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ABSTRACT: Background: Clinical diagnosis and mon-
itoring of Parkinson’s disease (PD) remain challenging
because of the lack of an established biomarker.
Neuromelanin-magnetic resonance imaging (NM-MRI) is
an emerging biomarker of nigral depigmentation indexing
the loss of melanized neurons but has unknown
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prospective diagnostic and tracking performance in mul-
ticenter settings.

Objectives: The aim was to investigate the diagnostic
accuracy of NM-MRI in early PD in a multiprotocol set-
ting and to determine and compare serial NM-MRI
changes in PD and controls.
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E NEUROMELANIN-MRI TO QUANTIFY AND TRACK

Methods: In this longitudinal case—control 3 T MRI study,
148 patients and 97 controls were included from six UK
clinical centers, of whom 140 underwent a second scan
after 1.5 to 3 years. An automated template-based analysis
was applied for subregional substantia nigra NM-MRI con-
trast and volume assessment. A point estimate of the
period of prediagnostic depigmentation was computed.

Results: All NM metrics performed well to discriminate
patients from controls, with receiver operating character-
istic showing 85% accuracy for ventral NM contrast and
83% for volume. Generalizability using a priori volume
cutoff was good (79% accuracy). Serial MRI demon-
strated accelerated NM loss in patients compared to
controls. Ventral NM contrast loss was point estimated
to start 5 to 6 years before clinical diagnosis. Ventral

-
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nigral depigmentation was greater in the most affected
side, more severe cases, and nigral NM volume change
correlated with change in motor severity.

Conclusions: We demonstrate that NM-MRI provides
clinically useful diagnostic information in early PD across
protocols, platforms, and sites. It provides methods and
estimated depigmentation rates that highlight the poten-
tial to detect preclinical PD and track progression for
biomarker-enabled clinical trials. © 2022 The Authors.
Movement Disorders published by Wiley Periodicals LLC
on behalf of International Parkinson and Movement Dis-
order Society

Key Words: neuromelanin; magnetic resonance imaging;
longitudinal study; depigmentation; substantia nigra
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Abbreviations

BL baseline

DaTscan dopamine transporter imaging
dnNMc dorsal nigral NM contrast
dnNMv dorsal nigral NM volume

FU follow-up
NM neuromelanin
nNMc  nigral NM contrast

nNMyv  nigral NM volume

SNpc substantia nigra pars compacta
tnNMv  template-based nigral NM volume
vnNMc ventral nigral NM contrast
viNMyv ventral nigral NM volume
wnNMyv whole nigral NM volume

Parkinson’s disease (PD) is the second most common
neurodegenerative disorder, with progressive and dis-
abling motor and nonmotor symptoms, but has no
effective disease-modifying treatment.’* The lack of an
established in vivo biomarker of PD brain pathology
continues to delay clinical diagnosis to later stages of
the disease with already-advanced brain disease.’**
Dopamine transporter imaging with [123I]FP-CIT
(DaTscan) detects striatal dopaminergic deficit that
improves diagnostic accuracy in clinically uncertain
cases and possibly prodromal cases.’ Longitudinal stud-
ies demonstrated progressive striatal dopamine loss®
with a negative exponential or linear pattern of decline,
which may be related to early loss of compensatory
mechanisms,” and phenotypic variation® use of serial
DaTscans is further limited by exposure to iodinizing
radiation, cost, and availability.

Neuromelanin (NM)-sensitive magnetic resonance
imaging (MRI) is a novel technique that might address
the unmet need for a reliable, early imaging marker of
PD, as well as to track disease progression. NM is a
pigmented by-product of catecholamine synthesis,

which accumulates over time in the substantia nigra
pars compacta (SNpc) of healthy brains. In PD, the pro-
gressive loss of melanized neurons leads to SNpc depig-
mentation, a pathological hallmark of PD. NM-
sensitive MRI is therefore highly attractive as a bio-
marker of nigral degeneration in PD,” """ and the diag-
nostic value of NM-MRI was established in several
case—control studies.!'*° However, there are important
limitations of reported NM-MRI findings to date due
to single-center settings, lack of consensus and stan-
dardization of analysis protocols, and unknown gener-
alizability in a  multiscanning-platform  and
multiprotocol setting.”' Also, demographic factors
modifying nigral NM in controls*> are under-
researched in PD. There is strong histopathological evi-
dence for ventral predominant loss of melanized
neurons,”**** but uncertainty regarding spatial speci-
ficity and the trajectory of brainstem depigmentation
remains.'¢-%0-%!

Importantly, there are few longitudinal studies in
PD. Two longitudinal NM-MRI studies*** did not
include control arms and did not report serial assess-
ments of NM change at the individual level. A very
recent serial analysis of the study cohorts reported in
Gaurav et al*® demonstrated significant NM volume
loss in early and progressive PD, with no change in
healthy control groups, but NM contrast increases in
early PD and a trend decreases in progressive PD.*°
The study revealed significant scanner effects and was
further limited by manual definition of SN that has lim-
ited accuracy, requires much training and is time con-
suming, and lacked subregional analysis, which may
explain the discrepant contrast results.”® Overall, NM-
MRI shows great promise as a diagnostic and serial
progression marker for clinical trials in PD, yet lacks
multisite evidence and standardized analysis tools.

Here, we present a large prospective multicenter case—
control NM-MRI study based on a standardized template-
based analysis aiming to (1) investigate the diagnostic
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accuracy of NM-sensitive MRI in early PD in a multi-
protocol setting and (2) determine and compare annual-
ized serial NM-MRI changes in patients and controls.
Secondary study aims included the characterization of
spatial dependencies and clinicodemographic associations
of NM loss and estimation of the premotor depigmenta-
tion period.

Patients and Methods

Recruitment Source

The Parkinson’s Magnetic Imaging Repository
(PaMIR) study is a multicenter longitudinal case—cohort
multimodal MRI study at 3 T, undertaken in tertiary
care settings in the United Kingdom with co-recruitment
of patients from the Tracking Parkinson’s study (www.
trackingparkinsons.org.uk), a multicenter prospective
study of patients diagnosed with PD (Supplementary
Material 1.1). Additional patients were recruited from
movement disorder clinics related to the research sites,
and controls were recruited via multiple pathways
(Supplementary Material 1.2). The study and subsequent
amendments were approved by the Research Ethics Com-
mittee (REC), NHS REC 14/EM/0061, and local
Research and Innovation (R&I) departments. All partici-
pants provided written informed consent and were
selected according to the inclusion and exclusion criteria
of the Tracking Parkinson’s study in addition to the
PaMIR criteria related to MRI scanning (Supplementary
Material 1.3).

Participants

Three hundred thirty-three consenting participants
were referred to five scanning centers from November
2014 to June 2019. A subgroup of participants were
recalled and rescanned after 1.5 to 3 years. Numbers
and demographic information are shown in Figure 1.

Imaging Acquisition

NM-MRI scans were acquired as part of the multi-
modal PaMIR protocol (Supplementary Material 1.4),
with five protocols optimized for each scanner
(Table S1; Figure S1).

Collection of Clinical Information

Clinical information was recorded by either clinical
research fellows or research nurses during MRI scan-
ning, or, for Tracking Parkinson’s participants, from
their data repository. For correlation analysis of NM-
clinical findings, patients with missing data or whose
clinical information exceeded 1 year from the scan date
were excluded.

Data Processing
Volumetry of NM-Rich SN

To obtain comparable metrics of the size of NM-rich
SNpc across scanner protocols, and prospectively assess
the generalizability of diagnostic accuracy based on a
predefined threshold of depigmentation, we followed
the previously reported normalization procedure.'®
Briefly, the individual signal intensity thresholds were
determined based on manual region of interest (ROI)
analysis and applied a scanner and protocol-specific
adjustment factor to correct for protocol-dependent
sensitivity variation. The adjustment factor was derived
from normative local control data sets to match the
postmortem size of “normal” pigmented substantia
nigra volume (~127 mm?).*” Finally, individual sup-
rathreshold voxel counts were obtained for all partici-
pants and expressed in cubic millimeters (voxel
size = 1 mm isotropic) for the whole SN (whole nigral
NM volume) and separately for the “dorsal” and “ven-
tral” parts of SN (equivalent to anterior and posterior
in Schwarz et al'®). We chose anatomical terminology
over the previously used radiological terminology'®
(“anterior” nNMv [nigral NM volume]| equivalent to
dorsal and “posterior” nNMv equivalent to ventral SN)
for easier reference to the neuropathological literature*®
and consistency with the ROI selection for contrast
metrics. Reviewers were blind to the clinical status of
the participants. Half of the data were randomly
selected and analyzed again by the same operator (Y.X.
with 8 years’ experience in brain-imaging research) and
a second reviewer (S.A. 3 years’ experience) to obtain
the intra-rater (3-month interval) and inter-rater reli-
ability of volume measurements. Intraclass- and
interclass-correlation analyses were applied to evaluate
the repeatability of manual volumetry.

Template-Based NM SN Contrast Assessment

The signal of the brainstem outside SNpc was deter-
mined using an automated approach based on Bayesian
classification (Supplementary Material 1.5; Figure S2).
To calculate the ventral nigral NM contrast (vNMc),
a spherical ROI (kernel = 3-mm-diameter sphere) was
placed in the ventral SNpc of the NM-rich template fol-
lowing Gibb and Lees*® (see Fig. 2, and refer Supple-
mentary Material 1.5 and Supplementary Figure 3 for
coordinates and more details), and its mean signal
(Sysn) was normalized to the mean signal of brainstem
(Sps) according to viaNMc = (S,sn — Sps)/Sps. The same
approach was followed for the dorsal nigral NM con-
trast (dAnNMc) using coordinates shown in Supplemen-
tary Material 1.5S and Figure S3. To then adjust for
contrast differences resulting from technical variations
between scanners and protocols, we normalized
vnNMc using a local calibration factor by setting the
mean dnNMc in controls to 1. For more details of the
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Number of recruited PaMIR participants (n=333)
+120 controls (age: 65.1+16.1 years, 49 males)
213 Parkinson’s (age: 66.0+8.6 years, 143 males)

«Cross-sectional (n=298)

<Longitudinal (n=140)

|
Number of PaMIR participants underwent NM-MRI j

100 controls, age: 65.3+15.6 years, 38 males;
198 Parkinson’s, age: 65.9+8.7 years, 134 males

41 controls, age: 67.6+£9.4 years, 10 males;
99 Parkinson’s, age: 67.1+8.9 years, 66 males I

«Cross-sectional (n=245)

-Longitudinal (n=126)

Number of participants with QC accepted NM-MRI j

97 controls, age: 65.6+10.5 years, 36 males;
148 Parkinson’s, age: 66.3+8.9 years, 98 males

41 controls, age: 67.6+9.4 years, 10 males;
85 Parkinson’s, age: 67.3+8.7 years, 53 males "

LEDD**: 465.3+306.5
sLongitudinal (n=46)

LEDD: 623.2+378.2

Number of Parkinson’s with complete clinical information J
«Cross-sectional (n=113)
UPDRS-IIl: 25.1+14.0; UPDRS-Total: 44.6+23.6;

Hoehn and Yahr scale: 1.840.8; Disease duration*: 3.1+1.8 years;

UPDRS-IIl: 27.3+17.2; UPDRS-Total: 47.1+27.1;
Hoehn and Yahr scale: 2.0+0.7; Disease duration: 4.9+1.8 years;

FIG. 1. Flowchart of study progression at different stages and the demographic information of patients for baseline and follow-up visits. All the values
are presented as mean =+ standard deviation (SD). *“Disease duration was defined as the duration between the baseline scanning time and the time of
diagnosis. **LEDD: levodopa equivalent daily dose. All the values are presented as mean + SD.

protocol and site effects and their normalization, see
Supplementary Material 1.5 and Figure S4.

To characterize the spatial gradient of NMc in patients
compared to controls, nigral NM contrast (nNMc) values
were also obtained along the line that connects the cen-
troids of dorsal and ventral ROIs using Bresenham’s line
algorithm (Fig. 2, bottom panel left).

Template-Based NM Volumetry

To address the potential limitations of the manual
steps in NM volumetry, we further modified the volu-
metric approach to derive fully automated template-
based NM volumetry as follows: using the template
method described earlier, the background signal was
determined as the mean intensity of voxels, with more
than 50% posterior probability of being in the back-
ground area in each individual. The total template-based
normalized NM-rich SN volume (tnNMyv [template-
based nigral NM volume]) was obtained as voxel count
in the region, with 30% posterior probability of being
SN for all controls and exceeding individual intensity

thresholds (manifolds of the standard deviations of the
background voxel intensity as described earlier).

Longitudinal Measurement of NM-MRI

Serial subnigral NM volume change was not analyzed
due to a flooring effect as several patients showed near-zero
ventral nigral NM volume (vnNMv) at baseline (BL). For
measuring the NM change between BL and follow-up
(FU) scans, we computed the individual annualized change
rates for vaNMc, dnNMc, and tnNMv. We also estimated
at group level the mean annualized percentage of reduction
in vianNMc and dnNMc using a linear 100x (BL_nNMc-
FU_nNMc)/BL_nNMc/interval (years between the two
scans) and estimated the onset of preclinical depigmenta-
tion in the vnNMCc as the earliest-affected nigral subregion.

Statistical Analysis

Group-specific effects of age and sex differences were
reported. Multiple linear regression analysis was used
for BL NM-metric, adjusted for sex and age.
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FIG. 2. Diagnostic value of neuromelanin (NM) metrics in Parkinson’s disease. Upper panel: normalized contrast background ratio; ventral (_v solid) and
dorsal (d dashed) NM metrics show significant reduction in people with Parkinson’s disease (PD, striped bars) versus controls (HC, white bars), with
ROC (receiver operating characteristic) curves on the right. For unadjusted nNMc (nigral NM contrast), see Figure S5. Middle panel: normalized volumes
and ROC curves. The red open circle marks the performance of generalization using the cutoff value from an independent data set. Bottom panel:
group nNMcs (right) as a function of spatial location, shifting from the ventral to the dorsal part of SN (from blue to red ROIls on the left sagittal-view
image, whose locations are also illustrated in the axial images). The error bars represent the mean + standard deviation (SD); * indicates that the differ-

ence between groups is statistically significant, adjusted for age and sex.

Diagnostic accuracy: effect sizes were calculated for
both viaNMv and vaNMc as primary outcomes with
dorsal contrast/volume and whole NM effects reported
for completeness. Receiver operating characteristic
(ROC) analysis was performed to determine the best
cutoff values for controls versus disease based on the
Youden index. Area under the curve, sensitivity, speci-
ficity, and negative and positive predictive values are
reported. To assess generalizability, we applied the pre-
viously reported cutoff value of the vaNMyv (referred to

as posterior NM-rich SNpc volume in'®) to determine
the independently out-of-sample cross-validated sensi-
tivity and specificity.

Serial changes: general linear mixed-effects models
with dependent variables, viaiNMc, fixed effects age,
sex, and FU time, and random subject factor on the
intercept because of repeated measures were used to
estimate the rate of change in the ventral SN. This was
used to obtain a point estimate of premotor (disease
onset) depigmentation period by extrapolation to the

1032 Movement Disorders, Vol. 37, No. 5, 2022



E NEUROMELANIN-MRI TO QUANTIFY AND TRACK

time where the patient’s mean intersected the control
mean NM contrast, adjusted for BL sex differences
and age.

Clinical associations: to investigate the relationship
between NM-MRI metrics and clinical findings in PD,
partial correlation analyses were performed, controlling
for sex and age.

To account for the sex imbalance in the study cohort,
the main tests were repeated in an age- and sex-
matched subsample.

Inference: to correct for multiple comparisons, P-
values of all the primary outcomes (diagnostic accuracy
and serial change) were adjusted using the Benjamini-
Hochberg method at a false discovery rate of 0.05.
Where data were not normally distributed, we applied
nonparametric tests. Significance was defined at
a = 0.05. Statistical analysis was conducted using IBM-
SPSS for Windows and Matlab (more details are pro-
vided in Supplementary Material 1.6). The results are
reported as either mean + standard deviation (SD) or
difference between mean and standard error.

Results

Figure 1 shows the number of participants
included at each stage of the study and the demo-
graphics for the patients included in BL and FU ana-
lyses. Quality control criteria and examples of excluded
cases are provided in Supplementary Material 1.7 and
Figure SS.

Reproducibility of semiautomated vaNMv was high,
with intraclass coefficient (intra-rater) of 0.86 (CI [con-
fidence interval]: 0.80-0.92) and interclass coefficient
(inter-rater) of 0.84 (CI: 0.75-0.92).

The Effect of Age, Sex, and PD on Nigral NM
Metrics

Controls showed a significant age effect on ventral
but not dorsal NM-MRI metrics cross-sectionally
(Figure S6, upper panel). No age effect was observed
on either metrics in the patient group.

Female sex was associated with larger viNMv in
controls (mean 4+ SD: women 33.5 £24.0 vs. men
20.2 +17.7 mm>, P<0.01) and in patients (women
10.3+11.3 vs. men 7.4+ 10.5mm’ adjusted
P = 0.036). Similar sex effects were observed for dorsal
nigral NM volume (dnNMv) (Figure S6, middle panel).
Consistently, higher vnNMc was found in female con-
trols (mean sex difference: 0.13 = 0.21, adjusted
P =0.015) and female patients (mean difference
0.13 4+ 0.003, adjusted P < 0.00001), but no sex differ-
ence was identified in dnNMc (Figure S6, bottom
panel).

NIGRAL DEPIGME

N
IN PARKINSON’S D

Diagnostic Accuracy of NM Metrics in PD

Normalized vaNMyv and vnNMc were lower in
patients compared to controls (adjusted P < 0.0003),
controlling for sex and age (volume mean difference:
20.4 mm?, 95% CI: 16.3-24.4 mm?, and contrast mean
difference: 0.025 and 95% CI: 0.019-0.30) (Fig. 2
upper and middle panel). The effect size was nominally
higher for vaNMc with Hedges’ g*° of 1.44 (95% CI:
1.15-1.73) compared to vnNMv 1.24 (95% CL
1.00-1.51).

Post hoc tests in a sex-matched subsample confirmed
significant between-group differences for both vnNMc
and vaNMy (see Figure S7 and Table S2 for details).

ROC curves (Fig. 2) using site-specific normalized
vnNMc and vaNMyv data exhibited very good diagnos-
tic accuracy (Table 1) for both metrics with nominally
better performance of contrast ratios. The accuracy
when generalizing previously published cutoffs of
vaNMyv (10.72 mm?®) from our independent multi-
scanner data set'® to the current multicenter data set
remained high (Table 1). Figure 2 shows the spatial
profile of nNMc along the main SNpc axis, demonstrat-
ing an increasing ventral-dorsal contrast in both
groups, with an apparent steeper slope in patients
(slope = 0.014 in patients vs. 0.01 in controls) and con-
sistently lower nNMc across the SNpc.

As expected, dorsal nigral NM metrics showed sim-
ilar but less pronounced group differences, resulting
in lower diagnostic accuracies (Fig. 2; Table 1). Nor-
malized dnNMv and dnNMc were lower in patients,
both with adjusted P < 0.0001, controlling for sex
and age (difference in means [95% CI] of volume and
contrast is 62.10 [47.2, 77.00] and 0.24 [0.16, 0.32],
respectively). Group differences were also confirmed
in post hoc tests in the sex-matched subsample for
dnNMc and dnNMv (see Figure S7 and Table S2 for
details).

Serial Nigral NM Metrics Detect Selective
Progressive Depigmentation in PD

There was a significant decline in all NM metrics in
patients but not in controls. Individual annualized
decay rates were significantly higher in PD for vnNMc
(patients: —7.3 +£19.1 wvs. controls —0.4 4+ 9.3,
adjusted P = 0.035, Fig. 3A) and dnNMc (patients:
—534+16.0 vs. controls —0.02 4+ 7.1, adjusted
P = 0.014, Fig. 3A). We also show significantly greater
annualized tnNMyv loss in PD (—19.2 + 26.0%) com-
pared to controls (—2.2 + 28.7%, P < 0.05). We did
not find a sex difference in the patient groups for annu-
alized decay rates of viaNMc or tnNMv (P > 0.05), con-
trolling for disease duration and age.

To further account for a possible sex confound, we
repeated the analysis in a sex-matched subsample. An
accelerated NM contrast reduction was confirmed in

Movement Disorders, Vol. 37, No. 5, 2022 1033
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TABLE 1 Discrimination accuracy of NM metrics in the SNpc

Accuracy Sensitivity Specificity Positive predictive = Negative predictive
(95% CI) (95% CI) (% 95% CI) value (% 95% CI) value (% 95% CI)
vnNMc 0.85 (0.8-0.9) 84.5 (77.6-89.9)  75.5 (65.6-83.8) 84.5 (79.1-88.6) 75.5 (67.6-82.1)
dnNMc 0.69 (0.6-0.7) 68.9 (58.7-74.4)  60.8 (50.3-70.6) 72.3 (66.5-77.4) 54.6 (47.7-61.4)
vnNMy 0.83 (0.78-0.88)  85.5 (80.2-90.9)  69.3 (60.3—78.3) 82.1 (76.4-87.8) 74.5 (65.7-83.3)
dnNMv 0.77 (0.71-0.83) 71.7 (64.2-78.4) 68.3 (58.3-77.2) 78.8 (73.3-83.4) 59.5 (52.765.9)
( ( )

Predefined cutoff vnNMv  0.79 (0.74-0.84)  82.1 (75.5-87.5)

74.5 (64.4-82.9) 85.5 (80.6-89.4 69.3 (61.6-76.0)

CI, confidence interval; dnNMc, dorsal nigral NM contrast; dnNMv, dorsal nigral NM volume; NM, neuromelanin; SNpc, substantia nigra pars compacta; viaiNMc, ventral

nigral NM contrast; vaNMv, ventral nigral NM volume.
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FIG. 3. Serial changes in substantia nigra NM-MRI (neuromelanin-magnetic resonance imaging) contrast. (A) Group-level decay rates of vaNMc (ventral
nigral NM contrast) and dnNMc (dorsal nigral NM contrast) in controls and patients with Parkinson’s disease, with individual data presented. Error bars
represent mean and SD. * indicates that the difference between groups is statistically significant. (B) Scatterplot of individual pairs of serial vnNMc ver-
sus age in controls. The black dashed line links nNMc (nigral NM contrast). The pink ascending and descending solid lines represent the best linear fits
of the data, respectively, when a predefined age cutoff was applied (pink dashed lines: 95% CI [confidence interval]). (C) Linear extrapolation (red solid
and dashed lines; mean and 95% CI) of the decay rate in patients, adjusted for sex and age, to the estimated mean of the controls (black solid and
dashed lines; mean and 95% CI) suggests about a 5- to 6-year period of ventral nigral depigmentation before clinical (motor) disease onset. The light-
red points and gray points represent baseline—follow-up time points of vnNMc for patients and controls, respectively.

the sex-matched sample for vaiNMc change rates but
not for dorsal SNpc change rates. After removing par-
ticipants with near-zero volume at BL, the sex- and age-
matched subsample also confirmed accelerated total
template-based nigral NM volume loss in people with
PD (see Figure S8 and Table S3 for details).

We then considered possible confounding factors
focusing on ventral NM contrast change. In the con-
trol group, we assessed age and found a trend
increase in viNMc change with age in those less than
a predefined age cutoff (aged 57 years*?) and with no
change or a minor decline in the older subgroup
(Fig. 3B). In the patient group, neither age nor disease
duration was associated with depigmentation rates
(data not shown).

Finally, we extrapolated the decay rate from sex, age,
disease duration, and scanner-adjusted patient metrics
to estimate the onset of the premotor depigmentation
compared to matched control metrics. The point esti-
mate at group level suggests a 5- to 6-year period of

MRI detectable ventral nigral depigmentation before
clinical (motor) disease onset (Fig. 3C).

Nigral NM Metrics and Clinical Findings

Figure 4A shows anticorrelations of motor severity
(UPDRS-III [Unified Parkinson’s Disease Rating Scale,
Part III]) with vaNMc (r = —0.36, P <0.0001) and
viNMv (r = —0.20, P =0.02). Similar associations
(Fig. 4B) were noted for UPDRS-total scores (vaiNMy:
r=-0.29, P <0.0001; vnNMc: r=—0.34,
P < 0.0001). Both associations of vaNMyv (to UPDRS-
III and UPDRS-total) were better represented by
nonlinear curves. No correlations between dnNMc¢ and
the clinical information were revealed.

Laterality of NM signal loss was congruent with
symptom lateralization. Patients who had an asymmet-
ric affection (n = 75) exhibited reduced NM metrics
contralateral versus ipsilateral to the more affected
(Fig. 4C).
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FIG. 4. Association between brainstem depigmentation (nNMc and nNMv) and clinical findings: (A) UPDRS-IIl (Unified Parkinson’s Disease
Rating Scale, Part lll), (B) UPDRS-total, and (C) laterality. Solid lines/curves: linear and exponential fittings. Dashed curves: 95% confidence
interval {added}. * indicates that the difference between groups is statistically significant. The error bars represent the mean + standard devia-

tion (SD).

Serial changes of three NM measures (ynNMc, dnNMc,
and tnNMv) were tested against UPDRS-III change rates.
We found that only the reduction rate of tnNMv was posi-
tively correlated with the serial increase rate of UPDRS-III
(r=0.52, P <0.05).

Discussion

This longitudinal multicenter case—control study
in early PD has addressed previously identified limita-
tions of NM-MRI as a biomarker of nigral
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depigmentation. Using a published normalization pro-
cedure and a dedicated template-based automated
method, we demonstrate a strong disease effect size
for ventral nigral NM metrics derived from multisite,
multivendor protocols. All tested NM metrics afforded
high discriminatory power with good generalizability
for a predefined viiNMyv threshold. Lower NM metrics
were associated with male sex, disease severity, and
laterality. The mean annual depigmentation rate in
PD, assessed as contrast reduction and total volume
loss, was significantly accelerated compared to healthy
controls in the full and sex-matched subsamples. Point
estimates at group level support a 5- to 6-year
premotor period of in vivo detectable depigmentation
in the ventral SN contrast. We also observed large
interindividual variability in depigmentation rates, and
serial volume changes were associated with progres-
sion of motor symptoms. Overall, this study validates
automated NM contrast assessment as a powerful tool
to quantify and track nigral degeneration in PD in
multicenter settings.

Using dedicated 3 T MRI with cross-site and protocol
normalization, we confirmed NM-related signal loss in
the ventral SNpc in early PD, indexed as NM-rich vol-
ume or contrast ratio, and report a high discrimination
accuracy of 83%-85%, similar to previously reported
accuracy.'™!"” Importantly, we showed good generaliz-
ability of a predefined vaNMyv threshold from an inde-
pendent cohort,'® yielding 79% accuracy when applied
to the current multicenter data set. The clinical relevance
of nigral depigmentation as detected by NM-MRI was
demonstrated by an anticorrelation between disease
severity measures and ventral NM metrics and con-
firmed by a within-subject laterality effect. In our cohort,
only a minority of patients had clinical scores collected
off medication, which may have masked stronger
clinico-NM associations. Similar associations were previ-
ously reported,"*'®3° with some inconsistency’’ that
may be explained by technical or population differences.

The small size of SN combining multiple localization
and segmentation approaches'"'*'® represents a cause
of inconsistencies in NM-MRI findings. Different from
previous approaches,'® we optimized postprocessing to
robustly capture NM-related signal intensity along the
long axis of SNpc. This novel method is automated,
which is template- and data-based, making results inde-
pendent of variations in slice orientation and subjective
ROI placement. The resultant oblique line profile high-
lights an NM gradient with lowest signal in the ventral
SNpc. The gradient presented in both groups, but at a
lower level with an apparent steeper slope in patients,
which is well in line with preferential depigmentation of
vnNMc that contains the nigrosome 1, known to be
particularly vulnerable to PD.**!32 These subregional
findings also concur with postmortem findings® and a
recent voxel-based NM analysis.*’

Understanding the effects of demographic factors on
NM is important for clinical translation and may pave
the way for the assessment of population risk factors.
Physiological aging affected NM metrics in this cohort
of healthy controls consistent with some previous histo-
chemical reports,>*3¢ while the relationship remains
controversial (summarized in Gibb and Lees*?). The
lack of an observable age effect on NM metrics in
patients is in line with early postmortem data,
suggesting that age-related reduction in pigmented
nigral cells is not a major contributor to brainstem
depigmentation in PD.* We report a noteworthy sex
effect with consistently lower NM metrics in men, in
both controls and patients. The underlying mechanism
remains unclear, but higher NM content in women
may be protective and confer resilience to PD.*”*®
There is surprisingly little support for sex differences in
biomarkers of PD, with one study reporting higher
striatal binding on DaTscans in healthy women com-
pared to men®”* and larger volumes in women in a
very recent NM-MRI study.*? Other NM-MRI and
DaTscan studies did not detect sex differences*'™** but
were generally limited by small sample sizes.

There is an unmet need for a biomarker that can
track the progression of PD. The disease trajectory is
heterogeneous, and even without the development of
disease-modifying therapies, the ability to track the evo-
lution of disease along individual trajectories would aid
in prognostication. It follows that future studies of
novel therapies assessed for disease-modifying effects
would benefit enormously from such a biomarker.
Therefore, we have quantified annualized depigmenta-
tion rates and demonstrate that NM-MRI can detect
disease-related NM signal loss in PD patients but not in
controls, over an interval of 1.5 to 3 years. Annualized
change rates varied between individuals and subregions
for contrast (5%-7%) but are generally well in line
with estimates of the annual loss of striatal dopamine
transporter signal in patients (6%-11% per year).®

Interestingly, inverse effects with signal increase were
reported in a recent longitudinal study in early male PD
with a nonsignificant decrease in progressive PD.** In
our patient population, mainly including people with
less than 5 years disease duration, we did not reveal a
sex or disease duration effect on serial NM contrast
changes. These differences are most likely due to differ-
ences in acquisition and postprocessing relying on more
robust and sensitive ventral NM metrics. We also show
an accelerated NM volume loss about fivefold higher in
PD compared to controls. The volume loss is generally
well in line with previous studies reporting volume
loss,>*? but annualized changes were found to be
larger (—19%), which likely reflects the exclusion of
participants with advanced depigmentation at BL.

Modeling the depigmentation rate as a function of dis-
ease duration, controlled for age, sex, interval, and
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scanner, we estimate that ventral SN depigmentation pre-
cedes the motor diagnosis of PD by about 5 to 6 years.
This prediagnostic period of biomarker detectable depig-
mentation overlaps with estimates for striatal dopamine
denervation and possibly earlier than olfactory changes
(reviewed in reference®). The mixed model assumes a
linear decline that fits the data but is in contrast to an
exponential decay in dopaminergic innervation based on
serial DaTscan,® postmortem estimates of decline in mel-
anized neurons®*® and SN volumetry.*® Larger data sets
with multiple time points over longer disease spans*” are
needed for accurate modeling of depigmentation trajecto-
ries and their spatiotemporal relationships and associa-
tions with disease subgroups.

There are two additional noteworthy factors that
may complicate the dynamics of depigmentation
markers. First, nigral NM content increases in healthy
aging before it declines in older age. In the healthy con-
trols, we show a trend linear vianNMc increase in those
younger than 57 years, which is well in line with the
previously reported NM signal peak in late adulthood**
and highlights the need to correct the complex age-NM
relationship in clinical studies as a potential major con-
founding factor of reported disease-related NM
decline.?” Second, the physiological NM-iron complex
is not saturated, and the increased free iron in PD may
lead to a higher saturation of the NM-iron complex
that could initially lead to contrast increase before overt
loss of melanized neurons.'>**° These complex inter-
actions may have contributed to the inconsistent results
of previous longitudinal MR relaxometric and sus-
ceptometric studies*’~'? in addition to remaining
technical limitations in iron quantification.”* By con-
trast, longitudinal increases in MRI estimates of free
water in the ventral SNpc in PD were reported in sev-
eral cohorts’>°%; yet underlying mechanisms are to be
determined and may lack specificity.’®>” On the con-
trary, the brainstem depigmentation quantified in NM-
MRI provides a highly promising approach to directly
monitor the SNpc progressive pathology in PD, which
may aid the efficacy assessment of putative disease
modifying treatment (DMT).

Limitations, Outlook, and Strengths

The present study has notable limitations and
strengths. There is no histological confirmation as gold
standard or comparison with other imaging biomarkers
such as DaTscan. Due to the long acquisition times of
the multimodal protocols, a substantial amount of data
failed quality control due to head motion. Improvement
in scan quality could be achieved by shortening the scan
protocol, that is, focusing on NM-MRI, and further use
of novel deep-learning approaches for image recon-
struction that can substantially increase signal to noise

NIGRAL DEFP
IN PARKINSO

IGMENTATION
N’S DISEASE
despite shorter acquisition times. A further limitation is
the unbalanced sex between the healthy controls and
people with PD. As we reported a clear cross-sectional
effect of sex on NM metrics, we repeated the main ana-
lyses in a sex-matched subsample, which allowed us to
confirm the main reported NM disease effects in both
cross-sectional and longitudinal analyses. Also, post
hoc tests did not reveal a sex effect on disease-related
serial change of ventral SN contrast. Nevertheless, we
cannot fully exclude sex-related modification of the
depigmentation trajectory in PD, which warrants fur-
ther studies. Although we report high diagnostic accu-
racy of NM-MRI, we included participants only with
an established clinical diagnosis of PDj; therefore, future
studies are needed to include subjects at premotor
stages and otherwise diagnostically equivocal parkin-
sonism. The post hoc point estimation of premotor
onset of depigmentation of 5 to 6 years is promising to
allow the extension, and possibly extrapolation, of pre-
clinical detection and diagnosis of PD in uncertain
cases. The current study addressed only clinical pheno-
types in the UPDRS scores, but as PD is a multifaceted
neurodegeneration disease, other clinical domains, such
as cognition and mood, warrant further investigation.
There are several strengths of this study, such as its pro-
spective multicenter design with a longitudinal case—
control arm and the development and successful appli-
cation of a standardized template-based quantification
of NM contrast and volume, allowing the robust assess-
ment of subregional and serial nigral depigmentation.

In conclusion, we present multicenter, multiprotocol,
and multivendor quantitative MRI evidence of nigral
depigmentation and a significant sex effect in PD with
clinical useful diagnostic accuracy and report acceler-
ated annualized depigmentation rates using a fully
automated quantification approach. ®
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