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Diseases of the central nervous system are common and often
chronic conditions associated with significant morbidity. In particular,
neurodegenerative disorders including Alzheimer and Parkinson dis-
ease constitute a major health and socioeconomic challenge, with an
increasing incidence in many industrialized countries with aging popu-
lations. Recent work has established the primary role of abnormal pro-
tein accumulation and the spread of disease-specific deposits in brain
as a factor in neurotoxicity and disruption of functional networks. A
range of therapeutics from small molecules to antibodies targeting
these proteinopathies are now in phase 2 and phase 3 clinical trials.
These studies are methodologically challenging because of difficulty
in accurately diagnosing early disease, the slow and variable rates of
progression between individuals, and efficacy measures that may be
cofounded by symptomatic improvements due to treatment but not
reflecting disease course modification. Further, the ideal candidates
for these treatments would be at-risk, or premanifest, persons in
whom the pathologic process of the neurodegenerative disorder has
begun but who are clinically normal and extremely difficult to identify.
Scintigraphic imaging with PET and SPECT in trials offers the opportu-
nity to interrogate pathophysiologic processes such as protein depo-
sition with high specificity. This review summarizes the current
implementation of these imaging biomarkers and the implications for
future management of neurodegenerative disorders and central ner-
vous system drug development in general.
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Drug development for diseases of the central nervous system has
readily embraced the use of biomarkers as important tools for clinical
therapeutic trials. The prime examples reflecting the most advanced
use of biomarkers in central nervous system drug development, and
of imaging biomarkers in particular, are in neurodegenerative disease.
These represent a wide constellation of clinical syndromes reflecting
for each disorder a characteristic pathophysiology and evolving pat-
tern of changes in the brain. As a group, these disorders are common
and generally encountered in older individuals in countries with aging
populations. In Alzheimer disease (AD), the most common of the
neurodegenerative disorders, prevalence increases incrementally with

advancing age. Data suggest that individuals demonstrating cognitive
impairment consistent with an AD-type dementia range from 5.3% of
those aged 60–74 y to 34.6% of those aged 85 y or older (1). Aging
is the greatest risk factor for developing AD, higher than high-risk
genotypes such as apolipoprotein-E4 (2,3).
With these increasing numbers comes greater demand for residen-

tial care and nursing services and concern about the capacity of
health-care systems to scale up. Costs associated with AD include
nursing home care, physician visits, hospitalizations, and treatment, as
well as costs that are more difficult to account for, such as loss of pro-
ductivity and uncompensated hours of care provided by family mem-
bers (4). Recent health economics studies have focused on the high
economic and social burdens on families caring for their afflicted
member (5). Over the next 30 y, the worldwide costs of caring for
individuals with AD are estimated to increase by a factor of 10 (6).
These observations are no less true for Parkinson disease (PD), the
second most common neurodegenerative disorder. Approximately
1,000,000 people in the United States carry this diagnosis, repre-
senting a prevalence of about 0.3%. Again, the disease is more
common in the elderly, with rising incidence rates in increasingly
older cohorts (7). The estimated total economic costs posed by PD
is expected to increase 52% to $79 billion by 2037 (8).
These increasing social and economic burdens underscore the

urgency to develop interventions that reduce morbidity, delay dis-
ease progression, and maintain viable function and quality of life
for as long as possible. The purpose of this review is to systemati-
cally explore how nuclear imaging supports development of these
interventions, highlighting how the use of imaging has evolved as
a crucial part of this endeavor and informs future clinical nuclear
medicine practice.

THE CHALLENGE OF DEVELOPING DRUGS FOR
NEURODEGENERATIVE DISORDERS

These looming problems notwithstanding, the last 20 y have dem-
onstrated significant progress in understanding the primary changes
in the brain associated with neurodegenerative diseases (9,10), focus-
ing on therapies that may slow, stop, or even reverse the disease
course. Neurodegenerative diseases are primary disorders of protein
deposition and distribution throughout the brain (Table 1). Common
features of proteinopathies include the inexorable spread of aberrant
protein species in intracellular and extracellular deposits, leading to
neuronal or glial cell death, the disabling of functional networks, and
the emergence of clinical signs and symptoms reflecting this pathol-
ogy (11,12).
The etiology of these disorders is largely unknown; however,

significant strides have been made toward characterizing the
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primary proteinopathy and course from the initiation of the disease
process, through a clinically silent phase that is years in duration,
to the first symptoms, and finally to full disease manifestation
(Fig. 1). This knowledge informs therapeutic strategy, including
taking advantage of the long, protracted period before the appear-
ance of overt symptoms as an opportunity to salvage significant
function and potentially delay the onset of symptoms.
There are significant obstacles to translating knowledge of dis-

ease mechanism into effective treatments. Some of the problems
result from the heterogeneity in clinical phenomenology, with var-
iability in symptom expression and progression rates. PD progres-
sion is slow and quite variable between patients. With such a slow
rate of change in motor and nonmotor symptoms, tracking even a
50% slowing of this change rate on a clinical assessment scale or
motor score after a disease-modifying intervention is quite diffi-
cult. This is especially problematic when clinical assessments are
confounded by the salutary effect of symptomatic medications,

making it difficult to assess the baseline disease because of an
inability to completely wash out medications such as L-dopa, even
after a 2-wk withdrawal (13). The presymptomatic phase offers a
potential opportunity to intervene to delay or prevent manifest
symptoms, but the problem is in identifying these presymptomatic
or at-risk individuals.

DEVELOPING IMAGING BIOMARKERS

Both imaging and nonimaging biomarkers may be of some util-
ity in the clinical trial. Scintigraphic biomarkers using PET and
SPECT have played different roles in multicenter clinical treat-
ment trials in AD, PD, and other disorders. These roles include
demonstrating target engagement, aiding dosing determinations
(14), enriching at-risk cohorts (15,16), describing the pathologic
phenotype, serving as a gatekeeper for trial eligibility, assessing
the natural progression of disease (17,18), and evaluating the effi-
cacy of a therapeutic intervention (Table 2) (19).
Review of peer-reviewed articles on AD studies using amyloid

or tau PET shows strong growth in the numbers of papers pub-
lished annually from 2010 through 2021 (Figs. 2A and 2B). These
data demonstrate the rapid development and implementation of
PET b-amyloid (Ab) reflected in the increased number of papers
published early and augmented several years later with the intro-
duction of tau PET. This rise in publications is consistent with clin-
ical trial data for AD studies performed over roughly the past 7 y,
compiled in clinical trials.gov (Figs. 2C and 2D). These data show
the relative proportion of PET targets in AD studies divided into
“completed trials” or “recruiting trials.” For studies with the status
of closed or completed, the primary target was amyloid, whereas
tau and other targets represent a larger component of recruiting
projects. This finding suggests that an evolving and expanding
spectrum of imaging targets is being used in clinical trials.
Preliminary to its use in clinical trials, a biomarker itself needs

to be validated, including understanding the relationship between
the biomarker and the pathology it purports to measure (Table 3).
For imaging biomarkers involving radiopharmaceuticals, this

NOTEWORTHY

� Improved understanding of the basic pathophysiology of
neurodegenerative disorders as brain proteinopathies provides
new targets for treatment and biomarkers supportive of both
clinical trials and clinical treatment.

� The roles of biomarkers are varied, depending on the needs of
the clinical trial, including demonstration of target engagement,
dosing determinations, cohort enrichment, diagnostic
confirmation, disease monitoring, and clinical efficacy
assessments.

� As imaging biomarkers become routine in clinical research use,
they are defining their role in the clinic for routine management
for those at risk for or manifesting neurodegenerative disease.

� Imaging biomarkers are a pathway to precision medicine
supporting appropriate treatment across the spectrum of
central nervous system disease.

TABLE 1
Key Clinical Features and Primary Pathology in Neurodegenerative Disorders

Disease Key clinical features Pathology

AD Progressive memory loss b-amyloid, tau (3R,4R)

PD Tremor, rigidity, bradykinesia, gait
disturbance

a-synuclein

Progressive supranuclear palsy Motor disturbance, gaze palsy Tau (4R)

Multiple-system atrophy Autonomic dysregulation, motor
disturbance

a-synuclein

Dementia with Lewy bodies Memory loss, motor disturbance,
hallucinations

a-synuclein

Chronic traumatic encephalopathy Variable cognitive, behavioral, mood, and
motor changes

Tau (3R,4R)

Corticobasal degeneration Akinesia, rigidity, dystonia, disequilibrium Astroglial plaques and tau (4R)

Huntington disease Affective lability, choreiform movements,
memory loss

Mutated huntingtin protein

Amyotrophic lateral sclerosis Progressive loss of voluntary muscle
control

TDP-43 proteinopathy (SOD1, FUS variants)

Down syndrome Intellectual impairment, subsequent
memory loss

b-amyloid
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process is comparable to standard drug development requirements
for demonstrating safety and efficacy. Indeed, the amyloid and tau
tracers served as biomarkers in multicenter AD trials with investi-
gational therapeutics while concomitantly being developed for clin-
ical use. The result was the unusual circumstance of use of 2
investigational drugs in the same trial, even as both were in early-
to mid-development phases (20). Although issues arose concerning
how to assign adverse events to the appropriate drug, both develop-
ment programs benefited. The safety database of the investigational
imaging agent greatly expanded, as did experience with real-world
use of the radiotracer, informing the best protocols for acquisition
and processing and algorithms for visual reads. For the treating
drug, imaging enhanced the accuracy of the diagnostic cohort by
setting eligibility requirements to a pathophysiology standard.
Radiopharmaceutical development is similar to pharmaceutical

development and subject to the same the pitfalls, scientific chal-
lenges, and regulatory requirements. However, unique to radiophar-
maceutical development is the low mass dose of injected compound
and hence the relative paucity of adverse events. The process of
radiotracer development may be described as occurring in 4 stages:
discovery, assessment, validation, and application (Table 4).
Discovery is the process of investigating promising chemical

structures that have a chance for high affinity and selectivity for the

target. The discovery process also exploits
modifications to create a series of com-
pounds with different pharmacokinetics and
pharmacodynamics. The original 11C-labeled
amyloid compound Pittsburgh compound B
was based on thioflavin-T and modified for
in vivo use as a radiotracer (21). Certain tar-
get criteria regarding affinity, selectivity, and
P-glycoprotein substrate status are initial
goals for successful in vivo use. The intro-
duction of highly efficient screening pro-
cesses have greatly streamlined this aspect
of development (22).
The assessment phase for radiopharma-

ceuticals requires that the labeled compounds
be produced with good yields and high spe-
cific activity; have appropriate lipophilicity
for brain penetration without decreasing sig-
nal-to-noise ratio; have radiochemical stabil-
ity; and, on injection, show high target

uptake, fast washout of background activity, low off-target binding,
and no confounding metabolites, as well as not being a substrate for
P-glycoprotein.
Validation is characterization of in vivo pharmacokinetic proper-

ties evaluated in nonhuman primates or human phase 1 trials (23).
This stage checks the robustness and reproducibility of the outcome
measure and entails kinetic modeling of radiotracer distribution,
development of quantitative measures (e.g., distribution volumes
or nondisplaceable binding potentials), and comparison with simple
tissue ratio methods such as SUV ratios (SUVr) to understand any
bias associated with these ratio methods (24). Validation permits
optimizing the acquisition protocol to minimize patient time in the
camera (25). Radiopharmaceuticals must have a good safety profile,
with chemical toxicity studies, radiation dosimetry studies, and
human studies evaluating adverse responses—all this in the service
of providing an imaging outcome measure that is quantifiable and
reproducible, reflects the pathology, and allows multiple scans over
the course of a clinical trial.
Application refers to the use of the biomarker in clinical research

trials. Specifically, logistic issues arise in getting a high-specific-
activity, good-manufacturing-practice–produced radiotracer to the
imaging site at an adequate injected dose in a timely and consistent
fashion. Distribution networks need to be established that allow the
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FIGURE 1. Model neurodegenerative disease time course. Neurodegenerative process is indicated
in red as starting insidiously and remaining silent for years before clinical symptoms manifest (green
line). Effects of interventions on green curve are indicated by blue curves on right, whereas diagnosis,
prodromal symptoms, and at-risk assessment period tied to pathophysiology suggest that imaging
biomarkers may be changing years before clinical symptoms. (Adapted with permission of (47).)

TABLE 2
Roles of Imaging Biomarkers in Drug Development

Role Study phase Example

Showing target engagement 0 D1 receptor agonists 18F-MNI-800 and 18F-MNI-968

Aiding dosing determinations 1 Displacement (44)

Enriching at-risk cohorts 2, 3 PARS study (17)

Describing pathologic phenotype 2, 3 18F-AV-1451 (Avid Radiopharmaceuticals) (45)

Serving as gatekeeper for trial eligibility 2, 3 Anti-Amyloid Treatment in Asymptomatic Alzheimer
Disease Trial (32)

Assessing natural progression of disease 3 Alzheimer Disease Neuroimaging Initiative, Parkinson
Disease Progression Marker Initiative (46)

Evaluating efficacy of therapeutic
intervention

3 Aducanumab (Biogen)
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greatest number of imaging centers to be supplied by the fewest
production centers and that allow these facilities to scale up to meet
needs when additional imaging centers are being onboarded. From
the standpoint of the imaging, fewer imaging sites are better
because PET technical standardization is easier for creating a
highly reliable pooled dataset across different studies sites. The
need for fewer imaging sites may conflict with the recruitment
needs of the trial, which pushes for more clinical sites. One solution
is to create a spoke-and-hub model in which multiple clinical sites
feed patients into a single imaging center.
Further, the service life of the PET camera must be considered,

given the long duration of these trials. The ideal is to image an indi-
vidual on a single camera at baseline and at follow-up and to acquire
and process those scans in the same fashion and similarly to other
scans in the study. Because of the different technical characteristics
associated with cameras (e.g., reconstructed resolution, attenuation
correction, and sensitivity) there will be differences. Fortunately, the
main outcome measure in most clinical trials is a ratio of target
uptake to background (SUVr) and is forgiving of issues such as

sensitivity drift (26). The protocol for stan-
dardization of PET and MRI biomarkers in
the Alzheimer Disease Neuroimaging Initia-
tive was an early accomplishment of the
study (27). Image quality assurance is man-
aged by a rigorous site setup process in
which phantom studies and proscriptive pro-
tocols for image acquisition and processing
help standardize data.

ISSUES AND CONTROVERSIES

Imaging biomarkers in clinical therapeutic
trials of neurogenerative disease have dynam-
ically changed over the last decade with the
introduction of new radiopharmaceuticals,
technical advances in instrumentation, more
sophisticated image-processing algorithms
and outcome measures, and the thoughtful
integration of different biomarkers into the
clinical trial to achieve multiple ends (e.g.,
eligibility and treatment efficacy). Some
issues that highlight this development are the
identification and optimization of radiotracers
for protein deposition targets; quantitative
and semiquantitative outcome measures; eli-

gibility issues; and correlation, concordance and discordance of imag-
ing with other biomarker and clinical assessments.
Target identification of protein deposition for tau is complicated by

different tau isomers, which create different structural brain deposits
and for which tau radiotracers have different affinities (Table 5). This
issue is an opportunity insofar as some radiotracers have higher affin-
ity for the 4R isoform (28) and may be useful for eligibility assess-
ment of progressive supranuclear palsy in clinical trials (29).

QUANTITATIVE PET OUTCOME MEASURES

For quantitative assessment of PET or SPECT, multicenter trials
have relied on simple target-to-background brain tissue ratios such
as the SUVr or the specific binding ratio. These have the advan-
tage of being tolerant of camera sensitivity drifts, being relatively
easy to obtain, not requiring blood sampling or arterial lines, and
generally having robust test–retest reproducibility. However, the
SUVr is a semiquantitative measure that is affected by factors
beyond the target site binding that its purpose is to measure. These
factors include the hydration state of the patient, differences in

FIGURE 2. (A) Number of papers in neurodegenerative disease published between 2010 and 2021
for which PET imaging was performed. These were largely amyloid and, later, tau studies. (B) Data
showing high percentage of amyloid PET studies with tau PET coming in last 5 y. Source: PubMed.
(C and D) Percentage breakdown of PET radiopharmaceuticals for amyloid and tau in AD for studies
with status “completed” (C) or “recruiting” (D), demonstrating more recent focus on tau in research
activity. Source: clinicaltrials.gov.

TABLE 3
Expected Imaging Findings in Neurodegenerative Disorders

Disease Amyloid Tau a-synuclein DAT

AD Increased Increased Normal uptake Normal uptake

Idiopathic PD Normal uptake Normal uptake Increased Decreased

Dementia with Lewy bodies Normal uptake or increased Normal uptake Increased Decreased

Multiple-system atrophy Normal uptake Normal uptake or increased Increased Decreased

Older healthy volunteer Normal uptake or increased Normal uptake Normal uptake Normal uptake

Progressive supranuclear palsy Normal uptake Increased Normal uptake Decreased

Essential tremor Normal uptake Normal uptake Normal uptake Normal uptake

Drug-induced PD Normal uptake Normal uptake Normal uptake Normal uptake
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metabolism, and parent compound binding to intravascular plasma
proteins—essentially anything that alters blood flow, delivery of
the radiopharmaceutical to the brain, and washout of the radiophar-
maceutical from the brain. Some have strongly argued that brain
tissue ratios are misleading and should not be used for quantitation,
whereas others advocate a compromise solution in which at least
some dynamic data with metabolite-corrected input function are
acquired to assess the level and direction of bias posed by the
SUVr (30). These studies should be both in the targeted population
and in controls to confirm the extent of under- or overestimation of
the ratio. From a practical perspective, many imaging centers can-
not acquire dynamic scan data or sample and analyze arterial blood
to generate an input function for kinetic modeling. Finally, the
direct impact of the treatment on the chosen imaging outcome mea-
sure should be known. Does treatment affect the distribution or
binding of the radiopharmaceutical to the target by means outside
its purported mechanism of action for slowing disease progression?
This question is often addressed by a small study on patients and
controls before initiation of the large multicenter trial, sometimes in
the context of a test–retest reproducibility study, to gauge the
robustness of the chosen outcome measure.

On the basis of regional availability, some large AD clinical tri-
als have used different radiotracers for amyloid and needed a
means to compare SUVr between the different tracers. This com-
parison is accomplished with the centiloid conversion, in which an
SUVr is converted to common centiloid units, which rescale the
original SUVr from 0 to 100 based on the SUVr range from
healthy volunteers to AD participants referenced against the Pitts-
burgh compound B standard (31).

PET VISUAL READS

For each radiopharmaceutical, there is a unique pattern of uptake
and brain distribution that can be understood and applied to an
algorithm for visual interpretation of scans as either positive or neg-
ative or, with even more granularity, by assessing the extent and
brain distribution of radioactivity consistent with an ongoing neuro-
degenerative process. This is best exemplified by the differences
between the visual read methods for the tau PET radiotracers flor-
taucipir and MK-6240, with the former having a highly proscriptive
algorithm for assessing temporal lobe positivity because the adja-
cent off-target uptake obscures mesial temporal structures.

TABLE 5
Some Tauopathies and Their Brain Targets

Disease
Tau

isoform Primary pathology
Brain

localization Regions with highest PET uptake

AD 3R,4R Paired helical filaments Cortical Temporal, postcingulate

Progressive supranuclear palsy 4R Straight filaments Subcortical Globus pallidus, putamen, subthalamic nucleus

Corticobasal degeneration 4R Straight filaments Subcortical Globus pallidus, putamen

Chronic traumatic encephalopathy 3R,4R Paired helical filaments Cortical Frontal, temporal, diencephalon

Down syndrome 3R,4R Paired helical filaments Cortical Temporal, postcingulate

TABLE 4
Development of Imaging Biomarkers for Clinical Trials

Stage Activities Benchmarks

Discovery Identification of candidate structures; in vitro
testing for best compounds; optimization
of radiolabeling

Good yield, high specific activity, stability

Assessment Affinity Postmortem human brain homogenates or
sections, Ki , 1 nM

Selectivity .200-fold selectivity

Lipophilicity Log D7.4 5 2 to 3.5

Stability 4 half-lives

Blood–brain barrier P-glycoprotein substrate (MDR1-MDCK) , 20

Metabolite identification Ex vivo analysis (characterize all major metabolites
with radiolabel)

Validation Correlation and safety High signal-to-noise ratio; correlation with
histopathology; correlation with clinical
dosimetry

Quantitative accuracy Full kinetic modeling, including arterial input
function corrected for metabolites; streamlining
of protocol for clinical use; testing–retesting of
all outcome measures

Application Logistic feasibility Production/distribution network; imaging site
technical standardization
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As with other biomarker measures, a visual read needs to be
validated for accuracy against some gold standard. This was a
clinical diagnosis either by the site or by central expert panel
agreement; because of the logistic difficulty in performing post-
mortem studies, rarely was pathology used for validating the imag-
ing. This validation method changed with the commercial clinical
development of PET amyloid tracers, initially florbetapir and then
florbetaben and flutemetamol, all of which provided confirmatory
postmortem evidence of the veracity of the amyloid PET scan in
end-of-life participants compared with their own histopathology.
This higher truth standard obviates some of the issues with clinical
standards, including the fact that in age-matched healthy volunteer
groups scans may be abnormal in 20%–30% of those aged 65 y or
older. This population is the focus of a large multicenter clinical
trial, the Anti-Amyloid Treatment in Asymptomatic Alzheimer
Disease Study, which suggests that those abnormal scans represent
early AD and reflect the time lag between the onset of brain
pathology and subsequent manifestation of symptoms (32).
Visual reads served as the major assessment for amyloid PET in

a series of AD clinical trials and have been important in identify-
ing potential research participants who do not have amyloid and
are thus unlikely to have the disease targeted by the treatment. The
rate of negative scans for participants sent for evaluation of brain
amyloid burden runs from 10% to 20%, depending on the recruit-
ment cohort, with higher rates of negative scans in participants
earlier in their disease course. This finding means that potential
participants by all other measures are appropriate for enrollment
but that the amyloid PET suggests otherwise.
Ethical issues of appropriate disclosure to the potential research

participant arise in instances of discordance between amyloid PET
and the clinical team’s diagnostic impression. The discordance
falls both ways: clinical impression positive for AD and amyloid
PET–negative, or clinical impression negative for AD and amyloid
PET–positive. The latter raises the delicate question of a potential
AD diagnosis and is addressed in clinical trials with educational
materials, a detailed informed consent, and discussion with the
clinical team during the consent process (33).
Discordant interpretations of scans may also occur between the

central core lab and the nuclear medicine site. Realistically, discor-
dance is low, at approximately 3%–4% of cases reviewed by a
local reader and the core lab readers. All readers are applying the
radiotracer-specific read algorithm to their interpretations, but for
those difficult-to-interpret scans there may be more of a tendency
for biasing of the core lab toward negativity. Sites are under pres-
sure to recruit and may be biased toward positivity and inclusion.
The central core lab and clinical site may run into discordance

around diagnosis and eligibility for enrollment in the trials. Specifi-
cally, the imaging will sometimes show negative studies in a partici-
pant thought by the clinical team to have AD or PD. In PD, the
phenomenon of normal scans in potential participants for a PD trial
was given the name “scans without evidence of dopaminergic deficit,”
designating the participants meeting clinical criteria for PD but having
no reductions of striatal DAT binding on scans without scintigraphic
evidence of PD. When followed up longitudinally, these patients’
scans do not change, medication doses do not increase, and little clini-
cal change occurs (34). The proportion of scans without evidence of
dopaminergic deficit in a trial is related to the duration of symptoms,
with longer durations associated with fewer normal scans in putative
PD subjects (Fig. 3). This finding suggests that the accuracy of the ini-
tial clinical assessment may have been affected more in those with a
shorter disease duration, consistent with other studies of diagnostic

accuracy in clinically uncertain suspected-parkinsonism patients (35).
These trials indicate that clinical diagnosis at enrollment overcalls PD
relative to a 1-y follow-up gold standard, whereas imaging is more
accurate at the baseline assessment (36).

CORRELATION WITH CLINICAL MEASURES

Imaging biomarkers are secondary outcome measures to the
primary clinical measure in therapeutic trials. Complementary infor-
mation from biomarkers may not align with primary clinical assess-
ments, and correlations between imaging biomarker quantitative
outcomes and clinical measures can be modest to poor. For example,
in PD the correlation between specific binding ratios and clinical
measures such as the Movement Disorder Society Unified Parkinson
Disease Rating Scale are poor at the onset of disease and, with pro-
gression, show moderate correlations (r 5 0.30–0.40) (37). This is
because imaging biomarkers interrogate aspects of the central nervous
system different from those interrogated by a clinical measure. The
former provides a high-specificity demonstration of a particular target,
such as amyloid, dopamine transporters, or another physiologic entity.
Clinical outcomes are more downstream and represent the synthesis
of the disease-affected output and compensatory networks. In a very
dynamic system of a neurodegenerating brain, correlation with clinical
outcomes is different depending on when one measures the bio-
marker. This is not a weakness but, rather, the purpose of using com-
plementary outcome measures, which can take advantage of these
differences, such as in using imaging to identify at-risk individuals
before the manifestation of classic symptoms of the disease.

COMPLEMENTARITY AND INTEGRATION OF BIOMARKERS IN
CLINICAL TRIALS

It is not unusual for there to be several biomarkers, both imag-
ing and nonimaging, that interrogate a single target. For example,
one can determine amyloid positivity with amyloid PET, assays of
cerebral spinal fluid or blood, or retinal examination. For trial eli-
gibility, some studies now use hybrid approaches depending on
the availability of amyloid radiopharmaceuticals or cerebrospinal
fluid measures (Ab(1–42)) based on the high concordance rate
between the measures (Fig. 4) (38). Sometimes the biomarker best
suited to the requirements of the study must be identified. These
may be biomarkers within or between modalities. Examples are
selection of an optimal tau PET agent for combined eligibility and

FIGURE 3. Percentage of normal scan results in early PD trials for
patients with clinical diagnosis of PD demonstrate that at earlier time
points after symptom presentation, percentage of dopamine transporter
SPECT scans known as SWEDD increases. Diagnostic certainty improves
with longer duration of illness. (Adapted with permission of (48).)
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disease monitoring or identification of the most sensitive way of
detecting AD progression among PET and MRI measures such as
cortical thickness (39,40).
To address the need for validated imaging biomarkers for clinical

trials, several large multicenter trials were developed to study the
natural progression of disease in both AD and PD. The Alzheimer
Disease Neuroimaging Initiative and the Parkinson Disease Pro-
gression Marker Initiative are examples of such consortia. Both
studies in their respective areas focus on the logistics of conducting
standardized international multicenter multi-imaging modality stud-
ies in ways that provide for the highest standards of technical
sophistication and standardization across not only biomarkers but
also other clinical measures. The success of these trials is measured
by the influence on clinical trial design and the number of studies
that have been developed using these data. Data are open-access so
that the academic and pharmaceutical communities can test hypoth-
eses with data that they would otherwise have had to acquire them-
selves, with less efficiency, a longer time to get results, and greater
expense. From a regulatory perspective, greater standardization of
methods and analyses across different studies, different pharmaceu-
tical companies, and different treatments allows for regulatory effi-
ciency in proving the safety and efficacy of the therapeutic.

FUTURE OUTLOOK AND RELEVANCE TO
CLINICAL PRACTICE

The past 5 years have witnessed the evolution of an infrastruc-
ture and network of sophisticated clinical and imaging sites work-
ing in concert with radiopharmaceutical providers for conducting
trials on imaging biomarkers. Looking forward, one anticipates the
further development of additional tracers with specificity for targets
of interest, extension of many of these techniques to other central
nervous system abnormalities, and, finally, a more intelligent and
efficient use of imaging biomarkers in both future research and
future clinical care. There is a pressing need for biomarkers to
interrogate a-synuclein, the primary proteinopathy in PD (41).
Recent advances include the a-synuclein seed amplification strate-
gies for detection of the protein in cerebrospinal fluid, saliva, and
skin (42) and the preliminary human data in multiple-system-atro-
phy patients with the putative a-syn PET tracer ACI-12589. The
role of other physiologic processes, such as inflammation, mito-
chondrial function, or the density of synaptic receptors, is also of
interest and is undergoing validation as PET radiotracers (43).

Imaging biomarkers have proven useful
in clinical research, and the algorithms and
methods developed in these trials have
potentially significant translatability to the
practice of clinical care and nuclear medi-
cine. Determining eligibility and appropri-
ateness for a disease-modifying therapy in
clinical trials would be not too different
in the clinical world at large. Specifically,
the costs of many of these treatments may
be high enough, and performing an imaging
biomarker study before treatment with the
agent will ensure that the scan is positive
for the disease that the biomarker describes.
In addition, it remains to be demonstrated
whether imaging can be used on an indi-
vidual basis to assess the efficacy of treat-
ment or imaging biomarkers alone or in

combination with other assessments that can predict the rate of
progression.
Even as we look forward to the answers to these questions, the

field has not yet taken advantage of the synergistic use of bio-
markers already in existence. The clever combination of fluid,
genomic, clinical, and imaging and nonimaging biomarkers can
more accurately characterize phenotype, identify at-risk individuals,
and better follow and evaluate the effects of putative neuroprotec-
tive and neurorestorative agents. Of particular promise are efforts
at accurate, early determination of a pathophysiologic process such
as amyloid deposition, which, if proving amenable to a disease-
modifying treatment, would make phrases such as “Alzheimer dis-
ease prevention” a reality and no longer an oxymoron.

DISCLOSURE

Dr. Seibyl acknowledges the support of the Michael J. Fox
Foundation for PD research and is a consultant to Invicro, Biogen,
AbbVie, GE Healthcare, Life Molecular Imaging, Xingimaging,
and Likeminds. He has equity in Invicro. No other potential con-
flict of interest relevant to this article was reported.

ACKNOWLEDGMENT

The author acknowledges useful discussions with Dr. Ken Marek
and the leadership team of the Parkinson’s Progression Markers
Initiative and with Dr. Roger Gunn and the Invicro Clinical Imaging
Core Lab.

REFERENCES

1. Rajan KB, Weuve J, Barnes LL, McAninch EA, Wilson RS, Evans DA. Population
estimate of people with clinical Alzheimer’s disease and mild cognitive impairment
in the United States (2020–2060). Alzheimers Dement. 2021;17:1966–1975.

2. Jansen WJ, Janssen O, Tijms BM, et al. Prevalence estimates of amyloid abnormality
across the Alzheimer disease clinical spectrum. JAMA Neurol. 2022;79:228–243.

3. Sperling R, Mormino E, Johnson K. The evolution of preclinical Alzheimer’s dis-
ease: implications for prevention trials. Neuron. 2014;84:608–622.

4. El-Hayek YH, Wiley RE, Khoury CP, et al. Tip of the iceberg: assessing the global
socioeconomic costs of Alzheimer’s disease and related dementias and strategic
implications for stakeholders. J Alzheimers Dis. 2019;70:323–341.

5. Tahami Monfared AA, Byrnes MJ, White LA, Zhang Q. The humanistic and eco-
nomic burden of Alzheimer’s disease. Neurol Ther. 2022;11:525–551.

6. Wong W. Economic burden of Alzheimer disease and managed care considera-
tions. Am J Manag Care. 2020;26(suppl):S177–S183.

7. GBD 2015 Disease and Injury Incidence and Prevalence Collaborators. Global,
regional, and national incidence, prevalence, and years lived with disability for 310

FIGURE 4. Correlation between PET amyloid SUVr and cerebrospinal fluid measures of Ab(1–42)
in BioFINDER study and Alzheimer Disease Neuroimaging Initiative (ADNI). Triangles indicate posi-
tive scans on visual read, whereas circles are negative on visual read. There is inverse correlation
between PET SUVr and cerebrospinal fluid Ab in both studies. (Reprinted with permission of (38).)

18 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 64 � No. 1 � January 2023



diseases and injuries, 1990-2015: a systematic analysis for the Global Burden of
Disease Study 2015. Lancet. 2016;388:1545–1602.

8. Yang W, Hamilton JL, Kopil C, et al. Current and projected future economic bur-
den of Parkinson’s disease in the U.S. NPJ Parkinsons Dis. 2020;6:15.

9. Jack CR Jr, Bennett DA, Blennow K, et al. NIA-AA research framework: toward a
biological definition of Alzheimer’s disease. Alzheimers Dement. 2018;14:535–562.

10. Dubois B, Hampel H, Feldman HH, et al. Preclinical Alzheimer’s disease:
definition, natural history, and diagnostic criteria. Alzheimers Dement. 2016;12:
292–323.

11. Braak H, Del Tredici K. Neuropathological staging of brain pathology in sporadic
Parkinson’s disease: separating the wheat from the chaff. J Parkinsons Dis. 2017;
7(suppl 1):S71–S85.

12. Brettschneider J, Arai K, Del Tredici K, et al. TDP-43 pathology and neuronal loss
in amyotrophic lateral sclerosis spinal cord. Acta Neuropathol (Berl). 2014;128:
423–437.

13. Fahn S; Parkinson Study Group. Does levodopa slow or hasten the rate of progres-
sion of Parkinson’s disease? J Neurol. 2005;252(suppl 4):IV37–IV42.

14. Seibyl JP, Zea-Ponce Y, Brenner L, et al. Continuous intravenous infusion of
iodine-123-IBZM for SPECT determination of human brain dopamine receptor
occupancy by antipsychotic agent RWJ-37796. J Nucl Med. 1996;37:11–15.

15. Bullich S, Roe-Vellve N, Marquie M, et al. Early detection of amyloid load using
18F-florbetaben PET. Alzheimers Res Ther. 2021;13:67.

16. Jennings D, Siderowf A, Stern M, et al. Conversion to Parkinson disease in the
PARS hyposmic and dopamine transporter-deficit prodromal cohort. JAMA Neurol.
2017;74:933–940.

17. Siderowf A, Jennings D, Stern M, et al. Clinical and imaging progression in the
PARS cohort: long-term follow-up.Mov Disord. 2020;35:1550–1557.

18. Marek K, Chowdhury S, Siderowf A, et al. The Parkinson’s progression markers
initiative (PPMI): establishing a PD biomarker cohort. Ann Clin Transl Neurol.
2018;5:1460–1477.

19. Sevigny J, Suhy J, Chiao P, et al. Amyloid PET screening for enrichment of early-
stage Alzheimer disease clinical trials: experience in a phase 1b clinical trial.
Alzheimer Dis Assoc Disord. 2016;30:1–7.

20. Honig LS, Vellas B, Woodward M, et al. Trial of solanezumab for mild dementia
due to Alzheimer’s disease. N Engl J Med. 2018;378:321–330.

21. Klunk WE, Engler H, Nordberg A, et al. Imaging brain amyloid in Alzheimer’s
disease with Pittsburgh compound-B. Ann Neurol. 2004;55:306–319.

22. Ferrie JJ, Lengyel-Zhand Z, Janssen B, et al. Identification of a nanomolar affinity
alpha-synuclein fibril imaging probe by ultra-high throughput in silico screening.
Chem Sci. 2020;11:12746–12754.

23. Baker SL, Provost K, Thomas W, et al. Evaluation of [18F]-JNJ-64326067-AAA
tau PET tracer in humans. J Cereb Blood Flow Metab. 2021;41:3302–3313.

24. Price JC, Klunk WE, Lopresti BJ, et al. Kinetic modeling of amyloid binding in
humans using PET imaging and Pittsburgh compound-B. J Cereb Blood Flow
Metab. 2005;25:1528–1547.

25. Song M, Scheifele M, Barthel H, et al. Feasibility of short imaging protocols for
[18F]PI-2620 tau-PET in progressive supranuclear palsy. Eur J Nucl Med Mol
Imaging. 2021;48:3872–3885.

26. Landau SM, Fero A, Baker SL, et al. Measurement of longitudinal beta-amyloid
change with 18F-florbetapir PET and standardized uptake value ratios. J Nucl Med.
2015;56:567–574.

27. Joshi A, Koeppe RA, Fessler JA. Reducing between scanner differences in multi-
center PET studies. Neuroimage. 2009;46:154–159.

28. Song M, Beyer L, Kaiser L, et al. Binding characteristics of [18F]PI-2620 distin-
guish the clinically predicted tau isoform in different tauopathies by PET. J Cereb
Blood Flow Metab. 2021;41:2957–2972.

29. Messerschmidt K, Barthel H, Brendel M, et al. 18F-PI-2620 tau PET improves the
imaging diagnosis of progressive supranuclear palsy. J Nucl Med. April 14, 2022
[Epub ahead of print].

30. Barthel H, Seibyl J, Lammertsma AA, Villemagne VL, Sabri O. Exploiting the full
potential of b-amyloid and tau PET imaging for drug efficacy testing. J Nucl Med.
2020;61:1105–1106.

31. Royse SK, Minhas DS, Lopresti BJ, et al. Validation of amyloid PET positivity
thresholds in centiloids: a multisite PET study approach. Alzheimers Res Ther.
2021;13:99.

32. Sperling RA, Donohue MC, Raman R, et al. Association of factors with elevated
amyloid burden in clinically normal older individuals. JAMA Neurol. 2020;77:
735–745.

33. Harkins K, Sankar P, Sperling R, et al. Development of a process to disclose amy-
loid imaging results to cognitively normal older adult research participants. Alz-
heimers Res Ther. 2015;7:26.

34. Marek K, Seibyl J, Eberly S, et al. Longitudinal follow-up of SWEDD subjects in
the PRECEPT study. Neurology. 2014;82:1791–1797.

35. Catafau AM, Tolosa E; DaTSCAN Clinically Uncertain Parkinsonian Syndromes
Study Group. Impact of dopamine transporter SPECT using 123I-ioflupane on diag-
nosis and management of patients with clinically uncertain Parkinsonian syn-
dromes.Mov Disord. 2004;19:1175–1182.

36. Kupsch AR, Bajaj N, Weiland F, et al. Impact of DaTscan SPECT imaging on clin-
ical management, diagnosis, confidence of diagnosis, quality of life, health
resource use and safety in patients with clinically uncertain parkinsonian syn-
dromes: a prospective 1-year follow-up of an open-label controlled study. J Neurol
Neurosurg Psychiatry. 2012;83:620–628.

37. Simuni T, Siderowf A, Lasch S, et al. Longitudinal change of clinical and biologi-
cal measures in early Parkinson’s disease: Parkinson’s Progression Markers Initia-
tive cohort.Mov Disord. 2018;33:771–782.

38. Hansson O, Seibyl J, Stomrud E, et al. CSF biomarkers of Alzheimer’s disease
concord with amyloid-beta PET and predict clinical progression: a study of fully
automated immunoassays in BioFINDER and ADNI cohorts. Alzheimers Dement.
2018;14:1470–1481.

39. Ossenkoppele R, Smith R, Mattsson-Carlgren N, et al. Accuracy of tau positron
emission tomography as a prognostic marker in preclinical and prodromal Alz-
heimer disease: a head-to-head comparison against amyloid positron emission
tomography and magnetic resonance imaging. JAMA Neurol. 2021;78:961–971.

40. Leuzy A, Smith R, Cullen NC, et al. Biomarker-based prediction of longitudinal tau
positron emission tomography in Alzheimer disease. JAMA Neurol. 2022;79:149–158.

41. Seibyl JP. a-synuclein PET and Parkinson disease therapeutic trials: ever the twain
shall meet? J Nucl Med. 2022;63:1463–1466.

42. Poggiolini I, Gupta V, Lawton M, et al. Diagnostic value of cerebrospinal fluid
alpha-synuclein seed quantification in synucleinopathies. Brain. 2022;145:584–595.

43. Delva A, Van Laere K, Vandenberghe W. Longitudinal positron emission tomogra-
phy imaging of presynaptic terminals in early Parkinson’s disease. Mov Disord.
2022;37:1883–1892.

44. Shang Y, Gibbs MA, Marek GJ, et al. Displacement of serotonin and dopamine
transporters by venlafaxine extended release capsule at steady state: a [123I]2beta-
carbomethoxy-3beta-(4-iodophenyl)-tropane single photon emission computed
tomography imaging study. J Clin Psychopharmacol. 2007;27:71–75.

45. Fleisher AS, Pontecorvo MJ, Devous MD Sr, et al. Positron emission tomography
imaging with [18F]flortaucipir and postmortem assessment of Alzheimer disease
neuropathologic changes. JAMA Neurol. 2020;77:829–839.

46. Mueller SG, Weiner MW, Thal LJ, et al. Ways toward an early diagnosis in
Alzheimer’s disease: the Alzheimer’s Disease Neuroimaging Initiative (ADNI).
Alzheimers Dement. 2005;1:55–66.

47. Kang JH. Cerebrospinal fluid amyloid beta1-42, tau, and alpha-synuclein predict
the heterogeneous progression of cognitive dysfunction in Parkinson’s disease.
J Mov Disord. 2016;9:89–96.

48. Stephenson D, Hill D, Cedarbaum JM, et al. The qualification of an enrichment
biomarker for clinical trials targeting early stages of Parkinson’s disease. J Parkin-
sons Dis. 2019;9:553–563.

CENTRAL NERVOUS SYSTEM DRUG DEVELOPMENT � Seibyl 19


