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ARTICLE INFO ABSTRACT

Keywords: Diagnosing early stage Parkinson’s disease (PD) is still a clinical challenge. Previous studies using iron, neurome-
Parkinson’s disease lanin (NM) or the Nigrosome-1 (N1) sign in the substantia nigra (SN) by themselves have been unable to provide
S“bStan“la nigra sufficiently high diagnostic performance for these methods to be adopted clinically. Our goal in this study was
Neuromelanin

to extract the NM complex volume, iron content and volume representing the entire SN, and the N1 sign as
potential complementary imaging biomarkers using a single 3D magnetization transfer contrast (MTC) gradient
echo sequence and to evaluate their diagnostic performance and clinical correlations in early stage PD. A total
of 40 early stage idiopathic PD subjects and 40 age- and sex-matched healthy controls (HCs) were imaged at
3T. NM boundaries (representing the SN pars compacta (SNpc) and parabrachial pigmented nucleus) and iron
boundaries representing the total SN (SNpc and SN pars reticulata) were determined semi-automatically using a
dynamic programming (DP) boundary detection algorithm. Receiver operating characteristic analyses were per-
formed to evaluate the utility of these imaging biomarkers in diagnosing early stage PD. A correlation analysis
was used to study the relationship between these imaging measures and the clinical scales. We also introduced
the concept of NM and total iron overlap volumes to demonstrate the loss of NM relative to the iron containing
SN. Furthermore, all 80 cases were evaluated for the N1 sign independently. The NM and SN volumes were lower
while the iron content was higher in the SN for PD subjects compared to HCs. Interestingly, the PD subjects with
bilateral loss of the N1 sign had the highest iron content. The area under the curve (AUC) values for the average
of both hemispheres for single measures were: .960 for NM complex volume; .788 for total SN volume; .740 for
SN iron content and .891 for the N1 sign. Combining NM complex volume with each of the following measures
through binary logistic regression led to AUC values for the averaged right and left sides of: .976 for total iron
content; .969 for total SN volume, .965 for overlap volume and .983 for the N1 sign. We found a negative cor-
relation between SN volume and UPDRS-III (R? = .22, p = .002). While the N1 sign performed well, it does not
contain any information about iron content or NM quantitatively, therefore, marrying this sign with the NM and

Nigrosome-1 sign
Magnetization transfer contrast
Quantitative susceptibility mapping

Abbreviation: PD, Parkinson’s disease; HC, healthy control; MTC, magnetization transfer contrast; QSM, quantitative susceptibility mapping; NM, neuromelanin;
UPDRS-III, unified Parkinson’s disease rating scale part-III; AUC, area under the curve; H&Y, Hoehn and Yahr; SN, substantia nigra; SNpc, substantia nigra pars
compacta; SNpr, substantia nigra pars reticulata; VTA, ventral tegmental area; PBP, parabrachial pigmented nucleus; SNpd, substantia nigra pars dorsalis; SNygyrc,
the SNpc and VTA volume measured from the MTC data in mm?; SNy sy, the total SN volume (SNpc plus SNpr) measured on MTC-QSM in mm?; SN, , the
volumetric mean susceptibility from MTC-QSM in ppb; SNqygrrap, the intersection of the SNy v and SNyqy gsy normalized to SNygyp ggv in %.
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iron measures provides a better physiological explanation of what is happening when the N1 sign disappears
in PD subjects. In summary, the combination of NM complex volume, SN volume, iron content and the N1 sign
as derived from a single MTC sequence provides complementary information for understanding and diagnosing

early stage PD.

Introduction

Parkinson’s disease (PD) is one of the fastest growing neurodegen-
erative disorders in the world and a leading cause of disability. Early
PD diagnosis is still challenging and motivates an increasing need for
non-invasive imaging biomarkers. Although Datscan can be used as an
absolute exclusion criterion for diagnosing PD (Berg et al., 2018), it is
not widely available, it is expensive, and it uses radioisotopes.

PD is characterized by the classical motor features of parkinsonism
with early prominent death of dopaminergic neurons in the substan-
tia nigra pars compacta (SNpc). The SNpc (referring to the dorsal part
of the SN) and the SN pars reticulata (SNpr, referring to the ventral
part of the SN) are anatomically and functionally distinct (see Supple-
mentary section S1 for further anatomical details). The SNpr contains
higher levels of iron than the SNpc in normal subjects, while the SNpc
is rich in dopaminergic neurons which are known to accumulate neu-
romelanin (NM). Consequently, in most previous neuroimaging stud-
ies (Lehericy et al., 2014), the SNpr is usually detected as a T,*W hy-
pointense region due to high iron content while the SNpc has both hy-
pointense regions with high iron and hyperintense regions such as the
nigrosome-1 NM rich area (due to its high T,* values and lower iron
content) as validated in NM-sensitive MRI (NM-MRI). (Langley et al.,
2017) As a result, while the SNpc is characterized by NM content, the
SNpr is usually responsible for regional high iron content in the SN.
Practically, it is very difficult to differentiate SNpr and SNpc with MRI.
However, similar to other major deep gray matter nuclei of the brain,
and complicating the issue, is the fact that total iron content in the SN
increases as a function of age with a relatively large spread in values.
(Liu et al., 2016; Sethi et al., 2019)

Anatomically, the NM-containing dopaminergic neurons are not
restricted to the SNpc region. According to histological studies
(Yetnikoff et al., 2014), the dopaminergic neurons in the midbrain
are located in three different groups referred to as A8, A9 and A10.
Apart from the SNpc (group A9), the overall ventral tegmental area
(VTA) region (located in A8 and A10) contains dopaminergic neurons.
(Lehericy et al., 2014) The parabrachial pigmented nucleus (PBP) or SN
pars dorsalis (SNpd) is located ventromedially to dorsolaterally between
the red nucleus and the SNpc while the VTA nucleus lies ventral to the
RN at the ventromedial limit of the PBP. The PBP together with the mid-
line VTA nucleus constitute the dorsal tier of the dopaminergic neurons
in the midbrain. Due to the variability of anatomical and neurochemical
properties within the overall VTA region, it is difficult to separate the
SNpc and the overall VTA region both histologically in humans and in-
vivo on MR images. (Trutti et al., 2019) However, using multi-contrast
MRYI, particularly using QSM, it is possible to differentiate the SNpc from
the overall VTA region as a whole. (Lee et al., 2018) A schematic of the
midbrain summarizing these structures is shown in Fig. 1.

It is believed that dopaminergic neuronal death in the SNpc is fol-
lowed by NM depigmentation leaving behind iron that is then phago-
cytized and becomes visible in MRI (Sulzer et al., 2018). Therefore,
the most promising clinical MR biomarker candidates are iron con-
tent as seen with R,* or quantitative susceptibility mapping (QSM)
(Ghassaban et al., 2019) and NM as measured with NM-MRI (Pavese and
Tai, 2018). QSM provides a quantitative measure of the iron in the
total SN, including the SNpc and SNpr, while the hyperintense signal
seen in NM-MRI is spatially associated with the SNpc and the overall
VTA region inclusive of the SNpd as well as with the NM seen in post-
mortem histological studies (Keren et al., 2015). It has been shown that

the MRI representation of NM matches the dopaminergic territory seen
in PET and that the intensity of the NM signal in MRI correlates with
the dopamine release capacity (Cassidy et al., 2019). The literature gen-
erally supports the concept that iron content is expected to increase in
the SNpc in PD subjects while NM is expected to decrease in PD subjects
(Peran et al., 2010; Takahashi et al., 2018a; Takahashi et al., 2018b).
An alternate approach that does not measure NM throughout the SN but
rather is sensitive to just the NM in the nigrosome-1 (N1) territory has
also been promoted as a possible means to discriminate between PD sub-
jects and healthy controls (HC) (Cheng et al., 2020; Mahlknecht et al.,
2017; Pavese and Tai, 2018). The disappearance of the N1 sign is a sur-
rogate marker to the loss of NM overall as well as an increase in local
iron content (Blazejewska et al., 2013), but this approach does not actu-
ally measure NM or iron content quantitatively. However, the sensitivity
and specificity of either NM, iron or the N1 sign in the SN may not be
good enough for them to qualify as diagnostic biomarkers by themselves
(Takahashi et al., 2018a; Takahashi et al., 2018b; Wang et al., 2019).

Some studies have combined NM and iron measures, but they used
two different sequences which required co-registration and data in-
terpolation (Isaias et al., 2016; Lee et al., 2018; Reimao et al., 2016;
Takahashi et al., 2018a; Takahashi et al., 2018b) and, sometimes, the
use of a NM template mask (Langley et al., 2017). Only one group used a
single two-echo 2D gradient echo (GRE) sequence to study NM and sus-
ceptibility weighted imaging (SWI) (Langley et al., 2015). Apart from
the volume and intensity measures of SN or NM usually used in PD
neuroimaging studies, a prior study (He et al., 2020) showed that the
overlap between the iron content as determined by R,* mapping and the
neuromelanin mask of the SNpc provided good diagnostic performance
to differentiate PD from HC. Also, during the past few years, the N1
sign which is usually imaged with a 3D SWI scan (Cheng et al., 2020) is
gaining attention as a potential imaging biomarker of pathophysiologic
changes in PD subjects. Our hypothesis is that the combination of these
imaging measures will provide a comprehensive understanding of the
pathophysiological changes in the SN underlying PD and outperform
each single measure by themselves.

Therefore, our goal was to use a single sequence to evaluate four
metrics as imaging biomarkers to differentiate early stage PD subjects
from HCs: the NM complex volume (SNpc plus PBP), SN volume (SNpc
plus SNpr), SN iron content (as measured using susceptibility in QSM)
and the N1 sign. This innovative approach uses a 3D multi-echo, mag-
netization transfer contrast (MTC) GRE sequence that can be run in a
clinical setting in less than 5 min.

Materials and methods
Subjects

This study was approved by the local ethics committee at Ruijin Hos-
pital and consent forms were signed by all subjects. Forty subjects with
early stage idiopathic PD and 40 sex- and age-matched HCs were re-
cruited from the Ruijin movement disorder clinic and local advertise-
ments from May 2018 to January 2019. All subjects were on medication.
The diagnosis and severity of motor symptoms were assessed by two
neurologists based on the Movement Disorders Society (MDS) PD crite-
ria (Berg et al., 2018), the Hoehn & Yahr (H&Y) stage and the MDS Uni-
fied Parkinson’s Disease Rating Scale Part-III (UPDRS-III) (Goetz et al.,
2008). Symptom laterality was determined by measuring the difference
between the right and left UPDRS-III sub scores (Barrett et al., 2011)
The exclusion criteria of PD were as follows: (1) H&Y scale more than
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Fig. 1. Neuromelanin, iron and N1 in the SN as represented by MTC magnitude, MTC-QSM and MTC-tSWI data. From left to right, the first three columns
show four consecutive slices from a 63-year-old healthy control followed by the schematic of different midbrain structures and the same contrasts from a 62-year-old
PD subject shown in the last three columns. The top and bottom rows show the most rostral and most caudal slices, respectively. The red ROIs representing the NM
complex were drawn on the MTC magnitude data and then overlaid on the corresponding MTC-QSM and MTC-tSWI datasets. It should be noted that the overlap
between the NM complex and the iron containing SN (i.e., the SNpc in controls) increases towards the caudal slices in the HC subject while this area is substantially
smaller in the PD subject on a slice-by-slice basis. The yellow arrows in the second and third columns show the N1 territory located in the ventral-lateral aspect of
the NM complex while the yellow arrows in the right column represent the directionality of the NM loss (and overlap) starting from the ventral tier and continuing
towards the dorsal tier of the SNpc. The regions shown by the NM boundaries but that lie outside the SN as highlighted in the QSM data represent the PBP (also
known as the SNpd). The highlighted regions in the schematic represent: green: mammillary bodies; pink: superior cerebellar peduncles; red: red nucleus, orange:
Nigrosome-1 territory; yellow: SN pars reticulata (SNpr); blue: SN pars compacta (SNpc); light gray: SN pars dorsalis (SNpd)/parabrachial pigmented nucleus (PBP);

and dark gray: ventral tegmental area (VTA) nucleus.

2.5; (2) Mini-Mental State Examination (MMSE) score less than 24; (3)
a history of cerebrovascular disease, brain tumor, head trauma or any
other type of psychiatric disorders; (4) a history of medication known
to cause parkinsonism or affect clinical assessment; (5) contraindica-
tions to an MRI examination, and (6) younger than 40 years of age. The
inclusion criteria for the HCs were as follows: (1) no family history of
movement disorders; (2) no neurological or psychiatric disorders; (3) an
MMSE score of at least 24 and (4) older than 40 years of age. PD subjects
were evaluated one year later to confirm the diagnosis using the same
MDS-PD diagnostic criteria as used at the baseline for PD diagnosis.

MRI data collection

All data were collected on a 3T Ingenia scanner (Philips Health-
care, Netherlands) using a 15-channel head coil. A seven-echo 3D
SWI sequence with an MTC pulse was collected using: TE = 7.5 ms
and ATE = 7.5 ms, TR = 62 ms, flip angle = 30°, pixel band-
width = 174 Hz/pixel, matrix size = 384 x 144, slice thickness = 2 mm,
in-plane resolution = 0.67 mm X 1.34 mm and total scanning
time = 4 min 47 s for 64 slices. The MTC pulse was an on-resonance
(Stoeck et al., 2010) 90° flip angle with 3 block pulses of 1.91 ms
which is part of the Philips product sequence (Liu et al., 2020). To val-
idate that the phase images from the MTC scan can also provide nor-
mative QSM data, a separate multi-echo SWI sequence was acquired
as part of the strategically acquired gradient echo (STAGE) protocol
(Chen et al., 2018; Haacke et al., 2020; Wang et al., 2018b) using:
TEs = 7.5 and 17.5 ms, TR = 25 ms, flip angles = 6° and 24°, pixel
bandwidth = 220 Hz/pixel, imaging matrix size = 384 x 144, slice thick-

ness = 2 mm, an in-plane resolution = 0.67 mm x 1.34 mm and a scan-
ning time of 1 min 53 s for 64 slices per scan. In both cases, the images
were interpolated to an in-plane resolution of 0.67 mm x 0.67 mm. The
axial slice orientation was the anterior commissure to posterior commis-
sure (ACPC) line for all scans.

Data processing and analysis

MTC and QSM data

The NM signal was evaluated from the first echo (TE = 7.5 ms) of
the MTC data while the susceptibility maps (denoted as MTC-QSM) were
calculated using the second echo (TE = 15 ms) data to avoid more severe
aliasing at the longer echo times. The MTC-QSM process included the
following steps: a brain extraction tool was applied (threshold = 0.2,
erode = 4 and island = 2000) Smith (2002) using the first echo mag-
nitude data; a 3D phase unwrapping algorithm (3D sorting by reliabil-
ity following a non-continuous path or 3DSRNCP) was used to unwrap
the original phase data (Abdul-Rahman et al., 2007); sophisticated har-
monic artifact reduction (SHARP) was used to remove unwanted back-
ground fields (threshold = 0.05 and deconvolution kernel size = 6)
(Schweser et al., 2011); and a truncated k-space division based inverse
filtering technique (threshold = 0.1) (Haacke et al., 2010) was used with
an iterative approach (iteration threshold = 0.1 and number of itera-
tions = 4) to reconstruct the susceptibility maps (Tang et al., 2013). The
same QSM processing pipeline was used to reconstruct the second echo
(TE = 17.5 ms) data from the STAGE sequences, denoted as STAGE-
QSM. Finally, the MTC-QSM and the magnitude image of the second
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echo were used to create true SWI (tSWI) data for the detection of the
N1 sign. (Liu et al., 2014)

Defining the NM and iron boundaries and quantification of volumes and
susceptibility

Two sets of regions of interest (ROIs) were outlined separately one
for NM on the MTC images and one for iron on the MTC-QSM images.
The images were zoomed by a factor of four to more easily and accu-
rately draw the boundaries for NM and iron. The iron-based SN ROIs
were traced starting from one slice below the most cranial slice where
the subthalamic nucleus was visible and continued for four to five con-
secutive slices to the most caudal slice. The NM boundaries, however,
were traced from the last caudal slice (which corresponds to the most
caudal slice showing iron content in the SN) for four to five slices cra-
nially until the NM was no longer visible as shown in Fig. 1. The NM
complex used in this study was defined as the region showing NM con-
trast in the midbrain but excluding the midline VTA nucleus (as shown
in the central dark gray area in Fig. 1 fourth column). Finding the fi-
nal boundaries was done with a two-step process. First, all initial in-
put boundaries were reviewed by three raters and then an intermedi-
ate set of boundaries was chosen by consensus. These boundaries were
initially traced a few pixels outside what would have otherwise been
drawn manually by any of the raters while avoiding the hyperintense
structures such as veins outside the desired final ROI. Second, to remove
the human element completely, a dynamic programming algorithm was
used to determine the final boundaries (Jiang et al., 2007) (see Sup-
plementary section S2 and Supplementary Fig. 3 for more details).
This semi-automated approach provides a means to generate a mathe-
matically determined user independent boundary. DICE similarity co-
efficients associated with different sets of results from the raters before
reaching consensus were calculated as .89 and .84 for the SNy, ¢ and
.91 and .88 for the SNy, gsm in the HC and PD subjects, respectively. A
partial volume correction of the most caudal slice was performed on the
NM, QSM and overlap fraction data. The partial volume effect was cal-
culated based on the contrast of the most caudal slice and of the second
and third most caudal slices via:

Volume of the slice with partial volume ef fect

= measured volume of the slice
contrast of the slice

average contrast of the two middle slices

A volumetric analysis was performed using the boundaries from all
slices covering both the NM and iron containing SN. The results were
then compared between the PD and HC groups as well as between the
two hemispheres for each group for the NM complex and iron contain-
ing SN total volumes. The overlap between the NM complex volume
(SNpc plus PBP) and iron containing SN volume (SNpc plus SNpr) was
evaluated by superimposing the two ROIs from the MTC and MTC-QSM
data, respectively. This overlap was normalized by the iron containing
SN volume creating an overlap fraction measure which basically repre-
sents the SNpc fraction with respect to the entire SN volume (Fig. 1), as
given below:

Overall Overlap Fraction

D stices where SNy is present volume of the intersection between NM and SN

me where SN is present volume of the iron containing SN

For ease of reference, hereafter we define SNyqy yrc as the SNpc
plus PBP volume measured from the MTC data in mm?; SNyor,Qsm a$
the total SN volume (SNpc plus SNpr) measured on MTC-QSM in mm?3;
SN,, as volumetric mean susceptibility from MTC-QSM in ppb; and
SNoverrap as the intersection of the SNyop vrc and SNygp, gy normal-
ized to SNyqp, ggm in percent.

The mean susceptibility of the SN was measured and compared be-
tween the two groups in both hemispheres. These global values were
plotted as a function of age against the corresponding baselines from a
normal population established by Liu et al. (Liu et al., 2016). To demon-
strate that MTC-QSM and the normative STAGE-QSM (without the MT
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pulse) are equivalent to each other, the same SN boundaries traced on
MTC-QSM were superimposed on the STAGE-QSM data for the HCs. The
two datasets were acquired with the same resolution and brain cover-
age and the magnitude images were aligned to each other using SPM
software (V12, Functional Imaging Laboratory, UCL, London, UK), and
the QSM data were then transformed according to the geometric dis-
placement matrix. For each case, the mean susceptibility was extracted
from the whole 3D ROI and averaged over the two hemispheres. A lin-
ear regression model was applied to evaluate the correlation between
the averaged mean susceptibility between these two sequences for all
the HCs and PD subjects. (see Supplementary section S3)

In order to assess the potential dependence of volumetric analyses to
brain tissue atrophy and spread of the data in both cohorts, a normal-
ization of SNyqp, mrc and SNygy, gsum to the whole midbrain volume was
done by manually tracing 3D boundaries on the first echo magnitude
data. (see Supplementary section S6)

N1 sign evaluation

The N1 sign evaluation (no loss, unilateral loss or bilateral loss) was
performed in a blinded manner using the MTC-tSWI data (which has
been found to be the best modality to show the N1 sign in previous
works) (Cheng et al., 2020; Nam et al., 2017) and the MTC-QSM data
by two reviewers separately. The consensus results between the two re-
viewers were then used for the final analyses. To validate the interpreta-
tion of the data, each slice where the N1 sign was found was compared
with the boundaries from the MTC data to ensure that the interpretation
of the N1 sign was correct in that it was situated in the ventral-lateral
side of the NM complex. This has not been possible previously when
just using QSM by itself as the N1 sign is usually recognized either by
the swallowtail or ovoid sign and a hyperintense area remaining inside.
Using the MTC boundaries assures a correct interpretation of the data.

Statistical analysis

Subject characteristics are presented as mean + standard error of the
mean (SEM). Two-sample and paired t-tests were used for inter-group
comparisons between the two groups and intra-group comparisons be-
tween the two hemispheres as well as the comparison between the ip-
silateral and contralateral sides in the PD group, respectively. The area
under the curve (AUC) for receiver operating characteristic (ROC) anal-
ysis was calculated to evaluate the overall diagnostic performance of the
SNa,s SNyor,osms SNyor,mrc and SNoygriaps as independent predictors.
Then, the diagnostic performances for PD were compared using the De-
Long test. Binary logistic regression was used to integrate information
from different combinations of these measures to produce associated
ROC curves. We performed partial correlation analysis to explore rela-
tionships between each image feature and the clinical variables (disease
duration and UPDRS-III) using age and sex as covariates. All statistical
analyses were performed using IBM SPSS Statistics Version 25 (Interna-
tional Business Machines Corporation, Armonk, NY, USA). A p-value <
.05 for two-sided tests was considered significant. The Bonferroni cor-
rection was used to correct the partial correlations when multiple com-
parisons were used in the correlation analyses (p-value threshold for
significance: .006) and ROC comparisons (p-value threshold for signifi-
cance: .003).

Results

Demographic and clinical characteristics are shown in Table 1.
There was no significant difference in sex or age between the two groups.
For any of the imaging measures discussed herein, there were no signif-
icant differences between the ipsilateral and contralateral side for the
PD group, or between the left side and right side for the HC group.
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Table 1
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Demographic and clinical characteristics of Parkinson’s disease and healthy control groups.

Parkinson’s disease

Healthy controls p-value

Sex, man:woman 20:20
Age, years?

Disease duration, years
UPDRS-III

Hoehn and Yahr scale

Symptom laterality, left:right 14:26

63.10 + 8.05 [43-76]
2.55 + 2.92 [0.08-15]
22.73 + 14.26 [6-64]
1.78 + 0.52 [1-2.5]

20:20 -
65.50 + 8.19 [44-81] .19

Values represent mean =+ standard deviation [range]. The UPDRS-III was administered while
subjects were in the ON medicated state. 2Significant differences were tested using indepen-

dent t-test.

NM complex and iron containing SN volume comparison between early
stage PD subjects and healthy controls

An example set of the slices evaluated is shown pictorially in Fig. 1.
These boundaries were used to calculate SNygy, mrc and SNygp, gsm-
The SNyop,mrc Were (322.85 + 4.72) mm?® and (234.58 + 6.22) mm?®
averaged between the right and left hemispheres of the HC and PD
groups, respectively. This example also highlights the fact that the N1
sign shown in the caudal slices lies within the ventral-lateral tier of
the NM boundary. The PD group had significantly lower NM complex
volumes than those of the HC group (p < .001). There was no signif-
icant correlation of SNy, yrc With age for either group. (see Supple-
mentary section S4 and Supplementary Fig. 6) The SNyqp ggm Were
(477.53 + 12.63) mm?® and (395.38 + 9.61) mm? averaged over the
right and left hemispheres of the HC and PD groups, respectively, with
the PD group showing lower volumes (p < .001). There was a decreasing
trend in SNyqy, ogm as a function of age (Supplementary Fig. 6) which
reached significance for PD (p = .001) but not for HCs (p = .070). The
mean SNqygriap Values were (39.96 + 1.05)% and (36.49 + 1.29)% av-
eraged over the right and left hemispheres of the HC and PD groups,
respectively, with the PD group showing lower overlap percentages
(p = .040) (Supplementary Table 1). There were no significant differ-
ences between male and female results in any of the measures (p > .050
in all cases).

The scatter plots for SNygmrc versus SNoygriaps SNyor,gsm and
SN,, are presented in Fig. 2A-C, respectively. Fig. 2A shows the
SNyor,mrc as a function of SNoyggiap in all 4 to 5 slices where both NM
and SN are present. However, there is a larger overlap of PD and HC
cases between SNyqp, mrc and either SNoygrrap OF SNyor gsm (Figs. 2A
and 2B) compared to that of SNy mrc and SN, , (Fig. 2C). The sensi-
tivity, specificity and accuracy associated with the relationship between
SNyor,mrc and SN, , (Fig. 2C) provided slightly better, although statis-
tically insignificant, performance in separating the two cohorts com-
pared to the other two metrics. (p = .292 comparing SNy, mrc/SNa,
to SNyor,mrc/SNoverLap and p = .470 comparing SNyop, mrc/SNa, to

SNyor,mrc/SNyor,osm)-
Using MTC-QSM to quantify iron in PD

The relationship for the HCs between the two QSM approaches is
shown in Supplementary Fig.s 4 and 5 in Supplementary section S3.
The results confirm a strong positive relationship (R? = .751, p < .001,
slope = 1.11, p < .001) between them indicating that MTC-QSM pro-
vides similar susceptibility values compared to the normative STAGE-
QSM and, therefore, MTC-QSM is suitable to estimate regional brain
iron levels.

SN iron deposition in PD

Using MTC-QSM, there was a higher iron content for early stage PD
subjects compared to HCs in both hemispheres (p < .001). The data
for the SN susceptibility analyses superimposed on the corresponding

susceptibility-age baselines (Liu et al., 2016) are shown in Fig. 3. The
SNAI values were (132.12 + 4.01) ppb and (155.30 + 4.09) ppb av-
eraged over the right and left hemispheres of the HC and PD groups,
respectively, with the PD group showing higher SN, , (p < .001). Not
only did the PD group show higher iron content, within the PD group,
the presence of bilateral loss of N1 sign was most evident in those cases
with the highest iron content. Specifically, a total of 21 out of 25 PD
cases on the right and 14 out of 15 cases on the left that lay above the
95% confidence interval for the iron distribution had bilateral loss of
the N1 sign (Fig. 3). We also note that the more caudal the slice the
more the NM overlaps with the iron (representing the SNpc) until at the
last slice where it is almost a complete overlap showing that caudally
the SN is predominantly the SNpc (see Fig. 1).

The added information from the N1 sign

The results from the N1 analysis reveal that 36 out of 40 HC cases
showed bilateral presence of N1 while N1 loss, either unilaterally or
bilaterally, was detected in 34 out of 40 PD cases. The N1 sign infor-
mation included in Fig. 2 shows that some PD cases that appear in the
HC region are in fact bilateral loss of the N1 sign, making it possible
to remove them from the HC region and further improve the sensitiv-
ity of the NM and SN volume. The N1 sign performed reasonably well
by itself (AUC = .891) but was significantly improved when merged
with SNyqp mrc (AUC =.979; p < .001) and somewhat improved when
merged with SN, , (AUC = .953; p = .056). However when the N1 sign
was merged with SNygp mrc and SNygp gsms the highest AUC of .983
(p = .003) was obtained.

Diagnostic performance for early stage PD

The AUC values associated with the average of the right and left
hemispheres were .960 for the SNy, vrc; -788 for the SNyop, osum; -740
for the SN, , and .629 for the SNqygg Ap- However, combining the two
QSM related measures, SNygp gsm and SN, ,, yielded AUC values of
.859 and adding SNgyggiap brought these values to .911. Normaliz-
ing the SNyqp, ytc and SNy, osv volumes to the whole midbrain vol-
ume did not improve the classification performance associated with any
of the measured values. To support this claim, the p-values associated
with the un-normalized versus normalized ROC curves corresponding
to the combination of SNyqy, mrc With each of SNygp gsm, SN, and
SNoveriap Were found to be .38, .36 and .49, respectively, indicating
that the normalized data showed no significant improvement over the
un-normalized data (see Supplementary section S6 and Supplemen-
tary Fig. 9).

The ROC curves associated with the SNyo, v, SNyor,osms SN, and
SNoveriap are illustrated in Fig. 4A. As suggested in these plots and
with respect to the above-mentioned AUC values, the SNy, vrc had a
significantly higher AUC compared to those of the SNyqy, gsm; SN, OF
SNoveriap for the average of the right and left hemispheres in differen-
tiating early stage PD subjects from HCs (p < .001 for all), respectively
(Fig. 4A). The ROC curves associated with the combination of SNy, mrc
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Fig. 2.

Distinguishing between the two groups using NM complex volume and three other measures. SNyq; yrc volume as a function of (A) SNoyggrrap, (B)

SNyor,qsm> and (C) SN, . The data indicate the loss of N1 for both groups. Sensitivity (SENS), specificity (SPEC) and accuracy (ACC) values are also shown for each

plot.

and the three other measures are shown in Fig. 4B. The corresponding
AUC values were .969 for the combination of SNy, irc and SNyor, osm»
-965 for SNy o1, mrc and SNoyggpap, and .976 for SNy oy, mrc and SN, , for
the average of the right and left hemispheres, respectively. The AUCs
associated with all of the measure combinations are shown in Supple-
mentary Table 2. Although we obtained a higher AUC value for the
combination of all four measures than any individual measure, the dif-
ference was not significant (p = .222) compared to SNyqy, ¢ alone, but
was significant when compared to the rest of the individual measures
(p <.001). Also, the AUC from the combination of SN, , and SNy, gsm
measures showed a low p value of .020 compared to SNyy, yr¢ alone but
not low enough to be significant at the .003 level (see Supplementary
Table 3).

Correlation analysis between imaging features and clinical scales

There was a significant loss of SNyqy, gsm With increasing UPDRS-III
score (R? = .22, p = .002) (Fig. 5A). The correlation was not significant
between the SN, , and disease duration for the whole group (R? = .12,
p = .027) (Fig. 5B), but there was a positive correlation between SN, ,
and disease duration (R? = .32, p < .001) in the subgroup of PD patients

with disease duration less than or equal to 5 years which is considered as
early PD. (Berg et al., 2018) There were no other significant correlations
with any of the other quantitative MRI measures with respect to clinical
scales.

Discussion and Conclusion

To our knowledge, the integration of NM, iron, iron-NM overlap and
the N1 sign derived from a single sequence to differentiate early stage
PD from healthy controls has not been presented in the literature. In
this study, the SNyqp, yrc provided the highest single measure diagnos-
tic accuracy while the N1 sign provided the second highest diagnostic
performance. Merging the SNyqp, vr¢ and SNygp gsm With the N1 sign
yielded the highest AUC among all singular predictors and all combina-
tions of predictors. We also found SNy g, gsm negatively correlated with
UPDRS-III and the SN, , increased with disease duration in PD subjects
during the first 5 years after showing clinical symptoms.

Previous studies have shown that diagnostic AUC for individual
measures (NM contrast, SNyop,wrc, SNa, and the width of SNpc) can
vary from .65 to .92 (Castellanos et al., 2015; Huddleston et al., 2017;
Isaias et al., 2016; Ogisu et al., 2013; Prasad et al., 2018; Reimao et al.,
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2015a; Reimao et al., 2015b; Shinde et al., 2019; Takahashi et al.,
2018a; Takahashi et al., 2018b; Taniguchi et al., 2018) whereas our re-
sults for the combination of SNy, mrc, SNyor,gsms SN, and the N1 sign
generated an AUC of up to .98. The main advantages of this single MTC
sequence approach include: simultaneous NM and iron content informa-
tion; rapid acquisition time (less than 5 min); no need for co-registration
or the creation of templates; and high contrast data which is critical for
boundary detection (Liu et al., 2020). Further, the semi-automated DP
boundary detection approach we used in this study brought the bound-
aries traced by the raters in line with each other. This rapid approach
to obtain both the iron and NM information simultaneously opens the
door to its potential practical use in a clinical setting.

The results of this study showed an AUC for SN, , and SNy, gsm
measures together (which are both derived from QSM data) of .859 in
differentiating early stage PD subjects from HCs. A similar approach
comparing the NM and QSM data (but derived from two sequences)
was used by Takahashi et al. using QSM and SNy, wrc derived from
the SNpc component (VTA volumes removed); they found an AUC of
.86 in both studies (Takahashi et al., 2018a; Takahashi et al., 2018b).
The SNgygriap by itself performed poorly, likely due to the fact that the
SNyor,mrc and SNy, osm can both be reduced leaving the overlap frac-
tion invariant. On the other hand, it should be noted that even though

under normal circumstances there is an almost complete overlap be-
tween SNyqp, mrc and SNygy, gsm in the most caudal slice delineating the
SNpc, the NM loss in PD patients appears to be happening mostly in the
posterolateral aspect of the SNpc where the N1 territory is anatomically
located.

Prior studies have shown that the N1 sign could be used to differ-
entiate PD from HCs with reasonably good accuracy (Mahlknecht et al.,
2017; Pavese and Tai, 2018). Although this method is attractive because
of its visual nature in the images, it is not trivial as there is still over-
lap of the N1 appearance between PD subjects and HCs and none of the
approaches introduced to date take the volume of the N1 sign into ac-
count (Cheng et al., 2020). Our study for the first time incorporated the
N1 sign along with other quantitative measures such as the SNyqy, yrc,
SNyor,osms SNoveriap @and SN, , resulting in a comprehensive analysis
of the pathological changes in PD. Although the N1 sign performs well
by itself (AUC = .891), similar to the findings in Cheng et al (Cheng et al.,
2020), it can be improved by combining this data with either SNy, mrc,
SNyor,gsms OF SNy, This is not surprising since the N1 sign detection
is not infallible. Further, the N1 sign does not quantitatively represent
either iron or NM despite the fact that the absence of iron helps define
the N1 sign appearance. We note that those PD cases with very high
iron content turned out to show bilateral loss of the N1 sign. This is
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not surprising either as the loss of the N1 sign is generally assumed to
mean that there is higher iron content in that area (Cheng et al., 2020).
Based on the aforementioned discussion, it is imperative to understand
the role of each of these potential biomarkers by themselves. Ideally,
in future studies, one may use all of this complementary information to
have a more comprehensive picture of the pathology behind what is ac-
tually happening in the midbrain of PD patients in terms of volumetric
changes, N1 loss and iron deposition.

We found a significant correlation between the SNygp sy and
UPDRS-III total score. A number of studies have also shown a negative
association between clinical measures such as UPDRS-III and SNy, vrc
(Isaias et al., 2016), area (Taniguchi et al., 2018) and width (Wang et al.,
2018a). It should be noted that, from a pathological perspective, the loss
of pigmented neurons in the SNpc is associated with disease duration
and severity in PD (Fearnley and Lees, 1991) and that detecting atrophy
of the contralateral SNpc side may allow earlier diagnosis as suggested
by longitudinal PET studies (Nandhagopal et al., 2011). Therefore, it
is reasonable to expect such clinical correlations with the SNyqp, ogu-

The correlation was not significant between the global iron content and
disease duration in the whole PD group but only significant in the sub-
group during the first 5 years of disease duration. The increase in iron
content is most likely due to the loss of at least the N1 sign and the
increase in iron in that territory (Cheng et al., 2020).

However, no correlation was found between SNyp, yrc and clinical
scales even though it provided the highest AUC to differentiate early
stage PD subjects from controls. The question of clinical correlation
with imaging biomarkers is complicated since PD is a heterogeneous
neurodegenerative condition with different genetics, pathology, clinical
phenotypes and disease duration. In this work, only early stage PD sub-
jects were recruited which means that a correlation with clinical data
may not necessarily exist for these subjects. Ideally, we should be able to
see correlations as subjects progress towards later stages of the disease.
Furthermore, there is contradictory evidence in the literature regard-
ing the correlation between NM measures and UPDRS-III scores. Some
previous neuroimaging studies have shown significant correlations of
NM volume with either UDPRS-III and/or disease duration (Isaias et al.,
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2016; Matsuura et al., 2016; Schwarz et al., 2011; Schwarz et al., 2017;
Wang et al.,, 2018a) while a few other papers were unable to find
any clinical correlations with NM volume. (Castellanos et al., 2015;
Hatano et al., 2017; Schwarz et al., 2017) Several pathological stud-
ies showed a loss of NM with the severity of the disease or disease du-
ration in PD subjects. (Fearnley and Lees, 1991; Greffard et al., 2006;
Kordower et al., 2013; Ma et al., 1997) These findings are consistent
with a loss of NM as a representation of pathological changes in the SN of
PD patients. On the other hand, while other studies have shown weak or
moderate correlations between UPDRS-III scores and the NM signal area
(Fabbri et al., 2017) or NM volume, (Kuya et al., 2018) another paper
showed no association between the NM content and any of the above-
mentioned clinical scores. (Pyatigorskaya et al., 2018) Therefore, given
that we have a relatively small sample size of PD subjects going through
their early stages and the fact that these clinical manifestations may vary
across different populations, it is not surprising that we do not see such
correlations. (see Supplementary section S4) We found no correlation
of QSM values with UPDRS-III in this study, although such correlation
has been seen before in the literature. (Du et al., 2018) However, in gen-
eral, inconsistent results have been reported across studies with some pa-
pers reporting no correlation of QSM values with UPDRS-IIL. (Du et al.,
2016; Langkammer et al., 2016) Since UPDRS-III measures motor per-
formance at the time of the examination, (Harrison et al., 2009) this dis-
crepancy of the correlation between QSM values and UPDRS-III scores
among different studies can be partly caused by residual treatment ef-
fects at the time of motor examination.

The semi-automatic DP approach used in this study provides a means
to obtain consistent final boundaries using different initial ROIs for the
NM complex and SN. However, it should be noted that any automated
or semi-automated method still has certain constraints associated with
them that can potentially lead to changes in volumetric results. Specif-
ically, one study by Ogisu et al. found that by using a region-growing
semi-automated technique the NM volumes can substantially decrease
as a function of increasing thresholds leading to poor separation be-
tween PD and HC at lower threshold values. (Ogisu et al., 2013) Given
the CNR associated with the MTC and QSM images as well as the nature
of the DP algorithm used here, this technique tends to produce bound-
aries and volumes close to those from the full width half maximum and,
hence, will have an intermediate volume compared to methods using
low or high thresholds. We also reviewed the DP boundaries to ensure
that no artifacts or errors in the boundaries occurred. This was unlikely
given that the initial boundaries were manually drawn. See the supple-
mentary material (Supplementary section S7 in particular) for a more
in-depth discussion of volume measurements compared across different
methods and different papers.

There are a few limitations in this work. First, the lack of definite
diagnostic confirmation by neuropathologic assessment is a potential
limitation. Nevertheless, all the PD subjects were followed up clinically
for at least 12 months and the clinical diagnoses were confirmed. Sec-
ond, the sample size was relatively small and for clinical adoption of
this methodology; a much larger number of subjects will be required.
Third, in order to accurately define the initial boundaries outside the
final ROIs, the DP algorithm proposed in this study requires a priori
knowledge of the anatomy of the structures in the midbrain. Fourth,
one could use higher in-plane resolution to better define the boundaries
of the ROIs, but it would come at the expense of increased scan time
and less signal-to-noise as well as increased potential for patient motion.
Fifth, this study only focused on differentiating early stage PD subjects
from HCs but not differential diagnosis among parkinsonian disorders
which is more challenging clinically. In the future, it will be interesting
to investigate the differential diagnosis performance using this approach
between PD and atypical parkinsonian syndromes.

In summary, we have introduced a rapid 3D imaging approach to de-
pict NM degeneration and iron deposition simultaneously using a semi-
automated boundary detection algorithm. Although the SNy, \rc had
the highest AUC of the individual measures followed by the N1 sign with
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the second highest AUC, each measure plays a complementary role in
evaluating PD with the SNy, ogu specifically correlating with UPDRS-
III. This approach provides a practical MR imaging method to differen-
tiate early stage subjects with PD from HCs with an AUC as high as .98.
With minor changes in the sequence design, this multi-contrast GRE-
based single MRI sequence has the potential to be implemented across
all major manufacturers’ equipment with a total acquisition time on the
order of 5 minutes.
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