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ABSTRACT

Background: In the Lewy body diseases (LBDs) Parkinson’s disease (PD) and dementia with
Lewy bodies (DLB), by the time parkinsonism or cognitive dysfunction manifests clinically
substantial neurodegeneration has already occurred. Biomarkers are needed to identify central
LBDs in a preclinical phase, when neurorescue strategies might forestall symptomatic disease.
This phase may involve catecholamine deficiency in the autonomic nervous system. We
analyzed data from the prospective, observational, long-term PDRisk study to assess the
predictive value of low vs. normal cardiac "®F-dopamine positron emission tomography (PET),
an index of myocardial content of the sympathetic neurotransmitter norepinephrine, in at-risk
individuals.

Methods: Participants self-reported risk factor information (genetics, olfactory dysfunction,
dream enactment behavior, orthostatic intolerance or hypotension) at a protocol-specific website.
Thirty-four with =3 confirmed risk factors underwent serial cardiac '®F-dopamine PET at 1.5-
yearly intervals for up to 7.5 years or until PD was diagnosed.

Results: Upon initial evaluation, 9 participants had low myocardial 'F-dopamine-derived
radioactivity (<6,000 nCi-kg/cc-mCi) and 25 normal radioactivity. During follow-up, 8 of the 9
with low initial radioactivity were diagnosed with a central LBD (LBD+), in contrast with 1 of
25 with normal radioactivity (log-rank test p=0.0091). Conversely, all of 9 LBD+ participants
had low '8F-dopamine-derived radioactivity before or at the time of diagnosis of a central LBD,
whereas among 25 participants without a central LBD only 1 (4%) had persistently low
radioactivity (p<0.0001 by Fisher’s exact test).

Conclusion: Cardiac *F-dopamine PET highly efficiently distinguishes at-risk individuals who
are diagnosed subsequently with a central LBD from those who are not.

Trial registration: ClinicalTrials.gov NCT00775853

Funding: Division of Intramural Research, NIH, NINDS
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INTRODUCTION

Aging-related neurodegenerative diseases are posing an increasing public health burden
worldwide as populations are getting older. Prominent among these conditions are the central
Lewy body diseases (LBDs) Parkinson’s disease (PD) and dementia with Lewy bodies (DLB).

By the time a person develops symptoms or signs of a central LBD, it is likely that
substantial central neurodegeneration has already occurred. There is an urgent need for
biomarkers that can detect the pathophysiological process in a preclinical phase, when strategies
such as lifestyle modifications, dietary supplements, or prophylactic medications might delay the
onset of or even prevent symptomatic disease.

PD and DLB entail cardiac sympathetic denervation, as documented by in vivo
neuroimaging (1, 2) and post-mortem histopathology (3) and neurochemistry (4). Indeed, in PD
there is as much depletion of the sympathetic neurotransmitter norepinephrine in the left
ventricular myocardium (5) as there is of the closely related catecholamine dopamine in the
putamen (6), the main site of catecholamine deficiency in the brain. DLB involves at least as
frequent cardiac noradrenergic deficiency as does PD (7, 8). Except in isolated cases (9, 10),
however, whether cardiac noradrenergic deficiency precedes central LBDs has been unknown.
Thus, although it is widely suspected that the pathogenetic process leading to PD can begin
outside the brain, with early involvement of the autonomic nervous system (11-14), to date this
key issue has not been addressed directly in a prospective, long-term follow-up study.

The recently completed intramural NINDS PDRisk study (NCT00775853) was designed to
determine whether in people with multiple PD risk factors, biomarkers of catecholamine
deficiency in the heart or brain predict PD during long-term follow-up. Entry into the PDRisk
study was based on four categories of risk— genetic, olfactory, dream enactment behavior (as in
rapid eye movement behavior disorder (RBD)), and orthostatic intolerance or orthostatic
hypotension (OH), all of which have been reported to precede the onset of both PD (15-18) and
DLB (19-23).

A “first look™ at the data (24) revealed that in at-risk individuals, a validated biomarker of
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depleted myocardial norepinephrine stores, low myocardial concentrations of the sympathetic
neuroimaging agent '8F-dopamine quantified by positron emission tomography (PET) (25)
predicted PD at 3 years of follow-up. The data obtained at this early point in the study did not
address the meaning of persistently negative biomarkers or conversion from negative to positive
biomarkers during follow-up; the possible spatio-temporal sequence from an early cardiac
sympathetic to a later nigrostriatal dopaminergic lesion; or mechanisms of cardiac noradrenergic
deficiency, which as explained below are relevant to potential experimental neuroprotective
trials. The results of the initial report justified continuation and expansion of the study, with
more participants followed for longer time periods (up to 7.5 years with approximately 1.5-
yearly inpatient evaluations), in order to assess the relative risks associated with low vs. normal
8F-dopamine-derived radioactivity. Accrual into the PDRisk study and follow-up testing have
been completed as called for by the power calculation when the study was designed (see
Methods). Since the same risk factors apply for DLB, the analysis was extended to DLB as an
outcome measure.

In addition to '®F-dopamine PET, participants underwent brain '8F-DOPA PET to assess the
integrity of putamen dopaminergic terminals (26, 27), with magnetic resonance imaging for
anatomic registration of ¥F-DOPA PET scans in the same subjects using the PMOD image
analysis package (28). Other tests included '*N-ammonia PET to adjust '8F-dopamine-derived
radioactivity for myocardial perfusion (29); lumbar puncture for assaying cerebrospinal fluid
(CSF) levels of catechols such as 3.,4-dihydroxyphenylacetic acid (DOPAC), the main neuronal
metabolite of dopamine (30); and physiological and neurochemical autonomic function testing
(31-33). The serial nature of the PET imaging enabled examination of whether cardiac
noradrenergic abnormalities precede nigrostriatal dopaminergic abnormalities, as one would
expect if central LBDs entailed early involvement of the sympathetic innervation of the heart
(12,13).

To examine mechanisms of cardiac noradrenergic deficiency, we applied indices of

denervation and of dysfunction in residual nerves (‘“sick-but-not-dead” phenomenon (34)).
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Distinguishing between the two determinants of cardiac noradrenergic deficiency is relevant to
potential experimental therapeutic trials, because, put bluntly, you can’t treat neurons that are
dead, whereas neurons that are dysfunctional but alive (5) might be rescued (35).

We paid particular attention to the possibility of decreased efficiency of vesicular
sequestration of cytoplasmic catecholamines via the type 2 vesicular monoamine transporter
(VMAT?2). A vesicular storage defect would not only deplete releasable neurotransmitter stores
but also promote autotoxicity from augmented oxidation of cytoplasmic catecholamines (36-38).
Diminished vesicular storage in existing nerve terminals could have any of several causes, such
as decreased mitochondrial complex 1 activity (39), alpha-synuclein (a.S) oligomers (36, 40), or
decreased VMAT? availability (41), all of which are potential therapeutic targets; however, no
previous study has determined whether indices of attenuated vesicular sequestration in cardiac
sympathetic nerves precede central LBDs in at-risk individuals.

One way to examine separately denervation vs. decreased vesicular storage is
pharmacokinetic, by tracking the rapid early rise in '®F-dopamine-derived radioactivity and the
relatively slow subsequent fall from the peak value across dynamic PET frames (42).
Denervation would be expected to decrease the rate of accumulation of ®F-dopamine-derived
radioactivity in the myocardium, because tissue uptake of the tracer depends on the cell
membrane norepinephrine transporter, which is missing in the setting of sympathetic denervation
(43). The loss of cardiac sympathetic nerves would shift downward the curve relating '*F-
dopamine-derived radioactivity to time across all the dynamic frames in a PET session, without
affecting the rate of decline in radioactivity from the peak value. In contrast, if there were
decreased vesicular storage, then after the peak in '®F-dopamine-derived radioactivity the
subsequent “washout” of radioactivity would be accelerated (42).

In summary, in this prospective, observational, long-term follow-up study we asked
whether among individuals with multiple PD risk factors cardiac sympathetic denervation or
dysfunction revealed by "®F-dopamine PET separates the group subsequently diagnosed with a

central LBD (LBD+) from the group not so diagnosed (LBD-). The study also addressed whether
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the results of serial '®F-dopamine and 'SF-DOPA PET support a sequence of pathophysiologic

progression from cardiac noradrenergic to putamen dopaminergic deficiency.
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RESULTS
Subject Accrual

Data collection in the PDRisk study began in 2009 and ended in January 2023, after the last
follow-up visit of the last participant. A total of 2,094 individuals registered for the study and
provided their risk factor information at the protocol-specific website (Figure 1). Of these, 339
(16%) reported =3 risk factors and were considered eligible for further participation. After phone
interviews of eligible candidates by a Research Nurse, 82 at-risk individuals came to the
National Institutes of Health (NIH) Clinical Center for on-site screening, gave written informed
consent, and were considered accrued (PDRisk cohort). One at-risk subject was withdrawn
during the first admission because of a previously undisclosed exclusion criterion.

Subject Groups

Thirty-four of the accrued subjects in the PDRisk study had confirmation of >3 risk factors
(PDRisk+) at the time of on-site screening, while 48 accrued subjects did not (PDRisk-) and
were not followed as inpatients (Figure 1, Supplemental Table 1).

Included in the PDRisk+ group were 2 individuals who had been tested under another
protocol and satisfied the eligibility criteria and consented to follow-up under the PDRisk
protocol. For the purposes of data analysis, the follow-up period for these participants began with
their first evaluation at the NIH.

Of the 34 accrued subjects with =3 confirmed risk factors, 9 (26%) subsequently developed
a central LBD (LBD+ group; 6 with PD, 2 DLB, and 1 PD+dementia). One participant was
diagnosed with PD by the blinded neurologist; however, the patient’s death certificate showed
she had died of multiple system atrophy (MSA), which is not a LBD, and she was assigned to the
LBD- group (LBD- #20). This case is described later in detail.

The LBD+ and LBD- groups had similar mean total numbers of risk factors and did not
differ in the numbers with a positive family history of PD, olfactory dysfunction, dream
enactment behavior, or symptoms of orthostatic intolerance (Supplementary Table 1). The LBD+

and LBD- groups also did not differ in sex or age at study entry or in prescribed medications
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(Supplementary Table 1). Median follow-up was 2.8 years in the LBD+ group and 6.3 years in
the LBD- group.

Data from 11 concurrently studied Healthy Volunteers (HV) were included. Of the 11 HVs,
8 had neuroimaging data. Seven HVs were accrued under the PDRisk protocol and the remainder
under other IRB-approved protocols.

Incidence of diagnosed central LBDs in groups stratified by initial *F-dopamine-derived
radioactivity

Nine PDRisk study participants had low initial myocardial '®F-dopamine-derived
radioactivity (<6,000 nCi-kg/cc-mCi). Of the 9, 8 (89%) were diagnosed subsequently with a
central LBD (LBD+), in contrast with 1 of 25 (4%) participants with normal initial radioactivity
(p<0.0001 by Fisher’s exact test). In the group with low initial radioactivity the median duration
of follow-up was 8.1 years, and in the group with normal initial radioactivity the median duration
of follow-up was 6.1 years.

Kaplan-Meier curves generated for the dichotomized initial '*F-dopamine-derived
radioactivity in the 8’ dynamic PET frame showed that throughout the period of follow-up the
fraction of subjects with low radioactivity who developed a central LBD was greater than that of
subjects with normal radioactivity (log-rank p=0.0091; Figure 2).

Initial cardiac '*F-dopamine-derived radioactivity in the LBD+ vs. LBD- groups

Nine participants were diagnosed with a central LBD during follow-up (LBD+ group). Of
these, 8 (89%) had low initial '®F-dopamine-derived radioactivity. There were 25 participants
who were not diagnosed with a central LBD (LBD- group); of these, 1 (4%) had low initial
radioactivity (p<0.0001 by Fisher’s exact test; Figure 3).

Analyses of variance with Tukey’s post-hoc test showed that for 6 biomarkers of '*F-
dopamine-derived radioactivity the differences between the LBD+ and the LBD- and HV groups
were significant, whereas the HV and LBD- groups did not differ (Table 1). In this analysis, age
was used as a covariate, while sex was not associated with any outcomes and was dropped as a

covariate.
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Receiver operating characteristic (ROC) curves were constructed to evaluate the measures
of 8F-dopamine-derived radioactivity in terms of their efficiency in separating the LBD+ from
the LBD- groups (Figure 4, Table 2). Based on the areas under the ROC curves (AUCs), all of 6
biomarkers showed a high degree of separability (AUC = 0.85). Sensitivities and specificities
based on Youden’s method, tabulated in Table 2, showed high values for the 6 biomarkers,
comparing the LBD+ group vs. the LBD- subgroup with =7 years of follow-up and vs. the entire
LBD- group.

Trends in cardiac *F-dopamine-derived radioactivity during follow-up in the LBD+ and
LBD- groups

The linear random coefficient model analysis showed that in both the LBD+ and LBD-
groups cardiac 'F-dopamine-derived radioactivity was stable over years of follow-up (Figure 5).
Comparisons of Kinetics of *F-dopamine-derived radioactivity within PET sessions in
LBD+, LBD-, and HV groups

In all subjects cardiac 'F-dopamine-derived radioactivity increased rapidly during the 3-
minute administration of the tracer (Figure 6; Table 3). In general, the LBD+ and LBD- groups
differed in septal "®F-dopamine-derived radioactivity at all time points after the 3-minute
administration of the tracer, whereas the LBD- and HV groups did not differ at any time point.

The mono-exponential slope of decline in radioactivity between the peak value and 25°,
Kmax25, Was greater in the LBD+ than the LBD- group (p<0.001; Figure 3B). Conversely, of 9
subjects with Ky.,25 = 0.028 min! when they were first evaluated, 8 (89%) subsequently were
diagnosed with a central LBD, in contrast with 1 of 25 (4%) subjects with k25 < 0.028 min™!
(p<0.0001 by Fisher’s exact test; Table 2).

Because of the observed non-linear changes in '*F-dopamine-derived radioactivity over
time within PET sessions, a piecewise linear random coefficient model analysis with a single
breakpoint was performed from time=1" to peak time (with breakpoint at time=3") and separately

from time=peak time to 25’ (breakpoint at time=13").
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Table 3 and Figure 7 show the results of the random coefficient model analysis with
breakpoint at time = 3’ for the early increase from time = 1’ to the time of peak ®F-dopamine-
derived radioactivity. As expected, in each of the LBD+, LBD-, and HV groups the slope for
time < 3’ was significantly different from 0. The slope for time = 3’ to maximum radioactivity
was not significant for the LBD+ group but was significant for the other two groups. For each
group, the difference in slope between time < 3’ and time > 3’ was significant, and the increase
(slope > 0 nCi-kg/cc-mCi per minute) for time < 3° was faster than after time > 3’. For time < 3’
the difference in slope between the LBD+ and the HV and LBD- groups was significant, whereas
the difference in slope between the HV and LBD- groups was not significant.

In summary, the random coefficient model analysis for time = 1’ to the time of peak
radioactivity revealed decreased uptake of 'F-dopamine in the LBD+ group during the 3-minute
infusion of the tracer.

For assessing the decline in "*F-dopamine-derived radioactivity from the peak value, the
radioactivity data were standardized by the maximum radioactivity across all the frames in the
PET session. In the period from peak time to 13°, the decline (negative slope) in radioactivity
was significantly faster in the LBD+ group than in the HV and LBD- groups (p<0.001, Table 3;
Figure 7B, 7D); the slopes did not differ between the HV and LBD- groups (p=0.1925). In
contrast, in the period of time=13" to 25’, the slope of decline in radioactivity in the LBD+ group
was significantly slower than in the HV and LBD- groups (p<0.0001), and the slopes did not
differ between the HV and LBD- groups (p=0.4188).

In summary, the random coefficient model analyses for time=peak time to 25’ showed
more rapid proportionate loss of ®F-dopamine-derived radioactivity in the LBD+ group between
the peak radioactivity and 13’ but not between 13’ and 25°.

Correlations among biomarkers of cardiac noradrenergic deficiency

The 6 biomarkers of '8F-dopamine-derived radioactivity were significantly correlated,

based on both Pearson and Spearman correlation coefficients (Supplementary Table 2). The

correlation coefficients between ky.x2s: and the other 5 biomarkers were moderately negatively
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correlated, with the extent of correlation related to the time of the dynamic frame (relatively high
Pearson r values for the 8°, 13°, 18°, and 25’ frames (r=-0.63, -0.56, -0.67,-0.70, p<0.0001
each)).

Biomarkers of central dopaminergic innervation and relationships to biomarkers of
cardiac noradrenergic innervation

The LBD+ group had lower mean initial CSF levels of DOPAC, lower putamen/occipital
cortex (PUT/OCC) ratios of ®F-DOPA-derived radioactivity, and greater putamen washout
percents of F-DOPA-derived radioactivity than did the LBD- group (Figure 3D-F).

Among the LBD+ participants, in 4 the PUT/OCC ratio of 'sF-DOPA-derived radioactivity
initially was above the cutoff value (2.7) (Figure 8). All 4 had a decrease in their PUT/OCC
ratios between the initial evaluation and the time of diagnosis of a central LBD. Moreover, in 3
of the 4, by the time they reached the study endpoint their PUT/OCC ratios were below the
cutoff value. Four individuals in the LBD+ group had initial washout percents of putamen '*F-
DOPA-derived radioactivity that were below the cutoff value (20%). All 4 had increases in their
washout percents between the time of initial evaluation and the time of diagnosis of a central
LBD:; in 3 of the 4, by the time they reached the study endpoint their washout percents were
above the cutoff value. In summary, in a substantial minority of the LBD+ group low cardiac '*F-
dopamine-derived radioactivity preceded low putamen "®F-DOPA-derived radioactivity.

Across the LBD+, LBD-, and HV groups, individual values for washout percents of
putamen '*F-DOPA-derived radioactivity were negatively correlated with PUT/OCC ratios and
CSF DOPAC levels, while PUT/OCC ratios were unrelated to CSF DOPAC levels
(Supplementary Table 2). Individual values for the washout percents of putamen "*F-DOPA-
derived radioactivity were strongly negatively correlated with cardiac '"®F-dopamine-derived
radioactivity in the PET frames from 8’ to 25’ (Supplementary Table 2). Washout percents of
putamen '®F-DOPA-derived radioactivity were unrelated to values for cardiac Kya2s'-

Myocardial perfusion
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Myocardial perfusion as indicated by interventricular septal myocardial *N-ammonia
derived radioactivity did not distinguish the LBD+ from the LBD- and HV groups (Figure 3C).
Autonomic function tests

Supplementary Table 1 (Physiological Initial tab) summarizes the data from autonomic
function testing upon initial evaluation in the LBD+ and LBD- groups. Data from the LBD-
patient with MSA were excluded from the statistical analyses. The LBD+ group had lower mean
heart rates during supine rest (p=0.00439) and head-up tilt (p=0.02036) and lower blood
pressures during tilt, but the groups did not differ in blood pressures during supine rest.

The LBD+ group had lower initial mean values for 2 indices of baroreflex-sympathoneural
function—the log of the baroreflex area in Phase III of the Valsalva maneuver (p=0.00721) and
the log of the pressure recovery time (p=0.00467). The groups did not differ in mean values for 2
indices of baroreflex-cardiovagal function—the baroslope during Phase II of the Valsalva
maneuver (44) and AHR/ABPs (45) during head-up tilt. The groups also did not differ in indices
of heart rate variability in either the time or frequency domain.

Individual cases
Pure autonomic failure (PAF) evolving to DLB and PD+OH (LBD+ #8, Figure 9)

One of the LBD+ participants had comprehensive serial testing during life and at autopsy
had tissues harvested for post-mortem neurochemical and neuropathologic analyses (Figure 9).
This case has been described previously (10). Aspects relevant to the PDRisk study are presented
here.

In the setting of a long history of post-traumatic stress disorder and dream enactment
behavior, the participant developed OH, erectile dysfunction, and fatigue at about 67 years old.
Three years later, he was diagnosed with PAF based on neurogenic OH and neuroimaging
evidence of cardiac sympathetic denervation. He first reported visual hallucinations at age 72,
and this problem persisted throughout the remainder of the clinical course. He had progressive
cognitive decline (Montreal Cognitive Assessment (MoCA) score=22 at age 75 years, 18 at age

78 years) associated with obvious magnetic resonance image evidence of enlargement of the



BF-DA PET Predicts Central LBDs, p. 14

lateral ventricles and diffuse cortical atrophy. He had gradually progressive parkinsonism
(Unified Parkinson Disease Rating Scale (UPDRS) score of 27 at age 76 years old, 67 at 78 years
old). University of Pennsylvania Smell Identification Test (UPSIT) scores at 70, 72, 73, and 78
years old indicated anosmia. He died at 79 years old with a diagnosis of DLB and PD+OH.
Cardiac '"®F-dopamine PET at 70, 72, 73, 76, and 78 years showed persistently decreased '8F-
dopamine-derived radioactivity diffusely in the left ventricular myocardium. Immunoreactive aS
was noted in sympathetic noradrenergic fibers in a skin biopsy (Figure 9D).

At the time of initial evaluation at 70 years old and 2 years later, the PUT/OCC ratios of
BF-DOPA-derived radioactivity and washout percents of putamen '*F-DOPA-derived
radioactivity were normal. The first neuroimaging evidence of putamen dopamine deficiency
was at 73 years old. Low PUT/OCC ratios were found in 2 subsequent scans at ages 76 and 78
years old (Figure 9C).

Autopsy revealed brainstem LBs without cortical LBs, decreased putamen dopamine
content, and markedly decreased myocardial norepinephrine content. There were abundant oS-
containing fibrils and severely decreased immunoreactive tyrosine hydroxylase (TH) in the
sympathetic chain (Figure 9E).

PAF with glucocerebrosidase (GBA) gene mutation evolving to PD+OH (LBD+ #7, Figure 10)

A female participant reported OH, fainting, and dream enactment behavior beginning when
she was about 38 years old. During her initial evaluation at the NIH Clinical Center, at age 57,
cardiac '*F-dopamine PET showed decreased radioactivity diffusely in the left ventricular
myocardium, and she was diagnosed with PAF. This PET abnormality persisted in 4 subsequent
18F-dopamine scans at ages 59, 60, 61, 63, and 65. UPSIT scores at 58, 61, 63, and 65 years old
showed anosmia. Genetic testing revealed that she was a carrier for N370S mutation of the gene
encoding glucocerebrosidase. Multi-tracer neuroimaging revealed greater loss of '*F-dopamine-
than of ''C-methylreboxetine-derived radioactivity in the left ventricular myocardium (Figure

10A), demonstrating a vesicular storage defect in residual cardiac sympathetic nerves.
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Two '"8F-DOPA PET scans (at 57 and 59 years old) were normal. The first evidence of a
3F-DOPA PET abnormality occurred at 60 years old, 3 years after the first abnormal cardiac '*F-
dopamine PET scan. Visual hallucinations began at 59 years old and persisted subsequently. At
65, her UPDRS motor score was 58, and she was diagnosed with PD+OH. She did not have
cognitive dysfunction as indicated by normal MoCA scores. Skin biopsy revealed increased oS-
TH colocalization (Figure 9D). As of this writing, she is alive and carries a diagnosis of PD+OH.
Neurogenic OH with intact cardiac sympathetic innervation evolving to MSA (LBD- #20)

This female participant had a positive family history (father with PD), dream enactment
behavior (RBD diagnosed by polysomnography), chronic constipation, urinary incontinence,
heat intolerance, and orthostatic, post-prandial, and post-exertional dizziness. Upon initial
evaluation she had OH (supine BP 164/90 mmHg, head-up tilt BP 92/65 mmHg, tilting stopped
at 2’ for safety reasons) that was determined to be neurogenic based on abnormal BP responses
to the Valsalva maneuver. Her UPSIT score was 40, indicating normal sense of smell. The initial
PUT/OCC ratio of ®F-DOPA-derived radioactivity was decreased at 2.49.

At 4.6 years of follow-up (age 60.9 years old) she was diagnosed with PD by the blinded
neurologist (GL). At the time of diagnosis, baroreflex-cardiovagal gain from Phase II continuous
finger cuff BP data during the Valsalva maneuver was severely decreased at 0.87 ms/mmHg;
(44) low frequency power of heart rate variability was low at 22 ms? (46), the orthostatic
increment in plasma norepinephrine was attenuated (47%, normal = 60%); and the pressure
recovery time after release of the Valsalva maneuver was prolonged at 21.2 s (normal <5 s) (47),
findings indicating combined baroreflex-cardiovagal and baroreflex-sympathoneural failure.

In this patient, cardiac '*F-dopamine-derived radioactivity was consistently normal, both
upon initial evaluation and across follow-up testing at 1.6, 3.4, and 4.6 years. Her UPSIT scores
were also normal at these time points. The patient died in August 2021 at 64 years old.
According to the Certificate of Death from the Vital Records Department of her county of

residence, she died of MSA. There was no autopsy.
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Concurrent loss of myocardial '8 F-dopamine-derived and putamen ' F-DOPA-derived
radioactivity (LBD+ #1, Figure 11)

This 59-year-old man of Austrian, Russian, Ukrainian, and Ashkenazic descent had a
family history of PD, loss of sense of smell for about 5 years, and dream enactment behavior. A
few months before the screening evaluation he was seen by a sleep specialist, who diagnosed
RBD. Arm rigidity was noted, and the participant was referred to a movement disorder specialist,
who found no evidence of PD about 2 months before the initial evaluation at the NIH. The
participant was taking rasagiline once daily and clonazepam and melatonin at bedtime. The
UPSIT score of 12/40 documented anosmia. The UPDRS score was 14/176. The initial
PUT/OCC ratio of '8 F-DOPA-derived radioactivity was normal at 3.26, although the
posterior/anterior ratio of radioactivity was low at 0.59 (arrow in Figure 11B) (48). '8F-
Dopamine-derived radioactivity was normal, with a normal rate of decline in radioactivity from
the peak value.

At 1.6 years of follow-up the patient complained of limb rigidity, slowed movement
(especially upon initiation of movement), bilateral resting tremor of the hands (more prominent
in the right hand, worse with emotional agitation), slowed verbal expressiveness, decreased
attentiveness and short-term memory, and micrographia. His medication regimen was the same.
He was still anosmic (UPSIT score 14/40), but now his UPDRS score was 34/176, indicating
mild parkinsonism, and the blinded neurologist diagnosed PD. The patient had a decreased
PUT/OCC ratio (2.36) and increased washout of putamen '8F-DOPA -derived radioactivity
(23%).

After reaching the endpoint for participation in the PDRisk study, at 2.2 years from accrual
into the study the patient returned for '*F-dopamine PET under another protocol (NIH Clinical
Protocol 03N0004) as a PD patient without OH. The entire time-activity curve for septal '*F-
dopamine-derived radioactivity was now shifted downward from the initial evaluation (Figure

11C, black squares), although the values at all time points were still within the normal range.
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Apical and free wall '8F-dopamine-derived radioactivity were now low at 5,719 and 4,674 nCi-
kg/cc-mCi (Figure 11A). ®*N-Ammonia-derived radioactivity was unchanged (Figure 11D).

In summary, in this participant with preclinical PD serial '®F-dopamine and '*F-DOPA PET
indicated approximately concurrent initial loss of apical and inferolateral left ventricular '®F-

dopamine-derived radioactivity and of posterior putamen '*F-DOPA-derived radioactivity.
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DISCUSSION

The results of the prospective, observational, long-term PDRisk study highlight the
remarkable power of '8F-dopamine PET for identifying preclinical central LBDs (PD or DLB) in
at-risk individuals. The main finding is that among individuals with multiple PD risk factors
(genetics, olfactory dysfunction, dream enactment, orthostatic intolerance), low cardiac '8F-
dopamine-derived radioactivity highly efficiently predicts the subsequent diagnosis of a central
LBD.

In the overall PDRisk cohort of subjects with >3 risk factors, 26% were diagnosed with a
central LBD during follow-up of up to about 7.5 years, a larger percentage than would be
expected in the general population (49, 50). These data confirm the potency of the chosen
combination of risk factors. Low "®F-dopamine-derived radioactivity increased to a virtual
certainty the likelihood of developing a central LBD. Meanwhile, neuroimaging evidence of
intact cardiac noradrenergic innervation decreased to near zero the likelihood of a subsequent
central LBD during follow-up, despite the same risk factors.

Persistent abnormalities of cardiac sympathetic innervation in preclinical central LBDs

Serial 'F-dopamine PET enabled a determination as to whether cardiac '*F-dopamine-
derived radioactivity changed over years in the LBD+ or LBD- groups. There were no temporal
trends in radioactivity in either group. Almost all the LBD+ participants already had low
radioactivity upon initial evaluation, and almost all the LBD- participants had normal
radioactivity throughout the period of follow-up. These findings indicate that cardiac
noradrenergic deficiency was already advanced in most of the LBD+ group even upon initial
evaluation.

The data do not address the time course for development of cardiac noradrenergic
deficiency, with one exception. An LBD+ participant (LBD+ #1) seemed to be “caught in a
window in time,” in that initial interventricular septal cardiac '®F-dopamine-derived radioactivity
was normal, although apical radioactivity was decreased. About 2 years later, when the

participant reached the study endpoint by being diagnosed with PD, apical and free wall
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radioactivity were decreased, and the time-activity curve for septal radioactivity was shifted
downward (Figure 11C). This is the typical pattern of regional progression of cardiac
sympathetic denervation in PD without OH (51). Counting this individual, all the at-risk
participants in the PDRisk study who were diagnosed with a central LBD during follow-up had
evidence of antecedent cardiac noradrenergic deficiency by '®F-dopamine PET.

The results in this patient suggest that once cardiac noradrenergic deficiency begins it
progresses rapidly. Consistent with this view, we previously reported the case of a patient who
had early onset PD and normal cardiac '®F-dopamine-derived radioactivity for about 8 years;
then free wall radioactivity declined, followed by decreased septal radioactivity 2 years later
(39).

When does cardiac noradrenergic deficiency occur with respect to central dopaminergic
deficiency in central LBDs?

Among the 9 subjects in the LBD+ group, 4 had normal initial PUT/OCC ratios of '*F-
DOPA-derived radioactivity, and 4 had normal initial washout percents of putamen '"*F-DOPA -
derived radioactivity. During follow-up, the PUT/OCC ratios decreased and washout percents
increased, whereas there were no trends in either biomarker in the LBD- group. In 3 of the 4
LBD+ individuals with normal initial PUT/OCC ratios, by the time of diagnosis the ratios were
below the cutoff value; and in 3 of the 4 LBD+ individuals with normal initial washout percents,
by the time of diagnosis the washout percents were above the cutoff value.

Since upon initial evaluation all the participants in the LBD+ group had evidence of diffuse
or localized noradrenergic deficiency in the left ventricular myocardium, these findings indicate
that the LBD+ group included a substantial subgroup in whom cardiac noradrenergic deficiency
preceded putamen dopamine deficiency. This view fits with previous case reports describing low
cardiac "®F-dopamine-derived radioactivity before clinical or neuroimaging manifestations of PD
(9) or DLB (10).

Combination of denervation with a vesicular storage defect in preclinical central LBDs

Interventricular septal '*F-dopamine-derived radioactivity was significantly lower in the
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LBD+ than in the LBD- and HV groups at all time points after and even during the 3-minute
infusion of the tracer. Decreased uptake of "*F-dopamine in the LBD+ group could not be
attributed to decreased coronary perfusion, as the LBD+ and LBD- groups had similar time-
activity curves for *’N-ammonia derived radioactivity.

A particular functional abnormality in residual cardiac sympathetic nerves —inefficient
vesicular sequestration of catecholamines —was associated with an increased probability of
subsequently developing a central LBD. The area under the ROC curve for Ky.y.»s in the LBD+
and LBD- groups (0.92) indicated excellent ability of this functional biomarker for
distinguishing the two groups, with sensitivity 89% at specificity 96% by Youden’s method.
Denervation alone cannot explain accelerated loss of '®F-dopamine-derived radioactivity (42).

The breakpoint analyses showed that individuals with preclinical central LBDs had at least
some degree of cardiac sympathetic denervation. If there were only a vesicular storage defect,
without denervation, then the rate of increase in radioactivity between 3’ and peak radioactivity
would be attenuated in the LBD+ group, and this was not the case. The LBD+ group also had at
least some degree of a vesicular storage defect, because if there were only a loss of sympathetic
nerves, with normal vesicular function in the residual terminals, then the rate of decrease in
radioactivity from the peak value to 13’ would be normal, and this also was not the case. From
the breakpoint analyses we therefore infer that low cardiac '®F-dopamine-derived radioactivity in
the LBD+ group reflected a combination of denervation with a vesicular storage defect in
residual sympathetic nerves. The data confirm predictions from computational modeling as
applied to intra-neuronal determinants of norepinephrine stores in cardiac sympathetic nerves in
LBDs (5).

The LBD+ group had increased washout percents of putamen "*F-DOPA-derived
radioactivity, consistent with the view that decreased vesicular storage in catecholaminergic
neurons also occurs in the nigrostriatal dopaminergic system (52). Post-mortem neurochemistry
has confirmed the occurrence of a vesicular storage defect both in the heart (53) and in the

putamen (54) in LBDs. The latter has also been demonstrated directly in isolated striatal vesicles
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from PD patients (41).
Pure autonomic failure may be a prototype of “body-first” central LBDs

Two of the LBD+ participants (LBD+ #7 and LBD+ #8) had PAF, a rare disease
characterized by neurogenic OH, generalized sympathetic noradrenergic deficiency, and intra-
neuronal deposition of aS in skin biopsies (55), without clinical evidence of motor or cognitive
impairment. Although patients with clinically diagnosed PAF can go on for many years without
evincing symptoms or signs of a central LBD (56), PAF can evolve to PD or DLB (9, 10, 23,
57), and post-mortem neuropathology has documented brainstem Lewy bodies in virtually all
PAF patients (57).

Autopsy findings in a PAF patient in the LBD+ group (LBD #8) showed increased cardiac,
brainstem, and sympathetic ganglionic aS deposition (Figure 9E). Prior to death, this patient had
an elevated aS-TH colocalization index in a skin biopsy (Figure 9D). PUT/OCC ratios of '*F-
DOPA-derived radioactivity showed a tri-phasic downward trend over the years of follow-up
(Figure 9C), mirroring the tri-phasic pattern found in cardiac norepinephrine stores in LBDs
(35). Based on this tri-phasic pattern we propose that a transition from normal to rapid decline in
PUT/OCC ratios may identify the optimal time for initiation of treatment targeting the vesicular
storage defect in striatal dopaminergic terminals. In the LBD- group, however, there was
substantial variability over time in values for both cardiac '*F-dopamine-derived radioactivity
(Figure 5B) and PUT/OCC ratios of '8F-DOPA-derived radioactivity (Figure 8 A), meaning that it
may take years of follow-up for a clear downward trend to be recognized.

Central and peripheral non-motor aspects of LBDs are correlated with each other

RBD is a strong risk factor for subsequent development of a neurodegenerative
synucleinopathy (58), including a “diffuse/malignant” form of PD (59) that features OH (60, 61).
RBD is also associated with olfactory dysfunction (62, 63) and neuroimaging evidence of cardiac
noradrenergic deficiency (64). Longitudinal studies of RBD patients have led to the view that
autonomic dysfunction can occur early in neurodegenerative synucleinopathies, years before the

motor or cognitive onset of central LBDs (22). The present data fit with substantial overlaps



BF-DA PET Predicts Central LBDs, p. 22

among dream enactment behavior, olfactory dysfunction, OH, and cardiac noradrenergic
deficiency in preclinical central LBDs.
Evolution to MSA

One PDRisk study participant with neurogenic OH (LBD- #20) had persistently normal '8F-
dopamine-derived radioactivity and normal scores on the UPSIT, findings that argue strongly
against PD+OH (52, 65). The patient was diagnosed with PD by the blinded neurologist. A few
years after reaching the study endpoint, the patient died. According to the obituary and the
official Certificate of Death, the cause of death was MSA.. This case seems to be an exception
that proves the rule. Even an expert movement disorders neurologist may not be able to
distinguish PD+OH from the parkinsonian form of MSA by clinical examination alone; however,
consistently normal '®F-dopamine-derived radioactivity rules out PD+OH (66).

Where in the autonomic nervous system do central LBDs begin?

The present results support the view that the pathogenetic process leading to central LBDs
often begins outside the brain, in the autonomic nervous system. Much recent attention has
focused on the possibility of early synucleinopathy in the gut, followed by trans-synaptic
retrograde transmission of aS via the vagus nerve to the dorsal motor nucleus of the vagus in the
caudal medulla (67-69). How synucleinopathy in the enteric nervous system, in vagal nerve
fibers, in myocardium, and in sympathetic noradrenergic axons in skin biopsies (70) are related
remains poorly understood.

Catecholamines are not only neurotransmitters but also hormones (epinephrine being the
archetype) and autocrine-paracrine factors (exemplified by renal dopamine) (71, 72). Most of the
synthesis and metabolism of catecholamines in the human body take place not in the brain or
autonomic nerves but in the gut (73, 74). Since all of the intracellular metabolism of dopamine
passes through 3 4-dihydroxyphenylacetaldehyde (DOPAL), which potently oligomerizes,
quinonizes, and aggregates aS (75, 76), it seems reasonable to speculate that catecholaldehyde-
oS interactions in the gut constitute an early pathogenetic mechanism in LBDs (36). Thus, in

animals, DOPAL injection into the vagus nerve augments axonal transport of toxic a.S oligomers
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(77) to both the brainstem and heart.
Study Limitations

The PDRisk study involved a relatively small number of subjects. This was because of the
strong hypothesis and the power calculation when the study was designed. It was unnecessary
and possibly ethically questionable to conduct comprehensive, multi-modality clinical laboratory
assessments involving more than minimal risk in larger cohorts repeatedly over a substantial
number of years. We believe that the fact that the results from applying different testing
approaches agreed with each other reinforce the validity of the conclusions by consilience (78).

Since all the PDRisk subjects had multiple risk factors, generalizability to people with
fewer or different risk factors could not be determined.

BF-Dopamine PET is only available at the NIH Clinical Center. We hope that the
extraordinary results reported here documenting the ability to identify preclinical central LBDs
will induce researchers at other institutions to join the Investigational New Drug (IND)
application for 'F-dopamine (IND #33,866), which has been active for more than 30 years, or
apply for an IND, about which we would be happy to advise or collaborate. This technology
should be applied in larger populations of less stringently selected at-risk individuals, a type of
study that cannot be done solely within intramural NIH. One might consider '>*I-
metaiodobenzylguanidine ('?*I-MIBG) single photon emission computed tomography (SPECT),
which is available at most centers for diagnostic evaluation of pheochromocytoma, but insurance
carriers in the United States do not cover '*I-MIBG SPECT in known or suspected LBDs. We
have commented about this for many years (79, 80).

Implications

The present results have clear implications for treatment and prevention trials for
individuals at high risk of central LBDs. Biomarkers of cardiac noradrenergic deficiency seem to
identify a disease process that will progress to a central LBD. Assessing these biomarkers in at-
risk individuals may be valuable both for efficient selection of eligible candidates and for

assessing effects of potential neurorescue or neuroprotective approaches objectively and
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quantitatively. Computational modeling indicates that strategies targeting toxic
catecholaldehyde-aS interactions in catecholaminergic neurons would substantially delay the
onset of symptomatic LBDs (35). We propose that a clinical trial involving a relatively small
number of highly selected participants should enable testing for the first time of whether central

LBDs can be prevented in at-risk individuals.
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METHODS
Study approval

The Institutional Review Board (IRB) of the National Institute of Neurological Disorders
and Stroke (NINDS) approved the PDRisk study in 2009. The study was conducted under
National Institutes of Health (NIH) Clinical Protocol 09N0010, “Biomarkers of Risk of
Parkinson Disease.” The setting was the NIH Clinical Center.
Recruitment

Recruitment into the PDRisk study was via an IRB-approved Google ad that directed
visitors to an IRB-approved, protocol-specific, secure website (https://PDRisk.ninds.nih.gov,
now inactive). Visitors interested in registering for the study were given confidential, unique
identification numbers via email. After consenting to the study electronically in a manner
compliant with the Privacy Rule (45 CFR 164.501, 164.508, 164.512(i)), participants were
queried about 4 types of risk factor— genetic, olfactory, dream enactment behavior, and
orthostatic hypotension (OH) or intolerance. Candidate participants who reported at least 3 risk
factors at the website were interviewed by phone by a Research Nurse to confirm the self-
reported information and select subjects for on-site screening.
Inclusion and exclusion criteria

Eligibility criteria for the PDRisk study included a participant age of 18 years old or older.
A candidate participant was excluded if there were any disqualifying medical conditions (e.g.,
insulin-dependent diabetes mellitus, symptomatic cerebrovascular or coronary heart disease,
renal failure), PD had already been diagnosed, the registrant was more than 70 years old, or
clinical considerations required continued treatment with a drug likely to interfere with the
scientific results (website http://clinicalstudies.info.nih.gov/cgi/detail.cgi?A_2009-N-
0010.html#eligibility). Recruitment was done independently of sex, gender, race, ethnicity, or
national origin.
Screening examination

The purposes of the on-site screening examination at the NIH Clinical Center were to
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obtain consent for further participation in the study, verify at least 3 risk factors, and perform
clinical laboratory tests as described below.

A positive family history (= 1 first-degree relative or > 2 second-degree relatives with PD)
confirmed at the time of on-site screening at the NIH Clinical Center satisfied the genetic
criterion. Decreased sense of smell reported at the protocol-specific website and verified by the
University of Pennsylvania Smell Identification test (moderate or severe microsmia or anosmia)
(81) satisfied the olfactory criterion. To satisfy the dream enactment risk factor criterion, the
individual or member of the individual’s household must have reported that the individual had
movements of the body or limbs associated with dreaming and at least one of the following:
potentially harmful sleep behavior, dreams that appeared to be acted out, and sleep behavior that
disrupted sleep continuity (82). A polysomnographic diagnosis of RBD was not required. To
satisfy the OH risk factor criterion, the individual must have reported symptoms of OH or having
OH, corroborated at the screening evaluation.

Subjects with > 3 confirmed risk factors underwent inpatient biomarkers testing and
follow-up over 5 1.5-year intervals (total 7.5 years) or until diagnosed with PD.

Outcome measures

The primary outcome measure was a diagnosis of PD by a neurologist who was blinded as
to the results of the biomarkers testing. PD was diagnosed according to accepted clinical criteria
such as bradykinesia, rigidity, resting tremor, and imbalance. DLB was diagnosed based on
cognitive dysfunction, parkinsonism, and two other core features— visual hallucinations and
fluctuating attention and concentration (83, 84). A diagnosis of DLB was not designed in as an
outcome measure.

Study sample size

The PDRisk study had a strong primary hypothesis, which was that among at-risk
individuals, positive biomarkers of catecholaminergic neurodegeneration in the heart or brain
identify pre-motor PD. To estimate the required numbers of subjects we used a log-rank test for

evaluating the association between biomarkers and LBD+ diagnosis, and predicted that among
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individuals who were at risk of PD and had abnormal catecholaminergic biomarkers, 80% would
develop LBD+ by 7.5 years of follow-up; and that among at-risk participants without abnormal
biomarkers, 20% would develop LBD+ during follow-up. Power analysis indicated that 26
participants would be sufficient (24, 48) to detect the association at an alpha value of 0.05 and
beta value of 0.20.

Study groups

The PDRisk study cohort was stratified into 3 groups—a group that during follow-up was
diagnosed with a central LBD (LBD+); a group that during follow-up was not diagnosed with a
central LBD (LBD-); and a group that upon screening evaluation did not have at least 3
confirmed risk factors and was not invited to return for follow-up testing (PDRisk-). For
comparison purposes, a concurrent control group of age-matched HV's was included.

Dynamic ¥F-dopamine PET

In the PDRisk study dynamic PET images were obtained in 5 1-minute frames, then 3 5-
minute frames (midpoints about 8, 13, and 18 minutes, and a final 10’ frame with midpoint 25’
from the time of initiation of the infusion.

The main outcome measurement variable was the amount of '®F-dopamine-derived
radioactivity during the 5-minute frame with midpoint about 8’ from initiation of tracer
administration, as we have used this variable in several previous studies.(24, 35, 46, 52, 66, 85, 86)
Other outcome measurement variables were the amount of radioactivity in the frame when the
infusion ended (midpoint 3’ from initiation of tracer administration), radioactivity in the last
dynamic frame (midpoint about 25°), maximum radioactivity, the slope of mono-exponential
decline in radioactivity from the maximum radioactivity to 25’ (Kuax2s) in units of min™! and the
area under the time-activity curve (Area TAC) for radioactivity across the 9 dynamic frames,
calculated based on the trapezoidal rule. The values for Area TAC were standardized by dividing
by 25’, the midpoint of the last scanning frame.

Neurochemical and neuroimaging indices of central dopamine deficiency

Most of the PDRisk+ participants underwent both lumbar puncture for assays of CSF levels
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of catechols and brain *F-DOPA PET, by methods described previously by our group (48).
Briefly, lumbar puncture was done under fluoroscopic guidance. One-cc aliquots of CSF were
frozen immediately on dry ice and kept frozen at -80 °C until assayed for catechols by batch
alumina extraction followed by liquid chromatography with series electrochemical detection. For
BE-DOPA PET, 7 mCi of the tracer was administered intravenously without carbidopa
pretreatment. A static 15’ emission scan was obtained beginning at 30’ after tracer
administration, and a static 15’ emission scan was obtained ending at 120’ after tracer
administration. The putamen/occipital cortex (PUT/OCC) ratio of '*F-DOPA-derived
radioactivity was calculated for the second emission scan (52). The percent washout of
radioactivity was calculated from the PUT radioactivity in the first scan minutes the radioactivity
in the second scan, the quantity divided by the radioactivity in the first scan.
Autonomic function testing

Autonomic function testing in the LBD+, LBD-, and PDRisk- groups included measures of
heart rate variability in the time and frequency domains during supine rest (46), beat-to-beat
finger blood pressure and heart rate responses to the Valsalva maneuver (31), and hemodynamic
and plasma catechol responses to head-up tilt table testing for 5 minutes at 90 degrees from
horizontal (32, 33).
Efforts to reduce bias

Determinations of eligibility for the study at the PDRisk webpage were done using a
computer algorithm without regard to sex, gender, race, or ethnicity. For the primary outcome
measure, a neurologist who was blinded as to the reported biomarkers examined each participant
at each follow-up visit and rendered a decision about whether the participant had PD, with a
written consult note entered into the Clinical Research Information System. The personnel who
analyzed the PET images, performed neurochemical assays, and conducted immunofluorescence
confocal microscopy were blinded as to the identity of the participants until the data were
tabulated in spreadsheets.

Data analysis and statistics
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Normality assumption testing and outlier identification were based on the studentized
residuals. All p-values were two-tailed. The statistical significance level was set at a=0.05, since
there was one primary outcome (LBD+ diagnosis) and one primary biomarker (septal '8F-
dopamine-derived radioactivity in the dynamic PET frame with midpoint 8”). The statistical
analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC), GraphPad Prism 9.3
for Mac OS (GraphPad, San Diego, CA), and KaleidaGraph 5.0 (Synergy Software, Reading,
PA). Statistical testing was done to answer the following questions.

(1) Does low 8 F-dopamine-derived radioactivity increase the likelihood of a subsequent
diagnosis of a central LBD?

The survival time was defined as the follow-up years from the first visit date to the date
when a central LBD was diagnosed, where all subjects without LBD+ (including the patients
who were lost to follow-up) were treated as censored. 'F-Dopamine-derived radioactivity in the
interventricular septum in the dynamic frame with midpoint about 8 from initiation of tracer
administration was dichotomized as low vs. normal using a threshold of 6,000 nCi-kg/cc-mCi,
which was based on the first look at the data (24). The comparison in the time to LBD+
diagnosis between low and normal groups was performed using the Kaplan-Meier survival curve
and log-rank test.

(2) Do LBD+ and LBD- groups differ in terms of initial '8 F-dopamine-derived radioactivity?

For each of the 6 biomarkers of ®F-dopamine PET at the time of initial evaluation, analysis
of covariance (ANCOVA) with age and sex considered as covariates was applied to compare the
means among subject groups (LBD+, LBD-, or HV). Tukey’s method was used in the pairwise
multiple comparisons.

(3) How well does low initial '8F-dopamine-derived radioactivity separate the LBD+ and
LBD- groups?

For each of the 6 initial '*F-dopamine PET variables, receiver operating characteristic

(ROC) curve analysis was used to assess the separability between the LBD+ and LBD- groups.

In general, the area under the ROC curve (AUC) values are considered excellent (=0.90), good
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(AUC 0.80-0.90), fair (0.70-0.80), or poor (<0.70). Sensitivity and specificity for each biomarker
were estimated based on the optimal threshold chosen using the Youden method.

(4) Does cardiac '8 F-dopamine-derived radioactivity change during long-term follow-up in the
LBD+ or LBD- groups?

To examine the change in cardiac '"*F-dopamine-derived radioactivity during follow-up in
the LBD+ and LBD- groups, a linear random coefficient model (Littell et al. 1996) was used.
The model was applied to evaluate the change in 8’ radioactivity over time (follow-up years),
where the intercept and slope were random effects, and age and sex were considered the
covariates. The linear model included time (follow-up years), group (LBD+, LBD-), and
interaction between time and group. The interaction test was used to examine the slope
homogeneity between the two groups.

(5) Do LBD+ and LBD- participant groups differ in terms of the uptake or subsequent loss of
septal '8F-dopamine-derived radioactivity within the initial PET session?

A piecewise linear random coefficient model (87, 88) was used to examine the rapid
increase and slow subsequent loss of '8F-dopamine-derived radioactivity in the LBD+, LBD- and
HYV groups. The model with one breakpoint (representing two linear lines with different slopes)
was applied to evaluate the difference in slope between the three groups (SAS procedure
MIXED), where the intercept, the slope of the first linear line, and the difference in slope
between the two linear lines were treated as random effects, and the covariance structure (3x3)
was specified as unstructured.

(6) Are the 6 measures of 'F-dopamine-derived radioactivity and the 3 indices of central
dopaminergic innervation correlated?

Pearson and Spearman correlation coefficients were used to evaluate the relationship
among the 6 biomarkers of dynamic "*F-dopamine PET and three biomarkers of central
dopamine deficiency.

(7) Do the LBD+ and LBD- groups differ in terms of indices of central dopaminergic

innervation or function upon initial evaluation? Analysis of variance (with multiple
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comparisons) among the LBD+, LBD-, and HV groups was conducted on data for CSF 3 4-
dihydroxyphenylacetic acid (DOPAC) levels (48), the putamen/occipital cortex (PUT/OCC) ratio
of BF-DOPA-derived radioactivity in the 15’-minute static emission scan ending 2 hours after
tracer administration (52), and the percent decline in radioactivity between the first (beginning
about 30’ after tracer injection) and second (ending about 120’ after tracer injection) 15’-minute
static emission scans (52).

(8) Does the LBD+ group differ from the LBD- groups in terms of physiological or
neurochemical autonomic functions upon initial evaluation? Two-sample t tests were conducted
comparing the LBD+ and LBD- groups with particular attention to heart rate variability in the
time and frequency domains, baroreflex-sympathoneural and baroreflex-cardiovagal function,
and hemodynamic and plasma norepinephrine responses to head-up tilt.

The main autonomic function variables for heart rate variability in the time domain were
the interbeat interval (normalized by exclusion of ectopic beats or artifacts (NN)), the standard
deviation of the NN interval, and the coefficient of variation of the NN interval. In the frequency
domain the data were for low frequency (LF) power, high frequency (HF) power, normalized LF
and HF power (LFnu, HFnu), and the LF/HF ratio (46).

Baroreflex-cardiovagal function was quantified by the slope of the relationship between
cardiac interbeat interval and systolic blood pressure during Phase II of the Valsalva
maneuver(31) and by the magnitude of increase in heart rate for a given decrease in systolic
pressure during head-up tilt.(45) Baroreflex-sympathoneural function was quantified by the log of
the baroreflex area in Phase III after release of the Valsalva maneuver(89) and the log of the

pressure recovery time (PRT) (31).
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Figure 1: Participants in the PDRisk study
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Figure 2: Survival probability (fraction without a central Lewy body disease (LBD)) as a

function of years of follow-up in at-risk individuals stratified in terms of the initial

interventricular septum '¥F-dopamine ('*F-DA)-derived radioactivity.
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The difference in survival time (without LBD) between low and normal ®F-DA-derived

radioactivity was significant with p=0.0091 by Log-rank test. The bottom two lines represent the

numbers of subjects remaining at risk with normal (>6,000 nCi-kg/cc-mCi) or low (<6,000 nCi-

kg/cc-mCi) radioactivity.
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Figure 3: Individual and mean (£ SEM) values for cardiac positron emission tomographic
data and biomarkers of central dopaminergic innervation in at-risk individuals who
subsequently were diagnosed with a central Lewy body disease (LBD+) or were not
diagnosed with a central Lewy body disease (LBD-) and concurrently studied healthy
volunteers (HV).
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(A) 8F-Dopamine (*®F-DA)-derived radioactivity in the dynamic PET frame with midpoint 8’

after initiation of intravenous administration of the tracer. (B) Mono-exponential slope of decline

in "®F-dopamine-derived radioactivity across the time points from the maximum value to the

value in the dynamic frame with midpoint 25° after initiation of infusion of the tracer. (C) '*N-

Ammonia- ('*NHj)-derived radioactivity in the dynamic PET frame with midpoint 8’ after

initiation of intravenous administration of the tracer. (D) Cerebrospinal fluid concentration of

3 4-dihydroxyphenylacetic acid. (E) Putamen/occipital (PUT/OCC) cortex ratios of 8F-DOPA-
derived radioactivity. (F) Percent decrease in putamen '*F-DOPA-derived radioactivity between
the 15’ static scan beginning 30’ after intravenous administration of the tracer and the 15’ static
scan ending 120’ after administration of the tracer.
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Figure 4: Receiver operating characteristic curves for interventricular septal myocardial

BF-dopamine-derived radioactivity (9 LBD+ 25 LBD-).
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(A) ¥F-Dopamine (*®F-DA)-derived radioactivity in the dynamic PET frame with midpoint 3’
after initiation of intravenous administration of the tracer. (B) "*F-DA-derived radioactivity in the
dynamic PET frame with midpoint 8’ after initiation of intravenous administration of the tracer.
(C) BF-DA-derived radioactivity in the dynamic PET frame with midpoint 25’ after initiation of
intravenous administration of the tracer. (D) Maximum '8F-DA-derived radioactivity among the
dynamic PET frames. (E) Mono-exponential slope of decline in '8F-dopamine-derived
radioactivity across the time points from the maximum value to the value in the dynamic frame
with midpoint 25’ after initiation of infusion of the tracer. (F) Area under the curve for F-DA-

derived radioactivity across the dynamic PET frames.
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Figure S: Individual observed values for interventricular septal myocardial *F-dopamine-
derived radioactivity over of years of follow-up in at-risk individuals who subsequently
were diagnosed with a central Lewy body disease (LBD+, left) or were not diagnosed with a

central Lewy body disease (LBD-, right) during follow-up.
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Each colored line shows data for 1 subject. (Left) Individual values for '*F-dopamine-derived
radioactivity in the 8’ dynamic frame in the LBD+ group. (Right) Individual values for '*F-

dopamine-derived radioactivity in the 8 dynamic frame in the LBD- group.
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Figure 6: Mean (x SEM) values for interventricular septal myocardial *F-dopamine-
derived radioactivity in at-risk individuals who subsequently were diagnosed with a central
Lewy body disease (LBD+, red, n=9) or were not diagnosed with a central Lewy body
disease (LBD-, gray, n=25) and in concurrently studied healthy volunteers (HV, white,
n=8).
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The LBD+ group has lower mean '"*F-dopamine-derived radioactivity than the LBD- and HV

groups at all time points after 3 infusion of the tracer.
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Figure 7: Individual observed values (A & B) and predicted curves of best fit (C & D) for
interventricular septal myocardial *F-dopamine-derived radioactivity as a function of time
from initiation of 3’ intravenous administration of the tracer in healthy volunteers (HV)
and in at-risk individuals who subsequently were diagnosed with a central Lewy body
disease (LBD+) or were not diagnosed with a central Lewy body disease during follow-up

(LBD-).
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(A and C) Data from 1’ after initiation of 3’ intravenous administration of the tracer to the
maximum radioactivity; (B and D) data from maximum radioactivity to 25’ after initiation of
administration of the tracer, expressed as percent of maximum radioactivity. In (A) and (C) the
early increase in radioactivity is slower in the LBD+ than LBD- and HV groups. In (B) and (D)
the LBD+ group has more rapid loss of radioactivity than the LBD- and HV groups between the

maximum radioactivity and 13’ and slower loss of radioactivity between 13’ and 25°.
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Figure 8: Putamen/occipital cortex ratios (PUT/OCC) (A) and washout percents of
putamen ¥F-DOPA-derived radioactivity (B) in subjects developing a central Lewy body
disease during follow-up (LBD+, red) and in subject not developing a central LBD after at

least 4 years of follow-up (LBD-).
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Data in (A) are for LBD+ participants who initially had normal PUT/OCC ratios (>2.7) and in
(B) LBD+ participants who initially had normal washout percents (<20%). PUT/OCC ratios
decreased and washout percents increased between the time of the initial evaluation at the time

of diagnosis with a central LBD. There was no trend over follow-up years for either variable in

the LBD- subjects.
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Figure 9: Positron emission tomographic (PET) data and in vivo and post-mortem
immunofluorescence microscopic images from a PDRisk study participant who developed

dementia with Lewy bodies and pre-terminal PD.

4 Year Follow-up

w
o

N
(6]
Washout Percent

15T O rrrrrrr T
0 2 4 6 8 0 2 4 6 8
Follow-up Years Follow-up Years

(A) Trans-axial PET images in the 5’ dynamic frame ending about 10’ after initiation of
intravenous administration of 5 mCi of *N-ammonia (13NH3) and 1 mCi of ®F-dopamine ('*F-
DA). Spectral scale from minimum radioactivity in black to maximum radioactivity in red. The
heart is not visible in the *F-DA image. (B) Blowup of striatal PET images (static 15’ emission
scans ending 120’ after initiation of F-DOPA administration) superimposed on the magnetic
resonance images. Spectral scale from minimum radioactivity in black to maximum radioactivity
in red. At initial evaluation the striata have normal "*F-DOPA-derived radioactivity; at 4 years of
follow-up there is bilaterally decreased putamen (PUT) radioactivity. (C) (left) PUT/occipital
cortex (PUT/OCC) ratios (average of the 2 sides) of 8F-DOPA-derived radioactivity (15’
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emission scans ending 120’ after initiation of '8F-DOPA administration) as a function of years of
follow-up. The normal cutoff value is 2.7. During follow-up the patient’s PUT/OCC ratio
declined in a tri-phasic manner, with a steep decrease between 2 and 4 years and slower
subsequent decreases. (right) washout percents of PUT '8F-DOPA-derived radioactivity from the
15” emission scan beginning 30’ after initiation of tracer administration to the 15’ scan ending
120’ after initiation of tracer administration. The normal cutoff is 20%. During follow-up the
washout percents increase to persistently increased values. (D) Immunofluorescence confocal
microscopic images of arrector pili muscles in skin biopsies from a control subject (left) and the
patient (right). Blue=smooth muscle actin, red=tyrosine hydroxylase (TH), green=alpha-
synuclein (a-syn), yellow=a-syn-TH colocalization. There are abundant TH-positive fibers and
no visible a-syn in the control arrector pili muscle. There is a-syn-TH colocalization in the
patient (colocalization index 1.6, upper limit of normal=1.5).(70) (E) Post-mortem sympathetic
ganglion tissue from a control subject (left) and the patient (right). Blue=DAPI (cell nuclei),
red=tyrosine hydroxylase (TH), green=alpha-synuclein (a-syn), yellow=c-syn-TH
colocalization. There are abundant TH-positive neurons and fibers and no visible a-syn in the
control subject. There is a loss of cellularity with severely decreased TH and an abundance of a-

syn fibrils in the patient.
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Figure 10: Positron emission tomographic (PET) and immunofluorescence microscopic
images from a PDRisk study participant whose condition evolved from pure autonomic

failure to PD with orthostatic hypotension.
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(A) Trans-axial PET images of the heart (left) in the 5° dynamic frame ending about 10’ after
initiation of intravenous administration of 5 mCi of *N-ammonia ('*NH,), (center) in the 15’
static frame ending about 38’ after initiation of intravenous administration of 10 mCi of ''C-
methylreboxetine ('C-MRB), and (right) in the 5° dynamic frame ending about 10’ after
initiation of intravenous administration of 1 mCi of '8F-dopamine ('F-DA). Spectral scale from
minimum radioactivity in black to maximum radioactivity in red. (B) Trans-axial PET images in
the 5° dynamic frames ending about 10’ after initiation of intravenous administration of (left) 5
mCi of ®NH3 and (right) 1 mCi of ¥F-DA). Spectral scale from minimum radioactivity in black
to maximum radioactivity in red. (C) Trans-axial PET image (static 15’ emission scans ending

120’ after initiation of '8F-DOPA administration) superimposed on the magnetic resonance
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image. Spectral scale from minimum radioactivity in black to maximum radioactivity in red. The
posterior putamen has decreased '*F-DOPA-derived radioactivity (PUT/occipital cortex
(PUT/OCC) ratio on the right side = 1.88, normal cutoff value = 2.7. (D) Immunofluorescence
confocal microscopic image of arrector pili muscles in a skin biopsy from the patient.
Blue=smooth muscle actin, red=tyrosine hydroxylase (TH), green=alpha-synuclein (o-syn),
yellow=a-syn-TH colocalization. There is increased o.-syn-TH colocalization (white circle), with

an a-syn-TH colocalization index of 2.1 (upper limit of normal=1.5) (70).
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Figure 11: PET imaging in a PDRisk study participant upon initial evaluation and 2.2

years later, when PD was diagnosed.
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(A) Lower thoracic transaxial '®F-dopamine images for the 5° dynamic frame with midpoint 8’
after initiation of tracer administration. The maximum radioactivity is in red and minimum black
on a spectral scale for each image. Arrow indicates decreased apical and inferolateral wall
radioactivity in 2011 compared to the same regions in 2009. (B) Transaxial ¥*F-DOPA/MRI
scans for the 15’ static emission scan ending 120’ after tracer administration. Between 2009 and
2011 there is progressive loss of putamen '®F-DOPA-derived radioactivity. Arrow indicates
decreased radioactivity in the posterior putamen. (C) Interventricular septal myocardial '*F-
dopamine-derived radioactivity as a function of time during and after 3’-intravenous infusion of
the tracer. Upon initial evaluation (gray circles) the time-activity curve and the slope of mono-

exponential decline from the peak radioactivity were normal. At 2.2 years of follow-up the
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participant, newly diagnosed with PD, had decreased but still normal peak radioactivity and a
normal slope of decline in radioactivity. (D) Myocardial perfusion indicated by *N-ammonia-

derived radioactivity was about the same for the initial evaluation and 1.6 years of follow-up.
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Table 1: ANCOV As for interventricular septal *F-dopamine-derived radioactivity in the
PDRisk study (with development of a central Lewy body disease (LBD+, N=9), without

development of a central Lewy body disease (LBD-, N=25), and Healthy Volunteers (HV,

N=8)).
Biomarker Least Squares Mean Group F p
LBD+ LBD- HV (df=2)
BE-DA 3’ 6113 9923 9482 21.13 <0.0001
BE-DA 8’ 3581 9918 10268 2242 <0.0001
BE-DA 25’ 2502 7198 7549 891 0.0007
BE-DA
Max 6530 11664 11459 12.37 <0.0001
Kax25° 0.0513 0.0223 0.0194 15.1 <0.0001
Area TAC 3421 8315 8494 21.12 <0.0001

Data are shown for the least squares means adjusted for age for interventricular septal '8F-
dopamine- ('F-DA)-derived radioactivity in the 3’ dynamic frame (midpoint about 3 minutes
after initiation of infusion), the 8” frame (midpoint about 8’ minutes after initiation of infusion),
the 25’ frame (midpoint about 25 minutes after initiation of infusion), maximum (Max)
radioactivity, the slope of the mono-exponential decline in radioactivity from the maximum
radioactivity to 25’ (kmax.25), and the area under the time-radioactivity curve (TAC) for the entire
time series. Tukey’s method was used for multiple comparisons among groups. For all 6
outcome variables the difference between the LBD+ and the LBD- and HV groups was

significant (p<0.01). The HV and LBD- groups did not differ significantly (p>0.5).
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Table 2: Receiver operating characteristic curve analyses for the separability of the LBD+
and LBD- groups. Results are tabulated for all 9 subjects in the LBD+ group, the entire LBD-
group regardless of the duration of follow-up (N=25) and the LBD- subgroup with at least 7
years of follow-up (N=11).

N=34 (LBD+ and Entire LBD- group)

Biomarker AUC Chi-square p-value Threshold Sensitivity Specificity
8F-DA 3’ 0.8533 12.2 0.0005 <6633 78 96
8F-DA 8’ 0.9467 125.5 <0.0001 <5867 89 96
BE-DA 25’ 0.9289 63.3 <0.0001 <3730 89 96
BE-DA Max 09111 492 <0.0001 <8613 89 88
BE-DA Kyax.25° 0.9156 36.7 <0.0001 >0.0287 89 96
BFE-DA Area TAC 0.9378 81.0 <0.0001 <5073 89 96

N=20 (LBD+ group and 11 LBD- participants with = 7 years follow-up)

Biomarker AUC  Chi-square p-value Threshold Sensitivity Specificity
BE-DA 3’ 0.8788 159 <0.0001 <6633 78 100
BE-DA 8’ 09192 399 <0.0001 <5867 89 91
BE-DA 25’ 0.899 28.2 <0.0001 <3730 89 91
BE-DA Max 0.9293 44.6 <0.0001 <8613 89 91
BE-DA Kyax.25° 0.8889 223 <0.0001 >0.0287 89 91
BE-DA Area TAC 0.9091 354 <0.0001 <5073 89 91

Abbreviations: AUC=area under the ROC curve. See Legend for Table 1 for other definitions.
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Table 3: Piecewise linear random coefficient model analysis for interventricular septal
myocardial *F-dopamine-derived radioactivity in two different time intervals: for time
from 1’ to peak time and for time=peak time to 25°.

Part I: Time from 1’ to Peak Time (breakpoint at time=3’)

Estimate Standard Error t Value Pr > Itl

Slope estimate: Time=1’ to 3’

HV 3321.13 348.74 9.52 <0.0001
LBD+ 2261.83 317.66 7.12 <0.0001
LBD- 3274.34 189.68 17.26 <0.0001

Slope estimate: Time=3’ to Peak

HV 825.46 344.74 2.39 0.0294
LBD+ 1537.03 580.58 2.65 0.0153
LBD- 1174.08 21144 5.55 <0.0001

Slope comparison: Time =1’ to 3’

HV vs. LBD+ 2.25 0.0309
HV vs. LBD- 0.12 0.9069
LBD- vs. LBD+ 2.74 0.0094

Slope comparison: Time =3’ to Peak

HV vs. LBD+ -1.05 0.3052
HV vs. LBD- -0.86 0.4002
LBD- vs. LBD+ 0.59 0.5633

Slope comparison: Time <3’ vs. 23’

HV -5.68 <0.0001
LB+ -1.15 0.2604
LBD- =197 <0.0001
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Part II: Time from Peak Time to 25’ (Standardized by Maximum radioactivity, breakpoint at

time=13")

Slope estimate: Peak Time to 13’
HV

LBD+

LBD-

Slope estimate: Time 13’ to 25°

HV

LBD+

LBD-

Slope comparison: Peak Time to 13’
HV vs. LBD+

HV vs. LBD-

LBD- vs. LBD+

Slope comparison: Time =13’ to 25’
HV vs. LBD+

HV vs. LBD-

LBD- vs. LBD+

Slope comparison: Time <13’ vs. 213’

HV
LBD+
LBD-

Estimate

-1.70
-4.65
-2.28

-1.24
-0.27
-1.09

Standard Error

0.39
0.34
0.21

0.16
0.16
0.09

t Value

-4.40
-13.76
-10.84

-7.74
-1.75
-12.12

5.75
1.31
5.96

-4.33
-0.82
4.55

0.90
9.67
4.27

Pr > It

<0.0001
<0.0001
<0.0001

<0.0001
0.0867
<0.0001

<0.0001
0.1925
<0.0001

<0.0001
0.4188
<0.0001

0.3681
<0.0001
<0.0001

Time <3’ is for the time interval from the initiation of tracer administration until the 3’ frame;

Peak is for the frame with maximum radioactivity. Part I: one subject (LBD- #21) with outliers

was excluded from the analysis. For Time <3’, radioactivity increased in all three groups. The
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slope of increase was smaller in the LBD+ than in LBD- and HV groups. Between 3’ and Peak
radioactivity the radioactivity increased further; the groups did not differ in slope in this time
interval. In all 3 groups the slope for Time <3’ was greater than for Time =3’. Part II: In all 3
groups radioactivity decreased between the time of Peak radioactivity and 13’. In this interval
there was more rapid loss of radioactivity in the LBD+ than in the LBD- and HV groups.
Between 13’ and 25’ the decrease in radioactivity was slower in the LBD+ than in the LBD- and

HYV groups.
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Supplementary Table 1: Individual demographic, clinical, physiological, neurochemical,
and neuroimaging data from the PDRisk study (PDRisk+, PDRisk-, HV; N=86).

Clinical Tab Abbreviations:

Betablk.=beta-adrenoceptor blocker; CNCS=Clinical Neurocardiology Section database;
COMTI=catechol-O-methyltransferase inhibitor; CQ10=coenzyme Q10; DA Agonist=dopamine
receptor agonist; FH/Occup.=family history/occupation; Florinef=fludrocortisone; HV=healthy
volunteers; LBD-=Lewy body disease not diagnosed during follow-up; LBD+=Lewy body
disease diagnosed during follow-up; MoCA=Montreal Cognitive Assessment; MRI=magnetic
resonance imaging; MVI=multivitamin; N/A=not applicable; Orth.=orthostatic; PDRisk-=less
than 3 confirmed risk factors; PPI=proton pump inhibitor; Rx=medication; SSRI=selective
serotonin reuptake inhibitor; UPDRS=Unified Parkinson Disease Rating Scale;
UPSIT=University of Pennsylvania Smell Identification Test

Neurochemical Tabs Abbreviations:

A=change from baseline; BL=baseline; CSF=cerebrospinal fluid; DA=dopamine; DHPG=3 4-
dihydroxyphenylglycol; DOPA=3 4-dihydroxyphenylalanine; DOPAC=3 4-
dihydroxyphenylacetic acid; EPI=epinephrine; Fx A=fractional from from baseline; LP=lumbar
puncture; NE=norepinephrine; Ortho=orthostasis (head-up tilt). Red-highlighted cells indicate
statistically significant differences between the LBD+ and LBD- groups by independent-means t-
tests.

Physiological Tab Abbreviations:

ABPd=change in diastolic blood pressure from supine rest to head-up tilt; ABPs=change in
systolic blood pressure from supine rest to head-up tilt; AHR=change in heart rate from supine
rest to head-up tilt; AMAP=change in mean arterial blood pressure from supine rest to head-up
tilt; Baro. Area II=baroreflex area Phase 1I; Baro. Area III-IV=baroreflex area in Phases III-1V;
Baro. Area Total=baroreflex area sum of Phase [I+Phase III-1V; BPd=diastolic blood pressure;
BPs=systolic blood pressure; CVNN=coefficient of variation of the cardiac interbeat interval;

Fall in BPs Val=fall in systolic blood pressure from Phase I to the nadir pressure in Phase II of
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the Valsalva maneuver; HF=high frequency power; Inc. in HR Val=increase in heart rate from
Phase I to the nadir blood pressure in Phase II of the Valsalva maneuver; LF Power=low
frequency power; LF/HF=LF power/HF power; MAP=mean arterial pressure; NN=cardiac
interbeat interval; NU=normalized power; PRT=pressure recovery time; SDNN=standard
deviation of the cardiac interbeat interval; SV Supine=cardiac stroke volume during supine rest;
TP=total power; Val=Valsalva maneuver

Neuroimaging Tab Abbreviations:

03N0004=NIH Clinical Protocol 03N0004; 13NH3=""N-ammonia; 18F-DA="8F=dopamine;
ANT=anterior; CAU:SN=caudate/substantia nigra ratio; CAU/PUT=head of the
caudate/putamen ratio, CAUD/OCC=head of the caudate/occipital cortex ratio; CAUD=head of
the caudate; CBL=cerebellum; Chamb.=left ventricular chamber; Eval.=evaluation;
GP/PUT=globus pallidus/putamen ratio; GP=globus pallidus; k(Max to 25")=Kw.x5; L=left;
Max=maximum radioactivity; NH3=""N-ammonia; OCC=occipital cortex;
P/A=posterior/anterior ratio in the putamen; PET=positron emission tomography;
POST=posterior; PUT:SN=putamen/substantia nigra ratio; PUT/OCC=putamen/occipital cortex
ratio; PUT=putamen; R=right; SEPT or Sept.=interventricular septal myocardium; Static 1=15"
static frame beginning 30’ after initiation of 'F-DOPA administration; SUB
NIG/OCC=substantia nigra/occipital cortex ratio; SUB NIG=substantia nigra; Washout=percent
decrease in putamen '*F-DOPA-derived radioactivity between the first (30’ from initiation of
tracer administration) and second (15’ frame ending 120’ from initiation of tracer administration)

static images
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Supplementary Table 2: Pearson and Spearman correlation coefficients for correlations
among biomarkers of cardiac noradrenergic and central dopaminergic deficiency in the

PDRisk cohort (LBD+, LBD-, HV; N=42).
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Supplementary Figure 1: Individual *F-dopamine-derived radioactivity vs. time curves for

outliers that were not included in the breakpoint analyses.
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For the analysis in Part 1, data were excluded for LBD- #11 and HV #4, because the curve did

not fit the model. For the analysis in Part 2, data were excluded for LBD+ #4 and #9 and LBD-

#3, for the same reason.
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Supplementary Statistical Analysis Methods
The piecewise linear random coefficient model
Since '8F-dopamine-derived radioactivity was not linear (increasing to peak and then

decreasing from peak to midpoint 25°), the approximate low-rank smoother was applied to
capture the trends over time using SAS procedure GLIMMIX. The Akaike information criterion
(AIC) was used to determine the optimal number and location of breakpoints (interior knots) by
changing the bucket size of the k-d tree. Three breakpoints at time=3, 5, 13 were constructed
from the vertices of a kd-tree with the smallest AIC and best matched the expected with the
observed radioactivity, in other words, a piecewise linear model with three breakpoints, which
represents four linear lines with different slopes, fitted the radioactivity over the 25 minutes.
However, the piecewise linear model with three breakpoints could not estimate the slopes for the
second segment (time =3’ to 5”). The main reason was that there were too few time points in the
segment. Therefore, the radioactivity data were split into two parts: Part I included the data from
1’ to the peak time (subject-based), and Part II included data from the peak time to 25°. Then, a
piecewise linear random coefficient model with one breakpoint (at time=3" and 13’) was applied
to Part I and Part II data separately. In addition, some subjects with outliers were excluded based
on the studentized residual analysis, their curve of the radioactivity within the initial PET also
showed abnormal, for example, two subjects had two peaks.

In the piecewise (with one breakpoint) linear random coefficient model,

v =L+ f:it+ [, 1(t-k)t+ [; group + 4 group * t + 5 group * I(t-k) + €
where y denotes the observed radioactivity
€ is the unobserved random errors
k is the breakpoint (k=3 for Part I data, k=13 for Part 2 data)
t is the time (t=1" to peak time for Part I, and t=peak time to 25 for part II data).

I(t-k) =0 for t < k; I(t-k) =1for t>k.

P is the intercept and is treated as a random effect

B is the slope for the first segment (t < k), and is treated as a random effect
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B is the difference in slope between the first (t < k ) and second segment (t=k), and is treated
as a random effect

B is the group (with three levels: HV, LBD+, LBD-) effect and treated as fixed.

B is the interaction between the group and S, which tests if the three groups have equal
slopes in the first segment.

Ps is the interaction between the group and f3,, which tests if three groups have equal
difference in slope between the first and second segment. The test that the three groups have

equal slopes in the second segment is constructed using the “estimate” option.
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