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Introduction

In this grand rounds, we focus on development, validation and application of neuroimaging
biomarkers for Parkinson disease (PD). We cover whether such biomarkers can be used to
identify presymptomatic individuals (probably yes), provide a measure of PD severity (in a
limited fashion, but frequently done poorly), investigate pathophysiology of parkinsonian
disorders (yes, if done carefully), play a role in differential diagnosis of parkinsonism (not
well), and investigate pathology underlying cognitive impairment (yes, in conjunction with
postmortem data). Along the way, we clarify several issues about definitions of biomarkers
and surrogate endpoints. The goal of this lecture is to provide a basis for interpreting current
literature and newly proposed clinical tools in PD. In the end, one should be able to critically
distinguish fact from fantasy.

Background

PD is a neurodegenerative condition producing motor manifestations including tremor,
bradykinesia, rigidity, postural instability, festinating gait and hypophonic speech as well as
multiple non-motor symptoms such as orthostasis, constipation, bladder dysfunction,
swallowing difficulties, sleep disturbances, mood disorders and cognitive impairment. The
underlying pathophysiology includes progressive deposition within brainstem pigmented
nuclei of abnormal a-synuclein in intracytoplasmic inclusions (Lewy bodies) and cell
processes (Lewy neurites) that also may affect numerous cortical regions. Motor symptoms
mostly reflect dysfunction of the dopaminergic nigrostriatal pathway, whereas involvement
of other brainstem nuclei and cortical areas likely contributes to non-motor manifestations.
Thus the ideal neuroimaging biomarker should be able to quantify regional deposition of
abnormal a-synuclein. Development of such a molecular imaging radiotracer has been the
focus of much research but is not yet forthcoming.!
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Alternatively, much research effort has been expended to develop measures to quantify
nigrostriatal neurons or the effects that loss of these neurons produce. The most direct
approach has been to try to quantify presynaptic nigrostriatal dopaminergic neurons. Three
classes of radiotracers are commonly used for positron emission tomography (PET) or single
photon emission computed tomography (SPECT)-based imaging to assess pre-synaptic
dopaminergic nigrostriatal neurons represented by (Fig. 1): 6-[*8F]fluorodopa (FD;
primarily reflects decarboxylase activity and storage), [}1C]dihydrotetrabenazine (DTBZ;
reflects vesicular monoamine transporter type 2, VMAT?2), and 2-beta-
[11C]carbomethoxy-3-beta-4-fluorophenyltropane (CFT; reflects membranous dopamine
transporter, DAT)2. Multiple other radiopharmaceuticals have been developed for these
molecular targets, including those useful for SPECT.

Each of these classes of presynaptic radiopharmaceuticals clearly distinguishes those with
moderate to severe PD from those without parkinsonism. Such studies have been done in
humans with PD as well as in animal models of PD — usually toxin-induced animal models
such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced nigrostriatal injury
in nonhuman primates (Fig. 2).3 On this basis, these types of radiotracers have been applied
to a variety of research and potentially clinical relevant uses.

Presymptomatic Diagnosis

One particularly important potential application of these radiotracers could be identification
of defects in the nigrostriatal pathway prior to development of motor manifestations of PD.
Several studies serendipitously found this may be possible. For example, FD PET scans of
monozygotic and dizygotic twins with at least one affected twin revealed low striatal uptake
of FD in an unaffected twin who developed clinical manifestations within two years.
Similarly, a study using sequential doses of MPTP to create progressive lesions of
nigrostriatal pathways in a monkey demonstrated reductions in radiolabeled levodopa
striatal uptake prior to development of clinically identifiable tremor .> An earlier PET study
demonstrated decreased striatal FD uptake in monkeys given doses of MPTP insufficient to
cause motor parkinsonism.8 Although these studies suggest that molecular imaging may be
more sensitive than clinical exam or symptomatic history for identification of dysfunction of
the nigrostriatal pathway, other studies have raised questions about the potential overlap
between normal and abnormal findings in those with either mild symptoms or minimal
defects in nigrostriatal dopaminergic pathway.”®

Nevertheless, molecular neuroimaging, at least in some cases, can be more sensitive than
clinical observations. This has potential importance for two scenarios. First, presymptomatic
diagnosis could be important once an intervention has been developed to forestall symptom
onset in people at risk for development of PD. Of course, other neuroimaging measures
quantifying changes in brain networks may be equally or more sensitive than radiotracers
targeting presynaptic dopaminergic neurons, but these require additional validation.1® Much
research is now focused on developing such biomarkers of early PD which will hopefully
have increased relevance once we have a pertinent treatment. Of course, biomarkers to aid
with presymptomatic diagnosis are a critical tool to develop an intervention to forestall
disease progression. Otherwise, subjects for such a study could not be identified.
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Measurement of PD Severity

Can presynaptic radiopharmaceuticals provide a measure of PD severity that is a useful
objective measure of disease progression in a clinical trial of a potential disease modifying
therapy for PD? Of course, the underlying assumption is that progressive loss of nigrostriatal
neurons reflects disease progression.19 In the future, quantification of abnormal deposition
of a-synuclein may be a more direct and relevant measure — including cortical as well as
brainstem deposition. In the meantime, the relevant question is whether changes in striatal
uptake of one of the presynaptic radiopharmaceuticals objectively reflect disease
progression?

Before addressing this question, it is important to have a basic understanding of the
definition of a primary endpoint of a clinical study, a biomarker and a surrogate endpoint. A
primary endpoint of a study is a clinically relevant event that is meaningful to a patient such
as death, stroke, time to need a wheelchair or quality of life. These measures can be
categorical, like death, or continuous, like quality of life or lifespan after a particular
diagnosis.1? A biomarker is an objectively measured indication of a biological process,
pathogenic process or response to an intervention.12 A surrogate endpoint is a biomarker
that can substitute for a clinically meaningful endpoint. To fulfill this criterion, a biomarker
must meet multiple conditions: 1) it must reflect underlying pathophysiology of the disease,
2) the intervention must alter the disease mechanism pathway that the biomarker reflects, 3)
the intervention should not directly affect the biomarker without also affecting the
underlying disease mechanistic pathway, 4) a statistically significant change in the
biomarker must have sufficient magnitude to alter the course of the disease!3 and, 5) to be
clinically relevant, the biomarker-- if used as a surrogate endpoint -- must reflect toxicity of
the intervention.14-16 Thus, the bar for a biomarker to act as a surrogate endpoint of a trial is
rather high, but this does not preclude use of a biomarker to assess target engagement or
efficacy in a clinical trial.

However, multiple clinical trials of PD comparing presynaptic nigrostriatal molecular
imaging biomarkers to clinical measures of disease progression revealed discordant results.
The ELLDOPA study prospectively treated 4 groups of otherwise unmedicated PD patients
(n=361) with either placebo or three different daily doses of levodopa (150 mg, 300 mg or
600 mg) for 9 months.17 Clinical progression was determined by a clinical rating scale of
motor parkinsonism (the Unified Parkinson Disease Rating Scale part 3 — UPDRS 3) that
revealed the group treated with 600 mg per day had the least clinical progression despite
having stopped levodopa for either one or two weeks; admittedly, the number of participants
that could tolerate stopping levodopa for two weeks was relatively small. However, those
that did demonstrated no worsening of symptoms from the one week to the two week point
after stopping levodopa (suggesting lack of residual symptomatic benefit). The imaging
biomarker of disease progression was a DAT SPECT scan done in a subgroup of 116
subjects. After removing 19 participants that did not have a baseline deficit on the SPECT
(to reduce the chance of including non-PD subjects in the analysis); the group treated with
levodopa 600 mg per day had the greatest additional loss of striatal uptake of the
radiopharmaceutical, suggesting greater loss of nigrostriatal dopaminergic neurons. In other
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words, the clinical measures of the endpoint were discordant with the imaging measures.
Several other studies have found similar discordant results.18-22

These discrepancies between neuroimaging and clinical measures raise questions about the
validity of using such neuroimaging biomarkers as a metric of disease progression. Prior
studies to validate that striatal uptake of these widely used neuroimaging biomarkers
faithfully reflect reduction of nigrostriatal dopaminergic neurons have been flawed. One
early study compared tyrosine hydroxylase (TH) immunostained cells in substantia nigra
with PET measures of striatal FD uptake in a small number of monkeys treated with MPTP,
a neurotoxin selective for dopaminergic cells.23 TH is a reasonable method to identify
dopaminergic cells but that particular study used optical densitometry in representative
nigral tissue sections, which is not a reliable means to accurately count cells.

Furthermore, the presumed strong correlation between the PET and in vitro measures (r =
0.86, p < 0.007) was not valid since distribution of the data formed two clusters (Fig. 3) —
those strongly affected and those unaffected by MPTP. Rather these data support a
categorical difference between the two groups. This study did, however, demonstrate a
strong correlation between striatal FD uptake in vivo with ex vivo measures of striatal
dopamine. Human studies comparing in vivo FD PET with subsequent post mortem
measures had similar problems with inadequate cell count methods and small numbers of
subjects.24 A technically impressive study compared high resolution SPECT measures of
striatal DAT in rats given either of two neurotoxins to selectively destroy dopaminergic
neurons.2® The investigators then compared the SPECT measures with postmortem
measures of striatal dopamine or full unbiased stereologic counts of TH nigral neurons.
They found strong correlations between striatal dopamine and striatal SPECT measures but
examination of their graphs of striatal SPECT DAT measures versus nigral cell counts
reveals again two clusters of data — one cluster in the upper right and one in the lower left of
the graphs (Fig. 4). The gross bimodal distribution of the data invalidates a correlational
analysis. Thus, these findings do not support the notion that the in vivo striatal DAT
measures correlate with nigral TH cell counts.

These types of discrepancies led us to determine whether any of the three presynaptic
molecular markers faithfully reflect striatal dopamine, nigral dopaminergic neurons or
parkinsonian motor behavior. To address these questions, we gave varying doses of MPTP
via a unilateral intracarotid infusion to selectively destroy a variable number of nigrostriatal
neurons on just one side of the brain in 16 nonhuman primates (Fig. 5A). We had previously
demonstrated that once motor parkinsonism reaches a maximum about 3-4 weeks after
MPTP (Fig. 5B), it remains unchanged for as long as 2.5 years.326 All animals had baseline
PET measures using FD (for decarboxylase), DTBZ (for VMAT?2) and CFT (for DAT);
validated video-based motor ratings of parkinsonism; and subsequent ex vivo measures of
quantitative autographic measures of striatal VMAT?2 and DAT, striatal dopamine, full
unbiased stereologic measures of TH cells in the nigra and stereologic fiber density
measures in striatum. All measures and ratings were done blinded to dose of MPTP and
other measures.
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The first key observation of this study was that the degree of nigral cell loss or striatal
dopamine loss needed to produce identifiable parkinsonian motor features was much less
than commonly thought.8 A reduction of between 14 — 24% of nigral TH neurons or 14 —
34% of striatal dopamine could cause parkinsonian motor manifestations. These values are
similar to those reported (about 38% reduction) in low resolution SPECT studies of striatal
uptake of a DAT radiotracer in the “normal” side in a group of eight hemiparkinsonian
patients?’ and recall that striatal DAT measures strongly correlate with striatal dopamine.®
Rather surprisingly, motor parkinsonism correlated well with nigral cell counts but not with
striatal dopamine. Once nigral cell counts decreased about 50% striatal dopamine reached a
nadir near zero, yet motor parkinsonism continued to increase as nigral cell counts decreased
further (Fig. 5C &5D). This rather surprising result does not seem to be limited just to this
monkey model of nigrostriatal destruction but also seems to apply to people with PD. A
recent study found that postmortem measures in striatum of nigrostriatal neurons appears to
reach a nadir when a person had only mild to relatively moderate PD.28 In other words,
striatal dopamine measures appear to reach a flooring effect despite progressive worsening
of motor parkinsonism as PD progresses. In fact in our monkeys striatal dopamine dropped
in a consistent fashion as the reduction of nigral TH cell counts until the nigral cell counts
reached 50% (Fig. 6). At that point, the striatal dopamine reached zero and remained there
as the nigral cell counts continued to decline with higher doses of MPTP.

Substantial additional data support this rather iconoclastic notion that striatal terminal field
integrity does not completely explain motor parkinsonism. All three types of in vivo striatal
PET measures correlated strongly with ex vivo measures of striatal dopamine (Fig. 7) but not
with nigral TH cell counts.? The in vivo striatal PET measures declined as nigral TH counts
declined, but once nigral TH cell counts reached a 50% loss the striatal PET measures
reached a nadir close to zero (Fig. 8). Thus, the striatal PET measures behaved exactly like
the postmortem striatal dopamine measures. Furthermore, these PET measures of either
VMAT2 or DAT do not seem to depend upon the specific PET radioligand, as ex vivo
quantitative autographic measures of the maximum number of specific binding sites for
VMAT2 and DAT correlated strongly with their respective PET measures and had the same
relationship with nigral TH cell counts . Interestingly, we found no preferential change in
VMAT2 or DAT with varying loss of nigrostriatal neurons (Fig. 9), and all striatal measures
correlated strongly with each other; but note that these postmortem measures were done only
2 months after MPTP.22 The consistency of all of the terminal field measures strongly
supports that the relationship between terminal fields and nigral cell bodies does not reflect
insensitivity of the striatal measures.

These findings may explain in large part the discrepancies between clinical measures of PD
motor progression and molecular imaging biomarkers. Many of these clinical studies
recruited unmedicated, early-stage PD patients. This could correspond to relatively mild
defects in the nigrostriatal pathways. However, as the disease progresses, the striatal
measures of these pathways may reach a nadir, a so-called flooring effect, with subsequent
changes in the striatal measures reflecting more noise than true progression of PD associated
with additional loss of nigrostriatal neurons in substantia nigra and fiber density in the
striatum.30
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Fortunately, midbrain uptake of either the VMAT?2 radioligand (DTBZ) or the DAT (CFT)
radioligand does correlate well with stereologic counts of nigral TH neurons whereas FD did
not (Fig. 10).31 PET measures of FD in the midbrain were too noisy to provide a reliable
measure. Thus, aiming the PET scanner at the midbrain to predominantly reflect substantia
nigra uptake may provide a reliable biomarker of loss of nigrostriatal neurons that correlates
through the full range of severity of motor parkinsonism.

Of course, none of these studies have described another potential confound of any of these
neuroimaging biomarkers — the potential acute or chronic effects of drugs that could alter the
norneuroimaging biomarker without altering the underlying pathophysiology of PD.
Symptomatic therapies could alter molecular imaging measurements and their relationships
to the underlying pathophysiologic mechanisms in two distinct ways. The drug can directly
alter the measure by competing at the specific binding site with the radiotracer (like
amphetamine could directly compete with a DAT tracer) or chronic drug administration
could alter the underlying biologic relationships of the PET measure with binding sites in
presynaptic neurons or terminal fields (eg, if chronic drug exposure altered the number of
specific binding sites per neuron). Multiple studies have attempted to address this by
comparing the imaging measures either before or after drug administration or comparing
long term effects in people. Still results have been quite conflicting!932-35 although a recent
study in MPTP monkeys suggests that levodopa does not alter DAT.34:35 This critical point
must also be assessed prior to application of a biomarker to a particular intervention study.

At this point of the Grand Rounds there are several key take home messages. Nigrostriatal
reserve is less than commonly thought. Terminal field measures of nigrostriatal neurons are
not the same as nigral cell body measures. Surprisingly, severity of motor parkinsonism
correlates much better with nigral TH neurons rather than striatal dopamine. Striatal PET
measures do not fully correlate with motor parkinsonism but rather PET measures of in vivo
midbrain uptake of either a DAT or VMAT2 radiotracer do fully correlate with nigral cell
counts and severity of motor parkinsonism in our MPTP monkey model.3! This further
supports the notion of the relationship between nigral neurons and motor parkinsonism,
regardless of the whether the nigral measures are done in vitro with unbiased stereologic
counts of dopaminergic cell bodies or PET-based in vivo measures of DAT or VMAT2.
Finally, careful validation is critical prior to application of these types of methods, otherwise
interpretation of findings may be misleading and confusing.

Investigations of Pathophysiology

These measures of presynaptic dopaminergic nigrostriatal neurons have been used to
investigate the pathophysiology of parkinsonian conditions. Multiple examples demonstrate
utility of these tools. Perhaps, the simplest approach has been to use these neuroimaging
biomarkers as an endophenotype for genetic studies. Identification of a reduction in striatal
uptake of FD using PET in a group of Amish with ambiguous clinical findings helped
classify each as either affected or unaffected in a genetic linkage study in a large kindred
with high penetrance of parkinsonism (Fig. 11).36 In that study, LOD (logarithm of the
odds) score (probability for identification of an abnormal gene locus) increased when
including affected participants defined by abnormal imaging that were otherwise excluded
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from analysis due to ambiguity of clinical diagnosis. Of course, it is important to note that

this focused application only identifies a defect in the nigrostriatal pathway that is assumed
to reflect PD rather than other parkinsonian conditions due to high prior probability within
this group.

These types of neuroimaging biomarkers also may be applied to investigate involvement of
the nigrostriatal pathway in various neurologic conditions. Manganese exposure may cause
movement disorders that may or may not be clearly distinguished from PD, but FD PET
may demonstrate defects in the nigrostriatal pathway indicating at least some
pathophysiologic similarities to PD. Manganese toxicity caused by liver failure can cause
parkinsonism and identifiable reductions of striatal uptake of FD in those responsive to
levodopa.37:38 The value of FD PET is to indicate a loss of decarboxylase activity rather
than another cause of a presynaptic dopaminergic deficit; this limited interpretation applies
to those with manganese exposure and levodopa responsiveness. Those not levodopa-
responsive may not have an abnormal FD PET3? but it is important to appreciate that a
defect in striatal uptake of FD does not necessarily suggest potential dopa responsiveness if
coexisting direct striatal damage exits.*C FD PET also revealed defects in the nigrostriatal
pathway in asymptomatic welders who presumably have exposure to manganese that
emanates from fumes associated with welding (Fig. 12). Interestingly, the pattern of reduced
striatal FD uptake revealed greater loss in the caudate compared to posterior putamen; a
pattern that contrasts with that typically found in idiopathic PD with greater loss in the
posterior putamen.#! These data provide evidence of neurotoxicity in asymptomatic welders.
Alternatively one could interpret these data to suggest that those with such striatal defects
tend to become welders; yet this explanation seems less likely. In any event, these examples
demonstrate the value of using molecular imaging to investigate pathophysiology of
parkinsonian conditions or assess the integrity of the nigrostriatal pathway.

Differential Diagnosis

Many have proposed using molecular imaging methods to help diagnose those with PD. In
this review we will focus on presynaptic radiopharmaceuticals. There are basically two
levels of diagnosis that have either clinical or research applications. The most
straightforward is whether these presynaptic markers of decarboxylase activity, VMAT2 or
DAT, distinguish PD from normal. Multiple studies have demonstrated this.*2-50 The Food
and Drug Administration (FDA) recently approved a SPECT-based scanning
radiopharmaceutical for DAT, and this is widely advertised to help with diagnosis. The
clearest utility of this type of approach is to use an abnormal scan as part of the inclusion
criteria for research studies in an attempt to avoid including non-PD participants. While this
approach may make the participant group more homogenous, it does reduce the
generalizability of study findings to those that have been screened by such a scan.

Clinical application requires these types of scans to be useful for differential diagnosis. That
is, can an abnormal scan differentiate PD from a host of other conditions that may mimic
PD, and does it do so sufficiently reliably to provide clinical benefit? Several studies have
focused on trying to differentiate people with essential tremor from those with PD. Many
such studies suggest that normal striatal uptake of these radiotracers would predict a low
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probability of developing PD in the next two years.5! Others have followed those with
normal scans for longer than three years and found that between 15-20% developed a
neurodegenerative parkinsonian condition, including dopa-responsive idiopathic PD.” In
fact, longer follow up may reveal that a greater relative frequency of “normal” scans occur
in those with neurodegenerative parkinsonian syndromes including potentially treatable
idiopathic PD.52 Thus, if a clinician relies only on this type of molecular imaging to
determine whether an individual does or does not have PD, then that clinician may miss a
treatable condition.

One of the best studies to assess whether the SPECT DAT scan can distinguish among a
total of 35 people with essential tremor, dystonic tremor, psychogenic parkinsonism, drug-
induced parkinsonism and neurodegenerative parkinsonism obtained participants from
community physician referral.>3 They had two movement disorders experts evaluate each
participant, obtained a DAT SPECT scan for each and one of the movement disorders
experts and re-examined the participants six months later still blinded to the SPECT results.
The final diagnosis of the movement disorders expert was considered the gold standard, and
the SPECT data (when analyzed by a quantitative rather than visual based method)
performed well with respect to the clinical exam. The reasonable interpretation for these
findings was that the SPECT scan predicted the 6-month follow-up exam — it was almost as
good as an expert clinician. Appropriately, the authors noted that reduced striatal uptake of
the DAT radioligand indicated a defect in the nigrostriatal pathway that can occur in
multiple neurodegenerative conditions in addition to PD; thus it does not differentiate
among idiopathic PD, multiple systems atrophy, corticobasal syndrome, vascular
parkinsonism or progressive supranuclear palsy. Of course, the number of participants in
this study was relatively small.

Thus, the clinical benefit of using this type of scan remains to be proven. In fact, a reanalysis
of the data submitted to the FDA in support of clinical implementation of a SPECT
radiopharmaceutical to quantify striatal DAT demonstrated that the SPECT DAT scan
provided no additional benefit beyond clinical exam to distinguish neurodegenerative
parkinsonism.>* One may further argue that if there is a clinical question of idiopathic PD,
then the important clinical question is whether symptoms respond to levodopa. Giving a trial
of levodopa is far less expensive than obtaining a SPECT DAT or PET scan of a presynaptic
radiopharmaceutical although some have argued this point. The charge for a SPECT DAT
scan can range up to $4000, whereas a 1-2 month trial of an escalating dose of levodopa
may cost up to $200 and does not include any radiation exposure. Either approach should
include an initial and follow up visit with the clinician.52:55-57

Nevertheless, multiple clinical applications could potentially be useful, if evidence supports
them.>8 Presymptomatic diagnosis in at-risk populations could be critically valuable if we
had a low risk intervention to forestall the onset of symptoms in PD. However, we currently
do not have such an intervention. Can we use this type of scanning to distinguish idiopathic
PD from psychogenic parkinsonism? That seems reasonable, but one must be careful about
those with a dopa-responsive parkinsonian syndrome due to GTP-cyclohydrolase deficiency.
These patients will have normal striatal uptake of any of the presynaptic tracers yet have
parkinsonism.>® Thus, a normal scan would support a diagnosis of psychogenic
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parkinsonism, but could also occur with GTP-cyclohydrolase deficiency or occasionally
with idiopathic PD at an early stage. Of course, one must be careful as a normal radiotracer
imaging scan can be found in those with idiopathic Parkinson disease or other
neurodegenerative condition, and as noted this may occur relatively commonly.”52 Another
potential clinical application could be helping to select a target for implantation of a deep
brain stimulation electrode for treatment of people with action/postural tremor as well as
some parkinsonian features.®® If that person only has an essential tremor, then targeting the
ventral intermediate nucleus (VIM) of the thalamus would be commonly done. On the other
hand, if that person also had underlying PD, then targeting either the internal segment of the
pallidum or the subthalamic nucleus (STN) would be indicated — although the efficacy of
either STN or pallidal stimulation for essential tremor remains unknown. Nevertheless, this
application seems entirely rational but has not yet been subjected to a clinical trial to prove
that it would be a valuable means to make a clinical decision. For example, we do not even
know whether in such a scenario that STN stimulation would be inferior to VIM stimulation
for essential tremor.

Some have suggested that these presynaptic neuroimaging markers may help distinguish
dementia associated with synucleinopathy since these patients have nigrostriatal defects as
part of their parkinsonism. SPECT studies have demonstrated reduced striatal dopamine
transporter uptake in those with diffuse cortical synuclienopathy but not in those only with
AD.50 However, reduced striatal DAT also occurs in other parkinsonian syndromes such as
multiple systems atrophy, corticobasal degeneration, and progressive supranuclear palsy.
Furthermore, striatal reduction of DAT does not exclude co-existing AD. Furthermore, the
presumed clinical benefit is to help avoid typical neuroleptics in people with dementia if
they have underlying nigrostriatal defects — since that could exacerbate parkinsonism. The
simpler clinical approach is to avoid typical neuroleptics in all demented people and
particularly if they have any evidence of clinical parkinsonism. This clinical approach saves
valuable resources and reduces perhaps unnecessary radiation exposure. Thus, these
neuroimaging tests do not provide an important clinical benefit, although some would
disagree.5!

The take home messages these last two sections include that molecular imaging of
presynaptic neurons can play an important role for investigation of the pathophysiology of
parkinsonian disorders but clinical application for differential diagnosis may be risky.
Differential diagnosis and clinical care still depend upon a careful clinical assessment and
follow up. Otherwise, patient management may suffer.

Imaging of Cognitive Impairment in PD

The next part of this Grand Rounds describes a series of studies related to validation and
interpretation of a different sort of molecular imaging tool to investigate the underlying
pathophysiology of cognitive impairment that commonly occurs in PD. As many as 80% of
people with PD develop dementia within 20 years after the onset of motor symptoms,
decreasing quality of life and reducing survival.52:63 Not so many years ago, we taught that
the underlying pathophysiology of cognitive impairment associated with PD was due to co-
existing Alzheimer disease (AD) in half of the patients and due to cortical synucleinopathy
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in the other half. The development of the PET amyloid imaging radiopharmaceutical
Pittsburgh compound B (PiB) permitted in vivo measurement of fibrillar Ap amyloid in the
brain.54 The underlying pathological changes found in the brain of people with AD include
abnormal Ap amyloid that occurs many years prior to onset of dementia, and then abnormal
deposition of tau.55-67 Thus, we began a study more than eight years ago to determine
whether PET PiB imaging could distinguish those people with PD that develop cognitive
impairment have co-existing AD or only abnormal cortical a-synucleinopathy. This story is
relevant since this provides another demonstration of the importance of validating
neuroimaging biomarkers for each specific application.

Several PET studies demonstrated increased uptake of brain PiB in early dementia due to
AD®871 or other pathologic condition like amyloid angiopathy.”273 Thus, we started a
series of prospective studies to determine whether we could use PET PiB to identify
cognitive impairment due to coexisting AD in those with PD. We recruited people with PD
with and without cognitive impairment as well as age matched healthy adults. Measures
included clinical assessments, cognitive testing, high resolution MRI, genetic analyses, CSF
collection and PET PiB scans. We then followed participants and collected brain tissue from
those that died during the course of the study.

The first observation was that the chance of having a positive PiB PET scan was about the
same in those with early onset cognitive impairment compared to those with later onset
cognitive impairment with respect to the onset of motor manifestations. Although the
numbers were small in the original report’! we are in the process of extending this analysis
to more than 200 participants but at this point only have separated the groups by cognitive
impairment (Fig. 13). The percent of PiB positivity did not significantly vary across groups
based upon cognitive status.

But does a positive PiB PET scan indicate AD pathology? Postmortem examination of the
first three people that died during the course of this study was quite instructive.” All three
of these people had PD associated with severe dementia. Two of them (case 1 and 2) had a
positive PiB scan and their brain examinations revealed abnormal Ap deposition as well as
cortical synucleinopathy, but no abnormal tau deposition. Accordingly, these two would not
satisfy NIA Reagan criteria for pathological evidence of AD that accounted for dementia.
The third participant (case 3) had a negative PiB PET scan and brain autopsy revealed only
cortical synucleinopathy (Fig. 14); this confirmed that PiB did not target abnormal a-
synuclein, which also has an amyloid conformation like AB. Thus, this study suggested that
PiB PET was specific for abnormal AP but not sufficient to indicate co-existing AD. Some
might argue that these two patients were just early in the course of AD since we now know
that Ap deposition precedes tau deposition. However, these two people were old, demented
and no longer living. Thus, given the severity of their dementia, this seemed different from
the typical course of AD.

An autopsy series of 32 people with PD and dementia from our Movement Disorders Center
confirmed these findings.”® In that group, all had abnormal cortical synucleinopathy; 60%
also had abnormal AB. Only a single individual had sufficient abnormal tau to meet NIA
Reagan criteria for coexisting AD. While immunohistology of autopsy brain tissue revealed
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that 60% had abnormal AP, only about 15-20% of the dementia or cognitively impaired
participants in our studies have had positive PiB PET scans. The difference in time between
the PET and autopsy could explain this discrepancy — of course autopsies are done later in
the course, but we doubt this is the key factor. Much more likely is that PET PiB is sensitive
to detection of fibrillar Ap amyloid and does not as avidly bind to diffuse Ap amyloid.”®
Careful comparisons of the post mortem distribution with the PET PiB findings will help
address this question.

Principal components analysis of the distribution of PiB in people with PD differs from that
found in those with AD (Fig. 15).”7 This type of statistical analysis effectively determines
patterns of voxel-based distribution that helps distinguish the different groups of patients.
This difference holds even when limiting the groups to those PD and Alzheimer participants
with comparable severity of cognitive impairment. This suggests that the AB deposition in
PD may have a different pathologic mechanism from AD and may be related to abnormal a-
synuclein deposition, but this remains to be determined. The other question is whether AB
deposition contributes to the cognitive impairment or dysfunction in those with PD.
Although the numbers were relatively small in the original report, those with AB deposition
as well as cortical synucleinopathy in a postmortem study had shorter lifespan whether
determined from onset of motor parkinsonism or onset of dementia (Fig. 16).”® Furthermore,
a higher PiB uptake contributed to the risk of progressive cognitive decline in PD subjects
with and without mild cognitive decline at baseline.”® PD patients with low CSF A levels, a
measure inversely correlated with AB plaque deposition, experience faster cognitive decline
over two years.’? However, previous analyses of a smaller (earlier) subset (n=47) from our
cohort indicated that PiB binding does not differ between PD with early versus late onset of
cognitive impairment.”X77 This supports the notion that the frequency of PiB positivity is
independent of the relative timing of cognitive impairment relative to motor impairment in
PD.

Interestingly, in some PD patients, CSF a-synuclein and AB4.42 were reduced compared to
subjects with normal cognition, but CSF tau was not increased in those with PD as occurs in
AD.80 CSF AB;.4 inversely correlated with PiB mean cortical binding potential, with PiB
positive PD participants having lower CSF AB1.42 compared to PiB negative PD
participants. Furthermore, CSF a-synuclein positively correlated with ABy.42 in PD
participants but not in controls, suggesting a pathophysiologic connection between the
metabolisms of these proteins in PD.

The key messages from this part of the Grand Rounds are that a positive PET PiB scan in a
person with PD indicates abnormal AB deposition but does not necessarily indicate co-
existing AD, at least in patients recruited from a Movement Disorders Center. Postmortem
examination of brain tissue was critical for proper interpretation and understanding of
application of this existing neuroimaging biomarker to a disorder different from its initial
application. PiB may provide a sensitive neuroimaging biomarker for fibrillar A which
occurs in early AD but abnormal uptake of PiB is not specific for AD since other conditions
including PD may have accompanying abnormal Ap deposition in the brain. Thus,
application of a neuroimaging biomarker requires proper validation for each application.
Look before you leap, otherwise fantasy may supersede fact.
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Figure 1.
Depiction of presynaptic and postsynaptic terminals in a nigrostriatal dopaminergic synapse.

Tyr = tyrosine; Dopa = dihydroxyphenylalanine; DA = dopamine; D1 = dopamine D1-like
receptor; D2 = dopamine D2-like receptor; [11C]DTBZ = [11C]dihydrotetrabenazine;
[18F]FD = 6-[18F]fluorodopa; [11C]CFT = 2-beta-[11C]carbomethoxy-3-beta-4-
fluorophenyltropane, DAT = dopamine active transporter; VMAT?2 = vesicular monoamine
transporter 2; AC = adenylyl cyclase.
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Figure2.
MPTP induced nigrostriatal injury in non-human primates detected by PET. PET images in

the same non-human primate prior to unilateral right intracarotid administration of MPTP
(left column) and 8 weeks after MPTP administration (right column). Each row represents
PET imaging performed with a different presynaptic radiopharmaceutical: [11C]DTBZ =
[11C]dihydrotetrabenazine , [L8F]FD = 6-[18F]fluorodopa, and [11C]CFT = 2-beta-
[11C]carbomethoxy-3-beta-4-fluorophenyltropane. Note unilateral reduction (right brain) of
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radioactivity in the caudate and putamen following ipsilateral MPTP injection. Right brain is
represented on the right side of the image.
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Figure 3.
Linear correlations of the right-to-left ratios (R/L) of striatal FD uptake constants with R/L

ratios of TH activity (as measured using optical densitometry) following unilateral MPTP
administration. The lines are the best fit and 90% confidence interval. Note, these data are
bimodally distributed and invalidate the fit and correlation comparing in vitro cell counts
with in vivo SPECT measures. The two clusters may account for those strongly affected and
those relatively unaffected by an intervention. Figure adapted from Pate et al, 1993.23
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Regression analysis comparing in vivo DAT SPECT imaging with in vitro nigrostriatal
measures. A pin-hole high resolution SPECT scanner was used to image in vivo striatal
[1231]FP-CIT uptake in rats treated unilaterally with 6-hydoxydopamine (6-OHDA, which
destroys dopaminergic neurons). Regression analysis of A) in vitro measures of striatal DA
concentration and striatal [1231]FP-CIT binding ratio, and B) unbiased stereologic in vitro
counts of nigral TH+ cell number and striatal [1231]FP-CIT binding ratio. Note, these data
are bimodally distributed and invalidate the regression analysis comparing the in vitro cell
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counts with the in vivo SPECT measures. Values for lesioned and contralateral sham-
lesioned hemisphere are shown as black and white spots, respectively (n=26). Figure and
legend adapted from Alvarez-Fischer et al, 2007.25
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Figureb5.
PET correlates with nigrostriatal damage and parkinsonism following unilateral intracarotid

MPTP in non-human primates. A) Digital subtraction lateral projection cerebral angiography
in a non-human primate demonstrating the location of the unilateral intra-carotid catheter tip
just prior to injection of MPTP. B) Plot demonstrating the behavioral response in different
animals given varying doses of MPTP (y axis = degree of parkinsonism) over 2 months (x
axis = time) following unilateral intra-carotid MPTP administration. Error bars represent
standard deviations (N=15). C) Parkinsonism score at 2 months versus percent of residual
dopaminergic cell counts and D) dopamine content in the striatum (n=14). Data from
monkeys with residual nigral cell counts of less than 50% are depicted by circles (n=5).
Squares represent data from monkeys with residual nigral cell counts of 50% or more (n=9).
Figure and legend adapted from Tabbal et al., 2012.26
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Figure®6.
Relationship between Striatal dopamine and and substantia nigra TH+ cell counts: Percent

of residual dopaminergic cell counts (measured with unbiased stereology) in injected nigra
(x-axis) versus percent residual dopamine (measured with HPLC) in the striatum (y-axis,
n=14). Data from non-human primates with residual nigral cell counts of less than 50% are
depicted in circles (n=5). Squares represent data from primates with residual nigral cell
counts of 50% or more (n=9). Figure and legend adapted from Tabbal et al, 2012.2
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Figure7.
PET measures correlated with striatal dopamine. Relationship of in vitro measures of striatal

dopamine (% control side) compared to in vivo PET measures of striatal A) FD KOCC, B)
CFT and C) DTBZ BPND (% control side). Correlation is significant with or without the
clustered data points in the lower left corner of each graph. Figure and legend adapted from
Karimi et al, 2013.°
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Figure8.
PET measures have flooring effect in relation to nigral cell counts. Relationship between in

vivo PET measures of FD KOCC ratio, CFT and DTBZ BPND ratio with in vitro measures
of nigral dopaminergic neurons. All of the striatal PET measures approached zero once
nigral cell loss reached 50%. Figure and legend adapted from Karimi et al, 2013.°
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Figure9.
In vivo PET measures of VMAT2 and DAT correlated with in vitro measures. The

relationship between A) VMAT2 or B) DAT Bmax and residual substantia nigra pars
compacta tyrosine hydroxylase immunoreactive neurons. The value for each non-human
primate was expressed as the ratio of the injected side to the control (n = 13). Thus, these
relationships do not depend upon specific molecular imaging radiopharmaceutical but rather
reflect underlying pathophysiology. Figure and legend adapted from Tian et al, 2012. 28
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Substantia nigra (SN) PET imaging correlated with nigral cell counts. The relationship
between A) CFT and B) DTBZ injected/control side non-displaceable binding potential (or
influx constant [Kocc]) in the SN and injected/control side ratio of TH-positive neurons in
the SN. Each data point represents 1 non-human primate, and the trend lines are the linear
fits of the data. CFT and DTBZ exhibited a tight linear correlation with residual cells in the
SN. Midbrain based PET measures correlate with nigral cell counts whereas striatal terminal
field measures do not. Figure and legend adapted from Brown et al, 2012.30
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Figure11.

FD PET reduced striatal uptake endophenotype. A) [18F]FDOPA PET in early PD with
reduced uptake in posterior putamen compared to B) an age and gender matched control. C)
Ki in control participants (with [n=48] and without [n=24] PD) and Amish (n=11). Forty-
seven (98%) of 48 PD controls and four (36%) Amish met PET criteria for PD (Ki for one
of the posterior putamen more than three standard deviations below the normal mean)
despite clinical features not convincing for or against PD. By categorizing 4 of these as
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“affected” based upon FD PET phenotype the LOD score improved for the entire linkage
analysis. Figure and legend adapted from Racette et al, 2006.31
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Figure12.
FD PET reduced uptake in nigrostriatal pathway in asymptomatic welders differs from PD.

FDOPA PET composite images of decay-corrected counts from 24 to 94 minutes from a
representative A) control. B) welder, and C) subject with idiopathic Parkinson disease (IPD)
normalized to the reference region. FDOPA uptake is reduced in the caudate region of the
welder in comparison to the control subject while the posterior putamen is the most affected
region in the subject with IPD. Data previously presented in Criswell et al, 2011.33
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Figure13.
PiB PET does not distinguish subtypes of cognitive impairment in PD. Mean cortical

binding potentials (MCBPs) for participant groups that include CTRL = healthy control with
a Clinical Demetia Rating (CDR =0; n=48; 6% PiB+), CTRL-CI = control with cognitive
impairment (CDR = 0.5; n=2; 100% PiB+), PD-nl = Parkinson disease, no cognitive
impairment (CDR = 0; n=66; 9% PiB+), PD-CI = Parkinson disease, cognitive impairment
(CDR =0.5; n =67; 15% PiB+), PD-dem = Parkinson disease with dementia (CDR =1 or
more; n = 24; 21% PiB+). Each point represents an individual participant (N = 207). The
horizontal scale crossing the Y-axis at 0.18 is the recommended cut-off for PIB+. Figure and
legend updated from data presented by Foster et al, 2010.59

Ann Neurol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Perlmutter and Norris

Page 33

min | max

Figure14.
PiB scans target abnormal Ap deposition, but not a-synuclein. [11C]-PIB PET images for A)

Case 1 and B) Case 2 demonstrates increased signal in multiple cortical areas, including
orbitofrontal and prefrontal cortex, precuneus, and temporal lobes. C) Case 3 and D) a
control participant have minimal PIB signal in cortical areas. PIB retention in white matter
areas is likely due to nonspecific binding. Data previously presented in Burack et al, 2010.50
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Figure 15.
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Principal Component 1

Distribution of principal component analysis component weights differ between PD and
Alzheimer patients. Scatterplot represents the component weights of the primary principal
components (PC1 and PC2) for the direct comparison of study participants with PD and
Alzheimer disease. Note, that this distinction exists when limiting this analysis to those PD
and AD patients with comparable degrees of cognitive impairment. Data previously
presented in Campbell et al, 2011.83
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Figure 16.
Comparison of survival in demented PD patients with postmortem findings of only

synucleinopathy versus synucleinopathy plus abnormal Ap deposition. Kaplan-Meier
survival curves show A) the percentage of survival with respect to time from the onset of PD
and B) time from the PD onset to dementia. Data previously presented in Kotzbauer et al,
2012.51
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