
dopamine (3-hydroxytyramine) in the human brain and their behavior
diseases of the extrapyramidal systétarkinsonism Relat. Disord, 53-57.
doi: 10.1016/S1353-8020(98)00012-1

Fearnley, J. M., and Lees, A. J. (1991). Ageing and Parkingse&sé: substantia

with the LRRK2 Gly2019Ser mutatioMov. Disord.21, 1144-1147. doi:
10.1002/mds.20909

Isaias, I. U., Canesi, M., Benti, R., Gerundini, P., Cilia, 8&zBli, G., et al. (2008).
Striatal dopamine transporter abnormalities in patients with essétemor.
Nucl. Med. Commur9, 349-353. doi: 10.1097/MNM.0b013e3282f4d307

Isaias, I. U. I., Marzegan, A., Pezzoli, G., Marotta, G., CaMesiBiella, G. E.
M., et al. (2011). A role for locus coeruleus in Parkinson trenk@ant. Hum.
Neurosci5:179. doi: 10.3389/fnhum.2011.00179

Kashihara, K., Shinya, T., and Higaki, F. (2011). Neuromelanimetégresonance
imaging of nigral volume loss in patients with Parkinson's disedseClin.
Neuroscil8, 1093-1096. doi: 10.1016/j.jocn.2010.08.043

Keren, N. I, Taheri, S., Vazey, E. M., Morgan, P. S., Granholm, A.-
C. E., Aston-Jones, G. S., et al. (2015). Histologic validatibdocus
coeruleus MRI contrast in post-mortem tissudeuroimagell3, 235-245.
doi: 10.1016/j.neuroimage.2015.03.020

Keren, N., Lozar, C., Harris, K., Morgan, P., and Eckert, M. (2009 vivo
mapping of the human locus coeruleusleuroimage47, 1261-1267. doi:
10.1016/j.neuroimage.2009.06.012

Kitao, S., Matsusue, E., Fujii, S., Miyoshi, F., Kaminoukatp, S., et al. (2013).
Correlation between pathology and neuromelanin MR imaging in Parkiisso
disease and dementia with Lewy bodiékuroradiologys5, 947-953. doi:
10.1007/s00234-013-1199-9

Langkammer, C., Schweser, F., Krebs, N., Deistung, A., Go&¥sl|&cheurer, E.,
etal. (2012). Quantitative susceptibility mapping (QSM) as a meameasure
brain iron? A post mortem validation studyNeuroimages2, 1593-1599. doi:
10.1016/j.neuroimage.2012.05.049

Langley, J., Huddleston, D. E., Chen, X., Sedlacik, J., Zach&riahnd Hu, X.
(2015). A multicontrast approach for comprehensive imaging of sulistan
nigra.Neuroimagd 12, 7-13. doi: 10.1016/j.neuroimage.2015.02.045

Lehéricy, S., Bardinet, E., Poupon, C., Vidailhet, M., and Fran¢ (2014). 7
Tesla magnetic resonance imaging: a closer look at substantiaamgtamy in
Parkinson's diseasklov. Disord29, 1574—-1581. doi: 10.1002/mds.26043

Liu, T., Liu, J., de Rochefort, L., Spincemaille, P., Khalidoledoux, J., et al.
(2011). Morphology enabled dipole inversion (MEDI) from a singlefan
acquisition: comparison with COSMOS in human brain imagiki;gn. Reson.
Med.66, 777-783. doi: 10.1002/mrm.22816

Lot pour, A. K., Wharton, S., Schwarz, S. T., Gontu, V., Schafer Peters,
A. M., et al. (2012). High resolution magnetic susceptibility mappifighe
substantia nigra in Parkinson's disea3eMagn. Reson. Imagi§, 48-55. doi:
10.1002/jmri.22752

Martin, W. R. W., Wieler, M., and Gee, M. (2008). Midbrain iron d¢ent in
early Parkinson disease: a potential biomarker of disease siusologyr0,
1411-1417. doi: 10.1212/01.wnl.0000286384.31050.b5

nigra regional selectivityrain 114, 2283-2301. doi: 10.1093/brain/114.5.2283Matsuura, K., Maeda, M., Yata, K., Ichiba, Y., Yamaguchi, @nafaru, K.,

Galazka-Friedman, J., Bauminger, E.R., Friedman, A., Barcileowsk Hechel,
D., and Nowik, I. (1996). Iron in Parkinsonian and control suénstia
nigra- A Mossbauer spectroscopy studiylov. Disord. 11, 8-16. doi:
10.1002/mds.870110104

Garcia-Lorenzo, D., Longo-Dos Santos, C., Ewenczyk, C-Skeenescu, S.,
Gallea, C., Quattrocchi, G., et al. (2013). The coeruleus/subensraomplex
in rapid eye movement sleep behaviour disorders in Parkinson'sisiés@rain
136, 2120-2129. doi: 10.1093/brain/awt152

Golbe, L. I. (1993). The genetics of Parkinson's disease: agidevation.Rev.
Neurosci4, 1-16. doi: 10.1515/REVNEURO.1993.4.1.1

Graham, J.M., Paley, M.N., Grunewald, R. A., Hoggard, N., and Grjths

P.D. (2000). Brain iron deposition in Parkinson's disease imagsithg
the PRIME magnetic resonance sequen8gain 123, 2423-2431. doi:
10.1093/brain/123.12.2423

Hirsch, E. C., Brandel, J. P., Galle, P., Javoy-Agid, F., and Aditi991). Iron and
aluminum increase in the substantia nigra of patients with Parkirsdisease:

et al. (2013). Neuromelanin magnetic resonance imaging in Parkind@ease
and multiple system atrophyEur. Neurol.70, 70-77. doi: 10.1159/0003
50291

Miyoshi, F., Ogawa, T., Kitao, S., Kitayama, M., Shinohara[akasugi, M., et al.
(2013). Evaluation of Parkinson Disease and Alzheimer Diseiis¢he use of
neuromelanin MR imaging and 123I-metaiodobenzylguanidine &gpiaphy.
AJNR Am. J. Neuroradi4, 2113-2118. doi: 10.3174/ajnr.A3567

Nakane, T., Nihashi, T., Kawai, H., and Naganawa, S. (2008)aNzation of
neuromelanin in the Substantia nigra and locus ceruleus at 1.5TgusiBD-
gradient echo sequence with magnetization transfer contidagn. Reson.
Med. Sci7, 205-210. doi: 10.2463/mrms.7.205

Ogisu, K., Kudo, K., Sasaki, M., Sakushima, K., Yabe, L.kiSksaet al. (2013).
3D neuromelanin-sensitive magnetic resonance imaging with semoiraated
volume measurement of the substantia nigra pars compacta for diagnosi
of Parkinson's diseasBleuroradiology5, 719—724. doi: 10.1007/s00234-013-
1171-8

an X-ray microanalysisJ. Neurochem56, 446-451. doi: 10.1111/j.1471- Ohtsuka, C., Sasaki, M., Konno, K., Kato, K., TakahashiYamashita, F.,

4159.1991.th08170.x

Isaias, |., Benti, R., Cilia, R., Canesi, M., Marotta, G., Cdinin P.,
et al. (2007). [123I]FP-CIT striatal binding in early Parkinsomisease
patients with tremor vs. akinetic-rigid onseNeuroreport18, 1499-1502.
doi: 10.1097/WNR.0b013e3282ef69f9

Isaias, ., Benti, R., Goldwurm, S., Zini, M., Cilia, R., Geruhdh, et al.
(2006). Striatal dopamine transporter binding in Parkinson's @égeassociated

etal. (2014). Di erentiation of early-stage parkinsonisms usiegnomelanin-
sensitive magnetic resonance imagiRgrkinsonism Relat. Disor20, 755-760.
doi: 10.1016/j.parkreldis.2014.04.005

Reiter, E., Mueller, C., Pinter, B., Krismer, F., Scher er, Gtethammer, R.,
et al. (2015). Dorsolateral nigral hyperintensity on 3.0T susb#ipyiweighted
imaging in neurodegenerative Parkinsoniddov. Disord 30, 1068—1076. doi:
10.1002/mds.26171

Frontiers in Aging Neuroscience | www.frontiersin.org 11

August 2016 | Volume 8 | Article 196



Isaias et al. Neuromelanin and Dopaminergic Loss

Rossi, M., Ruottinen, H., Elovaara, I., Ryymin, P., Soimakalligs&ola, H., etal.  Ulla, M., Bonny, J., Ouchchane, L., Rieu, I., Claise, B., andBui(2013). Is R2a

(2010). Brain iron deposition and sequence characteristics rkifanism: new MRI biomarker for the progression of Parkinson's disease? Atlatigal

comparison of SWI, T2 maps, T2-weighted-, and FLAIR-SPACHvest. follow-up. PLoS ONB:e57904. doi: 10.1371/journal.pone.0057904

Radiol.45, 795-802. doi: 10.1097/RLI.0b013e3181ec9c96 Ward, R. J., Zucca, F. A., Duyn, J. H., Crichton, R. R., and Zé&c¢ap14). The
Sasaki, M., Shibata, E., Tohyama, K., Takahashi, J., Ot&ukdsuchiya, K., role of iron in brain ageing and neurodegenerative disordeesicet Neurol.

et al. (2006). Neuromelanin magnetic resonance imaging of locus oserule 13, 1045-1060. doi: 10.1016/S1474-4422(14)70117-6
and substantia nigra in Parkinson's diseaseuroreportl7, 1215-1218. doi: Zarow, C., Lyness, S. A., Mortimer, J. A., and Chui, H. C. (2008urbhal

10.1097/01.wnr.0000227984.84927.a7 loss is greater in the locus coeruleus than nucleus basalis andastihst
Schwarz, S.T., Rittman, T., Gontu, V., Morgan, P.S., Bajajanl Auer, D.P. nigra in Alzheimer and Parkinson diseasdsch. Neurol.60, 337-341. doi:

(2011). T1-weighted MRI shows stage-dependent substariiea rsignal 10.1001/archneur.60.3.337

loss in Parkinson's diseasklov. Disord.26, 1633—-1638. doi: 10.1002/mds. Zecca, L., Gallorini, M., Schinemann, V., Trautwein, A. X., Gerlddh,

23722 Riederer, P., et al. (2001). Iron, neuromelanin and ferritin contenthe
Schwarz, S. T., Afzal, M., Morgan, P. S., Bajaj, N., Gowland,, Rnd Auer, D. substantia nigra of normal subjects at di erent ages: consecgeffor iron

P. (2014). The “swallow tail” appearance of the healthy nigrosome wa ne storage and neurodegenerative proces3esleurocheniz6, 1766-1773. doi:

accurate test of Parkinson's disease: a case-control and rettivepeross- 10.1046/j.1471-4159.2001.00186.x

sectional MRI study at 3TPLoS ONB:e93814. doi: 10.1371/journal.pone.00 Zecca, L., Stroppolo, A., Gatti, A., Tampellini, D., Toscani, M., @GalldV., et al.

93814 (2004). The role of iron and copper molecules in the neuronal vulnerglwfit
Schweser, F., Deistung, A., Lehr, B.W., and Reichenba(2011l). Quantitative locus coeruleus and substantia nigra during agPigc. Natl. Acad. Sci. U.S.A.

imaging of intrinsic magnetic tissue properties using MRI signal gghaan 101, 9843-9848. doi: 10.1073/pnas.0403495101

approach toin vivo brain iron metabolismNeuroimages4, 2789-2807. doi:

10.1016/j.neuroimage.2010.10.070 Conict of Interest Statement: The authors declare that the research was

Shibata, E., Sasaki, M., Tohyama, K., Kanbara, Y., Otsuk&hiéra, S., et al. conducted in the absence of any commercial or nancial relatidps that could
(2006). Age-related changes in locus ceruleus on neuromelanin magnetoe construed as a potential con ict of interest.
resonance imaging at 3 Tesldagn. Reson. Med. S&, 197-200. doi:
10.2463/mrms.5.197 Copyright © 2016 Isaias, Trujillo, Summers, Marotta, Mainddizoli, Zecca and
Stoessl, A. J., Lehericy, S., and Strafella, A. P. (2014). Imagigbts into basal  Costa. This is an open-access article distributed undeertims of the Creative
ganglia function, Parkinson's disease, and dystdréacet384, 532-544. doi: Commons Attribution License (CC BY). The use, distribudioreproduction in
10.1016/S0140-6736(14)60041-6 other forums is permitted, provided the original author(djcensor are credited
Stoessl, A. J., Martin, W. W., McKeown, M. J., and Sossi, V.1{201 and that the original publication in this journal is cited @ccordance with accepted
Advances in imaging in Parkinson's diseatancet Neurol10, 987-1001. academic practice. No use, distribution or reproductiperisiitted which does not
doi: 10.1016/S1474-4422(11)70214-9 comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 12 August 2016 | Volume 8 | Article 196



