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ABSTRACT

Background: There is considerable evidence that neuroinflammation plays a
significant role in neurodegenerative diseases, hence there is a need for glial activation
measurements in Alzheimer’s disease (AD) with positron-emission tomography (PET).
This thesis aims to 1) explore the quantification approach for novel glial activation
tracers, 2) and develop new imaging techniques to evaluate biomarker interactions.
Methods: ['*F]GE180 and [''C]PBR28 for microglial activation were evaluated in 13
participants with AD and 13 with Mild Cognitive Impairment (MCI). [''C]BU99008
for astroglial activation was studied in 11 AD and MCI. Arterial input functions were
acquired and full compartmental modelling, spectral analysis, graphic analysis, cluster
analysis and standardized uptake value were evaluated. The VOI (Volume of interest)
Prediction Tool (biomarker co-localization) and Individual Correlation Mapping (ICM)
(biomarker correlation) were developed to assess biomarker interactions.

Results: Based on Akaike Information Criterion, a two-tissue compartmental model
demonstrated the best fit for ['*F]JGE180 and [''C]BU99008, while ['!C]PBR28 fitted
the two-tissue model with a vascular component. Impulse response function (IRF)
generated by spectral analysis, have shown good consistency with compartmental
modelling (R>0.8, p<0.0001). ['*F]GE180 revealed high plasma binding and low Vrt
(AD=0.21 £0.06 mL-cm™, HC=0.17 £0.05 mL-cm™) in the brain. For amyloid-positive
patients, I discovered 25% (p<0.01) and 19% (p<0.03) group-level increase in
['!'C]PBR28 and ['!C]BU99008 VT, respectively. The interactive VOI of microglial
activation, amyloid and tau has demonstrated a linear prediction model of individual
annual cognitive decline (R>=0.86, p<0.0001). ICM demonstrated a positive correlation
(R?=0.7, p<0.03) between the volume of biomarker interaction and the severity of the
cognitive impairment on individual basis.

Conclusion: This work explores the best quantification method for three new tracers
and demonstrates elevation of glial activation in patients with neurodegenerative
disease. The novel imaging techniques demonstrate an individualized association
between biomarker interaction and cognitive performance, indicating the importance of

biomarker interactions in AD.
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CHAPTER I. BACKGROUND

I-1. ALZHEIMER'’S DISEASE

1.1. Overview of Alzheimer’s disease

Amyloid Microglial activation Glucose metabolism

Figure I-1. Neuroimaging in Alzheimer’s disease.

Upper panel shows an AD patient and lower panel shows an age-matched healthy
control. MRI T1 image shows the brain structure and atrophy. Amyloid deposition
was quantified by [11CJPIB Ratio image (60-90 min) using the cerebellum as the
reference region (colour bar max=23); microglial activation was quantified by
[H1CIPK11195 BP image which generated by supervised cluster analysis (colour
bar max=1); and glucose metabolism was quantified by [18FJFDG ratio image
(reference to pons). Colour bar max=1.

Alzheimer’s disease (AD) is the most common form of dementia affecting people over
65 years old. It is characterised by progressive symptoms associated with the
deterioration of memory, speech, thinking and cognitive function (Association, 2017;
Castillo-Carranza, Guerrero-Mufioz & Kayed, 2014; Nelson, Gard & Tabet, 2014). To
date, around 850,000 people in the UK suffer from dementia, and the number is

expected to soar to 1 million by 2025 (www.alzheimers.org.uk). AD was firstly

described in 1906 by Dr Alois Alzheimer, but little is known about the exact etiological
mechanism of the disease, the reason for the heterogeneous progression profiles in

individuals, and how to prevent, slow down or stop such progression. Mild Cognitive
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Impairment (MCI) is an intermediate phase between healthy brains and Alzheimer’s
disease. Patients with MCI often have noticeable memory impairment and cognitive
deficit, but are still able to carry on a normal life. Meta-analysis of studies in MCI and
AD suggest that 38% of individuals with MCI develop AD dementia in 5 years,
indicating MCI is a potential precursor to Alzheimer’s dementia (Hatashita &
Yamasaki, 2013; Alzheimer & Association, 2018). Thus, there is an increasing interest
in MCI as an important focus for development of preventative or disease modifying
treatments (Portet et al., 2006). Emerging evidence shows that pathological changes in
the brain precede the symptoms by many years, thereby pointing to the critical need for
in vivo biomarker imaging in AD research (Jack et al., 2018a; Alzheimer & Association,

2018). (Figure I-1)

1.2. Pathophysiology

As mentioned, the symptoms of memory impairment, confusion and cognitive
impairment may appear 15-20 years after the pathological changes start to appear in the
brain (Jack et al., 2018a). Thus, it is crucial to develop novel biomarkers for AD
pathology to allow early diagnosis. Compared with a healthy brain, the AD brain is
characterised by the accumulation of extracellular amyloid plaques composed of -
amyloid (AP) protein and intracellular neurofibrillary tangles (NFTs) composed of tau
protein (Castillo-Carranza, Guerrero-Munoz & Kayed, 2014; Ittner & Gotz, 2011)
(Figure 1-2). In 2018, the National Institute on Aging and Alzheimer’s Association
(NIA-AA) Research Framework changed the definition of AD from individuals’
clinical symptoms to a biological based construct in the brain, where AD brain in
observational and intervention research studies has to present with amyloid deposition,
tau pathology, and neurodegeneration in post-mortem examination or in Vivo
biomarkers (cerebrospinal fluid makers or molecular imaging) (Jack et al., 2018a).
These amendments of AD definition were initially raised due to the fact that dementia
have shown a considerable heterogeneous neuropathology in post-mortem brains
(Boyle et al., 2017). Therefore, there is an urgent need to investigate biomarkers for the
multiple neuropathology in vivo and their relationship to the diverse cognitive

presentation during disease progression.
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Figure I-2. Molecular and cellular processes presumed to participate in AD
pathogenesis.

In AD brain, the accumulation of insoluble Af assemblies and deficiency of the
clearance mechanism (e.g. microglia) could lead to further increase of amyloid
plaques. Figure from Erik D. Roberson, and Lennart Mucke Science 2007
(Roberson et al, 2007) (Appendix 1. Permission Table)

Amyloid peptide is a downstream product derived from the Amyloid Precursor Protein
(APP). The precise effects of amyloid in normal brain is not fully understood; however,
animal studies have demonstrated that amyloid function may be related to the activation
of kinase enzymes (Tabaton et al., 2010), regulation of cholesterol transportation
(Bailey et al., 2011; Di Scala et al., 2014; Maloney & Labhiri, 2011) and induction of
pro-inflammatory activity (Chakravarthy et al., 2008; Soscia et al., 2010). In a diseased
brain, the toxic hydrophobic AB-42 oligomers are abundant in the extracellular space
of the central nervous system (CNS). The imbalanced production of downstream
amyloid peptide isoforms (AB-42 and AB-40) could be due to the mutation in APP
cleavage proteolytic enzymes (e.g. y-secretase) (Selkoe & Hardy, 2016). As a result, AP
aggregates into soluble oligomers, then forms fibrils of insoluble B-pleated sheet, which
subsequently builds up in toxic senile plaques (Kumar, Singh & Ekavali, 2015). Recent
studies have shown that amyloid plaques devastate brain function by interfering with

the neural synaptic function by lowering density of synapses and altering synaptic

25



Imperial College London Zhen Fan CHAPTER I

structure, thereby cause the impairment of communication between neurons (Borlikova
et al., 2013). ABB is also found to induce oxidative damage which causes neuronal
degeneration (Nunomura et al., 2010). Other studies indicated that AB promotes tau
hyperphosphorylation (Kumar, Singh & Ekavali, 2015; Kurz & Perneczky, 2011) and
accelerates the proinflammatory stress with excessive activation of the microglia cells.
(Selkoe & Hardy, 2016)

Tau protein is a microtubule-associated protein (MAP) and is found in abundance in
axons of the neurons (Figure I-2). With different numbers of tubulin-binding repeats
(e.g. 3R tau or 4R tau), six major isoforms of tau protein in the human brain are
observed, all of which are the products of alternative splicing from a single gene MAPT
(microtubule-associated protein tau) that are found on chromosome 17. In general, all
tau isoforms seem to play a similar role in interacting with microtubules (MTs) and
modulating the stability of axonal microtubules in CNS. However, various expression
of tau isoforms are observed during the development, suggesting different isoforms
may adopt distinctive functions in axonal development and neural plasticity (Takuma,
Arawaka & Mori, 2003). Under pathological conditions, excessive phosphorylation of
tau leads to the production of paired helical filament (PHF) tau and NFT. In contrast to
the normal tau protein which interacts with microtubules in the neurons, the
hyperphosphorylated tau can form highly insoluble aggregates (e.g. NFT) which
compromise microtubule stabilization the axonal transport, which in turn causes

disruption of synaptic function and promotes neurodegeneration.

I-2. GLIAL ACTIVATION

2.1. Microglia

Microglia are resident macrophages in the central nervous system. They distribute
ubiquitously in the brain and are the most abundant type of glial cells, accounting for
10-15% of all cells within the brain (Lawson, Perry & Gordon, 1992). Microglia cells
act as the main endogenous immune system in the CNS and provide the primary brain
defence against external insults. It has been shown that microglia provide support to
normal memory formation by stimulating neurotrophic factors (Parkhurst ez al., 2013).
Microglia act as a constant surveillance system using their long branching motile

processes to chemically survey the local environment and provide neurotrophic factors
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for supporting tissue maintenance. When there is a presence of pathogens or cellular
debris (Figure I-3), microglia quickly identify foreign bodies, migrate to the lesion and
become activated. In order to remove those immune threats, activated microglia cells
are morphologically changed into an amoeboid form, where their processes are
retracted and cell bodies are enlarged. Activated microglia accumulate around the site
of lesion and start to proliferate around the lesion with increased expression of
inflammatory mediators and receptors. An innate immune response can then be initiated
by inflammatory mediators, such as cytokines, chemokines and caspases. Subsequently,
microglial cells mediate the immune response by acting as the antigen-presenting cells
to T lymphocytes. If the damage is persistent in the brain, some of the microglia undergo
further transformation into macrophages, which eventually remove the cellular debris
at the injury site by phagocytosis (Heneka et al., 2015; Stefaniak & O’Brien, 2015;
Tremblay, 2011).

Astrocyte

Microglia

Figure I-3. Microglia are rapidly activated after local BBB (blood brain
barrier) disruption.

Fluorescence images of astrocytes (SR101 constrained astrocytes) were shown on

the upper panel, and EGFP-expressing microglial cells were shown on the lower
panel. A targeted laser-induced microlesion were performed (yellow flashes
indicate the site of injury) to cause a disruption of blood vessel. The 2 panels of
three Fluorescence images (horizontal) were taken at baseline (0 min), 30 min,

and 60 min after the lesion for astrocyte and microglia at the site of blood vessel
disruption, where microglia were rapidly activated at the lesion site. Bar=20 um.

From Axel Nimmerjahn et al. Science 2005; 308:1314-1318 (Appendix 1.

Permission Table)
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2.2. Plasticity of Microglial Activation

Microglial activation is a complex process. It involves physical morphology changes,
secretion of different inflammatory cytokines, and possible changes in activation
phenotype based on the factors that are presented in the brain. The concept of a
spectrum in microglial activation phenotypes arises from in vitro studies. Previously, it
was suggested that there are two major forms of microglial activation (Figure I-4), the
toxic classical activation (M1) that is induced by interferon-y and the protective
alternative activation (M2) that is induced by IL-4 (Martinez & Gordon, 2014; Stein et
al., 1992). The microglial classical activation (M1) was characterised by impairment of
phagocytosis capability and increased secretion of pro-inflammatory cytokines, such as
interleukin 1 (IL-1), IL-6, IL-12, IL-18 and TNFa. The alternative activation (M2) of
microglia cells increased the phagocytosis without generating toxic nitric oxide, and
elevated the expression in a series of anti-inflammatory cytokines, such as IL-4, IL-10,
IL-13, and TGF-B (Goerdt & Orfanos, 1999; Koenigsknecht-Talboo & Landreth, 2005;
Mantovani et al., 2002; Zelcer et al., 2007). However, recent studies have come up with
a different view based on studies of peripheral monocytes (Chiu ef al., 2013; Xue et al.,
2014). Rather than two stable subsets (M1 or M2), with various stimuli in the tissue,
microglia seem to have a near-infinite plasticity in activated phenotypes, which allows
them to specifically respond to enormous environmental alterations (Martinez &
Gordon, 2014). Thus, the microglial activation phenotypes could be a spectrum of
functionality: from the anti-inflammatory dominated to pro-inflammatory dominated

activation depending on specific environmental triggers.
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Figure I-4. Relationship between microglial activation and neurofibrillary
tangle formation in Alzheimer’s disease.

The microglial classical activation (M1) was characterised by impairment of
phagocytosis capability and increased secretion of pro-inflammatory cytokines,

such as interleukin 1 (IL-1), IL-6, IL-12, IL-18 and TNFa. The alternative activation

(M2) of microglia cells increased the phagocytosis without generating toxic nitric
oxide, and elevated the expression in a series of anti-inflammatory cytokines, such

as IL-4, IL-10, IL-13, and TGF-p. IL = interleukin; TNF = tumour necrosis factor;

IFN = interferon; iNOS = inducible nitric oxide synthase; Ab = amyloid-b; LPS =

lipopolysaccharide. (Z Fan, 2015, Brain) (Appendix 1. Permission Table)

In ageing CNS and brains with on-going degeneration of neurons, the phenomenon of
microglia priming is observed, where the sensitivity of microglia to the local
inflammatory stimuli is enhanced. In a study of ageing mice, profound age-related
microglial priming was presented in aged mice brain with enhanced phagocytic
capacity, increased secretion of cytokines and stimulation of reactive oxygen mediators
(Haley et al., 2018; Niraula, Sheridan & Godbout, 2017). Those findings suggested that
microglial priming can be initialized by environmental effects, such as oxidative aging

or persistent aberrant degeneration of the neurons.
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2.3. Microglia in Neurodegenerative Disease

W, i

Figure I-5. Changes in microglia and astrocyte in Alzheimer’s disease.

(A) CD11b-positive microglia (blue) within an amyloid f (Af) deposit (brown) in
Alzheimer’s disease. (B) Activated, IBA1-positive microglia (green) at an Af
plaque site (red) in an APP/PS1 transgenic mouse. (C) GFAP-positive astrocytes
(blue) surround the site of Af deposition (brown) in Alzheimer’s disease. (D)
GFAP-positive astrocytes (green) at an Af plaque site (red) in an APP/PS1
transgenic mouse. (E) Interleukin-1(-positive microglia (brown) from a patient
with Alzheimer’s disease. (M. Heneka, 2015, The Lancet Neurology) (Appendix 1.
Permission Table)

In neurodegenerative disease, there is considerable evidence that neuroinflammation
plays a significant role (Figure I-5). Inflammation, particularly microglial activation, is
a common feature of many neurodegenerative disorders (Amor et al., 2010; Cappellano
et al., 2013). However, the exact role of microglia is still under debate. As mentioned
above, microglia activation may have a spectrum of phenotypes, and can be both
beneficial and detrimental to the brain. In a normal brain, when there is a pathogenic
stimulus, microglial cells respond effectively to remove the dangerous signal and
restore normal brain function. On the contrary, in the AD brain and AD transgenic
mouse models, activated microglia are observed in the vicinity of amyloid plaques, but
they do not effectively phagocytose the AP protein. Moreover, activated microglia may

further accelerate neuronal loss by stimulating pro-inflammatory pathways. (Joshi et
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al., 2014) Sustained exposure to the intractable amyloid and inflammatory mediators
leads to dysfunctional microglia with persistent production of pro-inflammatory
cytokines, and thus damage to surrounding cells. Beclin-1, an autophagy protein,
regulates the microglial function by sorting cellular components, such as TREM2, APP,
BACEI1 and CD36, via the endolysosomal pathway. However, expression of Beclin-1
is suppressed in AD patients, therefore impairs the microglial phagocytosis function
and reduces in CD36 and TREM?2 (Lucin ef al., 2013). Previous PET imaging studies
have suggested that microglial activation, rather than amyloid plaques, correlates more

closely with the severity of dementia (Edison et al., 2013).

2.4. Astrocyte

The star-shaped astrocyte cell is another sub-type of glial cells in the CNS, which bears
many similarities to microglial cells. Astrocytes monitors the synaptic activity and
balances the brain homeostasis by constantly conducting metabolic coupling and
reducing excessive potassium or glutamate (Benjamin & Quastel, 1972; Pellerin &
Magistretti, 1994). When there is a molecular trigger which alters the brain
homeostasis, astrocytes respond rapidly and get activated with multiple expressions of
receptors and intracellular signalling cascades on the synapses (Buffo, Rolando &
Ceruti, 2010; Burda & Sofroniew, 2014). Astrocyte reactivity has been found around
senile plaques in animal model of AD and post-mortem AD brain. It may also appear
prior to the presence of AP deposition in the course of AD (Kummer et al., 2014;
Medeiros & LaFerla, 2013; Olabarria ef al., 2010) (Figure I-5). Reduction of astroglial
cells were observed in animal models of AD, indicating an early phase of impaired
astrocyte function in maintenance of synaptic transmission and connectivity, which
resulted in cognitive deficits (Beauquis et al., 2013; Kulijewicz-Nawrot ef al., 2012;

Olabarria et al., 2011; Yeh et al., 2011).

2.5. Inflammatory Mediators

Microglia and astrocytes orchestrate the process of pro-inflammatory, anti-
inflammatory, and apoptosis by releasing different inflammatory mediators. At the
same time, microglial and astroglial reactivity can be induced and driven by

inflammatory mediators.
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In Alzheimer’s disease, significant elevation of pro-inflammatory cytokines, including
interleukin 6 (IL6), interleukin 1o and TNFa (Tumour necrosis factor), was observed
with increased AP in ageing TgAPPsw and PSAPP transgenic mice, suggesting Af
accumulation may induce the neuroinflammatory response in AD (Patel et al., 2005).
This is consistent with in vitro findings. When applying a pre-aggregated AP simulation
in the microglial cell culture, increased production of pro-inflammatory cytokines
(IL1B, IL6 and TNFa), MIP-1a and M-CSF (Macrophage colony-stimulating factor)
was found (Lue ef al., 2001). The caspase-1 is fundamental for interleukin-1 mutation
in AD. In human MCI and AD brain tissue, the active caspase-1 expression is
upregulated significantly in vitro. Additionally, in close vicinity to AP plaques,
interleukin-1p was found to be the most pronounced pro-inflammatory cytokine
secreted by microglial cells in disease tissue. (Akama & Van Eldik, 2000; Heneka,
Kummer & Latz, 2014) In vivo, the APP/PS1 Alzheimer’s transgenic mice with NLRP3
and caspase-1 deficiency, have revealed a reduction in AP accumulation by inducing
the microglial activation to an anti-inflammatory state. Moreover, those transgenic mice
were found to be protected from the impairment of spatial memory (Heneka et al.,
2012). With the in vivo findings, NLRP3 and caspase-1 were proven to play a
significant role in the course of Alzheimer’s disease, and NLRP3 inflammasome could
be therefore a possible therapeutic intervention target. M-CSF, a hematopoietic growth
factor, activates the microglial cells and contributes to phagocytosis of AP. It has been
shown that M-CSF levels in plasma were found substantially increased in dementia AD
patients compared to MCI cohort or age-matched healthy controls, while the M-CSF
level in cerebrospinal fluid (CSF) was significantly reduced in MCI patients compared
to AD patients and patients with other non-inflammatory neurological disease (Laske
et al., 2010). This clinical trial suggested M-CSF plays a major role in distinguishing
various forms of neurodegenerative disease, which can be used as a putative biomarker
for MCI patients.

In patients with Alzheimer’s disease, the pro-inflammatory environment in the CSF
which is characterized by increased pro-inflammatory mediators (cytokine TNFa) and
reduced anti-inflammatory mediators (TGF-f), was found to raise the risk of conversion
from MCI to AD (Tarkowski et al., 2003). Conversely, studies in mouse models of AD
demonstrated that some pro-inflammatory mediators may be beneficial in the disease

(Shaftel et al., 2007). When induced a blood-brain barrier leakage in a mouse brain, the
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chronic interleukin-1p expression in unilateral hippocampus enhanced the leukocyte
recruitment dramatically to the CNS, which comprised of neutrophils, macrophages and
T cells, with no evidence of neuronal degeneration in the hippocampus (Shaftel et al.,
2007). When overexpressing interleukin-1f in a triple transgenic mouse model of AD,
Ghosh et al. (Ghosh et al., 2013) found 4-6 fold increase in microglia surrounding the
AP plaques and robust reduction in amyloid load. Moreover, they observed greater
microglial activation and tau phosphorylation as well at the site of inflammation. Those
results suggested that the pro-inflammatory interleukin 1B expression is capable of
inducing a beneficial form of neuroinflammation and potentially assisted in reducing
the pathology in transgenic mouse models by recruiting protective neutrophils and
scavenging the misfolded protein in APP/PS1 mice.

In Alzheimer’s disease, most chemokines (e.g. CCL2, CCR3 and CCRY) are reported
to be upregulated in reactive microglia, while CCL4 are found in reactive astrocytes
that surrounding the amyloid deposition (Ishizuka et al., 1997; Xia et al., 1998). In
response to AR simulation, overexpression of CCL2, CCL3, CCL4 and CXCLS (i.e.
interleukin 8) were observed in human macrophages and reactive astrocytes in vitro
(Smits et al., 2002). In the post-mortem microglia culture from AD brains, a range of
chemokines were generated by post-mortem microglia after exposure to Af, including
CXCLS8, CCL2 and CCL3 (Fiala et al., 1998; Lue, Walker & Rogers, 2001). In vivo,
CX3CRI1 knockout mice were protected from neurodegeneration (Fuhrmann et al.,
2010), suggesting that the CX3CRI1 signal deficiency modulates the capacity of
phagocytosis in reactive microglia and enhances the clearance of AP deposition in AD
(Lee et al., 2010b). In contrast, the CCRS5 knockout mice showed impairment of long-
term memory and spatial memory. Compared with wild type mice, CCRS -/- mice
demonstrated significantly higher expression of GFAP and CCR2, indicating the
deficiency of CCRS5 may lead to astrocyte activation and CCR2 expression, which
results in amyloid accumulation and memory deficiency (Hwang ef al., 2016; Lee et
al., 2009). Additionally, over-expression of CCL2 in cell culture or transgenic mice
model demonstrated modulation of toxic cytokine production in activated astrocyte
(Semple, Frugier & Morganti-Kossmann, 2010). In microglial cells, the over-expressed
CCL2 was found to accelerate the amyloid oligomers generation by facilitating AP
uptake, intracellular oligomerization and protein secretion, and eventually led to

deficits in spatial and working memory (Kiyota et al., 2009). Those findings proved
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that inflammatory mediators are capable of altering the course of disease by interacting

with reactive microglia and astrocytes.
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Figure I-6. NLRP3 gene deficiency increases microglial A phagocytosis and
shows protective effects in APP/PS1 mice on memory and behaviours.

A) Immunohistochemistry of microglia from APP/PS1 mice for Ibal (red) and Asc
(green), which is an apoptosis-associated inflammasome component. Bar= 10 yum.
B) Representative runs. C) Representative micrographs from methoxy-X04-
treated APP/PS1 and APP/PS1/NLRP3—/— mice stained for Iba-1 and Af. D)
Average IC16-positive A plaque size, determined by co labelling with methoxy-
X04, was markedly reduced in APP/PS1/NLRP3—/— mice (n=150, *** p<0.001).
A scatter blot of all plaques that was analysed by linear regression (R°=0.5588 for
APP/PS1 and R?=0.4431 for APP/PS1/NLRP3—/— mice). (M. Heneka Nature.
2013 Jan 31; 493(7434): 674-678.) (Appendix 1. Permission Table)

Caspases are intracellular proteases that modulate apoptosis and inflammation. When
infection occurs, Caspase-1 is activated by inflammasomes (e.g. NRLP3)
autocatalytically, which subsequently leads to activation of interleukin 1 and
interleukin 18 by cleaving the inactive precursors (van de Veerdonk et al., 2011). In
patients with AD and APP/PS1 mice model, active caspase-1 was found significantly
elevated compared with healthy brains. The NRLP3 inflammasome was found to be
associated with tissue damage and innate immune response to AP accumulation via
lysosomal damage. NRLP3 inflammasome was also essential for recruiting microglia

to the site of AP plaques. (Halle et al., 2008) Deficiency of NLRP3 or caspase in
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APP/PS1 AD mice demonstrated reduction of brain caspase-1, interleukin-1p and Ap;
and were found mostly spared from impairment of memory function and hippocampal
synaptic plasticity. It suggested that NLRP3 deficiency may shift the activation
phenotype of microglia from pro-inflammatory to anti-inflammatory. In mouse models
of AD, the utilizing of activated caspases inhibitors were reported successfully
protecting the hippocampus from neurodegeneration and improved cognitive function
(Biscaro et al., 2012; Rohn et al., 2009). (Figure I-6)

In summary, mounting evidences in pathological, epidemiological, in vivo animal and
human imaging studies have demonstrated the relevance of neuroinflammation in
neurodegenerative disease pathogenesis. It has demonstrated that activated microglia
were found clustering around amyloid deposition, which disrupts the microglial
function by impairing phagocytosis mechanism and over-expressing pro-inflammatory
mediators. The heterogeneity of glial cell behaviour in neurodegenerative disease need
to be explored in vivo. Therefore, in neuroimaging field, there is an unmet need for

detecting brain glial activation in vivo in human brains.

I-3. MAGNETIC RESONANCE IMAGING

Magnetic Resonance Imaging (MRI) is a non-invasive medical imaging technique,
which uses the spin properties of the nuclei and protons, hydrogen nuclei in particular,

to generate a high-resolution structural imaging of the brain’s anatomy. (Figure 1-7)
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Figure I-7. MRI images in healthy control, and two AD patients with severe
brain atrophy (yellow arrows).
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Up to 70% of the human brain is composed of water (Forbes, COOPER & MITCHELL,
1953), which allows MRI to map the water and fat distribution. An MRI scanner
contains a magnet, which provides strong external magnetic fields that force the spin
hydrogen nuclei in water to align in the same direction with the natural precession
frequency of a spin, called Larmor frequency. Larmor frequency is determined by the
gyromagnetic ratio (i.e. mechanic and magnetic properties of the nucleus) and strength
of the magnetic field in Tesla (T). Then a short burst of radiofrequency (RF) pulse is
sent to the scanning field. Those radio waves disrupt the equilibrium and cause the
hydrogen proton to jump to the high energy level. This is known as excitation. For a
given RF intensity, the spins are no longer aligned, and instead they shift the magnetic
moments away from for a pulse angle (e.g. 90 degree), which is based on the duration
of the RF pulse. When the external radio waves are switched off, the spins start to
realign and return to their equilibrium phase at the Larmor frequency. This process of
transition back to the equilibrium is called relaxation. During the relaxation, the same
amount of spins jumps back to low energy level and emit certain amount of energy
which can be picked up by MRI energy receivers. Since these relaxations are distinct
across various types of tissues, the retrieval of signals provides not only the location
information of the protons in the brain, but also indicates different types of tissue in the

brain due to various magnetic gradients. (Dale, Brown & Semelka, 2015)
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Figure I-8. T1 and T2 MRI.

In T1-weighted MRI (upper panel), tissues with short T1 recover more quickly
than those with long T1’s, thus they show higher signal intensity and appear
brighter than long T1’s. In T2-weighted MRI (lower panel), substances with short
12 decay very rapidly, thus they have lower signal intensity and appear darker
than the long T2’s.

The relaxation does not occur immediately after the cease of the excitation pulse,
instead, the length of the relaxation time depends on the local conditions of the excited
protons. In MRI, both the spin-lattice T1 (longitudinal) and spin-spin T2 (transverse)
magnetic field relaxation time are measured when the spins return to the equilibrium
state. T1-weighted images reflect the relaxation time for protons’ spins realigning with
the main magnetic field longitudinally, which tend to have short echo time (ET) and
repetition time (TR) (Figure I-8). In this case, fatty tissue realigns with the magnetic
field quickly, therefore demonstrates high signal and appears bright in T1-weighted
image, while water reaches the realignment state much slower, which leads to low
signal and dark appearance. Thus, T1-weighted MRI provides good contrast imaging
for cerebral cortex and general brain anatomy information. On the contrary, T2-
weighted images refer to the difference of the protons’ spins decaying from their aligned
precession in the transverse plane, which tends to have long ET and TR. The T2
relaxation time depends on the pure inherited tissue molecular interactions and the

external variations, such as magnetic field inhomogeneity. Fluids with few
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macromolecules have a long T2 time that appear bright on T2-weighted images,
whereas the relaxation rate of the tissue are much faster, which leads to a short T2 time
which appears less bright. Therefore, T2-weighted images are generally used to
visualize the atrophy and white matter lesions in the brain. Combining the use of T1
and T2 weighted MRI images, MRI technique provides a high-resolution structural
imaging of the brain. (Dale, Brown & Semelka, 2015; Tofts & John Wiley & Sons,
2003)

Diffusion tensor imaging (DTI) is another popular MRI technique applied in brain
imaging research, which provides visualization and quantification of white matter
tracks in three dimensions. It estimates the fractional anisotropy (FA) index of water
motions in each voxel by measuring diffusion in multiple directions, and using tensor
decomposition to extract the motions of parallel or perpendicular to the fibres. The FA
values demonstrates the intensity between zero and one, where high FA represents that
diffusion occurs highly restricted along one direction (e.g. corpus callosum), whereas
zero FA means the diffusion is isotropic and equally restricted in all directions (e.g. grey
matter). While DTI provides an efficient technique to detect white matter lesions,
inherent limitations of partial volume effect and questions with non-Gaussian diffusion
in white matter are constantly debated. However, DTI indeed provides comprehensive
in vivo white matter mapping, and widely used along with functional brain imaging in

neurodegenerative diseases. (Assaf & Pasternak, 2008)

I-4. POSITRON EMISSION TOMOGRAPHY

4.1. PET Basis

Positron Emission Tomography (PET) is a nuclear imaging technique that allows
visualisation and quantification of functional changes in vivo in the body by a positron
labelled radioactive tracer (Rahmim, Qi & Sossi, 2013). The positron emission
detection system was first introduced in the 1950s. It evolved continuously for a half
century in improving its configurations in acquisition mode capability and producing a
wide variety of transmission scanning arrangements with different radioactive sources.
For instance, the transmission scans (e.g. CT scan) can be acquired before, during or
after a PET scan, which contribute in the data reconstruction (e.g. attenuation correction

) by providing the anatomical localization of the brain (Bailey, 1998). The PET imaging
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system has now been substantially enhanced with sensitivity and resolution for the
image quality. The PET technology has been widely applied in both academia and
industry for clinical diagnostic imaging, clinical trial research and drug development.

In a modern clinical imaging PET scanner, a PET scan is normally combined with a CT
scan. After the acquisition of a CT scan, PET emission acquisition starts with the
intravenously injection of radioactive PET tracer, which travels across the BBB into the
brain. Positron is emitted from the tracer, and travels a short distance. When it meets an
electron, annihilation occurs and usually generates two gamma rays, each of 511 KeV
energy, at an almost perfect 180-degree angle. This is known as the line of response
(LOR). The ring of detectors in PET scanner captures the gamma rays and estimates
the LOR within a very narrow time-window (in nanoseconds), which determines the
location of the annihilation event, and hence monitors the distribution of the radioactive

tracer in the field of view (FOV) during the PET scanning. (Figure I-9)
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Figure I-9. Schematic diagram of PET imaging.

Annihilation occurs when a positron meets an electron, and usually generates two
gamma rays (each of 511 KeV energy) at 180-degree angle. Then the ring of
detectors in PET scanner captures the two gamma rays to estimate the location of
annihilation.

4.2. PET Corrections

A valid coincident event, known as prompt event, requires 1) two photos to be detected

within a predefined electronic coincidence time window, 2) the line-of-response to be
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formed within a valid acceptance angle, and 3) the energy deposited is within a selected
energy window. Among all prompt events that satisfy the above criteria, there are true
coincidences, but there are also some unwanted coincidences. Those accidental events
could be due to various reasons: 1) scattered events, where the photon undergoes a
Compton scattering, which causes loss of energy in the photon and changes the
direction; 2) random coincidence, where unrelated random photons from different
annihilations are detected; 3) multiple events, where three photons from two separated
annihilations are detected within the time window. With appropriate corrections
applied, the prompt count rate can be calculated by the sum of true event rate plus the
corrected scatter and random event rates. Eventually, the corrected signals (true
coincidences) generate a PET image, which demonstrates the distribution and

concentration of radiotracers in the brain in vivo. (Bailey, 2005)

Figure I-10. PET coincidence.

A) True coincidence B) Attenuation C) Random coincidence and D) Scattered
coincidence.

Physical corrections are necessary to calibrate the PET data and allow the absolute
quantification of the accurate coincidence within the FOV. Four main types of
corrections are involved, attenuation, dead-time, randoms and scatter correction (Figure
I-10). Attenuation correction corrects the attenuation of the signal when gamma rays

are scattered outside the angle of detective FOV before being received by the PET
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detector. Signal attenuations in humans can significantly reduce the gamma ray
detection by 50-75%. Therefore, without such corrections, there is a significant amount
of signal variation across the FOV, typically in the centre where the lowest signal
intensity is revealed. A CT scan is therefore used for the attenuation correction. It
provides a contrast image of the body and compensates the loss of activity in the PET

image, especially in the centre where attenuation is more likely to take place.

4.3. Principle of PET Tracers

In clinical research and clinical practice, biomarkers are widely used to reveal the
disease progression and treatment response. PET tracer is an imaging biomarker, which
designed for specific functional processes, where a chemical compound of interest is
labelled with positron emitters, such as '*F, ''C and '°O. In PET instrumentation (Bailey,
2005), all three principles of radiotracer are perfectly met:

1. The PET tracer is in trace quantities and will not alter or perturb the system.

2. The interaction between the PET tracer and the system is predictable,

informative and reproducible.

3. The PET tracer concentration allows absolute quantification.
The radioisotope is generated by a particle accelerator called a cyclotron, which
accelerates the charged particle to a high velocity. Depending on what positron emitting
isotope 1s needed, different target gas mixture is placed in the reaction vessel (e.g.
Nitrogen+0.1% Oxygen), which reacts with the accelerated particle. The most common
isotopes used in PET tracer labelling are ''C, '®F or 130, which substitutes the carbon,
fluorine or oxygen in the chemical substrate of interest. Considering the isotope decays,
the chemical reactions of attaching the isotope onto the substrate should be performed
in a timely manner, especially for those labels with a very short half-life (e.g. 1°0=2.03
min half-life and ''C = 20.38 min half-life).

4.4. Tracers for Glial Activation

The 18-kDa translocator protein (TSPO) is a cholesterol-transporter protein expresses
in the outer membrane of mitochondria on microglial cells and astrocytes in the brain
(Gatliff & Campanella, 2016). Translocator protein expression in normal brain is very

low but it increases dramatically during glial activation after brain injury and
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inflammation (Dickens et al., 2014; Su et al., 2013). Therefore, TSPO PET tracers were
generated for detecting microglial activation in vivo.

The first generation TSPO PET tracer [!!C](R)PK 11195 has been used for over 30 years
to assess the level of microglial activation in vivo (Charbonneau et al., 1986). However,
[''C](R)PK 11195 was found not only binds to TSPO, but also binds to other structures
within the brain, such as endothelial tissue and smooth muscle (Turkheimer et al.,
2007). Due to the poor signal-to-noise ratio (Dickens et al., 2014), there is a urgent need
for developing new TSPO tracers with minimal non-specific binding. More selective
radioligands were developed as second generation of TSPO tracers, such as
[''C]PBR28, [!'C]vinpocetine, [''CIDAC, [''C]DAA1106, [!'C]NI-methyl-2-
phenylindol-3-ylglyoxylamide and [''C]JCLINME (Chauveau et al., 2008; Vivash &
OBrien, 2016). Since carbon 11 has a short radioactive half-life of 20 min, the need for
an on-site cyclotron limits the use of these tracers. Therefore, fluorine 18 labelled TSPO
makers have been developed, such as ['*F]GE180, ['*F]FEPPA, ["*F]JFEDAA1106,
['®F]DPA-713, ['*F]DPA-714 and ['*F]PBRO6 (Dickens et al., 2014).

New generation of TSPO tracers have demonstrated promising results in preclinical
studies (Wadsworth et al., 2012; Dickens et al., 2014); however, most of those tracers
failed to reproduce similar results in human trails. This may be due to three confounding
factors which human brain suffers when applying second-generation TSPO tracers.
Firstly, binding affinity of the most newly developed TSPO tracers in human brain are
affected by the TSPO genetic variability (Owen et al., 2011b). The genetic variability
of TSPO binding site associates with the single-nucleotide polymorphism (SNP) rs6971
(Owen et al., 2011b). In preclinical models, the high-affinity binders (HAB) have 40-
50% increase in binding affinity compared to mixed affinity binders (MAB), while low
affinity binders (LAB) are unsuitable for evaluation (Owen et al., 2011a, 2014), which
is also true in humans. Secondly, like many other neuroreceptor ligands used in PET,
the high variability in the subject’s plasma free fraction leads to difficulty in providing
an accurate and reliable f;, (plasma free fraction) measurement for TSPO tracer (Fan et
al., 2016). Lastly, TSPO signals in human brain are found in the venous sinuses,
endothelial cells of the blood brain barrier, and the brain tissue; therefore, apart from
developing more selective tracers, it is also critical to account for the signal dispersion

if high signal contamination is observed from the peripheral area of blood vessels.
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Similar to microglial activation, researchers found that I2-imidazoline binding site
(ILBS) is significantly upregulated on the mitochondrial membrane in activated
astrocytes (Tyacke et al., 2012). In recent years, novel PET tracers were developed to
target LBS expression in the brain for distribution of astrocyte reactivity. In vitro,
[''CIBU99008 tracer demonstrated a good penetration of the blood-brain barrier and
showed a high binding affinity for the [.BS expression (Tyacke et al., 2012). By
applying [''C]BU99008 PET in vivo, a good contrast was found between region with
known expression of [LBS versus the reference area (Kealey et al., 2013; Parker et al.,
2014). Additionally, no genetic variability influence was reported in ['!C]BU99008
PET tracer binding.

I-S. THESIS OBJECTIVES AND CHAPTERS

In this work, PET methods were developed and evaluated for two novel TSPO tracers
([''C]PBR28 and ['*F]GE180) for microglial activation and one novel ,BS tracer
([M'CIBU99008) for astrocyte reactivity in healthy controls and neurodegenerative
disease patients. The pathological influence of glial activation on other biomarkers was
evaluated in AD and MCI patients, and the relationship between biomarker interaction
and clinical performance was interoperated using novel voxel-level imaging techniques
which I have developed as part of my PhD.
There are two major research objectives of this thesis:

1) To determine the optimal modelling approach for novel PET tracers targeting glial

activation in human brain in neurodegeneration
2) To develop novel multimodal imaging techniques to account for the complex
pathological interactions occurring in AD

In order to achieve these objectives in a logical fashion, the thesis is structured into
seven chapters. The thesis starts with the background chapter (CHAPTER 1) that aims
to provide a general overview of Alzheimer’s disease, neuroinflammation, theories of
MRI and PET imaging, PET radioligands, and the structure of the this work. This is
followed by the methodology chapter (  CHAPTER II), which details the basis in
imaging acquisition, dynamic quantitative modelling approaches, parametric mapping,
neuroimaging analysis, and statistical analysis. After that, three independent PET
studies with novel PET tracers targeting microglial and astroglial activation are

presented to address the first research goal. Those three pilot studies in AD are set to
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explore and evaluate the kinetic modelling and feasibility of parametric mapping of
TSPO tracer ['*F]GE180 (CHAPTER III), TSPO tracer ['!C]JPBR28 (CHAPTER IV)
for microglial activation and LBS tracer [!!C]BU99008 PET (CHAPTER V) for
astroglial activation in human brain. The second goal of this thesis is to develop novel
PET imaging techniques to reveal the biomarker interactions. In CHAPTER VI, the
VOI Prediction Tool and Individual Correlation Mapping (ICM) are developed to reveal
the biomarker interactions, while Automated Spatial Transformation QC is designed to
provide support in imaging analysis using large datasets. The final chapter (CHAPTER
VII) summaries the thesis, addresses the limitations, discusses the future directions, and

draws the conclusion for the present work.
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CHAPTER II. METHODS FOR BRAIN PET
QUANTIFICATION

In this chapter, the background of the main method approaches applied in the current
thesis are discussed and summarized. This chapter starts with the introduction of
compartmental modelling approaches that I evaluated for the novel TSPO and LBS
PET radioligand. Then four major method approaches in generating the parametric
maps for each glial tracer are introduced. After that, the general imaging analysis
pipeline, including Region of Interest (ROI) analysis, Statistical Parametric Mapping
(SPM) voxel-level analysis and Biological Parametric Mapping (BPM) correlation
analysis are discussed. Lastly, the statistical analysis details for this work were

llustrated.
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II-1. COMPARTMENTAL MODELLING

1.1. Kinetic Models

Irreversible Kinetic Models (2TCM3K)
K, ks

CFREE+N 4

k,

Cor

CPLASMA

Reversible Kinetic Models (1TCM2K, 2TCM4K

K, k

Kinetic Models with irreversible vascular component

(1ITCM2K-1k, 2TCM4K-1k)

cvascular

Figure II-1. Kinetic compartmental models

Crrasma represents the parent tracer concentration in plasma, Crreg+np represents
the concentration of free and non-specifically bound tracer, Csp represents the
specifically bound tracer;, and Cvascurar indicates the tracer trapped inside the
vascular component. K denotes the rate constant for tracer that travels between
different compartments represents the rate constant. For instance, K1 (mL min!
mlL1) indicates the amount of tracer that travels from the plasma into the first
tissue compartment per minute per tissue, while kz, ks, and k4 indicate the fraction
of the tracer that travels in-between different compartments, The two-tissue
irreversible model (2TCM3k) is displayed on the top panel, one-tissue (1TCMZk)
and two-tissue reversible model (2TCM4k) are displayed in the middle, and one-
tissue (1TCMZ2k-1K) and two-tissue reversible model with an extra irreversible
vascular component (2TCM4k-1K) are shown on the bottom.

In PET, the mathematical models of the tracer uptake are convolved by input function
and output dynamic tissue activity in the PET scan (i.e. time activity curve). Depending
on the types of input, either 1) a plasma input model or 2) a reference tissue input model

can be used. The plasma input model is often regarded as a quantification golden
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standard method. It estimates the tracer activity concentration in plasma due to un-
metabolised parent compound by monitoring the radioactivity in the arterial blood
during the scan. Whereas the reference tissue input model requires a proper reference
region that is free of specifically bound tracer. An ideal reference tissue is a region 1)
with no specific uptake of the radioligand; 2) or the radioligand uptake is independent
of the disease progression or treatment, 3) or the non-specific binding in that region is
similar to the target region (region of interest). To explore the optimal quantification
method for the novel PET tracer kinetics, mainly five compartmental models with
plasma input model were investigated in this thesis (Figure II-1). The one-tissue
reversible model (ITCM2k), two-tissue reversible model (2TCM4k), and two-tissue
irreversible model (2TCM3k) were evaluated, where k denotes the rate constant for
tracer that travels between different compartments. Due to the fact that TPSO tracers
also bound to BBB endothelial cells, the kinetic modelling can be significantly
influenced by the endothelia binding. Thus, I have also considered the one-tissue and
two-tissue compartmental models with extra vascular component (1TCM2k-1K and
2TCM4k-1K) for TSPO tracers (['*F]GE180 and ['!C]PBR28). The extra component
represents the tracer that is trapped by the endothelial cells of blood vessels.
Additionally, Multilinear Analysis 1 (MA1) component model was tested for the
[''CIBU99008 PET tracer (Parker et al., 2014; Ichise et al., 2002) for astrocyte
reactivity, which often regards as an intermediate model between standard one-tissue
and two-tissue kinetic model. The MA1 approach is developed as an alternative linear
method to Logan graphic analysis (Equation 1), which aims to reduce the noise-induced
graphic analysis bias.

Equation 1. Multilinear Analysis 1
Ve [t 1t
c(o) = ——Tf Cp(‘r)d1'+—f C(t)dr
b Jy b Jy

Where C(t) denotes the tissue time activity curve, Cp(t) denotes the tracer activity in
plasma, Vr is the total volume of distribution and b represents the intercept of the Logan
plot which becomes constant after an equilibration time (t*). The t* demonstrates the
beginning of the data used in the linear regression analysis. MA1 demonstrated the most
pronounced bias improvement when the portion (t*) of the tracer kinetics can be

accurately identified within the scan duration.
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1.2. Model Selection

The quality of the potential kinetic model fitting is assessed by the Akaike Information
Criterion (AIC) for each model (Akaike, 1973; Turkheimer, Hinz & Cunningham,
2003). The AIC statistical quantifies the distance between the candidate model fitting
against the real data point by calculating the weighted Residual Sum of Squares
(WRSS) for each data point. In simple terms, AIC of each candidate model indicates
the information lost from the real data when a candidate model is applied; therefore,
the model with the smallest AIC indicates the best data estimation with the minimal
information lost, and can be selected as the preferred model to describe the tracer
kinetics (Akaike, 1973; Turkheimer, Hinz & Cunningham, 2003). AIC is calculated
using the formula below:

Equation 2. Akaike Information Criterion
AIC = 2k +n * LN(WRSS)

k denotes number of parameters, n equals the sum of degrees of freedom and number
of parameters, WRSS denotes weighted residual sum of squares and LN is the natural
logarithm (loge). The AIC fraction was also calculated to measure the frequency of the
model preference across all subjects. Wald-Wolfowitz runs test is a non-parametric
statistical test that measure the number of residuals that distributed around the model
fitting, in order to assess the randomness of data distribution for each candidate model.
In the end, the preferable kinetic compartment model with the best fit was used to
describe the new tracer binding properties. Total volume of distribution (V1) and non-
displaceable binding potential (BPnp) were estimated by the parameters derived from
the kinetic models in MATLAB 2014a using (Innis et al., 2007):

Equation 3. Volume of Distribution

V= K X (1+ ks
T — kz ( k4,
Equation 4. Binding Potential (BPnp)
VT — VND
Vb

In formulae above, k represents the rate constants, which describes the rate of the tracer
travels between different kinetic compartments. For instance, in a 2TCM4k model, K;
(mL min"! mL™!) indicates the amount of tracer that travels from plasma into the first
tissue compartment per minute per tissue, while ko, ks, k4 indicate the fraction of the

tracer that travels in-between different compartments (Figure II-1). Vt refers to the ratio
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between total concentration of tracer in tissue and plasma, while Vnp presents the tracer
concentration of non-displaceable compartment over plasma. BPxp indicates the ratio

of specifically bound tracer to that of non-displaceable tracer in tissue at equilibrium.

II-2. PARAMETRIC MAPPING

The parametric maps are 3-D image generated from dynamic data through different
quantification approaches, which allow us to evaluate the imaging data at voxel level.
As part of my PhD, based on the tracer properties, I have applied different parametric
mapping approaches to the novel TSPO and [BS tracers to quantify the reactivity of

microglia and astrocytes in neurodegenerative disease.

2.1. Spectral Analysis

Spectral analysis (SA) quantifies the volume of distribution of the reversibly binding
ligand using the dynamic tracer concentration in the brain tissue and in plasma. It
generates the IRF (Impulse Response Function) parametric maps based on different
observation time. Spectral analysis makes no assumptions about tracer kinetics. Instead,
it identifies heterogeneous kinetic components based on the spectral peaks that
represent tracer delivery, vascular binding, and later parenchymal tracer binding
(Cunningham & Jones, 1993; Veronese et al., 2016). In addition, the fact that SA give
considerations for all tissue components, including the tracer presents in vascular blood
(e.g. signal generated by the tracer activity in blood cells or by tracer bound to the
vascular walls) makes the SA an excellent candidate approach to quantify the TSPO
tracer distribution (Veronese ef al., 2016).

In mathematical details, spectral analysis applies a positively constrained general linear
model to fit the tissue kinetics through a large matrix of exponential functions and a
range of decaying factors that convoluted with the plasma input function (Veronese et
al., 2016).

Equation 5. Spectral analysis
M
Ctissue ) = Z a; * e_ﬁit ® Cplasma ®
i=0

Ciissue(t) and Cplasma(t) denote the tracer concentration time course in tissue and parent

plasma, respectively. The impulse response function is assumed to be the sum of M+1

exponential functions (XM, a; * ek i¥). The solution to each fit is a vector of linear
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coefficients o; (peak height), which corresponds to a decay Bi (peak position). Those
estimations are obtained via non-negative least squares (NNLS) (Cunningham & Jones,
1993; Turkheimer et al., 1994). Among solution vectors, the non-zero coefficient for
the high frequency components (e.g. large Bi) usually reflect the dynamics of the tracer
in the blood, the one with slower B; reflects the kinetics of reversible parenchymal
perfusion between plasma or tissue compartments, while the slowest component

represents irreversible trapping (Figure I'V-1).

30min 45min 60min

Min

min= 0 max= 0.008209 [ min=0 max= 0.007411 min=0 max= 0.006698 | min= 0 max= 0.006446

Figure II-2. [llustration of IRF(t) images generated via spectral analysis.

IRF(t) parametric maps were generated for [11C[BU99008 PET at 1 min, 30 min,
45 min, 60 min, 75 min, 90 min and 120 min.

With those substantial advantages, spectral analysis was applied to the ['*F]GE180,
['!C]PBR28 and [''C]BU99008 PET images to separate the tracer activity into
heterogeneous spectral peaks of tracer delivery, vascular binding, and later tissue
binding component (Cunningham & Jones, 1993; Veronese et al., 2016). The tracer
binding response in tissue can be measured as a portion of impulse response function
(IRF), which reflects by the sum of the intermediate and low frequency components of
the spectrum (Figure II-2). The IRF(t) parametric maps can be generated with different

epochs of observation-time using the formula:
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Equation 6. Impulse Response Funcltlion
IRF(t) = z a; x e~ Bzt
i=1

where t represents the selected observation time, n denotes number of PET time frames,
ai and P; are the peak height and peak position for time frame i. Decay constant A of
0.00056629 s was used for Carbon 11 labelled tracers (e.g. [!'C]PBR28 and
[''CIBU9908) and 0.00010532 s for Fluorine 18 labelled tracer (e.g. ['*F]GE180).
Spectral analysis is a powerful approach, therefore its solution to each component fit is
highly sensitive to the pre-defined parameters, such as beta minimal, beta maximal, and
number of the basis function. In this work, the initial set of parameters tested for the
novel tracers were fmin=decay constant A, fmax=0.1 and 100 basis functions. Numbers
of exponential curves were predefined and implanted as the candidate interpolating
curves which presented within the A and 0.1 (see above equation). Those candidate
models were then tested against the real data points and solved by the non-negative
least-squares (NNLS) curve fitting. Subsequently, only a few components with non-
negative a are selected by NNLS, which composites the kinetic spectrum of the tracer.
Visual assessment was necessary for model fitting evaluation between different sets of
parameters, as higher number candidate models normally ends up with a better fit (e.g.
NNLS), but it may over fit the model (e.g. noise). Therefore, the adjustment of
parameters in spectral analysis was required for quantifying novel tracers (e.g. 100-
1000 basis function) (Veronese et al., 2016).

The IRF(t) parametric maps generated with different observation time was compared
according to the coefficient of variation (CV) of tracer binding in major cortices
(frontal, temporal, parietal and occipital lobe) and subcortical regions.

Equation 7. Coefficient of variation

Standard Deviation
CV (%) = Mean X 100%

The lower CV indicates a higher precision and lower noise level for that IRF(t)
parametric map (Fan ef al., 2018). Repeated ANOVA was performed on different IRF
parametric maps to assess the within-participant variation (SSw), which can be further
divided to variance explained by the observation time (SSwm) and variation due to
extraneous factor (SSr). Then F-ratio was estimated to present the ratio of variances for

a repeated-measures and determine whether means are equal:
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Equation 8. F-ratio

_SSu/dfu

~ SSp/dfr
dfm and dfr denote the degree of freedom of those two variances. The sensitivity of
differentiating tracer distribution in patients compared to healthy controls was
evaluated and taken into account for selecting the most appropriate IRF parametric

maps.

2.2. Graphic Analysis

Graphical analysis is a popular approach to generate parametric maps for dynamic PET
images with either reference input function or arterial blood input function. Based on
the nature of the tracer, Logan or Patlak plot can be applied for reversible or irreversible
tracer, respectively. In Logan plot, where ligands travel reversibly from the specific
component, the graphical quantification approach linearizes PET uptake data using the
plasma input or non-specific tissue reference input, and produces the tracer V. For
irreversible tracer, Patlak plot is used to describe the tracers that are irreversibly trapped
in the tissue compartment and produce the net influx (Ki). The slope of the linear section
of the graphic plot that represents V or Ki, can be used to generate the parametric maps
at a voxel level (Logan, 2000). In theory, graphic analysis is independent of the number
of compartments as long as they are all in equilibrium after a time t*, which is the
optimal threshold time (Equation 9).

Equation 9 Logan analysis
f; ROI(t)dt' [ C,(that'
e — + " L
ROI(t) T2 RoI(t)
Where Vp denotes the regional blood volume, ROI(t) represents the tissue activity,

and Cp(t) represents the plasma activity. The slope of the linear plot after an

fot ROI(Tr)dtr and fot Cp(z)dt

demonstrates the sum of volume of
ROI(T) ROI(T)

equilibration between

distribution and regional blood volume. The int presents the intercept for the
linear part of the Logan plot after t*.

As a popular and simple linear quantification method, graphic analysis has been applied
to generate Logan Vr parametric maps in this thesis. The graphical analysis was
performed using MIAKAT software developed by Invicro (used to be Imanova) based
on MATLAB (MathWorks, USA). The regional Vr and coefficient of variation were
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measured in major cortices and thalamus to assess the signal variation for the Logan Vr
maps with different t*. The MIAKAT produces dynamic linear plot for different time
t*, therefore, a visual assessment was performed to assist the selection of the t* for

Logan V.
2.3. Reference Model

2.3.1 Reference input model

An alternative approach to the arterial input function is to propose a reference region
with non-specific tracer binding, which is called the reference tissue input model (Gunn
et al., 1997; Schuitemaker et al., 2007; Tomasi et al., 2008; Blomqvist, 1984;
Lammertsma & Hume, 1996). The simplified reference tissue model (SRTM) assumes
Ki/k> is the same for the target tissue and reference tissue, and follows the equation

below:

ko

Rk —
C(O) = RiGe(®) + [l = T22—| Co(®) ® € TF5Pw
ND

t

Where Ctrepresents the tissue activity, Ry denotes the ratio of tracer delivery (Ki/K;’),
ko represents the transfer of tracer from tissue back to the plasma, BPnp presents the
binding potential quantifies the equilibrium concentration of specifically bound
radioligand to that of non-displaceable radioligand in tissue.

Compared with arterial input function, reference input model is much less invasive and
provides a simple measurement of tracer binding ratio in relative to the non-specific
reference region. For a novel PET tracer quantification, reference input model is always
worth to investigate as it massively reduces the cost and invasiveness of the scan (e.g.
Standardized Uptake Value Ratio), which benefits both the sponsors and patients. The
reference model requires a reference region which is ideally free of specific binding.
For instance, the cerebellum is used as the reference region for amyloid deposition and
tau pathology. In order to seek a possible reference region, the time activity curve and
volume of distribution in patients and healthy controls are compared to investigate
possible candidate reference regions, which should contain relatively low level of tracer
activity and free of pathological binding, namely no biological difference between

patients and healthy controls.
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2.3.2 Supervised Cluster Analysis

Apart from anatomical reference region, the reference tissue kinetics from dynamic
PET scans can be extracted by the data driven methods, cluster analysis. In general, the
clustering method uses centroid-based analysis to define a cluster according to the
closest mean and the minimal within-cluster sum of square (WCSS) algorithm. The
supervised clustering method to extract the reference region was firstly introduced in
2000 by Chen et al. (Chen J, Gunn S, Nixon M, Myers R, 2000), and was used in
[11C](R)PK11195 quantification. Instead of clustering the data in a data-dependent
manor (generalised), supervised cluster analysis segments the dynamic data according
to a set of six physiological related predefined kinetic classes (SVCA6), including
pathological binding, non-specific binding in grey matter, non-specific binding in white
matter, blood pool, skull and muscle. Those predefined classes are normally derived
from a historical database of healthy controls and disease condition. Boellaard et al.
modified the method (SVCA4) by reducing six kinetic classes to four: grey matter with
specific binding, grey matter without specific binding, white matter and blood by
removing bones and soft tissue with a prior mask (Boellaard er al., 2008).
Normalization for each time frame in the dynamic sequence is estimated by subtracting
the mean and then dividing by the standard deviation. The total TAC equals to the sum
of all scaled kinetic classes. The non-negative least squares interpolation is applied to
estimate the scaling coefficient for each class. The fitting with the least residual square

between interpolated value and actual measurement is selected as the optimal.

2.3.3 Ratio imaging of amyloid, tau and glucose metabolism

As mentioned above, the reference input model is used to quantify the amyloid and tau
uptake. In this work, the amyloid status was assessed using cerebellum (grey matter)
RATIO image of ['®F]Florbetaben or ['*F]Flumetamol PET. In detail, the 60-90 min
PET frames were firstly summed to generate a summed image. The RATIO image was
generated by divide the summed image to the regional tracer uptake in cerebellum,
which can be calculated in Analyze 11.0 (Bullich et al., 2017; Catafau et al., 2015;
Lowe et al., 2017). Currently, the definition of amyloid positivity was normally based
on visual reading of the amyloid image, but it may cause variation due to the experience
of the reader (Selkoe & Hardy, 2016; Fagan, 2015; O’Sullivan & Vann, 2016;

Ossenkoppele et al., 2015). In order to ensure the consistency across different
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independent studies in my PhD, along with visual assessments, extra criterion are
accounted to qualify an amyloid-positive subject in my work: 1) having uptake in at
least one of the large cortices or two separate cortical regions higher than the mean+2SD
of healthy controls at regional level ( CHAPTER I1.3.1); and 2) showing clusters with
significant uptake at voxel-level ( CHAPTER 11.3.2) (Johnson et al., 2013;
Ossenkoppele et al., 2015).

In astrocyte study (CHAPTER V), the RATIO image of ['®F]FDG was created using
the pons as the reference region for glucose metabolism. The RATIO images were
generated in Analyze 11.0 by dividing the original static ['*F]JFDG PET images by the
mean tracer activity in pons (Singh et al., 2015; Lowe et al., 2009). In the clinical
application for the novel techniques (CHAPTER VI), ['®F]AV1451 PET was applied to
assess the tau deposition in the MCI and AD patients. Similar to amyloid deposition,
the 80-120 min time frames were summed and cerebellum grey matter was used as the

reference region for the ['®F]AV1451 RATIO image (Firouzian et al., 2018).

2.4. Standardized Uptake Value

Last but not least, to investigate whether a simplified quantification method is capable
to perform as well as arterial input for the novel TSPO and [:BS tracers, Standardized
Uptake Value (SUV) was performed (Fletcher & Kinahan, 2010; Yoder ef al., 2015).
SUV images demonstrated the tracer distribution throughout the body for each
individual, by normalizing the total amount of tracer administration and individual’s
body weight. Therefore, SUV image can be generated by PET summed image without
the arterial input, using the following formula:

Equation 10. Standardized Uptake Value
Suv PET summed Image (kBq/ml)

~ Tracer injected dose (MBQq)
Body Weight (kg)
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I1-3. IMAGE ANALYSIS
3.1. ROI Analysis

ROI Analysis

Coreregister to PET space ||<

Coregistration

(ireyMatter

Scaling Ratio Image
le: PIB to cerebellum
FDG to Pons

-

Spatial transform the atlas
to individual PET space

Figure II-3. Schematic representation of the ROI analysis using SPM

The MRI is firstly co-registered to the static PET static image. The co-registered
MRI is segmented into grey matter, white matter and CSF The probabilistic ROI
atlas in MNI (Montreal Neurological Institute) space is transformed into native
PET space. The grey matter MR/ is multiplied by ROI atlas to generate an individual
grey matter masked atlas. Lastly, the regional mean activity is estimated by
applying individual atlas to the PET data (ROl analysis).

Region of interest (ROI) quantifies the average tracer binding in specific regions. It was
estimated for compartmental model V1, SA parametric map (IRF), Logan V1 map,
RATIO images and SUV images for regional activity. To evaluate the regional binding,
MRI and brain atlas (83-reigon Hammersmith atlas) were spatially transformed into
native PET space using Statistical Parametric Mapping version 2008 (SPMS&); and
subsequently Analyze 11.0 (AnalyzeDirect, Inc) was used to sample the regional mean
activity in predefined ROI regions as described in our previous studies (Fan et al.,
2015b, 2014, 2017) (Figure II-3). In this work, an individualized brain atlas (object
map) in PET space was generated using the following procedure: 1) MRI was co-

registered to the static PET static image (e.g. parametric map); 2) The co-registered
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MRI was then segmented into grey matter, white matter and CSF; 3) the probabilistic
ROI atlas in MNI (Montreal Neurological Institute) space was transformed into native
PET space; 4) lastly, the grey matter MRI was multiplied by ROI atlas to generate an
individual grey matter atlas.

In dynamic PET images, head motion was firstly corrected using the frame-by-frame
realignment tool in SPMS. Based on the tracer distribution, one frame from the dynamic
PET data was selected as the reference frame, and all other frames were realigned to
the reference frame. In particular, if there were two separate scans, such as ['*F]GE180
PET study, the realignment also re-aligned the second scan to the first scan. With the
individual ROI atlas, the ROI time activity curves (TACs) were generated by sampling
the regional mean in each frame of the dynamic PET image. In general, the merging
regions (grey matter): frontal, temporal, parietal, occipital lobes and whole brain and
smaller brain structures: posterior cingulate, thalamus, brainstem, whole medial

temporal lobe, hippocampus, and cerebellum were sampled.
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3.2. SPM Analysis

SPM Analysis
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Figure II-4. Schematic representation of the SPM analysis at voxel-level

The 3D parametric maps or static PET images are firstly co-registered to their
corresponding MRIs, and then normalized and smoothed in MNI space. A voxel-
level comparison between disease and control groups can be performed using
two-sample t-test (e.g. Group 1. Disease and Group 2 Control group) using SPM8.
After setting up the threshold for the significance (e.g. threshold of p<0.05 with
an extend threshold of 50 voxels), SPM8 generate a statistic table to present all
clusters with significant changes (e.g. p values, Z-score, and coordinates), and a
colour-coded render image to show the significant clusters.

Parametric maps generated by different quantification methods allowed to perform
voxel-wise image statistical comparisons between patients and healthy controls (Figure
[I-4). In SPMS, parametric maps were firstly co-registered to their corresponding MRIs,
and then normalized and smoothed (6mm x 6mm x 6mm) in MNI space. As a result,
the voxel-level group comparison between patients and healthy controls were
performed using group t-test in SPMS8. On the individual basis, each patient’s
normalized PET image was compared against a group of healthy controls to generate a
single subject SPM T-map using one-way ANOVA, which presents the significant
pathological changes for each patient at voxel basis. Based on different tracer

distributions, different thresholds were selected for cluster significance with the lowest
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acceptable threshold of p<0.05 with an extend threshold of 50 voxels. In general, I
started with a cluster threshold at p<0.01 with an extent threshold of 200 voxels, and
adjusted the threshold accordingly due to the specific tracer distribution. Individually,
when there were clusters with significant pathological changes in patient brain
compared with the healthy controls, those significant VOI clusters (volume of interest)
were extracted and calculated for the total volume in mm3 using Analyze 11.0

(AnalyzeDirect, Inc.).

3.3. BPM Correlation

Neurodegenerative diseases are characterised by multiple pathologies. In order to
evaluate the relationship between different pathologies at voxel-level, the Z-score map
(Zmap) of different PET modalities were generated to present the individual level of
microglial activation, astrocyte reactivity, glucose metabolism and amyloid deposition
in relation to the healthy controls’ mean and variance (standard deviation). The
individual Z-score map (Zmap) of each PET tracer (x) were generated using following
formulae:

Equation 11. Individual Z-score Map
Patient of x — mean (healthy controls of x)

SD (healthy controls of x)

Individual Zmap of x =

By applying individual Z-score maps for each biomarker, the voxel-level correlation
between microglial activation, astrocyte reactivity, glucose metabolism and amyloid
deposition can be estimated via BPM toolbox developed in MATLAB (Casanova et al.,
2007). BPM toolbox uses the general linear model (GLM), which has been widely used
in SPM framework, to perform voxel-wise regressions on different image modalities.
BPM provides different statistical imaging analysis approaches, including correlation,
ANOVA, ANCOVA and multiple regression. Regarding the correlation analysis, BPM
applies the random field results for a homologous correlation field, which is updated
from the random field theory (Worsley et al., 1996) for statistical inference. Rather than
T-scored maps, I implemented Z-score maps in the correlation analysis, which offers a

more accurate statistical inference for a correlation field. (Casanova et al., 2007)
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I1-4. STATISTICAL ANALYSIS

Statistical estimation of group-wise mean, standard deviation and differences in ROI
analysis was calculated in SPSS for Windows version 22 (SPSS, Chicago, Illinois,
USA). The Shapiro-Wilk test was applied to assess the normality of the data
distribution, where significant results (e.g. p<0.05) suggest a deviation from normality.
In general, a p value of <0.05 was regarded as a group-level statistical significance in
two sample test. Individually, the patient who had ROI average signal higher than that
of the healthy control mean plus two-times standard deviations (mean+2SD), was
considered as significantly increased signal in that region. The Pearson correlation was
applied to measure the R squares (R?) and p values for the linear correlation between
two groups of variables using SPSS22. Repeated measures ANOVA was applied to

detect any overall differences between repeated measurements.
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CHAPTER III. QUANTIFICATION OF MICROGLIAL
ACTIVATION USING ['*F]GE180 PET

III-1. INTRODUCTION

As discussed in Chapter One, AD is a neurodegenerative disorder that is characterised
by worsening of memory and cognition. There is considerable evidence that
neuroinflammation plays a significant role in neurodegenerative diseases (Calsolaro &
Edison, 2016; Heneka et al., 2015; Cherry et al., 2016; Latta, Brothers & Wilcock,
2015). Microglia are the resident macrophage in the central nervous system (CNS).
Inflammation, activation of microglia in particular, is a common feature of many
neurodegenerative disorders (I-2). However, the exact role and the course of microglial
activation in neurodegenerative disease are still poorly understood.

In brain, 18-kDa translocator protein (TSPO) is a cholesterol-transporter protein
expressed in the outer mitochondrial membrane of microglial cells and astrocytes
(Alam, Lee & Lee, 2017). Under normal condition, the TSPO expression in brain is
very low. However, during injury or neurodegenerative process, overexpression of
TSPO is found in activated microglial cells. Therefore, PET tracers are designed to
target TSPO to provide an in vivo detection of microglial activation. [!!C](R)PK 11195
has been used for TSPO PET imaging over 20 years, but due to the low signal-to-noise
ratio and short half-life with 11C labelling, a series of new TSPO tracers have been
developed (CHAPTER 1.4.4). ['"®F]GE180 is a novel TSPO tracer with 18F labelling
(longer half-life), which showed promising results in preclinical models of Alzheimer’s
disease, stroke and CNS inflammation (Sridharan ef al., 2016; Deussing et al., 2018;
Boutin et al., 2014; James et al., 2017). In fact, the quantification of TSPO is
challenging (Hinz & Boellaard, 2015) since the tracer binds not only to microglia (and
to a lesser extent to astrocytes) in the parenchyma but also to the endothelium and
smooth muscle cells (Turkheimer ez al., 2007, 2015; Alam, Lee & Lee, 2017). Because
endothelial TSPO is physically in contact with plasma, its apparent affinity for the
radioligand is higher than parenchymal TSPO. The new generation TSPO tracers are
affected by genetic variability of TSPO binding site induced by the rs6971 single-

nucleotide polymorphism (Owen et al., 2011b). Recent studies have demonstrated that

61



Imperial College London Zhen Fan CHAPTER III

tracer signal in the high-affinity binders (HAB) is 25-35% higher compared with the
mixed affinity binders (MAB) (Yoder et al., 2013; Park et al., 2015).

1.1. Objectives

e Firstly, to establish the novel ['®F]GE180 scan protocol and quantification
methods in healthy human controls (Study 1)
e Secondly, to evaluate the ['*F]GE180 performance in AD and find the optimal
PET method for quantifying pathological microglial activation in AD patients
using ['*F]GE180 (Study 2)
In this chapter, two consecutive studies were designed to evaluate the novel ['*F]GE180
radioligand for the first time in human trial, and to address the question whether this
novel TSPO tracer can be useful in detecting microglial activation. Study 1 aimed to
assess the ['®F]GE180 basic kinetic performance and investigate the most appropriate
compartmental models in 10 healthy subjects (6 HAB or 4 MAB). This work has been
published in JNM in 2016 (Fan et al., 2016), and permission has been granted by JNM
to reproduce this article in the current PhD thesis (Appendix 1. Permission Table).
Study 2 was designed to evaluate the ['®F]JGE180 PET in specific disease condition
using 13 AD patients and 8 healthy controls (all HABs). Previously, by assessing the
longitudinal data of 789 subjects with high-affinity, mix-affinity and low-affinity
binders in ADNI database, I have published that clinical results gathered from a TSPO
subgroup (HAB or MAB) can be translated to the entire AD and MCI population (Fan
et al., 2015a). Given the high cost of PET and the limited scan allowance, only HAB
AD patients were included by genotyping at the time of recruitment for the preliminary

['®F]GE180 study to reach a maximal effective size between subjects.

I-2. METHODS

2.1. Subjects

The ethical approval was granted by the Riverside Research Ethics Committee, and
administer radiotracers were approved by the Administration of Radioactive Substances
Advisory Committee (ARSAC) UK. All participants were recruited from memory
clinics, advertisements and the Join Dementia research website. Participants in this

study were aged 50-85 years, underwent TSPO genotyping, detailed medical and
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neurological assessments, and comprehensive evaluation and bloods tests at screening.
Written informed consent was obtained from all participants.

In Study 1, ten cognitively normal healthy control subjects (6 HAB and 4 MAB) were
included for the first ['*F]GE180 human trial (Fan et al., 2016). In Study 2, thirteen
patients with a diagnosis of probable AD (Recruited from Join Dementia Research) and
eight age-matched control subjects were included (all HAB). AD cohort (MMSE =
21.3844.01) showed significantly lower (p<0.001) MMSE score compared with healthy
controls (MMSE = 29.25+1.16). The DSM-IV or NIA-AA criteria were met for AD
diagnosis. Inclusion and exclusion criteria were demonstrated in Appendix 2. In
addition, two stroke patients (age=67 and age=79), both female, were included to
provide preliminary finding of feasibility of supervised cluster analysis for ['*F]GE180
PET. In the first stroke patient (Figure III-11), the T2 MRI demonstrated a clear
visualized ischemic stroke in the putamen and part of the caudate nucleus head in the
right hemisphere. The second stroke patient had scattered little ischemic infarcts

throughout the brain.
2.2. Data Acquisition

2.2.1 MRI

Each participant had a T1/T2 MRI scan on a 3 Tesla Siemens 32-channel Verio scanner.
MRI image was generated as MPRAGE format (repetition time = 2300 ms, echo time
=2.98 ms, time to inversion = 900 ms, matrix = 240 x 256) with anteroposterior phase
encoding direction and a symmetric echo. T1-weighted images were used for PET
image co-registration, and T2-weighted images were used to detect significant lesions

or white matter microvascular disease.

2.2.2 [®F]GE180 PET

['®F]GE180 radioligand was manufactured by GE FASTlab (Wickstrom et al., 2014).
PET scans were performed in the Imperial Clinical Imaging Facility at Hammersmith
Hospital, using a Siemens Biograph 6 PET/CT scanner. The axial field-of-view is 15.5
cm with 63 transaxial image planes displayed as 2.46 mm per slice. All subjects had
arterial cannula inserted into their radial artery, along with venous cannula in the
opposite antecubital vein. Prior to the PET scan, a low dose CT scan was performed for

head positioning, attenuation correction and scatter correction. An average bolus

63



Imperial College London Zhen Fan CHAPTER III

intravenous injection of 182 + 5.0 MBq (n=25) ["*F]JGE180 was administrated
immediately after start of the dynamic emission scan. Image reconstruction was
performed through standard Siemens software. The scatter correction and attenuation
correction was based on 3D ordinary Poisson ordered-subset expectation maximization
(OP-OSEM) algorithm. Filtered back projection was carried out during the
reconstruction (Bailey, 2005).

In Study 1, subjects underwent two sessions of 90 min PET scan with a rest period of
30 mins in between (in total 210 mins). Two 90 min scans were acquired in list mode
separately. Two dynamic PET scans were then re-binned as 24 time frames (6x15 s,
3x60 s, 5x120 s, 5x300 s, and 5x600 s) and 9 time frames (9x600 s) in order to minimise
the noise and maximise the information in the scan. In Study 2, 90min dynamic PET
data were collected for AD and healthy controls. The 90 min dynamic PET was acquired
in list mode and re-binned as 24 time frames during reconstruction (6x15 s, 3x60 s,

5x120 s, 5x300 s, and 5x600 s).

2.2.3 Blood acquisition

The continuous blood sampling was done for the first 15 mins after the scan start using
an automated blood sampling system (Allogg ABSS, Mariefred, Sweden). The discrete
blood samples were collected throughout the PET scan at 5, 10, 15, 30, 60, 90, 120,
150, 180 and 210 min for Study 1, and 5, 10, 15, 30, 50, 70 and 90 min for Study 2.
These discrete blood samples were then used to measure the tracer activity
concentration in whole blood and plasma (kBq-ml™') using a well-counter. The parent
fraction was measured by high-performance liquid chromatography (HPLC) (Passchier,

2009). All radioactivity concentration was decay corrected to the scan start time.
2.3. Kinetic Modelling

2.3.1 Time activity curve

Frame-by-frame realignment was performed to correct for head motion during scanning
using SPMS. The brain atlas was generated in the native PET space for each subject
(CHAPTER I1.3.1). The regional TAC (time activity curve) was generated by sampling
the dynamic PET data based on the individualised atlas in MATLAB 2014a. In this
study, ROIs for the following cortical regions were sampled: frontal, temporal, parietal,

occipital lobes and whole brain. Additional subcortical regions of posterior cingulate,
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thalamus, brainstem, medial temporal lobe, hippocampus, and cerebellum were

calculated.

2.3.2 Compartment modelling

As the first human trial for ['*F]GE180, five compartmental models (Figure II-1) were
evaluated for ['*F]GE180 tissue uptake for microglial activation. The reversible one-
tissue compartment model (1TCM2k), the reversible two-tissue compartment model
(2TCM4k) and the irreversible two-tissue compartment model (1TCM3k) were
evaluated, where k implies the rate constant for tracer travelling between different
compartments. Considering the lipophilic feature of TSPO tracer, the impact of the
tracer binding to the endothelial cells on blood-brain barrier (BBB) is noticed (Rizzo et
al., 2014). Therefore, one-tissue (1TCM2k-1k) and two-tissue with extra vascular
component models (2TCM4k-1k) were also investigated, where the wvascular
component describes the irreversible trapping of the TSPO tracer in the endothelial cells
of blood vessels. In order to select the best model, visual assessment and Akaike
Information Criterion (AIC) (Bozdogan, 1987; Akaike, 1973) were conducted for each
model fitting (Equation 2). AIC applies the maximised log-likelihood to estimate
Kullback-Leibler distance between the candidate model and the true data, Therefore,
the model with the lowest value of AIC demonstrated the closest signal. Wald-
Wolfowitz test was applied to assess the randomness of the data distribution around the
candidate model. Coefficient of variation (CV) was measured to evaluate the dispersion
and precision of parameter estimations. Additionally, the frequency of AIC preferences
for each model across all subjects was calculated to evaluate the fraction of the model

preference (AIC fraction).

2.3.3 Scan length

In Study 1, the optimum scan length for ['*F]JGE180 was evaluated using dynamic PET
data at 60 min, 75 min, 90 min, 150 min, 180 min and 210 min. Vt (Equation 3), rate
constant k values and the BPxp (Equation 4) were estimated to investigate the most

appropriate scanning time for ['*F]GE180 PET in human trial.
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2.4. Parametric Mapping

2.4.1 Spectral analysis

Spectral analysis was applied to produce impulse response function (IRF) parametric
maps by convolving the parent plasma input function and the dynamic PET data.
Spectral analysis uses basis function and separates the tissue response into the early,
blood flow dependent signal component and the later signal component indicative tracer
targets (CHAPTER I1.2.1). In this study, 1 min, 30 min, 45 min, 60 min, 75 min and 90
min IRF parametric maps were generated for ['*F]GE180. Based on the estimated set
of n spectral peaks in the spectrum (peak position P, peak height ai), the IRF(t)
parametric maps were generated (Equation 6). Apart from the blood volume
component, the sum of all other components in the spectrum was applied to generate
the IRF curves. For the ['®F]GE180 IRF(t), 50-1000 basis function curves (50, 100,
500, 1000) were set to logarithmically space between Bmin=0.00010532 s (decay
constant of the 18F) and Pmax=0.1 s™'. Visual assessment of the optimal candidate
interpolation model was performed for different sets of parameters in MATLAB. The
coefficient of variance (COV) was calculated for each IRF(t) to assess the best
parametric map for ['*F]GE180 quantification.

Voxel-level evaluation of the IRF(t) parametric maps was interrogated using single-
subject analysis, which compares each individual patient to the healthy control cohort
using one-way ANOVA. The cluster-level significant p values were corrected with
FWE for multiple comparisons. The total volume of the significant VOI clusters was

calculated in MATLAB 2014a for each AD patient.

2.4.2 Graphic analysis

Graphic analysis transforms the measurements of plasma input function and tissue
dynamic data of ['®F]GE180 into a linear plot, where the slope indicates the amount of
the available ['®F]GE180 at that time-point. Depending on the reversibility of
['®F]GE180, V1 can be estimated by the slope of the linear section of the Logan plot,
while K can be estimated from the Patlak plot (CHAPTER I1.2.2). Based on the kinetic
modelling result, ['*F]JGE180 showed a reversible nature. Therefore, Logan plot was
applied to generate Logan Vr parametric map. The optimal t* was evaluated on the

Logan linear fitting of the model to the real data points against the time.
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2.4.3 SUV and SUVR

To investigate the feasibility of a non-invasive quantification of ["*F]GE180 without
arterial line, a previous study has suggested that cerebellum could be used as a pseudo
reference region for TSPO tracers (Lyoo et al., 2015). In this study, the standardised
uptake value (SUV) was generated for summed dynamic PET at 40-60 min frames and
60-90 min frames, which were used to evaluate whether simplified methods for
['®F]GE180 quantification would perform as well as arterial input methods (Equation
10). SUV images demonstrated the ['*F]JGE180 distribution for each individual by
normalising the tracer administration activity and body weight. ROI analysis was
performed for SUV images. For SUVR (Standardized uptake value ratio), the grey
matter of the cerebellum was used as the pseudo reference region for TSPO binding.
The SUVR was calculated by dividing regional SUV with their cerebellar SUV value
using MATLAB 2014a.

2.4.4 Supervised cluster analysis

A typical tracer-free reference region is not available for TSPO tracers, cluster analysis
is another alternative approach to generate a BP parametric image of ['*F]GE180
without arterial input (Koon-Pong Wong et al., 2002). To develop supervised cluster
analysis for ['®F]GE180, the scaling coefficient of four predefined TAC kinetic classes
are required to be estimated in a specific pathological condition. Since
neuroinflammation in AD appears to be heterogeneous and complex, in the present
investigation, the ['®F]GE180 PET was also evaluated in stroke patients in order to
derive a supervised algorithm for multiple kinetic classes (supervised cluster analysis).
['®F]GE180 scan for stroke patients was performed without invasive arterial blood. T1
and T2 MRI were used to localize the ischemic stroke. Regional maps for ischemic
stroke, contralateral region to the stroke, white matter and blood of each kinetic classes
were drawn manually using ITK-SNAP (Yushkevich et al., 2006). After manually
drawing the ROI object map for ischemic stroke, the opposite side of the stroke
(putamen and caudate nucleus on the left hemisphere), white matter and blood, the atlas
was applied to the dynamic ['®F]GE180 PET to generate the time activity curves. The
time activity curve was calculated on the dynamic sequence of ['*F|GE180 PET data

of 90 mins.
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2.5. Extraction of Vascular Signal from Brain Tissue

Due to the high lipophilic feature of the TSPO ligands, a significant proportion of
['®F]GE180 signals was found in the vascular component, where those signals may very
much represent the non-specific binding of the lipids and cause some signal dispersion
into the brain tissue. Thus, one challenge for quantifying ['*F]GE180 tissue binding is

to separate the vascular signal and signal dispersion from tissue binding.

Modified

MRI-based
brain atlas

Histogram
based
threshold

Figure III-1. Extraction of vascular signal and signal dispersion from brain
tissue.

The histogram of all [8FJGE180 PET scans showed a consistent pattern: a noise

peak (around 0) and a normal distributed signals. In this case, a histogram-based
high signal exclusion mask was generated by separating signals from a 30 - 90 min
summed PET image into 200 intervals. The peak and width of each interval were
measured, and then used to generate and select an optimal binary high signal
mask. Visual assessment on the high signal mask was performed to ensure signals
located inside the brain tissue were intact. Lastly, the high signal mask was
multiplied to the original atlas to exclude the vascular signal dispersion.

As part of my PhD, I designed an atlas modulation approach that extracts the high tracer
signal dispersion from venous sinuses and endothelial cells of the BBB (Figure III-1).
By reviewing the histogram of ['®F]GE180 signal, apart from the noise peak (around
0), the tracer activity followed a typical normal distribution pattern in all ['*F]GE180
scans. In order to improve quality of TAC sampling, an additional PET histogram-based
exclusion mask was multiplied to the individual MRI-based brain atlas to remove the
high dispersed signal from vascular component. In details, the 30 - 90 min PET summed
image was firstly separated into 200 intervals. After that, the peak and the width of each
interval were measured. Based on the histogram, threshold was selected using the

histogram bin edge to generate an individualized vascular signal mask. Furthermore, a
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visual assessment throughout the histogram-based mask was performed to ensure
signals located inside the brain tissue were intact. In the end, the PET histogram-based
exclusion mask was applied to the MRI-based atlas to generate a modified atlas for

['"®F]GE180 TAC sampling.

II1-3. RESULTS

3.1. Study 1: Quantification of [*FJGE180 PET in Healthy Control

3.1.1 Blood modelling
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Figure III-2. [18F]GE180 blood modelling for parent fraction and POB
(plasma over blood) ratio.

(A) [F8FJGE180 parent fraction was fitted with a sigmoid model and (B) plasma
over blood was fitted with a constant model. The dashed line with error bar
represents the mean and the standard deviation of the high aftinity binding group;
and the dotted line with error bar represents the mean and the standard deviation
of the mix aftinity binding group in healthy controls.

Three identifiable radiolabelled metabolites of ['*F]GE180 were detected, which is
consistent with the preclinical finding (Boutin ef al., 2014). The parent fraction of
["*F]GE180 gradually reduced from 90% to 70% over 90 mins, and then kept reducing
to 60% towards to the end of the scan. The parent fraction can be modelled by an
exponential curve. The ratio of activity concentration in plasma and blood followed a
constant model, where ['®F]GE180 concentration in plasma was 1.6 times higher than

in whole blood. (Figure I1I-2)
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3.1.2 Time activity curve

The time activity curves (TAC) of dynamic ['*F]GE180 image were corrected with the
injected dose and individual weight for each time frame (corrected TAC). Based on the
course of TAC, the ["®F]GE180 activity concentration in the brain peaked at 125
seconds. Then it quickly washed out and reached a relatively steady level around 40
min, which lasts to the end of the scan. The highest ['*F]GE180 activity concentration
was found consistently in the venous sinuses during the whole scan. Compared to

binding in the white matter, grey matter demonstrated around 30% higher SUV.

3.1.3 Model selection
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Figure III-3. Results of mean AIC and AIC fraction.

(A) AIC values for five models in frontal lobe, temporal lobe, parietal lobe, occipital
lobe and whole brain. (B) AIC fraction reveals the frequency of AIC preferences for
each model across all subjects.

The compartmental modelling analysis was carried out for ['*F]JGE180 with five
candidate models. As a result, the reversible two-tissue compartment model (2TCM4k)
revealed the lowest AIC values (-54.7+4.8) suggesting the closest estimation to the true
['®F]GE180 uptake (Figure III-3). This is in agreement with the visual assessment of
fitted TAC. While the 2TCM3k model also demonstrated a low AIC values (less than
10% difference to 2TCM4k model), it showed poor parameter estimation accuracy with
a high COV (104£85%) of Ki. In contrast, the Vr derived from 2TCM4k model showed
a better precision with an average CV of 21+13% in large cortices. Additionally,
2TCM4k model demonstrated the most frequent model preference (AIC fraction)
among different subjects. The 2TCM4k model for [ 18]GE180 was further supported by

the equal number of residuals that distributed around the model curve using Wald-
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Wolfowitz test, suggesting a true randomness of distribution. In summary, 2TCM4k
model was selected as the most appropriate kinetic model to describe the kinetic

behaviour of ['*F]GE180.

3.1.4 HAB vs. MAB

ROI All Subjects HAB MAB HAB vs. MAB

(n=10) (n=6) (n=4)

Mean SD Mean SD Mean SD |ttest Increase
FL 0.15 0.06 0.17  0.06 0.12  0.05 |0.11 39%
TL 0.16 0.07 0.18  0.07 0.13 0.05 |0.09 45%
PL 0.15 0.05 0.17  0.05 0.12 0.05 |0.12 36%
OL 0.17  0.06 0.2 0.06 0.14 0.05 | 0.06 45%
WB 0.15 0.06 0.17  0.07 0.12  0.05 |0.11 40%

Thalamus 0.2 0.09 0.24  0.09 0.14 0.06 | 0.04* 73%

Striatum 0.15 0.06 0.17 0.05 0.1 0.05 |0.07 64%
MTL 0.17  0.06 0.19  0.07 0.13 0.05 | 0.06 50%
Hippo 0.17  0.08 0.2 0.08 0.13 0.06 |0.09 51%
CB 0.15 0.07 0.18  0.07 0.11  0.05 | 0.05* 63%

Table III-1. Regional Vr (mL-cm-3) for [18F]GE180 applied 2TCM4k model in
all healthy controls, HABs and MABs.

*n<0.05; FL = Frontal Lobe; TL = Temporal Lobe; PL = Parietal Lobe; OL =
Occipital Lobe; WB = Whole Brain; MTL = Medial Temporal Lobe; Hippo =
Hippocampus; and CB = Cerebellum.

Relatively low ['®*F]GE180 brain uptake of 0.15 £ 0.06 mL-cm™ was observed in all
healthy controls. This could due to a low BBB permeability and the significant amount
of signal presented in the plasma (fraction=97.3%), which led to a low availability of
the ['*F]GE180 in the tissue. The model estimated blood volume contribution was
around 6.4%. While the mean Vt was generally low, evidence of heterogeneity was
found across different ROI regions, where higher Vt was found in temporal-occipital

lobe, medial temporal lobe and hippocampus (Table III-1), which was in line with
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neuroinflammation aging studies (Niraula, Sheridan & Godbout, 2017; Mosher &
Wyss-Coray, 2014). Group-wise higher binding was found in HAB in thalamus (p=0.04
mL-cm?) and cerebellum (p=0.05 mL-cm™) compared with MABs. To note, a
relatively high variability between subjects was observed within each genetic subgroup,
where HAB healthy control showed a COV of 41.2% while MAB healthy controls
showed a COV of 41.7%. No significant Vr difference was found between HAB and

MAB subjects in large cortical regions.

3.1.5 Scan length

Due to the high variance towards to the end of the ['®F]GE180 PET scans (e.g. head
motion), 180-210 min data was discarded from the calculation. Repeated ANOVA was
applied to V values using data from different predefined scan length, and no difference
was found. The k values and BPnp (ks/ks) were then estimated to assess the data
consistency of each duration. As a result, the BPxp and k values stayed the same when
scan length was reduced from 180 min to 90 min (p>0.2). However, compared to BPxp
derived from 90 min data, the BPxp estimation of 75 min and 60 min data showed a
reduction of 14% (p<0.04) and 51% (p<0.01), respectively. This finding suggested that
90 min might be the minimal scan length for ['*F]GE180 scanning.

3.2. Study 2. Quantification of ["* F]GE180 in Neurodegenerative Disease

3.2.1 Compartmental modelling

As shown previously (Fan ef al., 2016; Feeney et al., 2016; Zanotti-Fregonara et al.,
2018), two-tissue reversible model also gave a good fit to ['*F]JGE180 data in patients
with Alzheimer’s disease. AD patients showed similar blood volume estimation of 5-
6%, which was consistent with Study 1. The heterogeneous regional distribution of
["*F]GE180 uptake was found in the patients and healthy controls (Figure I1I-4). Within
AD cohort, higher tracer distribution was found in temporal lobe, occipital lobe,
brainstem, hippocampus, amygdala and fusiform throughout the brain, which was

distinct from the distribution pattern in healthy controls.
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Regional distribution of GE180 Vin AD and HC across the brain
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Figure I11-4. Heterogeneity of [18F]GE180 Volume of distribution (mL-cm-3) in
AD (n=13) and HC (n=8) throughout the brain. The Vr estimations were
derived from a reversible two-tissue compartmental model with arterial
input function.

FL = Frontal Lobe; TL = Temporal Lobe; PL = Parietal Lobe; OL = Occipital Lobe;
WB = whole brain; A-cing = Anterior Cingulate; P-cing = Posterior Cingulate; Thal
= Thalamus; and Hippo = Hippocampus. *p<0.05.

The AD cohort demonstrated an average brain Vt of 0.24 mL-cm™ (SD = 0.08), while
healthy controls showed an average brain Vr of 0.18 mL-cm™ (SD = 0.05). As a group-
level comparison, AD patients showed a statistically significant increase in mean Vr in
frontal (38%, p=0.04), occipital (37%, p = 0.05), amygdala (42%, p = 0.04) and
fusiform (70%, p = 0.02) compared with healthy controls (Figure III-5). Vr in
cerebellum revealed no statistical difference between AD and HC (32%, p=0.08). The
average brain BPnp was 0.43 in AD, while healthy controls showed an average brain

BPxp of 0.23, but only striatum reached significant difference at group level (p=0.04).
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Figure III-5 Volume of distribution in AD and healthy controls in whole brain
(left) and cortical regions (right top) and subcortical regions (right bottom).

*0<0.05; FL = Frontal Lobe; TL = Temporal Lobe; PL = Parietal Lobe; OL =
Occipital Lobe; P-cing = Posterior Cingulate; Thal = Thalamus; and Hippo =
Hippocampus.

3.2.2 Spectral analysis

1min 30min 45min G0min

max= 7.418e-005 | min= 0 max= 6.498e-005 | min= 0 max= 0.01868 | min= 0 max=1.191

Figure III-6. [llustration of IRF parametric images for [18F]GE180.

Parametric maps illustrated for [18F]GE180 using spectral analysis via different set
of observation time for IRF (IRF-1, IRF-30, IRF45, IRF-60, IRF-75, and IRF-90), K1
and total volume of distribution images

In ["*F]GE180 spectrum, apart from the high frequency blood volume peak (5-6%), two

intermediate spectral components were found, which may reflect the free and bound
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['®F]GE180 compartment in brain tissue. Interestingly, some subjects demonstrated a
third low frequency peak, indicating a possible irreversible trapping of the tracer.
Depending on the model fitting, 100 basis functions logarithmically spaced between
Bmin=0.00010532 s and Pmax=0.1 s was used, which reached a preference fraction
of 76% across all subjects. Based on different sets of observation time, IRF(t)
parametric images and total volume of distribution image of ['*F]GE180 were
generated in MATLAB 2016a ( CHAPTER I1.2.1). Depending on the noise level and
the dynamic course of IRF curve, 90 mins (COV=18%) was selected as the best
observation time for IRF of ['*F]GE180. (Figure I11-6)
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Figure I1I-7. Pearson correlation between 2TCM4k and IRF-90 in frontal lobe,
temporal lobe, parietal lobe and occipital lobe. The [18F]GE180 Vr derived
from the 2TCM4k were significantly correlated with the tissue response
function derived from IRF-90 in all four regions.

**p<0.0001; AD subjects = blue circle and HC subjects = green circle.

Good correlation was found between ['®*F]GE180 Vr derived from two-tissue
compartmental model and the IRF-90 parametric maps (Figure III-7). Similar to the
compartmental modelling, the AD patients demonstrated a similar heterogeneous
distribution of the binding across the brain using IRF-90. Compared with healthy
controls using IRF-90 parametric maps, group-wise significant increase in ['*F]GE180
uptake was found in AD patients at frontal lobe (33%, p=0.03), temporal lobe (40%,
p=0.03), parietal lobe (35%, p=0.02), occipital lobe (43%, p=0.02), anterior cingulate
(52%, p=0.02), posterior cingulate (39%, p=0.02), amygdala (46%, p=0.05) and
fusiform (46%, p=0.04). (Figure III-8) Additionally, no significant difference were
found between AD and HC in cerebellum IRF-90 values.
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Regional distribution of [18F]GE180 IRF-90 in AD and HC
mAD mHC
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Figure III-8. ROl regional results of [18F]GE180 IRF-90 parametric maps in 13
AD and 8 HC subjects. Significantly increased [18F]GE180 IRF were found in
AD patients compared with healthy controls in frontal lobe, temporal lobe,
parietal lobe, occipital lobe, anterior cingulate, posterior cingulate,
amygdala and fusiform.

*n<0.05; FL = Frontal Lobe; TL = Temporal Lobe; PL = Parietal Lobe; OL =
Occipital Lobe; A-cing = Anterior Cingulate; P-cing = Posterior Cingulate; Thal =
Thalamus; and Hippo = Hippocampus.

Compared to 2TCM4k model, IRF-90 demonstrated a higher sensitivity in
differentiating the AD patients’ ['*F]GE180 uptake from the healthy controls (Figure
III-5 and Figure III-8). Moreover, IRF-90 parametric maps allowed voxel-level
comparison of the ['®F]GE180 uptake between AD patients and healthy controls. On
the individual level, 11/13 patients had clusters of significantly increased ['*F]GE180
uptake compared with the healthy control cohort with a cluster threshold of p<0.05 and
minimal voxels of 50 (Figure III-9). The total volume of the localized individual

significant clusters ranged from 68,025mm? to 643,885mm>.

76



Imperial College London Zhen Fan CHAPTER III

Figure III-9. Single subject SPM analysis of [18F]GE180 IRF-90 when
compared each patient to the healthy controls.

The colour map reveals the Z-scores for significant clusters of increased
[P8FJGE180 uptake.

3.2.3 Graphic analysis

["*F]GE180 has a reversible feature, therefore Logan graphical analysis (Logan, 2000)
was selected for ['®F]GE180. Based on linear fit of the whole brain with appropriate
weighting for different frame time points (based on the frame length), data from 20 min
to 90 min (8 data points) was selected to generate Logan parametric map
(slope=0.147+0.06 and intercept=-1623+387 in whole brain). The Logan Vt values
were correlated well with 2TCM4k Vr values using Pearson correlation (Figure I11-10).
In the ROI group analysis, AD subjects demonstrated a trend of 13-28% higher average
Logan Vr values compared with controls. However, no group-level statistical

significance was reached in any ROI (p=0.17) between AD and healthy controls.
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Figure III-10. Good correlation were found between Logan Vr and 2TCM4k
VT in frontal lobe, temporal lobe, parietal lobe and occipital lobe.

3.2.4 SUV and SUVR

Among four cortices, 40-60 min SUV showed around 19-26% higher average value in
AD than controls, while 60-90 min SUV showed 24-31% higher average value in AD
compared with controls. However, no group-wise significance was reached for either
40-60 min (p=0.19) or 60-90 min (p=0.18) SUV image. Cerebellum demonstrated
around 19% (p=0.53) and 24% (p=0.4) higher trend in AD subjects compared with HC,
using 40-60 min and 60-90 min SUV, respectively, but none of them were significant.
When cerebellum grey matter was applied as a pseudo reference region for ['*F]GE180
signal, the whole brain SUVR failed to reveal any difference between AD and HC using
40-60 min SUVR (-4%, p=0.38) or 60-90 min SUVR (0%, p=0.40) in any ROIs. Both
SUV and SUVR images failed to show any significant correlation to the Vr derived

from the two-tissue reversible model in any predefined ROI regions.
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3.2.5 Cluster analysis

MRITI1 \7 24 | ) [18F|GE180 PET

I N,

o

Figure III-11. MRI T1, MRI T2 and [8F]GE180 PET of an ischemic stroke
patient.

In cluster analysis, the 60-90 min SUV image of ['*F]GE180 PET was generated and
revealed increased activity at the putamen area in the right hemisphere, which was
consistent with the MRI T2 image (Figure III-11). Based on the manual drawing atlas,
the tracer concentration in the blood vessel peaked at around 1 min, and then gradually
washed out during the rest of the scan, which was similar to the arterial input function.
Compared to the contralateral region of the stroke (grey matter), the stroke region
demonstrated 25% (p=0.026) higher activity during the 90 min data, 54% (p=0.000005)
higher during 20-90 min, and 62% (p=0.001) higher during 60-90 min. Compared to
the white matter, the stroke region showed 49% (p=0.00001) higher activity during the
90 min scan, 58% (p=7.4E-07) higher during the 20-90 min, and 62% (p=0.003) higher
during the 60-90 min. The TAC in white matter showed a similar dynamic course to the
contralateral stroke region (p=0.7). (Figure I1I-12)

For the other stroke patient, the T2 MRI showed scattered little ischemic infarcts
throughout the brain, which was challenging to generate reliable ROI atlas for those
infarcts. During the visual assessment, 60-90 min SUV image of ['*F]GE180 failed to

reveal any clear signal increasing around those scattered ischemic infarcts.
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Figure III-12. Time activity curve for stroke (orange), opposite-stroke (blue)
and white matter (grey).

I11-4. DISCUSSION

4.1. Consensus in ["*FIGE180 studies

Since the first in human study of ['*F]GE180 published in 2016 (Fan et al., 2016), a
number of ['*F]GE180 studies in healthy controls and disease conditions came out
(Feeney et al., 2016; Zanotti-Fregonara et al., 2018; Vomacka et al., 2017; Albert et al.,
2017). Similarities and discrepancies were revealed across different labs. The general
consensus for ['*F]GE180 was that compared with other TSPO PET tracers, the brain
uptake was relatively low. This could be due to the low ['*F]GE180 penetration of blood
brain barrier, or fast clearance by efflux pumps at the blood brain barrier (e.g. P-
glycoprotein), or disproportional higher plasma protein binding in human brain (Feeney
et al., 2016; Zanotti-Fregonara et al., 2011; Schinkel, 1999; Fan et al., 2016). In
contrast, preclinical studies in rodents demonstrated promising results of ['*F]GE180
(Deussing et al., 2018; Boutin ef al., 2014; James et al., 2017; Sridharan et al., 2016).
The specificity of ['®F]JGE180 binding was confirmed in a rodent blocking study
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(Deussing et al., 2018). In an ischemic stroke model, ['*F]JGE180 demonstrated higher
signal-to-noise ratio than using the [!!C]PK11195 PET (Boutin et al., 2014).
["*F]GE180 radioligand showed good sensitivity in differentiating neuroinflammation
in acute model of neuroinflammation, LPS-induced model and AD model (James et al.,
2017; Boutin et al., 2014; Sridharan et al., 2016). In preclinical studies, ['*F]GE180
penetrated the blood brain barrier readily in animal models (Boutin ef al., 2014). While
difference between species was widely accepted, the discrepancy of the results found
in human trials and animal models could be due to penetration of the brain and high

vascular binding in human.

4.2. Kinetic Modelling

Various compartmental model candidates for ['*F]GE180 were investigated in different
labs, a consensus was reached that two-tissue compartment model without considering
the vascular component provides the best model fit for ['*F]JGE180 quantification
(Zanotti-Fregonara et al., 2018; Feeney et al., 2016; Fan et al., 2016). Similar to other
PET tracers, there were different opinions on whether to estimate or fix the blood
volume contribution for ['*F]GE180. In 2016, Feeney et al. indicated a fit problem in
the early section of the model and selected to fix the blood volume (Vg) for ['*F]GE180
quantification. While similar fit problem in the early part of the curve was noticed in
our cohort as well, the model with estimated Vg still performed better in estimating
["®F]GE180 uptake than fixed Vs model. Additionally, it provided a reasonable Vg
estimation around 5-6% (Fan ef al., 2016; Turkheimer ef al., 2015). This finding was
supported by Zanotti-Fregonara et al. who demonstrated that ['*F]GE180 fitting was
improved when using the estimated Vg model (Zanotti-Fregonara et al., 2018).

Plasma free fraction (f,) reflects the percentage of free tracer in the plasma that are
available to travel into the tissue. Due to the facility limitations, our radiochemist was
not able to measure an accurate and reliable f, for ['*F]GE180 in vivo. A recent study
has managed to measure the f, of ['*F]GE180 in vivo (Zanotti-Fregonara et al., 2018).
As expected, consistent with the in vitro experiments (f,=2-3%), they found a low f,
around 3-4% of ["*F]GE180 in the parent plasma activity in vivo, indicating the low
brain uptake for ['*F]GE180 may result from the low availability of the free tracer in
the plasma. Indeed, the f,, of ['®F]GE180 showed slightly better than [11CJ(R)PK 11195
(f,=1-5%), and comparable to [''C]PBR28 (4%). On the contrary, due to the slow
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metabolite rate of ['*F]GE180, Zanotti-Fregonara et al. implied while ['*F]GE180 has
3-fold higher effective exposure of the brain compared to [''C]PBR28, ['*F]GE180 still
showed a much lower Vthan [!!C]PBR28. Thus, they suggested that rather than the
low level of free tracer, the low brain uptake of ['*F]GE180 may be driven by the

difficulty in penetration of the blood-brain barrier.

4.3. HAB vs. MAB

In 2011, Owen et al. showed that apart from [!!C](R)PK11195, all newly developed
TSPO PET ligands were affected by the TSPO genotypes: HAB, MAB and LAB (Owen
et al., 2011b). They found as much as 50-fold (e.g. [''C]PBR28) and as low as 4-fold
(e.g. DAA1106, DPA713 and PBR111) of difference in binding potential between HAB
and LAB cohort, while most MAB appears to possess only one class of binding sites
with an affinity approximately equal to the mean of HABs and LABs. In case of
['®F]GE180, an unpublished in vitro work from Owen’s group demonstrated the binding
affinity difference between HAB and LAB was 15-fold with cold GE180 displacing
[PH]PK11195 (Feeney et al., 2016). This seems appeared to be consistent with our
finding, which demonstrated a marginal difference between HAB and MAB in thalamus
(p=0.04) and cerebellum (p=0.05) in healthy controls (Fan ef al., 2016), however the
difference would be expected much more pronounced. Feeney’s group demonstrated
they expected MAB to have around 50% of the binding in HAB cohort, but they failed
to observe any differences in vivo, and they suggested it may be a consequence of the
low TSPO level in their cohort (Feeney et al., 2016). Indeed, compared to our subjects
(50-85 years), they had a much younger group (28-56 years old) who may have less
TSPO expression (Niraula, Sheridan & Godbout, 2017; Schuitemaker et al., 2012). To
note, this finding was conducted with a small sample group (n=10) in healthy controls
with a marginal group-level difference and only observed in small subcortical regions
(e.g. thalamus and cerebellum). Additionally, considering the high variation
(COV=41%) observed in each genetic group, more data between HAB and MAB was
certainly needed to further establish the TSPO genetic impacts on ['*F]GE180 in human
brain. However, as a pilot study in human trial, this study provided the evidence that
['®F]GE180 can be effectively modelled by 2TCM4k model with 90 min PET scan,

which allows quantification of the TSPO binding in the healthy human brain. Moreover,
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the high plasma binding and low brain uptake of this tracer in human brain were

reported for the first time (Fan et al., 2016).
4.4. ['*F]GE180 in Disease

4.4.1 Volume of distribution in AD

In the study 2, ['®F]GE180 was applied in patients who were diagnosed with
Alzheimer’s disease. In the disease cohort, heterogeneous distribution of ['*F]GE180
Vrt was found throughout the brain, and higher regional uptake was presented
throughout the temporal lobe, occipital lobe, and subcortical regions, such as
hippocampus, amygdala and fusiform, which was in line with previous
neuroinflammation findings (Heneka et al., 2015). Compared with age-matched healthy
controls, the V1 of ['8F]GE180 PET demonstrated group-level higher values in frontal
and occipital lobes for the AD cohort. This finding was consistent with postmortem
study, where interleukin-1p-positive microglia was observed in the brain section of
frontal cortex in an AD brain (Heneka et al., 2015). Interestingly, similar regional
distribution of microglial activation in AD brain was observed in my previous
longitudinal study of microglial activation using [''C](R)PK11195 PET (Fan et al.,
2015b). In the subcortical regions, amygdala and fusiform were observed with
significantly higher Vr in AD subjects. It is was previously reported that amygdala was
significantly affected by amyloid deposition in AD brain (Unger ef al., 1991), thus the
increased microglial activation in amygdala suggesting upregulated activated microglia
may follow the spreading of amyloid accumulation in AD brain. A previous fMRI study
in AD patients showed an impairment in connection at medial temporal lobe, lingual
and fusiform regions, resulted in a graded deficit in explicit memory encoding (Golby
et al., 2005), suggesting the upregulated neuroinflammation may relate to the
impairment of memory. Additionally, ['*F]JGE180 BPnp demonstrated significant
elevation in striatum in AD patients compared with healthy controls. The anatomical
connectivity of striatum was shown to be associated with the level of amyloid
deposition during AD development (Ishibashi et al., 2014), our data illustrated again
the neuroinflammation may closely relate to the regional distribution of the amyloid
deposition.

Regarding the micro-parameters in 2TCM4k model, AD subjects in general showed a

trend of 30% higher K and 15% lower k> compared to healthy controls in large ROIs,

83



Imperial College London Zhen Fan CHAPTER III

suggesting that more tracer flashed into the tissue from the plasma (K1), but less was
washed out from the brain tissue (k2) in AD brain. Although k3 and ks showed
heterogeneous changes throughout different brain regions, AD demonstrated 58%
higher in Ki/k> ratio and 25% higher in ks/k4 ratio than age-matched healthy controls.
While no statistical significance was found in K; (mL.min"'mL") between AD and
healthy controls, those micro-parameters indicated that AD subjects may have a higher
["®F]GE180 availability in target tissue compared to healthy controls, suggesting a
possible alteration on cerebral blood flow in AD subjects. To note, as the ['*F]GE180
tissue uptake is very low, therefore, more subject data and blood flow analysis are
suggested to further investigate the reliability of those micro-parameters estimates and
to conclude whether the difference between AD and controls were due to the higher

tracer availability.

4.4.2 Parametric mapping

Spectral analysis was applied for ['*F]GE180 PET. IRF-90 was selected as the optimal
parametric map to quantify the ['®F]JGE180 binding via spectral analysis. It
demonstrated a good correlation with V1 derived from the compartmental modelling.
Compared with kinetic modelling, IRF-90 revealed more ROI regions with
significantly higher ['*F]GE180 uptake in AD patients than healthy controls in major
cortices, anterior cingulate, posterior cingulate, amygdala and fusiform. This finding
indicated that IRF-90 parametric map of ['*F]GE180 may have a higher sensitivity in
differentiating the pathological binding in AD brains due to the high sensitivity of signal
interpolation. Additionally, the 3-D parametric map allowed the voxel-level
comparisons between subjects, where 11/13 patients showed clusters of significantly
elevated ['®F]GE180 IRF-90 values. While Logan Vr also showed a good correlation
with compartmental modelling, it failed to differentiate the AD subjects from the age-
matched controls. This was perhaps due to the inherent bias in Logan graphical analysis,
where the linear interpolation generally underestimates the true dynamic signals. In
summary, although ['*F]GE180 uptake was relatively low in the brain compared to
other TSPO tracers, the result in AD patients has demonstrated that both kinetic
compartmental modeling and spectral analysis may be suitable in quantifying the
["*F]GE180 signal which was sensitive enough to differentiate pathological binding in
AD from the healthy controls.
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4.4.3 Reference region

The searching for a proper reference region is always popular due to the simplicity of
the modelling and the non-invasive procedure without arterial blood sampling. The
assumption of reference model requires a predefined reference region to be free of
specific radioligand binding or pathological binding. There were studies applying a
pseudo reference region SUVR approach for ['®F]GE180 without arterial input
function, which showed a good contrast of the lesions in multiple sclerosis patients and
tumour in glioma patients (Vomacka et al., 2017; Albert et al., 2017). Difterent pseudo
reference regions were applied: frontal cortex was selected for multiple sclerosis, while
background activity that derived from the healthy contralateral hemisphere was used
for glioma, respectively. This again reiterated the fact that there is no general anatomical
reference region for ['®F]GE180, the possible pseudo region with non-pathological
TSPO binding is disease specific. In AD, a previous TSPO study has applied cerebellum
grey matter as the pseudo reference region using another TSPO tracer, [''C]PBR28
(Lyoo et al., 2015). In this case, cerebellum grey matter was tested as the pseudo
reference region for ['®F]GE180. In this study, both Vr (2TCM4k) and IRF-90 values
in cerebellum showed no significant difference between AD and HC. However, when
applied the semi-quantitative SUVR method with cerebellum as the reference region, it
has failed to replicate the group-level change in [18F]GE180 uptake in AD cohort,
which was found in the arterial input function models (e.g. 2TCM4k and spectral
analysis). This suggested that a simplified reference region method of ['*F]GE180 may

not perform as well as the arterial input methods in AD.

4.4.4 Cluster analysis

Given the low brain uptake of ['*F]GE180 and the diffuse feature of neuroinflammation
in Alzheimer’s disease, it is in fact difficult to determine any anatomic reference region.
Therefore, another non-invasive method to be evaluated is the cluster analysis. In this
study, for developing the non-invasive supervised cluster analysis for ['*F]GE180,
predefined kinetic classes of ['*F]GE180 were evaluated in stroke patients. One stroke
patient who had an ischemic stroke in the putamen area in the right hemisphere
demonstrated a significant higher ['*F]GE180 activity in the stroke area compared to
contralateral brain regions. Interestingly, it demonstrated around 50-60% increase in

microglial activation in the stroke area comparing to contralateral grey matter or white
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matter. This was consistent with a ['*F]GE180 tumour study, where patients with
untreated or pretreated glioblastoma had a remarkable contrast between the tumour and
background activity, which was even better than the MRI contrast (Albert et al., 2017).
Albert et al. suggested that the tracer uptake in the tumour was independent of the
integrity of the blood-brain barrier, as they found the peripheral regions of the glioma
lesions was only observed in the ['*F]JGE180 PET but not in MRI, where MRI revealed
a significantly smaller tumour mass than the ['F]GE180 PET (Albert et al., 2017).
However, due to lack of the validation of biopsies and histopathological assessments,
the high contrast of ['*F]GE180 uptake in the glioma reported in this tumour study was
questioned with the possibility of disruption of blood-brain barrier by the other group
(Zanotti-Fregonara et al., 2018). While it is recommended to include histologic analysis
for the BBB integrity, this stroke patient showed 50-60% increased ['*F]GE180 signal
specifically at the area of ischemic stroke, suggesting the signal elevation may reflect

the specific binding rather than a simply influx of tracer due to BBB disruption.

4.5. Blood-Brain Barrier

The major criticism of ['®F]GE180 radioligand was the low brain uptake observed in
human brain, which is in contrast to the ["*F]JGE180 findings in preclinical animal
models in rodents (Deussing et al., 2018; James et al., 2017; Sridharan et al., 2016).
One of the suspicions was focused on the tracer’s capability of penetrating the blood
brain barrier in human brain. However, the logD assessment of ['*F]GE180
demonstrated an optimal range for the passive transportation in vivo to cross the blood
brain barrier (Feeney ef al., 2016), indicating a high permeability and high lipophilic
feature of the tracer. Another hypothesis was based on the possibility of a fast washout
of ['®F]GE180 tracers by efflux proteins on the blood-brain barrier. This hypothesis was
rejected by Zanotti-Fregonara’s group, who argued that ['*F]GE180 had a parent-to-
whole blood ratio higher than one, which is in agreement with our finding, suggesting
the tracer even has a difficulty to penetrate the red cell walls. Therefore they proposed
that ['®F]GE180 tracers were likely to be blocked by the blood-brain barrier from
entering the brain in the first place (Zanotti-Fregonara et al., 2018). In this study, a
disproportional high plasma protein binding in the blood vessels was observed in both
healthy controls and AD brains, suggesting the ['*F]GE180 tracers might be trapped in

blood vessels before becoming available to be transported into the brain. Recent study
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reported that they had successfully measured the plasma free fraction in vivo, and
demonstrated a plasma free fraction of 3.5% for ['F]GE180 in healthy controls
(Zanotti-Fregonara et al., 2018). Compared to other TSPO tracers (Sridharan et al.,
2016), the low plasma free fraction of the ['*F]JGE180 supported our hypothesis that the
low ['®F]GE180 brain uptake may be caused by the high level of plasma protein binding
and the low level of the free tracer available for entering the brain. Indeed, there is
possibility that blood-brain barrier could be altered or disrupted in AD brain. Given the
difficulty of brain penetration of this tracer, for the future studies, it is therefore
suggested to perform a histologic analysis for the blood-brain barrier integrity, in order
to prove that the increased signal was due to pathological changes, rather than an influx

of tracers due to the disruption of blood-brain barrier.

4.6. Conclusion

In this chapter, I investigated the ['*F]JGE180 PET tracer in human brain by applying
the novel TSPO tracer 1) in the HAB and MAB healthy controls, and 2) in AD patients.
As a result, it has demonstrated that two-tissue compartmental model provided the best
fit in quantifying 18F-GE180 PET. The low brain uptake of ["*F]JGE180 made the
quantification modelling very challenging, which requires a highly sensitive model to
interpolate the signal, such as spectral analysis. In regional analysis, due to the high
binding presented in the blood vessel and low brain uptake, the peripheral area of the
brain atlas was eroded by vascular extraction mask and visual assessment to reduce the
signal dispersion from the blood vessels and bones. The preliminary results in disease
condition demonstrated that both Vr derived from two-tissue compartmental model and
spectral analysis were able to differentiate the microglial activation in Alzheimer’s
disease. IRF-90 parametric map of ['*F]JGE180 demonstrated 11/13 AD patients who
had significantly increased clusters of microglial activation at voxel-level. Interestingly,
those 2/13 AD patients without increased microglial activation revealed relatively high
MMSE score (MMSE=28 and MMSE=26) compared to the AD group mean
(MMSE=21.3844.01), suggesting less microglial activation was associated with less
cognitive impairment.

As a preliminary study of ['*F]GE180 in Alzheimer’s disease, I noticed that several
improvements were necessary to be involved in future prospective ['*F]GE180 studies.

While Vr difference was found between HAB and MAB in our healthy control cohort,
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compared to other second generation TSPO tracers, the binding difference was minimal
and observed only in a few subcortical regions. Thus, larger sample size was needed to
examine the genetic influence of ['*F]GE180 binding. In the current AD investigation,
in order to account for the possible TSPO genetic influence, the comparison between
patients and HC were conducted in HABs. Regardless whether there is genetic
influence on [18F]GE180 binding, MAB AD patients should be evaluated in the future
study to validate the finding in AD. A stroke patient demonstrated a high contrast of
neuroinflammation between ischemic stroke area and contralateral regions using
['®F]GE180 PET, but more cases and longitudinal analysis were needed to be studied.

In conclusion, this chapter showed a preliminary finding of ['*F]GE180 quantification
in human and demonstrated a signal-to-noise ratio of ['*F]GE180 which was large
enough to differentiate the neuroinflammation in disease condition (AD and ischemic
stroke). However, considering the fast evolution of TSPO tracer development, in my
opinion, the low brain uptake and difficulty in modelling is unlikely to improve the
competitiveness of the ['®F]GE180 ligand versus other new generation of TSPO tracers.
The research of the best TSPO tracer for neuroinflammation in human brain remains to
be explored. Taking a future perspective, due to the nature of TSPO distribution and the
divergent presentation between patients, larger patient cohort in different inflammation
conditions are recommended to be investigated along with the histologic validation of

blood-brain barrier integrity for ['*F]JGE180, or for any other novel TSPO tracers.
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CHAPTER IV. QUANTIFICATION OF MICROGLIAL
ATIVATION USING [''C]PBR28 PET

IV-1. INTRODUCTION

In the previous chapter, the novel TSPO tracer ['*F]GE180 was evaluated for the first
time in human trial, which demonstrated high vascular bindings and low tracer
penetration of the blood brain barrier in both healthy controls and patients with
Alzheimer’s disease. In this Chapter, I evaluated the spatial distribution of microglial
activation in patients with MCI using another TSPO tracer, [''C]JPBR28. Amnestic MCI
is a transitional stage between preclinical AD and dementia (CHAPTER I). Microglial
activation plays a significant role in AD along with amyloid and tau deposition
(Calsolaro & Edison, 2016; Heneka et al., 2015; Higuchi et al., 2016). Recent PET
imaging studies suggested that microglial activation correlates closely with the severity
of dementia (Calsolaro & Edison, 2016; Edison et al., 2013; Kreisl et al., 2016).

[''C]PBR28 is a second generation TSPO tracer which was designed for quantifying
microglial activation in neurodegenerative disease in the last couple of years. However,
discordant results were found in recent ['!C]PBR28 studies (Kreisl et al., 2016, 2013;
Schuitemaker et al., 2013; Nair et al., 2016). Different labs applied different
quantification models and approaches for [!!CJPBR28, such as reversible two-tissue
compartmental model, two-tissue compartmental model with extra vascular
component, plasma free fraction corrected binding, Logan graphic analysis and SUVR
with cerebellum as the pseudo-reference region (Lyoo et al., 2015). The variation of
quantification approaches applied across different labs can result in varying results for
[''C]PBR28 PET. Spectral analysis is a powerful kinetic approach and makes no
assumptions about kinetic compartments, instead identifies heterogeneous components
based on their kinetics, which separate the parenchymal TSPO binding from the high

frequency, vascular binding (Veronese et al., 2016; Cunningham & Jones, 1993).

1.1. Objective

The objective for this chapter is to seek the most appropriate approach to quantify the

microglial activation using ['!C]JPBR28 PET in neurodegenerative diseases.
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1) The IRF parametric mapping of [''C]PBR28 was compared to the Vr in
compartmental models, and the parametric mapping using Logan graphic analysis.

2) Microglial activation between two cohorts (MCI vs. HC) was evaluated using
['!'C]PBR28 IRF parametric maps, compartment model’s V1 and Logan Vrmap.

The results described in this Chapter have been published in EJINMMI, which was titled

as ‘Parametric mapping using spectral analysis for 11C-PBR28 PET reveals

neuroinflammation in MCI subjects’ (Fan ef al., 2018). This article is distributed under

the terms of the Creative Commons Attribution 4.0 International License that permits

unrestricted use, distribution, and reproduction in any medium. (Appendix 1.

Permission Table)

IV-2. METHODS

2.1. Demographics

This study was approved by the local and regional regulatory ethics committee (London
Riverside Research Ethics Committee - National Health Research Services, Health
Research Authority, UK). The approval for administration of radioactivity was given
by ARSAC. Subjects were recruited from local memory clinics, a national dementia
recruitment website and advertisements in local media. Written informed consent was
obtained from all participants. 13 Patients with MCI and 9 age-matched healthy controls
were evaluated in this study (all TSPO HABs). MAB were excluded due to the small
sample size. The Petersen criteria (2004) were used for the diagnosis of MCI subjects,
while NIA-AA (National Institute of Ageing and Alzheimer’s Association) or
NINCDS-ADRDA (National Institute of Neurological and Communicative Disorders
and Stroke-AD and Related Disorders Association criteria were used for the diagnosis

of Alzheimer’s disease.
2.2. Data Acquisition

2.2.1 MRI acquisition

All subjects underwent MRI and [''C]PBR28 PET scans. The MRIs were performed
with a 3 Tesla SIEMENS 32-channel Verio scanner. The MRI data was acquired with

MPRAGE format, time repetition of 2400ms, time echo of 3.06 ms, inversion time of
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900 ms and matrix of 256 x 246. MRI T1 and T2 images were used for co-registration

of the PET image and detection of white matter microvascular disease, respectively.

2.2.2 ['1CIPBR28 PET Acquisition

[''C]PBR28 PET images were acquired with a SIEMENS Biograph True Point PET/CT
scanner with axial field of 21.8cm, transaxial planes of 111, and spatial resolution of
2.056mm x 2.056mm x 2mm in Invicro, London. A bolus around 300 + 7.0 MBq (n=22)
of [''C]JPBR28 was injected intravenously right after a low dose CT scan (for
attenuation and scatter correction). A 90 min dynamic scan was acquired in list mode,
and reconstructed as 26 time frames with attenuation correction, scatter correction,

random correction and decay correction.

2.2.3 Blood acquisition

During the 90 min [''C]PBR28 scan, continuous online blood sampling was acquired
for the first 15 mins right after the scan started to assess the radioactivity concentration
in the whole blood. Twelve discrete blood samples were taken at 5, 10, 15, 20, 25, 30,
40, 50, 60, 70, 80 and 90 min to measure the tracer activity concentration in whole
blood and plasma. Based on the discrete blood samples, the [!!C]PBR28 activity in
POB was fitted with a linear model. The POB model was then applied to the first 15
mins’ online blood sampling to estimate the [''C]PBR28 tracer activity concentration
in plasma for the first 15 mins. Parent fraction was measured by HPLC using discrete
blood samples and fitted with a sigmoid model. Lastly, the parent plasma input function
was generated by multiplying the total plasma tracer concentration with the parent

fraction curve.

2.3. Spectral Analysis of [''C|PBR28

Spectral analysis constrains a general linear model to fit the tissue kinetics with a large
matrix of exponential functions with the parent plasma input function ( CHAPTER
I1.2.1). In this study, the decay constant of the carbon 11 (0.00056629 s') was used for
the beta-min, and 100 basis function was applied in spectral analysis of [''C]PBR28S.
The IRF parametric maps of [''C]PBR28 were generated with observation time of 30,
45, 60, 75 and 90 min (Equation 6). The coefficient of variation of 'C-PBR28 IRF

estimates in major cortices and thalamus were calculated to determine the optimal
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observation time for ['!C]JPBR28 IRF(t). The lower CV, the higher the robustness of the

IRF estimates.

2.4. Compartmental Modelling of [''C]PBR28

[''C]PBR28 dynamic data was fitted with five different kinetic models, one-tissue and
two-tissue reversible model, two-tissue irreversible model along with one-tissue and
two-tissue model reversible model with an extra vascular component, which accounts
for tracer trapping in vascular binding (Rizzo ef al., 2014; Guo et al., 2012) (Figure
II-1). The AIC and visual assessment were evaluated to assess the performance of
different compartmental models (Akaike, 1973). In the present study, total volume of
distribution Vr was the output measurements derived from the candidate kinetic

models. ( CHAPTER 11.1.1)

2.5. Graphic Analysis of [''CIPBR28

Logan graphic analysis was applied to generate a parametric map of [!!C]PBR28 PET.
Graphic analysis doesn’t require any assumptions of specific model of the [''C]PBR28
kinetics in the brain as long as the activity reaches the equilibrium within the scan time.
Logan plot was selected for [!!C]JPBR28 PET based on the reversible feature of the
tracer. Depending on fitting of the dynamic data, an optimal threshold time (t*) was
selected to define the linear section, and generate the Logan Vt parametric map by
estimating the slope of the linear section (Logan, 2000). In the current study, the signal
variation in different Logan Vt maps was assessed by CV analysis in four cortices and

thalamus ( CHAPTER 11.2.2).

2.6. SUVR of [''CIPBR28

Cerebellum grey matter was used as a pseudo reference region for SUVR of
[''C]PBR28, by dividing the regional 60-90 min ['!C]PBR28 summed image by the

concentration of radioactivity from the cerebellum (grey matter).

2.7. Amyloid Deposition

The clinical presentation in MCI cohort could be heterogeneous; therefore, 12 MCI
patients and 9 healthy controls underwent ['*F]Flutemetamol PET scans for assessing

the amyloid deposition with the Siemens Biograph 6 PET/CT scanner. A bolus dose of
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182 (£2.5) MBq ['®F]Flutemetamol was injected intravenously. After 90 min of the
injection, the PET data were acquired for 30 mins (90 — 120 min from the injection
time) to generate a static ['®F]Flutemetamol PET image. The cerebellum (grey matter)
was used as the reference region for generating the ['®F]Flutemetamol RATIO image
(Landau et al., 2014). In the present study, amyloid-positive subject was classified as
presence of increased amyloid in at least one of the large cortices or in two separate
cortical regions in ROI analysis, and at least one cluster of significant increased amyloid

in individual voxel-wise analysis. ( CHAPTER 11.2.3.3)

2.8. Imaging Analysis

ROI analysis was performed for [''C]JPBR28 IRF parametric maps, Logan Vr and
compartmental model Vr based on 83-region Hammersmith atlas via SPMS8 and
Analyze 11.0 ( CHAPTER I1.3.1). The ROI regions were selected for the following
regions: posterior cingulate, frontal, temporal, parietal and occipital lobes. Additionally,
ROI analysis was also performed for medial temporal lobe, hippocampus and thalamus.
SPSS23 (SPSS, Chicago, Illinois, USA) was used for calculation of the group mean
and standard deviation in ROI analysis. The correlation analysis between two groups
of variables were conducted using Pearson correlation coefficient in SPSS23, where
p<0.05 was regarded as a significant correlation.

Voxel-wise comparisons between patients and healthy controls were performed for IRF
and Logan Vr [!!C]PBR28 parametric maps using SPM8 ( CHAPTER 11.2.2). For the
individual SPM analysis, patient data was compared against a group of healthy controls
using Onaway-ANOVA, and the total volume of significant clusters was extracted and

calculated in mm? using Analyze 11.0.
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IV-3. RESULTS

3.1. Demographics and Amyloid Status

Diagnosis  Total number  Amyloid  Age (SD) Agerange MMSE (SD)

group (Female) Positive
MCI 13 (8) 7 709 (8.1) 57-79 26.8 (2.9)*
HC 9(5) 0 65.4(7.5) 54-75 29.4 (1.0)
Table IV-1. Demographics for [11C]PBR28 study
*p<0.05

In the Table IV-1, MCI cohort (n=13) revealed significantly lower MMSE score
compared with the age-matched healthy controls. The amyloid deposition was
evaluated in twelve MClIs and nine controls using ['®F]Flutemetamol PET, as a result,
seven MCI subjects were classified as amyloid-positive patients based on the criterion

illustrated in methods CHAPTER 1V.2.7.

3.2. Spectral Analysis
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Figure IV-1. Kinetic spectrum and dynamic IRF curve of [11C]PBR28 PET.

A) Kinetic spectrum revealed three spectral components (blue, green, and red)
along with a fractional blood volume component (cyan). B) IRF (impulse response
function) for [F1CJPBR28 activity (dashed line) estimated by the sum of three
individual components of the spectrum. The blue component shown as an
irreversible peak hence the horizontal line with Ki in panel B indicating an infinite
area under the impulse response function.
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Two to three spectral peaks were found in the individuals’ [!!C]PBR28 kinetic spectrum
along with an average blood volume of 6.5%. In Figure I'V-1, the two kinetic spectral
components with intermediate frequency (green and red) reflected the two tissue
components in the brain, while the additional peak (blue), which shows a constant
impulse response function, may indicate an additional irreversible component.
Comparing the IRF(t) images with different observation times, IRF at 90 min (IRF-90)
demonstrated the global (grey matter) IRF values with the lowest coefficient of
variation mean of 18% (+4%), and therefore been selected as the optimal time duration.
The IRF-90 of [11C]PBR28 allows voxel-wise quantification of the tracer binding for
each patient. In contrast to healthy controls, seven MCI patients revealed voxel-wise
significantly increased [11C]PBR28 in frontal gyrus, temporal lobe, parietal gyrus,
anterior cingulate gyrus, occipital lobe and thalamus (Figure IV-2). Among these seven
MCI patients, five of them were amyloid-positive MCI patients. The total volume of
interest (VOI) with significantly increased [ 1 1C]PBR28 was calculated in Analyze11.0,
where the volumes ranged from 114,982 to 714,801 mm? (Table IV-2). As a group, ROI
analysis revealed significantly higher [11C]PBR28 binding in amyloid positive MCI
subjects compared to healthy controls in multiple cortical regions, particularly in the
temporal lobe (Table IV-3). Individually, six MCI patients (four amyloid-positive
MClIs) revealed higher regional binding of ['!C]PBR28 than the healthy control cohort
(mean+2SD).
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Subject Increased 1C-PBR28
volume (mm?)
IRF Logan
MCI 1 191073 \
MCI 2 714801 423979
MCI 3 114982 \
MCI 4 260442 165193
MCI 5 177119 \
MCI 6 360328 289142
MCI7 373282 108237

Table 1V-2. The total volume of
significantly increased binding in
individual MCIs compared to healthy
controls at voxel-level, using [11C]PBR28
parametric mapping of IRF-90 and Logan
Vr

Figure IV-2. Voxel-wise individual SPM
analysis of IRF-90 of [11C]PBR28.

Compared to healthy controls, the colour map
reveals the clusters of significant increased
[11CJPBRZ28 in individual MCI patient. Af+ =
amyloid-positive MCI and Af- = amyloid-
negative MCI.
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Healthy control Amyloid positive MCls
Mean SD Mean SD Pvalue %

Frontal Lobe 3.7E-04  8.0E-05 4.5E-04 8.0E-05 0.074 19%
Temporal Lobe  3.9E-04  6.0E-05 4.8E-04 8.0E-05 0.010* 25%
Parietal Lobe 3.5E-04 6.0E-05 4.1E-04 1.0E-04 0.115 16%
Occipital Lobe  3.6E-04  5.0E-05 4.1E-04 1.1E-04 0.136 14%

Post-Cingulate ~ 3.7E-04  8.0E-05 4.8E-04 1.1E-04 0.025* 31%

Thalamus 4.5E-04  7.0E-05 5.7E-04 1.4E-04 0.024* 29%
MTL 42E-04 5.0E-05 53E-04 8.0E-05 0.005* 27%
Hippocampus 4.4E-04 5.0E-05 54E-04 1.0E-04 0.019* 22%
Amygdala 44E-04  6.0E-05 5.7E-04 8.0E-05 0.003*  29%

Cerebellum 3.7E-04  7.0E-05 4.7E-04 1.0E-04 0.023* 27%

Whole brain 3.7E-04  6.0E-05 4.5E-04 9.0E-05 0.049* 20%

Table IV-3. ROI analysis of IRF-90 mean (s'1) and SD (standard deviation) in
amyloid-positive MCI and healthy controls. The percentage changes of the
means and p values (parametric test) were reported for the group-level
comparison.

*P<0.05; MTL = Medial temporal Lobe; SD = Standard deviation.

3.3. Compartmental Modelling

Depending on the mean of AIC and model preference fraction in different subjects, both
two-tissue (2TCM4k) and two-tissue with vascular component models (2TCM4k-1K)
have outperformed other models (Figure IV-3). In agreement with previous studies
(Rizzo et al., 2014; Bloomfield et al., 2016), the two-tissue model with vascular
component (AIC = -84) demonstrated a marginally better fit for the ['!C]PBR28 activity
than the two-tissue model (AIC = -76).
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Alkaike infromation criteria (AIC)
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Figure IV-3. AIC (Akaike Information Criteria) values were estimated for
[11C]PBR28 PET using 1TCM4k (red), 2TCM3k (grey), 2TCM4k (blue),
1TCM2Kk-1K (green) and 2TCM4k-1K (yellow) compartmental model. The
bar chart showed that the lower AIC values were found in both 2TCM4k and
2TCM4k-1K models in frontal lobe, temporal lobe, occipital lobe and whole
brain.

In compartmental modelling, the amyloid-positive MClIs demonstrated a group-wise
significantly higher [''C]PBR28 Vr in thalamus (31%, p<0.04) and left MTL (32%,
p<0.05) compared with the control cohort. On the individual basis, five MCI patients
(four amyloid-positive MCls) demonstrated higher Vt compared to healthy controls.
Additionally, the ['!C]PBR28 IRF-90 parametric map was found highly correlated with
Vr that were derived from 2TCM4k-1K and 2TCM4k model (Figure 1V-4). No
difference was found between amyloid-positive patients and HC in cerebellum Vr (grey

matter). No correlation between age and [!'C]JPBR28 Vr in any given ROI regions.
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Figure IV-4. The Pearson correlation between [11C]PBR28 binding potentials
derived from different modelling methods in frontal lobe and temporal lobe.

A) [11CJPBR28 IRF-90 and Logan Vr; B) [11C[PBR28 IRF-90 and 2TCM4k-1K Vr; C)
[H1CIPBR28 IRF-90 and 2TCM4k Vrand D) 2TCM4k-1K Vr and 2TCM4k Vr.

3.4. Logan Graphic Analysis

Based on the data fitting, the linear fit of six dynamic data points (from 2000 to 5400

seconds) from the Logan plot were selected to generate the Logan V1 parametric map

99



Imperial College London Zhen Fan CHAPTER IV

of ['!C]PBR28 PET, with cohort average slope of 3.8+0.09 and intercept of -3033+214
(mean £ SD).

Logan Vr parametric map showed a good global correlation with the IRF-90 parametric
map. Slightly higher global CV was observed in Logan Vr parametric maps (Table
IV-4). Unlike kinetic modelling (2TCM4k-1K) and spectral analysis (IRF-90), Logan
Vt parametric maps failed to reveal any group-wise difference in microglial activation
for the amyloid-positive MCls versus healthy controls. Individually, ROI analysis of
Logan Vr showed higher [''C]PBR28 binding in three MCI patients (two amyloid-
positive MCls). At voxel basis, SPM analysis (VOI) localised clusters of significantly
increased [''C]PBR28 in four MCI patients (three amyloid-positive), where the volume
ranged from 108,237 to 423,979 mm? (Table IV-2).

CV of IRF CV of Logan

MEAN SD MEAN SD
Frontal Lobe 20% 5% 21% 3%
Temporal Lobe 18% 5% 22% 4%
Parietal Lobe 18% 4% 20% 3%
Occipital Lobe 16% 5% 19% 2%
Posterior Cingulate 15% 4% 16% 5%
Thalamus 22% 4% 27% 5%
Striatum 26% 4% 33% 5%
Hippocampus 13% 3% 22% 4%
Cerebellum 20% 4% 22% 4%

Table 1V-4. Coefficient of variation (CV) for IRF-90 and Logan parametric
maps of [11C]PBR28 across all subjects. The mean and standard deviation
(SD) of CV were reported for both IRF-90 and Logan analysis.

3.5. SUVR

In this study, the SUVR image which normalized to the cerebellum tracer uptake using
60 - 90 summed image has failed to correlate with the [''C]JPBR28 Vr derived from
compartmental modelling (R=-0.43, p=0.15). And no group-level difference (p=0.47)
was found between patients (whole brain SUVR=1.01) and HC (whole brain
SUVR=0.99) using the [!!C]PBR28 SUVR.
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IV-4. DISCUSSION

4.1. Quantification of [''C]PBR28 PET

Quantification of TSPO tracers is challenging due to the genetic TSPO binding
affinities and the heterogeneous TSPO cellular distribution in endothelial cells (
CHAPTER 1.4.4). Compared to the previous TSPO tracers, [''C]PBR28 radioligand
demonstrated 80-fold higher binding affinity for TSPO than [''C](R)PK11195;
however, discrepancy were found in previous [!!C]PBR2S studies (Kreisl et al., 2016;
Yoder et al., 2013; Guo et al., 2014; Rizzo et al., 2017; Lyoo et al., 2015; Rizzo et al.,
2014). While [''C]PBR28 tracer has been widely used for the last couple of years
(Owen et al., 2011a; Brown et al., 2007), a wide variety of methods were applied for
quantifying the ['!C]JPBR28 binding, which could lead to heterogeneous results (Owen
et al., 2011a; Brown et al., 2007; Owen et al., 2014; Guo et al., 2014; Yoder et al.,
2015; Rizzo et al., 2014; Yoder et al., 2013; Lyoo et al., 2015). Therefore, the objective
for the present chapter was to seek the most appropriate approach to quantify the
microglial activation using ['!C]PBR28 PET in neurodegenerative diseases. I proposed
to quantify ['!C]JPBR28 binding using the spectral analysis for the first time (Fan et al.,
2018), which provided a high consistency with compartmental modelling Vr, and
allowed further voxel-level comparison of microglial activation in patients with

cognitive impairment.

4.2. IRF-90 [''C]PBR28 PET

In order to allow the voxel-level assessment of radiotracer binding to TSPO in
individual subjects using [!!C]PBR28, the feasibility of generating a ['!C]PBR28
parametric map using spectral analysis was evaluated (Veronese et al, 2016;
Turkheimer et al., 1994). Spectral analysis separates kinetic components for individual
subject and exhibits the spectral components on a spectrum with an amplitude (o) and
a frequency (B). The time-course of total changes in [''{C]PBR28, which reflected the
brain tissue’s response to the injected [''C]PBR28 radioligand per second, is called
impulse response function (IRF). The dynamic course of the IRF can be estimated by
the sum of low and intermediate frequency components in the spectrum. An IRF(t)
parametric map of [!!C]PBR28 can be generated at different observation time t*. By

evaluating the coefficient of variation in different IRF(t) parametric maps, it has
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demonstrated that IRF at 90 min created the optimal parametric map of [''C]PBR28
(IRF-90).

Compare to other parametric approaches (e.g. Logan), spectral analysis is very sensitive
to the signals, thus it is crucial to demonstrate that spectral analysis did not overestimate
the binding by fitting to the noise. Therefore, the outcome measurements derived from
spectral analysis, compartmental modelling and Logan graphic analysis were
compared. In this study, IRF-90 parametric mapping correlated well with Vr generated
by compartmental models (both 2TCM4k and 2TCM4k-1K) and Logan VT parametric
maps, suggesting there is consistency in quantifying [''C]JPBR28 binding using spectral
analysis and other approaches. Therefore, the IRF-90 parametric mapping generated by

spectral analysis was able to produce reliable results without overestimating the signal.

4.3. IRF-90 [''C]PBR28 vs. Other Methods

The heterogeneous distribution of TSPO in the brain has been widely recognized, where
TSPO is not only found in the microglial cells, but also expresses in endothelial, smooth
muscle, and parenchymal components, and probably in reactive astrocytes. The
expression of TSPO in different components also exhibits different kinetic behaviour.
Although compartmental modelling is the golden standard of quantification, an on-
going debate on the [''C]PBR28 model selection: whether to include an additional
irreversible vascular component to represent TSPO tracers that trapped in the vascular
endothelium (2TCM4k-1K vs. 2TCM4k) (Rizzo et al., 2014; Kreisl et al., 2016). In our
cohort, the vascular model (2TCM4k-1K)) demonstrated slightly higher preference than
the 2TCM4k model, which is similar to a recent study that evaluate another TSPO tracer
['8F]DPA714 (Wimberley et al., 2018).

Previous study have demonstrated that the SUV method without arterial input function
could produce variable results in [''C]PBR28 PET based on the multiple physiological
factors (Yoder et al., 2013). Therefore, the arterial input function may be necessary for
quantifying the ['!C]JPBR28. Some studies have used the cerebellum as a pseudo
reference region for [''C]JPBR28, by dividing the regional 60-90 min [!!C]PBR28
summed image by the concentration of radioactivity from the cerebellum (Kreisl ef al.,
2016; Lyoo et al., 2015). However, many studies have demonstrated a reference region
is unavailable for ['!C]PBR28 which may due to the complexity of the tissue composite

and the existence of the non-displayable binding in cerebellum (Hinz & Boellaard,
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2015; Guo et al., 2014; Rizzo et al., 2017, Owen et al., 2011a). This is in line with our
cohort, where the ratio of the cerebellum tracer uptake failed to correlate with the
[''C]PBR28 Vr, and no cohort difference was found between SUVR in patients and
HC, indicating the cerebellum may not be served as an ideal reference region for
[''C]PBR2S.

On the contrary, spectral analysis requires no priory assumptions of kinetic models or
assumptions on the reversible nature of a tracer (which graphic analysis requires).
Instead, spectral analysis identified heterogeneous spectral components based on the
[''C]PBR2S kinetics, and separated components for tracer delivery, vascular binding,
and later parenchymal tracer binding by basis function (Cunningham & Jones, 1993;
Veronese et al., 2016). As mentioned previously, one of the challenge in quantifying
parenchymal binding using any TSPO tracers is to avoid the high vascular binding
interference (Rizzo et al., 2017). Spectral analysis accounts for the vascular binding,
and is capable to differentiate the high frequency component in spectrum, which
represents the blood volume contribution (Rizzo et al., 2014; Cunningham & Jones,
1993). Interestingly, in addition to two tissue spectral components, most subjects
demonstrated a third low frequency peak, indicating a possible irreversible trapping
component to [!!C]JPBR28 kinetics. This is consistent with the spectral analysis of the
first generation TSPO tracer, ['!C](R)PK 11195 (Turkheimer et al., 2007).

In contrast to compartmental modelling, the [''C]JPBR28 IRF-90 parametric maps
differentiate heterogeneous components based on the tracer kinetics for each subject,
which requires no prior model selection. Compared to kinetic modelling, both spectral
analysis and Logan graphic analysis were able to generate a static parametric map,
which enables voxel-level comparison of microglial activation between subjects or
between regions. Logan graphic analysis produced a Logan V1 parametric map with a
linear interpolation of the dynamic data, whereas spectral analysis generated IRF-90
parametric maps by convoluting multiple kinetic components. The analysis
demonstrated that IRF-90 parametric map had a lower noise level (lower CV
estimation) in both healthy controls and patients than Logan Vr. Additionally, spectral
analysis was able to separate the high frequency component for [!!CJPBR28 vascular

binding, which established the advantage of quantifying TSPO tracers.
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4.4. IRF-90 ["'C]PBR28 Reveals Neuroinflammation In MCI Subjects

In 2018, NIA-AA published a research framework suggesting AD should be defined
based on the biological construct, such as presentation of amyloid deposition,
neurofibrillary tangles (tau) and neurodegeneration (Jack ef al., 2018a). In this study,
the amyloid deposition was assessed using ['®F]Flutemetamol, and seven individuals
were classified as amyloid-positive MCI patients. Numerous studies have shown
evidences that microglial activation was found being surrounded with amyloid
deposition in AD and MCI patients(Fan et al., 2014; Cai, Hussain & Yan, 2014; Okello
et al., 2009). In previous study, significantly higher level of microglial activation was
observed in MCI patients who had amyloid deposition (Okello et al., 2009).

The results have demonstrated that quantification of [''C]PBR28 using IRF parametric
mapping was sensitive enough to differentiate the neuroinflammation in amyloid-
positive MCI subjects from healthy controls. In the ROI analysis of IRF-90 parametric
maps, amyloid-positive MCIs showed 19-27% group-wise significant increases in
microglial activation across temporal lobe and multiple cortical regions. In contrast to
other quantification approaches, compartmental modelling Vr only revealed a group-
level increased neuroinflammation in thalamus, while Logan failed to reach any group-
level significance when compared amyloid-positive MCls with healthy controls.

As the intermediate phase between healthy controls and Alzheimer’s disease, a highly
heterogeneous neuropathological presentation was observed in MCI cohort. Therefore,
it is crucial to evaluate not only the group-wise results, but also the neuroinflammation
in individual MCI patients. Consistent with the neuropathological findings (Joshi et al.,
2014; Lucin et al., 2013), IRF-90 of [''C]PBR28 localized a larger volume of voxel-
level increased microglial activation in patients who had significant amyloid
deposition. IRF-90 revealed more MCI patients and larger individual VOI of voxel-
wise significantly increased [''C]PBR28 binding than using Logan Vr. This finding
reiterated that IRF-90 of [''C]PBR28 demonstrated a better sensitivity than Logan Vrt
in detecting the voxel-level changes in microglial activation in MCI patients.
Interestingly, one amyloid-positive MCI patient demonstrated significant elevation of
microglial activation at voxel-level using both IRF-90 and Logan V1 parametric map,
but failed to reveal any increase in regional ROI analysis, indicating the importance of
having a static [!!C]PBR28 parametric map to allow researchers to interrogate

microglial activation at voxel-level.
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4.5. Conclusion

In conclusion, the present study has demonstrated for the first time that spectral analysis
can be used to quantify the ['!!C]PBR28 PET and provided reliable results of microglial
activation in prodromal AD (Fan et al., 2018). Depending on the tracer kinetics, the
spectrum identified a high frequency blood volume with three other spectral
components, suggesting a possible low frequency component of vascular trapping
along with the two-tissue reversible model for ['!C]PBR28. IRF-90 parametric map
generated by spectral analysis had a signal-to-noise ratio large enough to reveal voxel-
level neuroinflammation in MCI patients on the individual basis, especially those with
amyloid deposition. While it was previously shown that results from a TSPO HAB or
MAB subgroup can be translated to the entire AD and MCI population (Fan et al.,
2015a), more data from different TSPO subgroups and more patients with different
cognitive stages were needed to further establish the relevance of spectral analysis of
['!C]PBR28. However, this preliminary study has demonstrated a new strategy to
quantify ['!C]PBR28 PET using spectral analysis, and provided powerful evidences of
better sensitivity in differentiating the microglial activation in MCI patients, especially

who had amyloid presentation at both group and individual level.
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CHAPTER V. QUANTIFICATION OF [''C]BU99008 PET
IN PATIENTS WITH ALZHEIMER’S DISEASE

V-1. INTRODUCTION

In CHAPTER Illand CHAPTER IV, two novel TSPO tracers for microglial activation
were evaluated in human trial. Apart from microglial activation, astrocytes are a major
type of glial cells in the CNS which regulate homeostasis, regeneration, and defence
function in the brain. The receptors and intracellular signalling cascades in astrocytes
allow them to quickly detect and become activated to any alteration in brain milieu to
maintain homeostasis (Sofroniew, 2015, 2014). Abnormal serum proteins, aggregated
proteins, cytokines, chemokine and purines can trigger astrocyte reactivity;
additionally, the absence of specific signals, such as growth factors or neurotransmitters
from neighbouring cells can also lead to astrocyte reactivity (Burda & Sofroniew, 2014;
Sofroniew, 2015). Astrocytes always act in an active surveillance state, like microglial
cells. As discussed previously, apart from amyloid and tau tangles, neuroinflammation
and synaptic dysfunction in AD play a significant role and culminate in severe neuronal
loss. For the last decade, microglial activation has been the main focus of the glial
mediated neuroinflammation in AD research. However, recent studies have suggested
that astrocyte alterations could play a fundamental role in many neurodegenerative
diseases (Gomez-Arboledas et al., 2018; Lynch et al., 2010; Hallmann et al., 2017,
Radford et al., 2015; Tyacke et al., 2012). Neuroimaging studies have demonstrated
that astrocyte reactivity was detected in the human brain prior to the onset of AD
symptoms (Carter et al., 2012). It is shown that in AD mouse models, activated
astrocytes preceded amyloid deposition (Heneka ef al., 2005). At molecular level,
astrocyte reactivity can be detected by monitoring the increased expression of the
intermediate filament protein, glial fibrillary acidic protein (GFAP). Studies in both
animal models and post-mortem brain have revealed the presence of reactive astrocytes
in the surroundings of amyloid plaques. GFAP levels were closely associated with the
Braak’s stage, again emphasising the likely role of astrocyte reactivity in disease
progression. (Carter, Meng & Thompson, 2012; Olabarria et al., 2010; Simpson et al.,
2010) An in vitro study has demonstrated that isolated human astrocytes from the adult

cerebral cortex can be induced by exogenous AP and collaborate with neurons to spread
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and produce neurotoxic tau and AB42 oligomers (Dal Pra et al., 2015). Oksanen et al.
(2017) have demonstrated a direct association between astrocytes and the pathogenesis
of AD using an induced pluripotent stem cell disease model. They found that astrocytes
under AD conditions generated significantly more beta-amyloid, cytokines and reactive
oxygen species than the astrocytes in healthy controls (Oksanen et al., 2017). However,
recent studies shared a different view, suggesting a protective theory of reactive
astrocyte (Masgrau et al., 2017; Sofroniew, 2015). Kraft et al. found reactive astrocytes
in AD mice showing a protective role by preventing further accumulation of amyloid
plaques by phagocytising and degrading amyloid beta (Kraft e al., 2013). This
protective theory of astrocyte was in agreement with the in vitro astrocyte studies (Xiao
& Hu, 2014).

When astrocytes become active, there is an overexpression of [BS on the mitochondrial
membrane (Tyacke ef al., 2012). Therefore, a radioligand was developed to target [BS
for evaluating the astroglial activation in vivo. ['!\C]BU99008 PET ligand showed a high
binding affinity for the [oBS in vitro (Tyacke et al., 2012), with good blood-brain barrier
penetration and a clear differentiation between the ligand in regions with known
expression of LBS and the reference region (Kealey et al., 2013; Parker et al., 2014).
A previous study demonstrated that the reversible two tissue compartmental model
showed the best fitting of the [''C]BU99008 data in healthy controls and found a
heterogeneous [''C]BU99008 distribution in the brain (Tyacke et al., 2018). In this
study, the [''C]BU99008 was used to evaluate the astrocyte reactivity in AD and MCI
patients. In order to further evaluate the influence of astrocyte reactivity on other
biomarkers in AD, ['8F]JFDG and ['®F]Florbetaben PET were performed to assess the

individual’s cerebral glucose metabolism and amyloid deposition, respectively.

1.1. Objectives

1- To evaluate the optimal quantification method for [''C]BU99008 PET in AD
subjects, and generate appropriate parametric mapping for astrocyte reactivity

2- To evaluate relationship between astrocyte activation, amyloid deposition and
glucose metabolism in AD and MCI subjects using [!!C]BU99008, ["*F]FDG and
['®F]Florbetaben PET images
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We hypothesized that astrocyte activation could be detected in AD using novel astrocyte
marker [''C]BU99008 PET, and this positively correlates with the amyloid deposition

and reduction of glucose metabolism.

V-2. METHODS

2.1. Demographics

Number Age (yrs.) Age (yrs.) MMSE MMSE
Mean (SD) range Mean (SD) range
Patients 11 73.6 (4.6) 66-82 222 (4.00*  17-29
Healthy controls 10 70.2 (5.5) 59-78 28.8 (1.0) 26-30

Table V-1. Demographics of patients and control subjects.

*p<0.05. MMSE = Mini Mental State Examination score (full score 30); SD =
Standard deviation; and yrs. = years. There was no significant difference between
patients and healthy controls in age. The patient group showed statistically
significant lower MMSE score compared with healthy controls.

Subjects were recruited from memory clinics, advertisements and research registries.
Ethical approval for this study was granted by the local and regional research ethics
committee (West London & GTAC Research Ethics Committee), and approval to
administer radiotracers by the Administration of Radioactive Substances Advisory
Committee (ARSAC) UK. Written informed consent was obtained from all participants.
All the subjects met the NIA-AA (McKhann et al., 2011) or Petersen criteria (Petersen
and Knopman, 2006). Twenty-one subjects were recruited in this study, including 11
patients (MMSE=22.2+4.0) with AD or MCI (Appendix 3), and ten age-matched
healthy controls (MMSE=28.8+1.0) (Table V-1). Each subject underwent T1 and T2

weighted MRI scan for anatomical structural information and volumetric analysis.

2.2. Blood Data Analysis of [''C]|BU99008 PET

For ['C]BU99008 PET, 15 mins of continuous blood sampling was performed to
monitor the arterial tracer activity in the whole blood. Twelve discrete arterial blood
samples were taken at 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, and 100 min during the

PET scan. The tracer activity in the whole blood and plasma samples were estimated in
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the well-counter. The parent fraction of the [''C]BU99008 was measured by HPLC
analysis using discrete blood samples.

The parent fraction of ['C]BU99008 and the POB data were both fitted with a
sigmoidal fitting. The total plasma activity from the first 15 mins was calculated by
applying the POB model to the 15 mins’ total blood activity measurement. The parent

fraction curve was applied to total plasma to generate the parent plasma input function.

2.3. Acquisition of [''C]|BU99008 PET

All PET scans were performed at Invicro Centre for Imaging Sciences, London, UK
using the Biograph TruePoint 6 PET/CT scanner. The spatial resolution of the scanner
is 2.056mm x 2.056mm x 2mm (voxel size). An initial CT was acquired for the
attenuation correction. After injection of 256 (£24) MBq, the dynamic emission images
were acquired over 120 mins and reconstructed as 29 time frames: 8x15s, 3x60s,
5x120s, 5x300s, and 8x600s. The Fourier re-binning using 2D filtered discrete inverse
Fourier transform algorithm, with Smm isotropic Gaussian filter was used for
reconstruction. The correction was applied for attenuation, random, and scatter based
on the 3-dimensional ordinary Poisson ordered-subset expectation maximization
algorithm. Additional non-attenuation corrected dynamic ['!C]BU99008 PET images

were also generated for motion correction in MIAKAT™ software (www.miakat.org).

The motion of the PET data was corrected using a frame-to-frame rigid registration
algorithm by selecting one frame as the reference. The frame-by-frame registration was
performed on the non-attenuated corrected dynamic PET data, which often provides

more accurate movement parameters than the attenuation corrected data.
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2.4. Quantification of [''C]|BU99008 PET

2.4.1 Quantification of [''C]BU99008 PET using compartmental modelling
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Figure V-1. Parent fraction was fitted with a (decreasing) sigmoid model and
plasma over blood ratio was fitted with an (increasing) sigmoid model in an
AD patient.

MIAKAT™ software, which is developed by Invicro (A Konica Minolta Company) on
the MATLAB 2017 and SPMI12 function, was used to generate the arterial parent
plasma input function and kinetic compartmental modelling for the ['!C]BU99008 PET.
Parent fraction and plasma to blood ratio were modelled by sigmoid curve (Figure V-1).
The parent fraction curve showed a fast metabolism. Interestingly, the first POB ratio
measured at 5 min was lower than 1, indicating the tracer rapidly transported into red
blood cells and might also bind to other proteins on platelets. The POB ratio was then
gradually increased, suggesting the metabolites may not enter red blood cells or some
radioactive metabolites may persist in the plasma. By using the non-attenuation
corrected PET, a frame-to-frame realignment was applied to the dynamic
[''CIBU99008 PET to correct for motion. The individual brain ROI (region of interest)
atlas was generated using the corresponding MRI image and a modified CIC atlas
version 2.0 (Fonov et al., 2011; Tziortzi et al., 2014) via segmentation and registration.
After that, the TAC for each ROI region was calculated by sampling the tracer activity
for motion-corrected registered dynamic PET. The parent plasma input function and

TACs were used to model the underlying biological system for [''C]BU99008 tracer.
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To further verify the model preference in aged healthy controls and patients with AD /
MCI, I have performed one-tissue compartmental model (1TCM2k) and multilinear
analysis (MA1) for patients and age-matched controls, where Akaike Information
Criterion (AIC) for each model was calculated to select the best model to describe the

[''C]BU99008 uptake in brain. ( CHAPTER IL1.2)

2.4.2 Quantification of [''C]BU99008 PET using spectral analysis

Spectral analysis was applied to the [''C]BU99008 and separated the tracer activity into
heterogeneous spectral peaks for component of tracer delivery, vascular binding, and
later tissue binding (Cunningham & Jones, 1993; Veronese et al., 2016). The
[''CIBU99008 IRF parametric maps were generated with a decay constant A of
0.00056629 s!. Different times (1 min, 30 min, 45 min, 60 min, 75 min, 90 min, 105
min and 120 min) were used to create the spectral analysis IRF(t) parametric maps of
[''CIBU99008 PET using MICKPM (Modelling, Input functions Compartmental
Kinetics, and Parametric Map) (Fan et al., 2018; McGinnity et al., 2017). To determine
the best IRF(t), repeated ANOVA and the F-ratio were estimated (Equation 8). Tracer
differentiation among healthy controls, patients, and subgroup of seven amyloid
positive patients were evaluated for different IRF(t) to help determine the most robust
IRF(t) for [''C]BU99008. Their correlation with 2TCM4k compartmental model was

also assessed.

2.4.3 Quantification of ['1CIBU99008 PET using graphic analysis

Previous biological studies and compartmental modelling of [''C]BU99008 suggested
that [''C]BU99008 is reversible, which gave the preference to the Logan graphic
analysis (Logan, 2000). Based on the quality of graphic linear fitting, the optimal
threshold time (t*) for [!!C]BU99008 Logan analysis was selected. MIAKAT was used
to generate the [''C]BU99008 Logan Vr parametric maps using the parent plasma input

function.

2.4.4 Quantification of [''C]BU99008 PET using SUV

To investigate whether simplified quantification method is able to perform as well as
arterial input for this novel astrocyte tracer, SUV was generated for the [''C]BU99008
PET (CHAPTER 11.2.4). To calculate the [''C]BU99008 SUV, based on the TAC and
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tracer washout rate for 120 mins, image frames of 60-120 min and 30-120 min were

summed, and their SUV (Equation 10):

2.5. Quantification of [*F]Florbetaben PET Using Reference Input
Approach

In this study, the brain amyloid status for each subject was measured by the cerebellum
RATIO images of [!8F]Florbetaben, which were generated by normalizing the
['®F]Florbetaben 60-90 min (after scan start) summed image to the regional mean

uptake of cerebellum ( CHAPTER 11.2.3.3).

2.6. Quantification of [/ FJFDG PET Using Reference Input Approach

The glucose metabolism was calculated by the normalizing the static ['*F]JFDG image
to the pons. Image calculator in Analyze 11.0 was used to generate the RATIO images

for ['8F]JFDG PET. ( CHAPTER 11.2.3)
2.7. Imaging Processing

2.7.1 Region of Interest (ROI) analysis

In regional ROI analysis, the SMP12 in MATLAB 2017 were used to perform
(CHAPTER 1I1.3.1) based on the requirement of MIAKAT. The regional activity of
[''C]1BU99008 was sampled at the following cortical regions: frontal lobe, temporal
lobe, parietal lobe, occipital lobe, whole brain, hippocampus and medial temporal lobe.
Group mean and standard deviation were calculated in SPSS23 (Chicago, IL, USA) for
patient and healthy control cohort. The amyloid positivity was described in CHAPTER
11.2.3.3.

2.7.2 SPM voxel-wise image analysis

The voxel-wise group comparison between patients and healthy controls were
performed using the two-tailed t test in SPM12. Compared to healthy controls, the
significant clusters of increased astrocyte activation and amyloid deposition in the
patient group were interrogated at voxel-level using a minimal cluster threshold at
p<0.01 with an extent threshold of 50 voxels. The clusters of significantly decreased
glucose metabolism in the patient group compared with healthy controls were detected

at a voxel-level using the same cluster threshold (p<0.01 and 50 voxels).
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Apart from the group-wise result, the individual levels of astrocyte reactivity, glucose
metabolism and amyloid deposition were evaluated. In this study, the individualized
SPM t-map was generated by comparing each patient against a group of healthy
controls using SPMS8 one-way ANOVA analysis (Fan ef al., 2015b), which reflected the
level of biomarker changes in each individual in relation to the control cohort.

(CHAPTER 11.3.2)

2.7.3 BPM voxel-wise correlation analysis

In order to evaluate the relationship between different pathologies, the Z-score map
(Zmap) of each PET modality was created to present the individual level of astrocyte
reactivity, glucose metabolism and amyloid deposition in relation to the healthy
controls’ mean and variance (standard deviation). The Z-score maps of ['!C]BU99008,
['®F]FDG and ['®F]Florbetaben PET tracers were generated (Equation 11).

The Zmap of each patient demonstrates the individual level of astrocyte reactivity,
glucose metabolism, and amyloid deposition different from the control cohort. The
voxel-level correlation between astrocyte reactivity, glucose metabolism and amyloid
deposition were estimated via BPM toolbox. The correlation in all patients, and
subgroups of amyloid-positive and amyloid-negative patients were evaluated

separately.

V-3. RESULTS

3.1. Brain Amyloid Status

As a group, both ROI and SPM analysis have demonstrated a significant elevation of
amyloid deposition in patients compared with healthy controls (Table V-2).
Individually, seven out of eleven patients were classified as brain amyloid positive

(CHAPTER 11.2.3.3).
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FL TL PL OL P- MTL  Brain
Cing

Patients (n=11)

MEAN 1.60 1.49 1.58 1.49 1.73 1.27 1.55

SD 0.35 0.30 034 026 040 0.21 0.32

P value 0.011 0.010 0.005 0.015 0.007 0.099 0.008

% Increase 24%* 21%*  25%*  17%* 27%* 10%  23%*

HC (n=10)

MEAN 1.29 1.23 1.26 1.27 1.36 1.16 1.27

SD 0.14 0.10 0.11 0.09 014 008 0.11

Table V-2. ROI (grey matter) results for amyloid deposition in patients and

healthy controls using [18F]Florbetaben RATIO PET.

Patients showed group-level significantly increased amyloid deposition in frontal
lobe, temporal lobe, parietal lobe, occipital lobe, posterior cingulate and whole
brain compared with healthy controls. *p <0.05; SD = Standard deviation; HC =
Healthy Control; FL = Frontal lobe, TL = Temporal lobe, PL = Parietal lobe; OL =
Occipital lobe; P-Cing = Posterior cingulate; MTL = medial temporal lobe.
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3.2. Results of [''C]BU99008 Quantification

3.2.1 Results of [':CIBU99008 PET using compartmental modelling

Kinetic Model Selection for [11C]BU99008

[ MA1 {HC)
1TCM (HC)

B 2TCM (HC)

O MA1 (Patients)

1TCM (Patients)
H 2TCM (Patients)

Figure V-2. Kinetic model selection of [11C]|BU99008 PET in healthy controls
and patients with AD and MCI.

Bar chart showing MA1 (clear bar), 1TCM (striped bar) and 2TCM (filled bar)
models’ mean and standard deviation of whole brain AIC. The bars for healthy
controls are in green colour and the bars for patients are in red. One-way ANONVA
and Turkey’s multiple comparisons test were performed in healthy control and
patient’s cohort, where *p<0.05, **p<0.01, and ****p<0.0001.

Previous study showed that two-tissue compartmental model had the lowest Akaike
Information Criterion and the greatest reliability in test-retest analysis in healthy
controls (Tyacke ef al., 2018). In the current study, AIC was applied to one-tissue, two-
tissue and MA1 kinetic models in both healthy controls and patients with AD or MCI,
where two-tissue compartmental model (2TCM4k) provided the best fitting of the
[''CIBU99008 tracer distribution. Additionally, 2TCM4k model demonstrated
significantly lower AIC values compared with MA1 and 1TCM2k in both healthy
controls and patients (Figure V-2).
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[11C]1BU99008 2TCM4K V+

O Healthy Controls (n=10)
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Figure V-3. Bar chart revealing regional [11C]BU99008 distribution (V1) in 11
patients (red) and 10 healthy controls (clear).

Bars shows mean and the standard deviation (5D) of 11 patients and 10 healthy
controls in 13 ROl regions. FL=Frontal lobe, TL=Temporal lobe, PL=Parietal lobe;
OL=0ccipital lobe; P-Cing=Posterior cingulate; MTL = medial temporal lobe.

The [''C]BU99008 Vr estimation using 2TCM4k model has revealed a heterogeneous
brain uptake (Figure V-3). Temporal lobe demonstrated a slightly higher uptake than
other brain cortices. In the subcortical regions, striatum, amygdala, thalamus and
hippocampus revealed a relatively high tracer uptake, whereas cerebellum has showed
a consistently lower uptake among both patients and healthy controls. [''C]BU99008
distribution in striatum (HC=125 mL-cm™; Patients=144 mL-cm™) has demonstrated
1.5 and 1.6 times higher than that in the cerebellum (HC=49 mL-cm?; Patients=55
mL-cm™) in healthy and patient cohort, respectively (p<0.0001).
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Figure V-4. Scatter plot demonstrating the regional [11C]BU99008 VT using
2TCM4Kk model.

Scatter plot demonstrated [11C/BU99008 Vr in seven amyloid positive patients
(red filled circle), four amyloid negative patients (red unfilled circle) and ten
healthy controls (green square). * p<0.05, ** p<0.01, **p<0.005. FL=Frontal
lobe, TL=Temporal lobe, PL=Parietal lobe; OL=0Occipital lobe; P-Cing=Posterior
cingulate; MTL = medial temporal lobe.

Astrocyte activation was found significantly increased at frontal lobe, parietal lobe and
medial temporal lobe in patients group compared with healthy controls. Based on the
amyloid status, seven patients were classified as amyloid positive patient ( CHAPTER
11.2.3.3). In amyloid positive patients, [''C]BU99008 Vr demonstrated a group-wise
significant increase at frontal lobe (24%), temporal lobe (17%), parietal lobe (19%),
occipital lobe (18%), medial temporal lobe (18%), amygdala (29%), striatum (19%)
and cerebellum (17%) compared with healthy controls. Conversely, amyloid negative
patients failed to reveal any group-wise increase in astrocyte activation (Figure V-4).
Comparing the amyloid positive and amyloid negative patients, astrocyte activation in

amygdala was found to be significantly higher in amyloid positive patients.
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3.2.2 Results of [':C]BU99008 PET using spectral analysis
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Figure V-5. Kinetic spectrum and IRF plots of [11C]BU99008 PET of whole
brain.

Upper panel showing the spectrum revealed two different spectral components in
both patient (at position fi of 6.89%-04 s1 and 3.25e-03 s with amplitude ai of
9.97e-3 s1 and 1.43e-3 s1) and healthy control (at position fi of 7.32e-04 s1 and
1.43e-03 s1 with amplitude ai of 1.11e-2 s! and 2.83e-3 s1). Lower panel
demonstrated the predicated curves (dashed black line) using spectral analysis
IRF (impulse response function) for [11C]BU99008, which calculated by the sum
of the two components.

In spectral analysis of [''C]BU99008, two distinct spectral components were revealed
in both patients and healthy control subjects (Figure V-5). Those two equilibrating
components in spectrum demonstrated a possible two-tissue compartmental model,

which was consistent with our kinetic model selection.
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Figure V-6. Impulse Response function (IRF) parametric maps generated for
[11C]BU99008 PET.

Generating spectral analysis IRF parametric images for [11CJBU99008 using
different set of observation time (IRF-1, IRF-30, IRF45, IRF-60, [RF-75, IRF-90, IRF-
105, and IRF-120)

Different IRF parametric maps were generated based on different observation time
(Figure V-6). Repeated ANOVA has revealed a significant effect of the observation time
used in different IRF parametric map generation on the total tracer activity in the brain,
F-statistic = 496.49 (degree of freedom for time = 1, degree of freedom for error = 25),
with a Greenhouse-Geisser corrected p value = 1.8E-18. [''C]BU99008 IRF parametric
maps generated with observation time of 120 min (IRF-120) demonstrated a good
sensitivity in differentiating AD patients from healthy controls. When reduced the
observation time to 105 min or 90 min, the pathological difference in patient group
remained but with less significance (Figure V-7). When the observation times were
shorter than 75 min, IRF parametric maps (IRF-75, IRF-60, IRF-45, IRF-30 and IRF-
1) were unable to differentiate the astrocyte reactivity in patients from the healthy
controls. Coefficient of variation in whole brain demonstrated a global mean CV of
15.6% in IRF-120, CV of 16.4% in IRF-105 and CV of 17.7% in IRF-90 parametric
maps. Good correlation was found between Vs derived from IRF-120 and two-tissue

compartmental model in cortical lobes (Figure V-8). Additionally, good correlation was
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found in both high uptake (striatum=0.77, p<0.002) and low uptake regions
(cerebellum=0.91, p<0.001).
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Figure V-7. [11C]BU99008 IRF (s'1) in amyloid positive patients, amyloid
negative patients and healthy controls at temporal lobe (Left) and
hippocampus (Right) using 8 different IRF parametric images.
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Figure V-8. Correlation between [11C]BU99008 Spectral IRF-120 parametric
maps and 2TCM4k Vrin frontal lobe (FL), temporal lobe (TL), parietal lobe
(parietal lobe) and occipital lobe (OL). Blue circle=healthy control; green
circle= patient.

Regional ROI analysis of [''C]BU99008 IRF-120 has demonstrated a group-wise
significant increase in patients at whole brain, frontal, temporal, parietal, occipital lobe,
and poster-cingulate compared with healthy controls. In the subgroup of amyloid
positive patients, significantly increased astrocyte reactivity was found in the same area,
with additional ROI regions at anterior cingulate, thalamus, striatum, brainstem,

hippocampus, precuneus and amygdala. In the frontal lobe and thalamus, the astrocyte
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reactivity was significantly higher in amyloid positive patients than the amyloid
negative patients. (Figure V-9)
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Figure V-9. Scatter plot demonstrating the regional [11C]BU99008 IRF-120 (s
1) in amyloid positive patients (red filled circle), amyloid negative patients
(red unfilled circle) and healthy controls (green square).

Amyloid positive patients showed significant higher astrocyte reactivity in frontal
lobe, temporal lobe, parietal lobe, occipital lobe, thalamus, posterior cingulate,
Striatum, and whole brain. In the frontal lobe and thalamus, the astrocyte
reactivity was significantly higher in amyloid positive patients compared with the
amyloid negative patients. *p<0.05; ** p<0.01;, ***p<0.005; MTL = medial
temporal lobe.

3.2.3 Results of [''C]BU99008 PET using Logan graphic analysis

The graphic linear fitting of the whole brain ['!C]BU99008 activity has showed that the
dynamic data from 2000 to 7200 seconds (ten data points) provided the optimal of the
data with fitness visual assessment. Logan linear plot (whole brain slope = 79.9 + 8.34
intercept = -94.5 = 9.9) can be used to generate the Logan Vr parametric map of

[''C]BU99008 PET.
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Figure V-10. Scatter plot demonstrating the regional [11C]|BU99008 Logan Vr
in amyloid positive patients (red filled circle), amyloid negative patients (red
unfilled circle) and healthy controls (green square).

There were no statistical significances found between any groups using Vr derived
from Logan analysis. FL=Frontal lobe, TL=Temporal lobe, PL=Parietal lobe;
OL=0ccipital lobe; P-Cing=Posterior cingulate; MTL = medial temporal lobe.

Among amyloid positive patients, amyloid negative patients and healthy controls,
Logan Vr did not differentiate any differences of astrocyte reactivity in the patient
groups from healthy controls. (Figure V-10) Good correlation was observed between
the [''CIBU99008 Vr estimated from Logan analysis and 2TCM4k model in frontal
lobe, temporal lobe, parietal lobe and occipital lobe (Figure V-11). The [''C]BU99008
Logan Vr parametric maps showed a global CV mean of 27% (SD=3%), which is
slightly higher than SA IRF parametric maps.
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Figure V-11. Pearson correlation between [11C]BU99008 Logan Vr
parametric maps and 2TCM4k Vr in frontal lobe (FL), temporal lobe (TL),
parietal lobe (parietal lobe) and occipital lobe (OL). The blue circles
represent the healthy controls (HC) and the green circles represent the
patients. The R square for each ROI region was estimated.

3.2.4 Results of ['1CIBU99008 PET using SUV

Both SUV images generated with 30-120 min (p=0.3) and 60-120 min [!!C]BU99008
summed images (p=0.6) failed to show any correlation with the Vr using two-tissue
compartmental model. Unlike the arterial blood input function model, SUV images
failed to reproduce any group-level significant increase [!!C]BU99008 in the patients.
Additionally, hippocampus (-14% p=0.04) and medial temporal lobe (-12% p=0.05) in
SUV 60-120 min summed images revealed an even lower uptake of [''C]BU99008 in

patients than in healthy controls.

3.3. Astrocyte Reactivity in Patients

In ROI analysis, the seven amyloid positive patients revealed group-level significant
higher astrocyte activation compared with healthy controls (Figure V-9), which was
consistent at SPM group analysis at voxel-level (Figure V-12). Individually, among the
seven amyloid positive patients, six of them revealed clusters of significant higher

astrocyte reactivity.
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Figure V-12. SPM group analysis of astrocyte reactivity, glucose metabolism
and amyloid deposition.

SPM analysis of significant increased astrocyte reactivity, reduced glucose
metabolism and increased amyloid deposition in all patients (A) or subgroup of
amyloid positive patients (B) compared with healthy controls. Except the amyloid
in amyloid positive patients (p<0.0005 with extend of 200 voxels), the significant
cluster was threshold at p<0.01 with extend of 50voxels.
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3.4. Glucose Metabolism in Patients

As a group, the ROI analysis revealed group-level significant reduced glucose
metabolism in temporal lobe (11%, p=0.05), thalamus (15%, p=0.008), striatum (11%,
p=0.01) and MTL (10%, p=0.05) in patients compared with controls. This finding was
supported at voxel-level, where SPM analysis demonstrated clusters with significant
reduction of glucose metabolism at temporal lobe, thalamus, striatum, posterior
cingulate and MTL (Figure V-12). The voxel-level single subject analysis demonstrated
eight patients with significant reduction in glucose metabolism, who had a lower
average cognitive scores (MMSE=21) compared with other patients (MMSE=24). In
the amyloid positive patients, the RATIO images of ['"*F]FDG demonstrated a group-
level whole brain reduction in glucose metabolism compared with healthy controls.
Individually, all seven amyloid positive patients showed clusters with significantly

lower glucose metabolism than healthy controls at voxel-level.
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3.5. Correlation between Astrocyte Reactivity, Glucose Metabolism and
Amyloid Deposition

[11C]BU99008 vs. [18F]Florbetaben
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Figure V-13. Biological parametric mapping correlation between levels of
astrocyte reactivity, amyloid and glucose metabolism.

Biological parametric mapping correlation was performed on the Z-maps of each
biomarker image. In all patients, the level of astrocyte reactivity, amyloid and
glucose metabolism was demonstrated on the upper panel. Positive correlated
clusters were found between [1CJBU99008 and [16F]Florbetaben. Both positive
correlated clusters and negative correlated clusters were found between
[H1CIBU99008 and [1FJFDG. The subgroup of amyloid positive patients were
presented in the lower panel. Positive correlated clusters were found between
[HICJBU99008 and ['8F]Florbetaben Z-maps, and positive correlated clusters were
found between [11CJBU99008 and ['8FJFDG. The clusters were considered as
significant with a threshold of p<0.05 with an extent of 50 voxels.

The BPM correlation results have demonstrated a positive correlation between
astrocyte reactivity and amyloid in eleven patients, as well as the subgroup of seven
amyloid positive patients at voxel level (Figure V-13A and D).

The correlation between astrocyte reactivity and ['*F]FDG signal was interesting,
where some clusters were found to be positively correlated, while others which located
in a distinct area of the brain have revealed inverse correlation. For instance, in the
patient cohort, increased ['C]BU99008 was found to inversely correlated with

['®F]FDG at voxel-level in temporal lobe, inferolateral parietal lobe, thalamus, putamen
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and insula (Figure V-13C), indicating a higher level of astrocyte activation was
associated with lower glucose metabolism. However, in frontal gyrus, orbital gyrus, and
posterior temporal lobe, the [!C]BU99008 was positively correlated with ['*F]FDG,
suggesting those regions with higher level of astrocyte activation was associated with
higher glucose metabolism (Figure V-13B). In the subgroup of amyloid positive
patients, we found only a positive correlation between [''C]BU99008 and ['*F]FDG in
frontal gyrus, posterior temporal lobe, superior parietal gyrus, and left lateral occipital
lobe (Figure V-13E). Amyloid negative patients (n=4) failed to reveal any significant

correlation among astrocyte activation, glucose metabolism and amyloid deposition.

V-4. DISCUSSION

4.1. Quantification of [''C]|BU99008 PET

In this study, it has demonstrated that the two-tissue compartmental reversible model
(2TCM4Kk) also provided the best fit to the [''C]BU99008 data in AD cohort. This is
consistent with previous study on young adults (Tyacke et al., 2018). Heterogeneous
tracer distribution was observed in both disease and age-matched controls. In general,
the cerebellum showed the lowest level of ['!C]BU99008 uptake, while hippocampus,
thalamus, striatum and amygdala demonstrated a relatively higher ['C]BU99008
uptake. Although cerebellum had a low [''C]BU99008 uptake, it was found
significantly increased in amyloid positive patients (Figure V-4), suggesting that
astrocyte reactivity may occur in the cerebellum at a later stage. Again, this is in line
with the previous findings (Tyacke ef al., 2018) which suggested there is no suitable
reference brain region for [''C]BU99008 PET. As a result, arterial blood sampling may
be necessary for [!!C]JBU99008 quantification.

Parametric mapping methods are used to convert the dynamic PET data into three-
dimensional images, which provides the opportunity to assess the pathological
alterations at voxel-level. Spectral analysis is a powerful kinetic approach to generate
parametric images (CHAPTER 11.2.1). With the [''C]BU99008 parent plasma input
function and dynamic PET data, the spectrum revealed two tissue components with a
fixed blood volume peak (0.05) at equilibrium. The low frequency component showed

a higher amplitude and the high frequency component showed a lower amplitude,
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suggesting that the two-tissue compartmental model was reversible in the brain for
[''CIBU99008 tracer, which supported our kinetic modelling.

The ["'C]BU99008 IRF parametric maps were generated using different sets of
observation time. As a result, the parametric maps of IRF-90, IRF-105 and IRF-120
showed relatively low noise level (CV ranged from 16% to 18%) and more importantly,
they were sensitive enough to differentiate the patients’ astrocyte reactivity from the
healthy controls. The contrast between patients and healthy controls were enhanced
when longer observation time was applied, for instance, only IRF-120 revealed
statistically significant elevation of astrocyte reactivity in amyloid positive patients
versus controls at hippocampus, while IRF-90 and IRF105 failed to demonstrate any
difference in hippocampus. Interestingly, given the fact that [''C]BU99008 Vr
estimated from compartmental modelling was relatively high (69+8 mL/cm?), it has
indicated that [''C]BU99008 tracer had a very slow washout rate, thus a longer
observation time (IRF-120) may be more appropriate. While it is possible that
observation time beyond 120 min may provide a better quantification of the tracer,
carbon 11 has a relatively short half-life. Therefore, IRF-120 could be the optimal time
with a good balance between the slow washout rate and the short half-life of
[''C]BU99008 tracer. In this study, strong correlations were found between IRF-120
and 2TCM4k model, suggesting that IRF-120 parametric maps can reliably be used in
quantifying the ['!C]BU99008 PET for astrocyte reactivity in aged healthy controls and
patients with MCI or Alzheimer’s disease.

Graphic analysis is another popular approach for creating PET parametric maps through
the convolution of the blood input function and dynamic PET. Based on linear fit of the
dynamic ['!C]BU99008 PET data, data from 2000 to 7200 seconds were selected to
generate Logan Vr images. It demonstrated a good correlation with the two-tissue
compartmental model in all cortices, with a reasonable low global mean CV of 27%.
However, when compared with healthy controls, Logan parametric maps failed to
localise any group-level changes, which may be due to the underestimation of the signal
when using a Logan linear model.

A simplified SUV approach was applied to [''C]BU99008 PET add images (30-120
min and 60-120 min) to verify whether the acquisition of arterial blood is necessary. As
a result, SUV images failed to correlate with kinetic modelling Vr; and the regional

mean SUV failed to show any group-wise differences between patients and healthy
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controls. This suggested that the arterial input function is crucial in quantifying and
interrogating the specific binding of ['C]BU99008 PET tracer, especially in
Alzheimer’s disease.

In summary, IRF-120 ['!C]BU99008 parametric maps generated by spectral analysis
provided high quality three-dimensional images, which correlated with ['!C]BU99008
Vr derived from two-tissue compartmental modelling, and was able to differentiate the

astrocyte reactivity alterations in patients versus age-matched controls at voxel-level.

4.2. Astrocyte Reactivity in AD Subjects and age-matched Controls

A recent study (Tyacke et al., 2018) reported the ['!C]BU99008 Vr for eight young
healthy controls (age 52+8 years) and it found a heterogeneous tracer distribution in the
brain with an average ['!C]BU99008 Vr of 48.8 mL/cm?, where higher Vr was found
in striatum (105.7+21 mL/cm?), amygdala (94.6£20 mL/cm?), and thalamus (80.0+14
mL/cm?), while lowest Vr in cerebellum (41.9£7 mL/cm?). Compared with younger
healthy controls (48.8 mL/cm?), we observed an average [!!C]BU99008 Vrof 62.6+10
mL/cm® in normal aged brain (aged 70+5 years), and average of 68.8+8 mL/cm? in
patients. In human post-mortem studies (Fabricius, Jacobsen & Pakkenberg, 2013), the
total number of astroglial cell counts do not show any significant changes with aging,
however, the age-associated increases in GFAP immunoreactivity and/or GFAP mRNA
for reactivity of astrocyte were reported in selective brain regions in both aged animal
models and human brains (Hayakawa, Kato & Araki, 2007; Lynch et al., 2010; Sheng
et al., n.d.; Unger, 1998). Interestingly, the age-related astrocyte activation in selective
brain regions was reported dramatically up-regulated after 65 years of age (David et al.,
1997), which is also known as the age when the prevalence of AD starts rising
substantially (Isik, 2010). Although the mechanism underlying the age-related changes
in astrocyte reactivity is inconclusive, there is now a consensus that changes in astrocyte
activation in aged brains are not homogeneous distributed throughout the brain, but
highly heterogeneous and region-specific (Lynch et al., 2010). This is supported in our
study when comparing the Vr in healthy aged brains versus results reported for a cohort
of young adult brains using the same tracer (Tyacke et al., 2018), where higher level of
[''CIBU99008 signals were found in parietal (31%), occipital lobe (31%), cingulate
(11%) and cerebellum (18%). (Figure V-3)
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Compared with age-matched healthy controls, the present study demonstrated
statistically significant increased astrocyte activation in the patient cohort, especially
for those patients who had amyloid plaques. It has also revealed a heterogeneous
regional distribution of astroglial activation in patients with cognitive impairment.
These findings suggest that in selective brain regions which are more vulnerable to
neuronal loss (e.g. hippocampus), a possible compensatory increase in astroglial
reaction may occur to support the local glucose demand from neurons (Forsyth et al.,
1996), which is in agreement with neuroplasticity studies that showed the existence of

the adaptive mechanism in the human brain (Coleman & Flood, 1987).

4.3. Relationship between Astrocyte Reactivity and Amyloid in AD

In this study, we found a voxel-level positive correlation between astrocyte reactivity
and amyloid in patients with cognitive impairment. This was supported by previous
studies which demonstrated activated astrocytes were found in close vicinity to amyloid
plaques and contributed to the clearance of extracellular A peptides via internalization
and phagocytosis (Funato et al., 1998; Nagele et al., 2003). ApoE is one of the
astrocytes membrane receptors which binds to AP peptides and extrudes across the
blood brain barrier (Bu, 2009), suggesting a possible astrocyte clearance mechanism of
AP peptides at the molecular level via ApoE. It was shown that amyloid-degrading
enzymes, such as neprilysin, insulin-degrading enzyme (IDE) and matrix
metalloproteinase 2 and 9 (MMP), were overexpressed in reactive astrocytes, and were
found closely located with amyloid plaques in AD brain (Dorfman et al, 2010).
However, the astrocyte reactivity appears to serve a mixture (toxic or protective) role
as the disease progresses. While astrocyte reactivity was found correlated with amyloid,
there was no difference in astrocyte reactivity between AD and MCI patients,
suggesting a lack of linear progression in astrocyte reactivity during the disease
progression. This could be due to the fact that clinical presentation in dementia
population is highly divergent (Jack ef al., 2018a). On the other hand, unlike a linear
progression biomarker (e.g. tau), activated astrocytes may change their functionality as
the disease progress, and result in different influence towards one’s cognitive function.
Consistent with functional experiments in vitro, it demonstrated that only when
astrocytes were isolated from healthy brain, astrocytes can participate in degrading A

peptides; if astrocytes were transferred from APP transgenic AD mice, such scavenger
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function was compromised (Wyss-Coray et al., 2003). It again suggests that astrocytes
may serve in different roles based on the environment. BACE1 (B-secretase) is a B-site
APP cleaving enzyme and a main endoprotease for generating AP peptides. In a healthy
brain, the expression of BACE] is extremely low. In patients and several mouse model
of AD, activated astrocytes that surrounded by amyloid plaques were observed with an
overexpression of BACEI, which therefore promoted the production of AP peptides
(Heneka et al., 2005; Rossner et al., 2005). In summary, studies have shown evidences
of the protective character of reactive astrocytes in the brain, but in the AD condition
where various insults were presented (e.g. abundance amyloid plaques), the
functionality of activated astrocytes may eventually affected and turned into toxic AP

producers by overexpressing BACE1 (Rossner ef al., 2005; Verkhratsky et al., 2010).

4.4. Relationship between Astrocyte Reactivity and Glucose Metabolism in

AD

This study revealed a group-level increase in astrocyte reactivity and reduction of
glucose metabolism in patients, especially for patients who had higher level of amyloid
plaques. In a normal brain, glucose is regarded as the major energy source for neuronal
and glial activities. Apart from maintaining the homeostasis in the brain, astrocytes are
vital in regulating the local energy metabolism. The astrocyte-to-neuron glucose lactate
shuttle hypothesis suggests that when there is an increase in neuronal activity, the
glucose is taken up by astrocytes, then undergoes the glycolysis and lactate synthesis;
and finally produces lactate which is subsequently redistributed to neurons with specific
transporters (Pellerin & Magistretti, 1994). It is well-known that cerebral glucose
metabolism is impaired in most neurodegenerative diseases, where the glucose
metabolism is significantly reduced (Edison et al., 2013; Fan et al., 2015b; Gallivanone,
Della Rosa & Castiglioni, 2016), however little is known about the mechanism
alterations of neuronal and astroglial metabolism in a disease brain.

In this study, [''C]BU99008 was found positively correlated with ['*F]JFDG in frontal
gyrus, orbital gyrus, and posterior temporal lobe. This suggested that when there was
an increase in astrocyte reactivity in patients’ brains, glucose metabolism was enhanced,
suggesting a compensational mechanism by the accumulative reactive astrocytes,
which continue to consume the glucose to provide metabolic support in response to the

excessive energy demands from the impaired neurons. In a mouse model of
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Huntington’s disease (Boussicault ef al., 2014), researchers found that expression of
mHtt (mutant huntingtin) protein in astrocyte affected the glucose usage in vivo by
impairing the glucose uptake in neurons specifically, but the glucose can still be taken
up by astrocytes, suggesting that in the disease condition, astrocyte may still consume
glucose as normal, and regulate local energy metabolism via astrocyte-to-neuron
glucose lactate shuttle in the brain. However, those generated lactate may not able to be
consumed by neurons due to the disease condition. As discussed previously, rather than
homogeneously distributed throughout the brain, astrocyte reactivity appears in a
highly regional specific manner. In the AD cohort, we also observed an inverse
correlation between reactive astrocytes and glucose metabolism mainly in temporal
lobe, inferolateral parietal lobe thalamus, putamen and insula, suggesting increased
astrocyte reactivity in those regions was associated with reduction of glucose
metabolism. This finding indicates activated astrocyte in some regions may fail to
enhance the glucose metabolism, or even become detrimental by accelerating the
reduction of glucose metabolism. Interestingly, the amyloid deposition and synapse loss
in AD are predominately observed in temporal lobe (Wong et al., 2010; Scheff & Price,
1993), suggesting astrocytes may have a higher risk in compromising their function due
to the higher stress of local amyloid burden. This is supported by the preclinical findings
where the astrocyte reactivity in AD rat model was found impairing the glutamate-
glutamine cycle, and further decreasing the glucose metabolism (Nilsen, Witter &
Sonnewald, 2014; Sancheti ef al., 2014). In AD brain preparations, both elevation and
reduction of metabolic enzyme activity in AD brain model were reported for glucose
metabolism related enzymes (Liang et al., 2008; Soucek et al., 2003). This fluctuation
of metabolic enzyme activity observed during disease progression may due to the
functional shifting in astrocytes reactivity at different stages.

Furthermore, evaluation of the relationship between astrocyte reactivity, glucose
metabolism and amyloid was also performed in a subgroup of patients who had high
amyloid load. A positive correlation between astrocyte reactivity and glucose
metabolism were identified, indicating a possible compensatory mechanism where
increased astrocyte reactivity. By comparing correlated regions between astrocyte
reactivity and glucose usage, against the correlated regions between astrocyte reactivity
and amyloid, most of those correlated regions were found in distinct brain regions. This

finding indicated that astrocyte reactivity which was positively enhanced the glucose
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metabolism, was found in the absence of amyloid load. This is consistent with previous
studies, which suggested AP aggregation could profoundly change reactive astrocytes’
metabolic phenotype by up-regulating the 3-kinase (PI3-kinase) pathway, and lead to
significant reduction of glucose utilization and neuronal survival rate (Allaman ef al.,

2010).

4.5. [1CJBU99008 vs. other astrocyte PET tracers

Apart from [bBS, Mononamine oxidase-B (MAQO-B) is another popular molecular target
for astrocyte imaging. MAO-B is an enzyme residing on the outer mitochondrial
membrane and catalyses the oxidation of neurotransmitters. [''C]-L-deprenyl,
[''C]SL25.1188, and [''C]-L-deprenyl-D2 were PET radiotracers developed for
targeting cellular expression of MAO-B. In an autoradiographic study, AD patients
demonstrated significant higher [!'C]-L-deprenyl binding in temporal lobe and white
matter compared with healthy controls (Gulyas et al., 2011). Additionally, they found
negatively correlation between Braak’s stage and the tracer binding in hippocampus,
temporal lobe and white matter in AD patients. In this [''C]BU99008 work, amyloid
positive AD patients showed significantly increased astrocyte reactivity compared with
healthy controls in several cortical regions, including temporal lobe, occipital lobe and
medial temporal lobe. Those regional increased [!!C]BU99008 signals were
consistency with the GFAP immunohistochemistry results, where increased number of
astrocytes were found in the similar area (Garcia-Sevilla et al., 1998). However, MAO-
B is not selectively expressed in astrocytes, and most MAO-B PET tracers (e.g. [!!C]-
L-deprenyl) showed an irreversible binding kinetics in the brain, which may limit the
quality of PET signal quantification due to the perfusion/delivery of the tracer. In this
study, the kinetics of [{!C]BU99008 radiotracer in both healthy controls and AD disease
brains showed a reversible feature and the tissue signal and were well described by the
two-tissue compartmental model, which provides more reliable Vt estimations than the
irreversible trapping rates (Ki).

In vitro, [''C]BU99008 PET ligand demonstrated high affinity and specificity for [,BS
in preclinical species (Parker et al., 2014). To date, compared with other potential [,BS
PET tracers, [!'C]FTIMD showed relatively lower specific signals in preclinical studies
(Kawamura ef al., 2012) and [''C]benazoline hasn’t been investigated in vivo (Roeda,

Hinnen & Dollé, 2003). A distribution and heterologous competition of [!!C]BU99008
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binding in vivo in human was performed in a recent study using Idazoxan (high affinity
for ,BS) and Isocarboxazid (blocks both isoforms of MAO-A and MAO-B) (Tyacke et
al., 2018). A dose-dependent [''C]BU99008 signal reduction was observed in the
subjects who had pre-treatment of Idazoxan (60% reduction at the highest dose), while
no reduction was found in subjects who had Isocarboxazid. The result showed that
[''CIBU99008 has a high affinity to LBS (dose sensitive) and significantly lower
affinity to MAO-B, suggesting a good tracer binding specificity and selectivity in vivo
in human brain. Therefore, [!'C]BU99008 imaging has a great potential to provide an

in-depth clinical imaging tool to investigate the specific role of LBS in human brain.

4.6. Conclusion

In conclusion, this study has shown that [''C]BU99008 PET was able to differentiate
the higher astrocyte reactivity in patients versus age-matched controls using 2TCM4k
compartmental modelling. I have also found that spectral analysis was able to generate
high quality IRF-120 parametric maps to quantify [!C]BU99008 PET, which not only
revealed strong correlation with Vt estimated from kinetic modelling, but also provided
parametric images with a signal-to-noise ratio large enough to differentiate the
astroglial reactivity in patients compared with age-matched controls.

In this study, both voxel-level positive and negative correlations were revealed between
astrocyte activation and cerebral glucose metabolism in patients with cognitive
impairment. Along with previous studies, it suggested that astrocyte activation may
have heterogeneous effects on neuronal function in different brain regions, which was
associated with the presence of amyloid deposition. More data is needed to further
establish the relevance of this finding, however this preliminary study has demonstrated
the best PET methods to quantify the astrocyte reactivity in Alzheimer’s trajectory
using the novel ['!C]BU99008 PET tracer. Moreover, it provided some insight into the
possible influence of astrocyte reactivity on glucose metabolism and amyloid

deposition in patients with AD and MCI.
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CHAPTER VI. NOVEL TECHNIQUES: INTERACTIVE
VOLUME OF INTEREST (VOI) PREDICTION TOOL,
INDIVIDUAL CORRELATION MAP (ICM), AND
AUTOMATED QUALITY CONTROL

VI-1. BACKGROUND

Neuroimaging has been widely applied in the evaluation of the trajectory of
neurodegenerative diseases in vivo. In Alzheimer’s disease, amyloid- deposition,
neurofibrillary tangles, neuroinflammation, glucose metabolism, synaptic dysfunction,
cortical and subcortical atrophy can readily be measured in vivo using different PET
tracers. In the last chapter, the influence of astrocyte activation was evaluated along
with the amyloid deposition and glucose metabolism using multiple PET images, which
provided interesting results on the astrocyte interaction with other AD pathological
biomarkers. Recently NIA-AA (National Institute on Aging-Alzheimer’s Association)
research framework acknowledged the diversity of AD patients, the multifactorial
nature of dementia and complexity of clinical staging; therefore they proposed a
biological related definition and characterised AD patient should be presented with both
amyloid plaques and tau-based neurofibrillary tangles, irrespective of the clinical state
of the person (Silverberg et al., 2018). This again reiterates the importance of evaluate
multiple biomarkers on an individual basis (but independent of clinical continua) can
provide a pure biological-based evidence of interactive pathology, which is able to
facilitate a better understanding in diverse dementia populations. Benefitting from the
fast development of medical imaging, it has demonstrated that often the presentation of
multiple biomarkers in neurodegenerative disease along with genetic and
environmental factors lead on to progressive neurodegeneration (Parbo et al., 2017,
Reiman et al., 2009; Kantarci et al., 2012; Ittner et al., 2010; Nelson, Gard & Tabet,
2014). Therefore, evaluation of multiple pathological imaging biomarkers in the same
individual with neurodegenerative disease has become increasingly popular in the
research field, supported by emerging evidence indicating the importance of the
pathological interaction in causing disease progression (Latta, Brothers & Wilcock,

2015; Heneka et al., 2015).
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Neuropathological studies have demonstrated that different pathological processes (e.g.
tau and amyloid) may follow a sequential stereotypical pattern of disease progression
(Braak & Braak, 1991; Mori et al., 2008). These findings introduced the concept of
staging systems for different neurodegenerative diseases. In 1991, for the first time,
Braak published a pioneering study which established the stereotypical pathological
staging of AD based on the distribution pattern of amyloid deposits and neurofibrillary
tangles in eighty-three brains at autopsy. They suggested that amyloid deposition was
not sensitive enough to differentiate the neuropathological stages in AD; however, the
distribution of neurofibrillary tangles was capable of classifying Alzheimer-related
changes into six disease stages. In stage I-II, neurofibrillary tangles were firstly
observed in the locus coeruleus (LC) of the pontine tegmentum and then were found in
the trans-entorhinal layer of the anterior part of medial temporal lobe. Subsequently,
neurofibrillary tangles were found spreading to other parts of the temporal lobe,
including layer Pre-alpha in trans-entorhinal region, entorhinal cortex and hippocampal
regions, which were regarded as stage III-IV. The final two stages (V-VI) were
characterized by the presence of neurofibrillary tangles in the basal temporal lobe and
the insular cortex, and eventually extended to the neocortex with virtually all isocortical

associated regions (Braak & Braak, 1991; Braak et al., 2006; Mori et al., 2008).
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Alzheimer disease: tau

Figure VI-1. Stereotypical patterns of tau (a-b) and amyloid (c-d) in
Alzheimer’s disease. The sequential pattern of amyloid deposition follows
an opposite direction in contrast to the neurofibrillary tangles in AD

AC = allocortex; BFB = basal forebrain; BN = brainstem nuclei; ENT = entorhinal
cortex; TH = thalamus; LC = locus coeruleus; NC = neocortex and CB =
cerebellum. J. Brettschneider, 2015 Nature Reviews Neuroscience (Brettschneider
etal, 2015) (Appendix 1. Permission Table)

Interestingly, the sequential pattern of amyloid deposition seems to follow an opposite
direction in contrast to the neurofibrillary tangles in AD (Brettschneider et al., 2015).
(Figure VI-1) Firstly, the formation of amyloid plaques in AD is found exclusively in
the neocortex, and then they build up in allocortical brain regions. Then amyloid
deposits are detected in diencephalic nuclei, the striatum and the basal ganglia
structures. Eventually, AP deposition spreads to the brainstem and in late stages, the
cerebellum with high burden of AP across the brain (Thal et al., 2000, 2002). The
divergent patterns of tau and amyloid could indicate separate mechanisms; however,
observations in both in vitro and in vivo studies have suggested that tau is capable of
mediating further accumulation of AP, while the A may enhance the aggregation of
neurofibrillary tangles in AD (Chételat, 2013; De Felice ef al., 2008; Ittner et al., 2010;
Roberson et al., 2007). Therefore, evaluation of pathological interactions and co-
localization may shed a light in interpreting the sequential pathological staging patterns

in AD.

137



Imperial College London Zhen Fan CHAPTER VI

Neuroinflammation has been increasingly recognized as a key event in accelerating
cognitive deficiency in dementia and shows high variability across patients. However,
the complex mechanisms that underlie neuroinflammation in neurodegenerative
diseases remain elusive; it may play a detrimental role to the human brain by
degenerating neurons, or it may also be neuroprotective, such as clearance of amyloid
plaques under certain conditions or during specific stage of the disease progression
(Hickman, Allison & EI Khoury, 2008). In the hTauCx3cr1”- mouse model of tauopathy
(Maphis et al., 2015), microglial activation was found to be correlated with the spatial
memory deficit and the spread tau in the hippocampus. Additionally, the microglia
which derived from the hTauCx3crl” mice (deficiency of microglia-specific
fractalkine receptor) were able to promote the hyperphosphorylation and aggregation
of tau in the normal mice brain, and the induced tau aggregation could be suppressed
by interleukin 1 receptor antagonist through attenuating the microglial reactivity
(Maphis et al., 2015). This finding suggested that microglial reactivity is associated
with the aggregation of tau, and maybe sufficient to drive the further spreading of
pathological tau.

1.1. Objectives

Given the complex interaction between AD pathologies (e.g. tau, amyloid and
neuroinflammation), this chapter is aiming to develop novel tools to explore:
1- VOI Prediction Tool is designed to evaluate the temporal relationship of co-
localized biomarker volume of interests on the individual cognitive function
2- Individual Correlation Mapping is developed to investigate the local biomarker
significant correlation in individual patient
3- Automated QC method is introduced to aim for performing effective quality
control of the imaging spatial transformation
In this chapter, I start with two novel imaging approaches to integrate the co-localized
pathologies, to assess and predict cognitive performance. The methods are designed on
an individual basis: 1) VOI Prediction Tool (VPT) and 2) Individual Correlation
Mapping (ICM). Then I introduce an automated spatial transformation quality control
(QC) approach for detecting the imaging spatial transformation, which was mainly
designed for big dataset analysis, such as imaging data collected from open sources in

Alzheimer’s Disease Neuroimaging Initiative (ADNI: http://adni.loni.usc.edu/),
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Australian Imaging, Biomarker & Lifestyle Study of Ageing (AIBL:

https://ida.loni.usc.edu/) and Dominantly Inherited Alzheimer Network (DIAN:

https://dian.wustl.edu/). For each novel technique, I start with the aim and principle for

the novel approach, including aim of design, imaging modality inputs and approach
framework. Subsequently, the new technique is applied to a clinical application. Finally,
discussions about possible implementations of each technique and future development.
Additionally, the correlation between microglial activation in vivo with both tau and
amyloid in AD at group-wise were found using BPM analysis, which was published in
Brain in July 2018 with myself as a co-author (Dani ef al., 2018). For this study, I used
the similar subject cohort to further evaluate the clinical influence of the correlation
between microglial activation and other pathologies at individual level using novel

techniques (VPT and ICM).

139


https://ida.loni.usc.edu/
https://dian.wustl.edu/

Imperial College London Zhen Fan CHAPTER VI

VI-2. TECHNIQUE I. VOI PREDICTION TOOL

2.1. Principle of VPT

All VOI regions: Co-localized VOI regions:

atrephy (v3) I .
Hypometabolism (M2) )
18F-GE180 (M1)

Region Category M1 M2 M1&M3 M2&M3 [REAYPIAVE]
Volume(mm3) 643,885 743,366 152,793 310,226 24,364 30,159 20,251
Percentage of brain 36% 42% 9% 17% 1! 2% 1%

Figure VI-2. A partition VOI map generated for an AD patient.

In this illustration, Modality biomarker 1 represents the microglial activation
using [18FJGE180 PET Modality biomarker 2 represents the hypometabolism
using [18FJFDG, and Modality 3 represents the atrophy using MRI image. Blue (M1),
purple (Mz) and cyan (M3) demonstrated the VOI region which showed significant
changes only in one modality (devoid with other changes),; Green (Misz), yellow
(M1s3) and orange (M:zs3) showed the VOI regions which showed co-localization
of any two modalities, and colour red (Miz3) represented the VOI regions which
revealed significant changes in all three modalities.

The disease progression in neurodegenerative disease is characterized by an increase in
the size of affected regions/lesions and an increase in the number of cells with
pathological alterations. For instance, the different sequential patterns of amyloid
deposition and neurofibrillary tangles in AD; and the different volume of affected
regions with single or co-existent pathologies in a patient’s brain (Figure VI-2). These
results could provide information about disease progression. The interaction of each
pathological process on cognitive performance is also important to provide
compensational information for designing future clinical trials. In this case, rather than
assessing a singular pathology, the new VOI partition model allows me to analyse how

multiple pathologies influence cognitive performance at individual level.
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Method of individual PMS

SPM-T for M1 SPM-T for M2 SPM-T for M3

Total VOI of M1 Total VOI of M2 Total VOI of M3

/- VOI with single modality

VOI with two modalities
—< M2&Mm3 [
M1&M3
M1&M2

VOI with three modalities

M1&M2&M3

Interactive VOI partition map

Figure VI-3. The algorithm of generating Interactive VOI partition map.

M1, M2 and M3 were SPM-T maps which were generated from SPM8 by comparing
an individual’s PET image against a group of healthy control data. Thus each M1,
M2 and M3 represented clusters of statistically significant changes from the
healthy controls. By analysing three biomarker images with their significantly
changed clusters, the novel VOI partition tool segmented the clusters into three
major classes 1) VOI with single modality (M1, Mz, M3), 2) VOI with two modalities
(Miz, M13, Mz3), and 3) VOI with three modalities (Miz3).

The individual VOI Prediction Tool was aim to firstly separate the VOI of a specific
pathology into different VOI categories to account for the volume of pathological co-
localization. In a 3D VOI partition map of an individual subject, three VOI categories
were expected, 1) VOI that is significant in only one modality, 2) spatial overlaying
VOI that co-localized every two modalities, and 3) VOI which revealed positive in all
three modalities (Figure VI-2 and Figure VI-3). The VOI partition map was displayed
with different colour-coded VOIs in three anatomical orientations: transverse plane,
sagittal plane and coronal plane. This display function stemmed from the SPM toolbox
Slover (Penny et al., 2011). In addition to the VOI partition maps, the volume of each
VOI category was measured for each image modality in 3D space (Figure VI-2).

In order to run the VPT, the imaging input must be three-dimensional volumetric

images, such as Impulse Response Function parametric maps, Logan V1 images,
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summed images, SUVR images and Binding Potential images. Those images were also
expected to be spatially transformed into the same space (e.g. native space or common
space). To compare different pathological maps at a voxel level, T-scored maps were
generated for each modality for each patient by comparing to control cohort. Thus, it
reflected the pathological changes of the biomarker in each patient relative to the

normal mean and variance in age-matched healthy controls. (Figure VI-4)

Figure VI-4. Demonstration of VOI partition map with different colour lumps,
which represented different VOI categories.

The image inputs were T-scored maps for tau, amyloid and microglial activation.
Figure on the right is a video demonstration of VOI partition map viewing in 3D
space (Ctrl + click to watch).

Subsequently, the volume of each VOI partition regions shown on the partition map
was inputted into the VOI cognitive prediction model. In the following clinical
application to use VPT, I would like to investigate 1) whether the VOI volumes could
be a prediction index for the annual cognitive function decline rate; and 2) whether the
interactive VOI volumes of multiple pathologies correlated better with cognitive
function than individual pathology. Linear model fitting was applied for the prediction
of the cognitive decline against either total VOI pathological volume or multiple
volume of VOI partitions at baseline using MATLAB 2017. The R-squared and p value
were estimated to describe the goodness of the model fitting. Adjusted R-squared was
calculated to account for the number of predictors, which increases only if the new
predictor improves the model fitting more than expected by chance. Depending on the
contribution of each VOI volume (term) to the prediction model, the stepwise linear
regression selects certain terms to be used in the prediction model. For instance, at each
step, based on the statistical significance (p value of an F-statistic) in a regression
model, a new term would be added or subtracted from the cohort of predictors (Field,

2013).
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2.2. Clinical Application of VPT

2.2.1 VPT methods

The data used for evaluating the new techniques VPT were from the [!!C]PBR2S study.
The ethical approval was granted by the Riverside Research Ethics Committee, and
administer radiotracers was approved by the Administration of Radioactive Substances
Advisory Committee UK. Written informed consent was obtained from all participants.
A total of 18 patients (15 MCI and 3 AD) and 19 age-matched healthy controls were
involved. All participants had MRI scan, 80-100 min summed RATIO image (reference
to cerebellum) of ['8F]AV1451 PET for tau plaques, 90-120 min summed RATIO image
(reference to cerebellum) of ['®F]Flutemetamol PET for amyloid deposition and
[''C]JPBR28 IRF-90 for microglial activation (Dani et al., 2018; Fan et al., 2018). The
cognitive performances were assessed at baseline and then followed up after 13 £ 6
months with Mini-Mental State Examination (MMSE) for all patients. The annual
cognitive decline rate for MMSE was calculated using the formula below:

Equation 12. MMSE annual decline rate
MMSE anual decline rate — (Baseline Score—Followup Score)

X 12 X 100%,

Followup Scorest
where t denotes the month duration between the baseline and follow-up tests.

In order to assess statistical pathological changes, the T-scored image was generated for
each patient to represent the regions with statistically changes in relative to the age-
matched control mean and standard deviation using One-way ANOVA. The p values
were corrected for multiple comparison with FEW (Family-wise error) at cluster level.
In this case, apart from considering the affected region with one biomarker as one
volume (VOI), the affected region was classified as different VOI partitions. For
instance, the volume of amyloid deposition was separated into 1) VOI of amyloid
deposition where the amyloid was present alone (e.g. M), 2) VOI of amyloid that co-
existed with neurofibrillary tangles, 3) VOI of amyloid that was found co-localized with
activated microglia (e.g. Mjj), and 4) VOI of amyloid which was surrounded by both
neurofibrillary tangles and activated microglia (e.g. M;jk). In this clinical application,
the novel method classified the volume of three pathologies into seven separated VOI
partitions (M1, M2, M3, M12, Mi3, M23 and Mi23). The volume of each VOI categories
was calculated at voxel-level in 3D dimension. An automatic display of the VOI

partition brain colour maps in transverse, coronal and sagittal view with multiple slices
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was incorporated, based on the SPM toolbox Solver function, providing a visualization
of the co-localizing pathology at individual basis. (Figure VI-5) The co-localizing VOIs
of amyloid deposition, tau plaques and microglial activation at baseline were correlated
with the cognitive performance decline rate to evaluate whether the volume of specific
VOIs could serve as a predict index for cognitive performance. The adjusted R-squared
in the linear model was estimated to account for the effect due to different number (e.g.

n=7 VOIs) of predictors.

Region Category M1&M3 M2&M3
Volume(mm3) 760631 592058 746928 144411 157905 91187 2731
Percentage of brain 42% 33% 41% 8% 9% 5% 15

Figure VI-5. An illustration of volumes of VOI partitions in an AD patient
using three SPM-T imaging modalities: tau PET (M1), amyloid PET (M2) and
TSPO PET (M3). Each modality represents the significant increased
biomarkers in an individual compared with controls using one-way ANOVA.

The regional VOI with a single increased modality (M1, M2, M3), 2) the regional
VOI with two increased modalities (M12, M13, M23), and 3) the VOI with three
modalities (M123). The volume of each region category can be measured, and the
percentage of the volume out of the whole brain volume can be calculated.

2.2.2 VPT results and discussion

When applying a multilinear model to the total volume of a single pathology VOI
(Ma=amyloid deposition, Mg=neurofibrillary tangles and Mc=microglial activation), I
found a significant multilinear regression between the three variables (Ma, Mg and Mc)
and the annual decline rate of cognition (y=response data) (Figure VI-6 A). The 3-
variable multilinear model can be expressed as following:

Equation 13. Multilinear regression of three variables
y=Bo+B1XMy+ By XxMp+ B3 XxMc+e€,
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Where n denotes the number of variables, f denotes the coefficients for each input
variable and € presents a constant. With three coefficient estimates, the model
demonstrated an adjusted R-squared of 0.422 (p=0.013), suggesting there is a
statistically significant relationship between the three variables (M1, M2 and M3) and
the response data (rate of cognition); and this model could explain 42.2% of the
variability of the response data fall to the linear regression. This correlation was good,
but not impressive.
In the new VPT method, seven different VOI variables were segmented based on the
interaction of these three pathologies (n=7 VOIs). Thus the model can be improved and
expressed with the following equation:
Equation 14. The multilinear model of VOI prediction tool
y = Zﬁﬁi X M; + ¢
i=0
=Po+ B1 XMy + B X My + 3 X Mz + 12 X My; + 13 X My3
+ B2z X Myz + P123 X Myp3 + €
To note, each Ma, Mg and Mc in the previous 3-variable multilinear model presented
the total volume of an individual biomarker (e.g. Ma = total volume of increased
amyloid). In the novel 7-variable model, based on the biomarker co-localization, each
of the partition presented only partial of the total volume of increase. For instance, the
volume of Ma equals to the sum of M1, M2 and M3 and Mi23, namely the total volume
of'increased amyloid (Ma) was composited by regions of amyloid increased alone (M),
regions of amyloid increased with tau (Mi2), regions of amyloid increased with
microglial activation (Mi3), and regions of amyloid increased with both tau and
microglial activation (Mi23).
As a result, I found a statistically significant multilinear regression model with
improved adjusted R-squared of 85.9% and statistical p value of 0.00011 (Figure VI-6
B). The improvement of adjusted R-squared (85.9%) in the 7-varaiable model
demonstrated that the VOI partition truly improves the model prediction rather than a
reflection of a higher number of inputs (i.e. n=3 vs. n=7 VOIs). Compared with the 3-
variables model, the 7-varibale multilinear model improved the prediction of the
cognitive decline with higher probability (p value from 0.013 to 0.000114), and higher
percentage (adjusted R-square from 42.2% to 85.9%) of the response data variability
that can be explained by the model.
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Figure VI-6. Multilinear regression model between different sets of VOI
variables (amyloid, tau and microglial activation) and the annual cognitive
decline rate (MMSE).

A) Multilinear model based on three VOI variables: the total volume of VOI using
three individual biomarkers (M, Mg and Mc). B) Multilinear model based on seven
VOI variables which were created by segmentation of the significant clusters based
on the biomarker interaction (M1, Mz, M3, M1z and M1s and Miz3) using the VPT
tool. C) Step-wise multilinear regression model performed for seven VOI variable.
The adjusted R-squared and p value estimation were presented for each plot.

Interestingly, rather than forcing the multilinear model to account for all seven VOI
variables, I have applied a step-wise procedure to allow the model to automatically
determine which VOI variables are able to improve the model fitting (Figure VI-6 C).
Namely, the model would make a decision in adding and removing redundant predictors
to the final prediction model purely based on the contribution of each variable input. In
this case, the step-wise linear model fitting has removed the VOI-M, (volume of
amyloid alone) and VOI-M 2 (volume of amyloid and tau) from the prediction model,
which estimated an adjusted R-squared of 84.6% and p value of 0.000021. With this
modulation, the new model improved the significant p value with 10 folds, and
presented similar R-squared, suggesting the affected volume of amyloid deposition
alone may not improve the sensitivity of predicting the cognitive data. Instead, the
volume of amyloid which localized along with microglial activation (VOI-Mis,
p=0.00037) and presented with both microglial activation and tauopathy (VOI-Mi23,
p=7.26e-05) showed significant improvement of predicting the cognitive decline in
Alzheimer’s patients. Thus, from this preliminary application of the VPT method with

a small-size patient data, it demonstrated that the volume of amyloid which co-localised
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with activated microglia and tauopathy may influence the cognitive performance more

than the amyloid presented alone.

2.3. Possible Usage in VPT

The VOI partition map provides 3D dimensional visualization of the 3D spatial
anatomical overlay among multiple pathological modalities at voxel level. With the
VOI prediction tool, it provides an effective way to evaluate data about multiple
pathological processes and cognitive performance on individual basis. In the current
clinical application, I found that different VOI partitions might serve as a predictive
index for predicting the annual cognitive decline. In the current patient cohort, it
demonstrated that the volume of amyloid deposition that co-localized with activated
microglia and tau plaques showed a stronger association with cognitive performance
than the volume where amyloid presented alone.

The development of VPT is on-going. In baseline studies, I have been working on
applying the VPT in tau, amyloid and FDG PET using the ADNI dataset with a much
larger patient cohort, to evaluate standalone pathology and co-localized pathologies’
relevance to individuals’ cognitive performance. In the longitudinal imaging studies,
by measuring the longitudinal changes in volumes of different pathological VOIs, VPT
model may discover compensational associations underlie the pathology of the AD
brain and individuals’ cognitive performance. After establishing a trained VPT model
in big dataset, theoretically, clinicians and researchers could use the model to estimate

the possible clinical outcome for individual patient by applying relevant VOI partitions.

VI-3. TECHNIQUE II. INDIVIDUAL CORRELATION MAPPING
(ICM)

3.1. Principle of ICM

3.1.1 General concept of ROI-Correlation

The second approach is called Individual Correlation Map (ICM). Compared with the
previous technique, rather than the spatial co-localization of the mixed pathologies, the
ICM is designed to evaluate the statistically meaningful correlation between two image
modalities on an individual basis. Thus, this method provides quantitative

measurements of the biomarker interaction, such as the R squares and statistical
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significance (p value) of the correlation at voxel-level. Furthermore, it generates an
individualized three-dimensional map of ROI-Corr (Region of Interest — Correlation)
to present the pathological interaction in a 3-D space, which offers a direct visualization
of the pathological relationship in the brain. ICM is a voxel-level comparison
framework developed in MATLAB 2017, which assesses the statistical correlation
between different biomarkers in individuals. As a multi-parametric imaging approach,
ICM provides a novel way to generate individual ROI-Corr maps (Figure VI-8 and
Figure VI-9), which improves the comprehensive understanding of the dynamic
pathological alterations in AD.

The ICM framework requires the input images to be in the same space. Therefore,
initially all image modalities need to be coregistered or normalized to a common space.
In this case, I generated the single subject SPM-T map to demonstrate the pathological
alterations in each patient by comparing individual PET against the corresponding
healthy control cohort using one-way ANOVA in MATLAB. In order to investigate the
pathological correlation on an individual basis, a cluster-unit correlation concept is
introduced. The idea is to transform the brain matrix into multiple cluster units, which
enables us to run the statistical correlation on each cluster in 3D. Subsequently, the ICM
runs the correlation for different clusters throughout the brain, and generates a new
correlation image (ROI-Corr) that contains only significant clusters which pass the pre-
defined significance threshold. For instance, the desirable size of the cluster unit (e.g.
5 x 5 x 5 mm?®), probability threshold (p-value and cluster-size threshold), correlation
coefficient (r), background noise threshold, Bonferroni Correction, and brain masks can
all be customized. All clusters are designed to be spatially independent, as allowing
overlapping clusters may overestimate the signal and pick up false-positive
correlations. Depending on the hypothesis and specific pathological changes, it is
crucial to be customized those options accordingly before ICM carries out the single-

subject correlation analysis.

3.1.2 Correlation framework

Figure VI-7 reveals the procedure of the ICM correlation framework. Within each
spatial corresponded cluster-unit at voxel-level, the T-score values are collected for the
correlation analysis. Shapiro-Wilk test was applied to assess the normality of the data

distribution. Only when both clusters demonstrated a normal distribution, the Pearson
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correlations were performed with additional Bonferroni correction for multiple
comparisons. When the p value passes the requested threshold configured by the user,
the correlation coefficient (r) of such cluster is transferred to the ROI-Corr map,
otherwise the cluster is discarded. After completion of the cluster correlation throughout
the brain, both the r value and spatial location for the significant correlated clusters are
stored in the newly generated ROI-Corr image. It presents the significantly correlated
regions between two input image modalities. As default, an individualized brain mask
is applied to the ROI-Corr maps. ICM then estimates the total volume for positively or
negatively correlated brain clusters. Additionally, ICM samples the mean tracer activity

of each modality in the interactive region.

Cluster-unit

N-by-2 cell array

Normalized Brain matrix -
of values in the
/ l cluster-unit in M1

and M2

Shapiro-Wilk test

Pearson correlation

ROI-Corr Map

Spearman r=0.93
w Pvalue=2.88e-48

e Locit13-20-25
Clustersize: 126mm*

=g

NAN

Figure VI-7. The procedure of ICM and generation of ROI-Corr Map.

Each image modality was normalized or co-registered into the same space. The
cluster unit was predefined by the user (e.g. 5x5x5 mm?). In each cluster-unit, the
corresponded T-score values at voxel-level (N-by-2) were collected for the
correlation analysis. Shapiro-Wilk test was applied to exclude data which were not
normal distributed. The Pearson correlations were performed with Bonferroni
correction. When the p value passed the predefined threshold, the correlation
coefficient (r) of such cluster would transferred to generate the ROI-Corr map,
otherwise the cluster would be discarded. The newly generated ROI-Corr image
presented the significantly correlated regions between two input image modalities
(M1=Image Modality 1 and M2=Image Modality 2).

A further segmentation of ROI-Corr is implanted in the ICM functionality, which allows
further segmentation using the individualized grey-matter brain atlas (CHAPTER
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I1.3.1). By applying individual brain atlas, it allows further evaluation in specific region
of interest. As default, the volume of interactive region in frontal lobe, temporal lobe,
parietal lobe and occipital lobe are estimated, which provides additional information of
pathological interaction in the specific brain regions. Segmentation results for other
ROI regions are available on the demand of the user. This segmentation function of
ROI-Corr maps can be used in evaluating the diseases with established vulnerable
regions, such as putamen/caudate in Parkinson’s disease and hippocampus in

Alzheimer’s disease.
3.2. Clinical Application of ICM

3.2.1 ICM method

The data used for evaluating the new techniques ICM were from the [''C]PBR28
project. The ethical approval was granted by the Riverside Research Ethics Committee,
and administer radiotracers was approved by the Administration of Radioactive
Substances Advisory Committee UK. Written informed consent was obtained from all
participants. In the current ICM investigation, 34 patients (12 AD and 22 MCI) had
[''C]PBR28 and ['®F]AV1451 scans, while 49 patients (14 AD and 35 MCI) had
['!'C]PBR28 and ['®F]Flutemetamol scans. Among the 34 patients, 6 AD and 17 MCI
subjects have been followed up with neuropsychometric testing. Among 49 patients,
the cognitive performance of 8 AD and 16 MCI patients were followed up after 12.4 +
5.4 months. In HC, 21 had ['®F]Flutemetamol, 8 had ['®F]AV 1451, 18 (11 HAB and 7
MAB) had [''C]PBR28 PET. In order to run the ICM correlation analysis, IRF-90
[''C]PBR28 parametric maps were generated using spectral analysis with arterial blood
input function (CHAPTER 1V), while ['®*F]AV1451 and ['®F]Flutemetamol RATIO
image were generated using the cerebellum as the reference region. Subsequently, the
individual T-scored map was generated by comparing individual patient’s ['!C]PBR28,
['®F]AV 1451, and ['®F]Flutemetamol PET against the corresponded healthy controls
using one-way ANOVA. All T-scored maps were threshold at p<0.05 with an extent of
50 voxels. In this application, the ICM cluster unit was set to 5 x 5 x 5 mm?, correlation
threshold as p<0.01 (with Bonferroni correction), and R-square was r>0.5. For each
patient, the pathological correlation map (ROI-Corr) were generated either between
microglial activation and tau, or between microglial activation and amyloid by ICM.

Further segmentation analysis of the ROI-Corr was performed to assess the interaction
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in different brain cortices. The total volume and average tracer uptake were estimated
for ROI-Corr. Those estimations were then correlated with cognitive performance in
AD and MCI using SPSS24.

Each subject enrolled had up to 2 hours detailed neuropsychological tests. Including
Mini-Mental State Examination (MMSE), Rey-Osterrieth complex figure (Rey),
Wechsler Logical Memory (WLM), Hopkins Verbal Learning Test (Hopkins), Verbal
fluency test, Digit Span, Letter-Number Sequencing (LNS), Trail making test (Trail A
and Trail B), anxiety and depression test, which were used to assess the visuospatial
memory, learning, naming, verbal learning, executive functions, language and recall
function for each subject at baseline. Wechsler Logical Memory test requires participant
listens to a brief narrative story from the assessor, then retells the narrative once
immediately and again after 30 min delay (Lehr et al., 2012). The Trail Making Test
(TMT) A and B are popular neuropsychological tests, TMT-A requires the subject to
draw lines to sequentially connect 25 numbers which randomly distributed on a paper,
while TMT-B requires the subject to draw lines to connect between number and letters
(Tombaugh, 2004). The scores of TMT-A and TMT-B denote the amount of time an
individual requires to complete the task, which evaluates an individual’s visual search,
scanning, motor speed of processing, cognitive flexibility and executive function
(Arbuthnott & Frank, 2000; Bowie & Harvey, 2006). In order to generalize the score
system for multiple neuropsychometric tests, in this case, a subject with a higher score
represents a better score, while a subject with a lower score represents cognitive
impairment. For trail A and trail B, lower times indicate better performance.

More than half of the participants were followed up for their cognitive performance.
6/12 ADs and 16/22 MClIs with both [!!C]PBR28 and ['®F]AV 1451 scans were followed
up for 12.7 + 5.7 months, while 6/14 AD and 24/35 MCI with [''C]PBR28 and
["®F]AV1451 scans were followed up for 12.4 + 5.4 months. The annual cognitive
decline rate was calculated using the formula below:

o ] (Baseline Score — Followup Score)
Cognitive decline rate = X 12 x 100%
Followup Score * t

Where t denotes the months of time duration at follow up. In this application, the ROI-
Corr estimations at baseline were evaluated against the cognitive decline rate to see

whether the correlated pathologies can predict the cognitive decline.
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3.2.2 ICM results of tau and microglial activation

As a result, there was a significant larger volume of interaction between microglial
activation and tau in AD subjects compared with MCI subjects (177%, p=0.039),
suggesting an expanding of the correlated region between microglial activation and tau
plaques at the later stage of the disease. Moreover, segmentation results demonstrated
that the correlated volume was predominantly found in temporal lobe (156%, p=0.01)
and occipital lobe (203%, p=0.03) in AD subjects, indicating the interactive microglial
activation and tau was spreading significantly in temporal and occipital lobe as the
disease evolving. On the individual basis, 58% AD (n=7/12) and 32% MCI (n=7/22)
patients showed positive correlation between tau and neuroinflammation, suggesting

heterogeneity of the pathological interaction existing on individual basis (

Table VI-1).

ROI-Corr Fraction of patients range % brain volume
volume (cv) (min-max)
AD 125,060 (0.93) | 42% (5/12) 216,490 -- 283,647 12-16%
16% (2/12) 60,266 -- 87,866 4-5%
42% (5/12) n/a n/a
MCI 45,157 (1.18) 5% (1/22) 214,858 12%
27% (6/22) 66,755 -- 122,706  3%-7%
68% (12/22) n/a n/a
DIF  177% (p=0.039)

Table VI-1. ICM individual results between tau and microglial activation.

DIF=Group difterence between AD and MCI cohort (two sample t test),
VOL=Volume, CV=Coefficient of variation, % Brain Volume = Percentage of ROI-
Corr over total brain volume, and volume unit is mm?3. n/a not applicable. In this
case, 5/12 AD and 12/22 MCI subjects failed to locate any correlated clusters
between increased tau and increased microglial activation.
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SCM ROI-CorrMap
(Positive correlation between Tau and reactive microglia)

Figure VI-8. ICM ROI-Corr maps demonstrated the positive correlated
clusters in three dimensional between tau and reactive microglia in an AD
patient and an MCI patient.

The colour coded map represents the R-square value (range from 0.5 to 1) for each
significant correlated cluster unit.

Of those patients who demonstrated significant correlation between tau and
neuroinflammation (Figure VI-8), 5/7 AD subjects revealed correlated region occupied
more than 10% of the brain volume, while only 1/7 MCI patient with significant
correlation reached similar ROI-Corr volume. This finding reiterates the heterogeneity
of the interaction between tau and neuroinflammation and demonstrates interactions
between tau and microglial activation were expanded spatially in patients with
advanced stage.

In AD patients, the longitudinal decline rate of Wechsler Logical Memory test (delayed
recall) (R=0.89, p=0.039) and worsening of the Trail-A test (R=0.94, p=0.017) was
found closely associated with baseline volume of correlated region between tau and
microglial activation. The correlation with Wechsler Logical Memory test indicates that
a higher volume of correlation between tau and microglial reactivity at baseline may
contribute to a faster impairment of the retrieval function of logical memory after a
brief delay. The association with TMT-A results suggests that the higher volume of
correlated tau and reactive microglia in AD patients may lead to a faster decline in the
visual search and motor speed measures.

In MCI subjects, the correlation between tau and microglial reactivity in the temporal

lobe was found associated with annual decline of the Trail B performance (R=0.62,
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p=0.009) and the MMSE score (R=0.59, p=0.017). Additionally, the volume of ROI-
Corr in frontal and parietal lobe were found positively correlated with the annual
decline of Digit Span (R=0.60, p=0.012) in MClIs. Thus, MCI patients who suffered
from a higher volume of interaction between tau and reactive microglia might result in
further deterioration in their visual search, ability to mentally maintain two
simultaneous sequences, cognitive alternation measures, attention, and working

memory functions.

3.2.3 ICM results of amyloid and microglial activation

The ICM analysis revealed positively correlated regions of amyloid and microglial
activation in both AD and MCI patients. Similar to the interaction with tau, microglial
activation demonstrated a heterogeneous interaction with amyloid at individual level,
which reiterates the importance to evaluate the individual influence of each pathological
process on the cognitive impairment (

Table VI-2). Compared to the number of AD and MCI patients who had significant
correlation between microglial activation and amyloid, AD subjects showed higher

volume of correlation (ROI-Corr) than that of MCI patients. (Figure VI-9)

ROI-Corr VOL | Fraction Vol range % brain
(CV) of patients (MIN-MAX) VOL
AD 111,806 21% (3/14) 177,568 -- 234,167 10-13%
(0.67) 36% (5/14) 100,318 -- 156,613 6-9%
43% (6/14) n/a n/a
MCI 59,029 9% (3/35) 186,594 -- 201,068 11%
(1.00) 28% (10/35) 74,357 -- 138,958 4%-8%
63% (22/35) n/a n/a
DIF 89% (p=0.035)

Table VI-2.ICM individual results between amyloid and microglial activation.

DIF=Group difterence between AD and MCI cohort (two sample t test),
VOL=Volume, CV=Coefficient of variation, % Brain Volume = Percentage of ROI-
Corr over total brain volume, and volume unit is mm?. n/a not applicable. In this
case, 6/14 AD and 22/35 MCI subjects failed to locate any correlated clusters
between increased amyloid and increased microglial activation.

154



Imperial College London Zhen Fan CHAPTER VI

Alzheimer’s disease Mild Cognitive Impairment 3D display

Figure VI-9. ROI-Corr maps demonstrated the positive correlated clusters
between amyloid and microglial activation in an AD patient and an MCI
patient.

The colour coded map represents the R-square value for each significant
correlated cluster unit. 3D display is available on the right-hand panel.

At baseline, the volume of ROI-Corr between amyloid deposition and microglial
activation in AD subjects was found correlated with the MMSE scores (R= -0.57,
p=0.032). By further segmenting the brain, MMSE was found closely associated with
the ROI-Corr in frontal lobe (R=-0.62, p=0.019) and parietal lobe (R=-0.57, p=0.032)
in AD subjects. Additionally, the total ROI-Corr volume was correlated with Hopkins
Verbal Learning Test (R=-0.60, p=0.038) in AD subjects at baseline. In MCI subjects,
the total volume of ROI-Corr (amyloid and microglial activation) was found associated
with both Rey-Osterrieth complex figure immediate (R= -0.35, p=0.039) and delayed
recall (R=-0.39, P=0.02). By further segmenting the ROI-Corr, the cognitive function
was closely associated with the ROI-Corr in frontal lobe (R= -0.40, p=0.016). Similar
to AD subjects, Hopkins Verbal Learning Test in MCI subjects was associated with the
amyloid and neuroinflammation interaction ROI-Corr in the frontal lobe (R=-0.38,
p=0.044). Interestingly, when applying the volume of [''C]PBR28 or
['®F]Flutemetamol PET separately, no correlation was found with any
neuropsychological tests. Once again, the finding reiterated the fact that rather than
investigation on a single pathology, the evaluation of the interactive pathologies for
individual patient could be critical in interpreting the cognitive performance.

The total volume of ROI-Corr (amyloid and reactive microglia) in MCI patients at
baseline was positively correlated with the annual worsening rate of Trail B test

(R=0.511, p<0.013). On the contrary, the annual decline rate of immediate recall
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performance of Hopkins Verbal Learning test in MCI patients was found inversely
correlated with the ROI-Corr in the temporal (R=0.45, p<0.031) and occipital lobe (R=
-0.44, p<0.036). Additionally, the total volume of amyloid deposition in AD subjects
was associated with longitudinal decline rate of the Wechsler Logical Memory (R=0.83,
p<0.041) and verbal fluency (R=0.84, p<0.035). In the current study, AD subjects
demonstrated an inverse correlation between the total volume of interacted amyloid and
activated microglia, and the MMSE score, suggesting the spreading of interaction
between amyloid and inflammation in AD patients resulted in AD-related cognitive
deficits. In particular, the volume of interactive pathologies occurred in frontal lobe and

parietal lobe showed stronger connection to the cognitive function impairment.

3.2.4 ICM revealed correlation patterns in microglial activation with tau and

amyloid in AD

Benefit from a group of 9 AD individuals who had scans with all three different tracers,
further investigation on their correlation pattern in microglial activation with both tau
and amyloid was evaluated in those AD brain. In order to better visualize the pattern of
the individual correlation maps, I used a displaying technique, called 3-D intensity T-
map, which I firstly introduced and published in 2015 in Brain (Fan et al., 2015b). The
idea behind the intensity T-maps is similar to the SPM render image, where superposed
a summed image (slices on different orientation) as a surface plots in a three-dimension.
The colour map represents the ICM correlation intensity of R-square on the
corresponding cluster in the brain. Compared to the spatial demonstration of the ICM
(e.g. Figure VI-9), the intensity T-maps provides a clear visualization of the distribution

of significantly correlated clusters in each patient (Figure VI-10).
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Figure VI-10. ICM plot shows the correlation pattern between tau and
microglial activation (upper panel) and correlation pattern between
amyloid and microglial activation (lower panel) in four AD subjects.

The viewing angle for the intensity T-maps were exhibited at horizontal rotation
and vertical elevation at [-90, 90].

Microglial activation in AD subjects who had relatively higher correlation with tau
plaques comparing to MCI patients, also demonstrated a higher association with
amyloid in the similar brain regions, suggesting neuroinflammation may contribute in
linking between tau pathology and amyloid deposition (Boon ef al., n.d.; Hoozemans
etal.,2011; Heneka et al., 2015). The interaction between tau and reactive microglia in
AD patients revealed a clear pattern of elevation that dominantly distributed in
temporal, parietal lobe, and further spread into the frontal lobe in some individuals. The
ICM correlation supported previous human studies which demonstrated that microglial
activation was found paralleled with tau distribution, and was associated closely with
the Braak’s stage of tau pathology (Hoozemans et al., 2011; Sheffield, Marquis &
Berman, 2000), such as temporal lobe where tau based NFT was significant
accumulated (Braak & Braak, 1991). Consistent with the preclinical studies, microglial
activation was found associated with the aggregation of tau in the brain (Maphis et al.,
2015; Lee et al., 2010a). Interestingly, the TSPO (microglial activation) in occipital
cortex was weakly correlated with tau and amyloid. This is supported by a TSPO
population study for pseudo reference region, which suggested occipital cortex may be
free of pathological binding of activated microglia (Albrecht ef al., 2018).

Interestingly, the correlation between neuroinflammation and amyloid deposition in AD
individuals was less robust than their correlation with tau (Figure VI-10). Longitudinal

studies demonstrated that tau based NFT and neuroinflammation were found
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progressing linearly throughout the AD disease courses, on the contrary, amyloid
deposition quickly reached a plateau phase shortly after the symptom onset (Jack et al.,
2018b; Seppild et al., 2011; Fan et al., 2015b). Additionally, post-mortem study
demonstrated glial response was found positively related with tau tangles, but not
associated with amyloid load (Serrano-Pozo et al., 2011). These findings suggested that
neuroinflammation may interact more closely with tau plaques, which leads to further

synaptic loss and cognitive impairment.

3.2.5 ICM signal validation

Last but not least, the individual correlation mapping has conducted a powerful voxel-
basis correlation at individual level, it is therefore necessary to ensure that those
correlations which detected by ICM were not arising from random null data of negative
individuals. For instance, noise/null signal observed in a healthy control or negative
patient. In order to address the reliability of ICM correlation and validate those
correlations were not false positives, individuals who revealed more than 10% brain
volume of correlation in ICM were analysed as a group for their positivity for each
tracer compared with healthy control.

[18F]Flutemetamol [18F]1451 [11C]PBR28 HAB [11C]PBR28 MAB

G

.
>
3 I
o e

Figure VI-11. SPM group analysis for ICM positive subjects.

[18F[Flutemetamol for amyloid deposition (threshold at p<0.005 and 200 voxels),
[18FJAV1451 for tau plaques (threshold at p<0.005 and 200 voxels), [11C[PBR28
HARB and [71CJPBR28 MARB for microglial activation (threshold at p<0.05 and 50
voxels).

In this case, six patients (SAD and 1 MCI) who revealed correlation between tau and
microglial activation (

Table VI-1) and six patients (3AD and 3MCI) who showed correlation between amyloid
and microglial activation (

Table VI-2) were investigated. Group SPM analysis between ICM positive patients and
healthy controls were performed for ['®F]AV1451 for tau plaques, ['*F]Flutemetamol
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for amyloid deposition, [''C]JPBR28 HAB and [!!C]PBR28 MAB for microglial
activation. As expected, all four groups demonstrated group-level significant higher
tracer uptake in amyloid deposition, tau plaques, and microglial activation at voxel-
level compared with healthy controls, therefore ICM positive patients were proved to
be positive in binding of all tracers compared with healthy controls (Figure VI-11),
suggesting the ICM correlation were not arising from ‘random noise’ in tracer negative

individuals.

[11C]PBR28 [18F]AV1451 ICM images

Figure VI-12. Spatial pattern between individual correlation maps (ICM) and
individual SPM-T maps which showed the distribution of [11C]PBR28 and
[18F]AV1451. Two AD subjects (15t and 2 panel) and one MCI subject (3rd
panel) were presented.

To further extend the strength of the validation, the spatial pattern derived from the
individual correlation map (ICM) between [!!C]JPBR28 and [!®F]AV1451 was
compared to their individual distribution of each tracers in AD and MCI subjects. As
demonstrated in Figure VI-12, in the two AD subjects, the correlation between tau and
microglial activation was observed predominately in the frontal, temporal and parietal

lobes, which was consistent with the distribution that revealed in the [''C]PBR28 and
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['®F]AV1451 PET. As [''C]PBR28 and ['®F]AV 1451 PET demonstrated less uptake in
the MCI subject, ICM image also localized a smaller volume of ROI-Corr, which was
closely related to the regional distribution of individual microglial activation and tau
deposition. The ICM positive patients were not only found to be positive in all three
biomarkers, but also demonstrated a similar regional distribution of ROI-Corr on
individual basis, indicating that correlation which produced by ICM analysis are
reliable. Interestingly, the volume of individual ROI-Corr was smaller than the volume
of anatomical co-localization of two biomarkers, suggesting, ICM is able to reveal the
actual correlation and interaction between different biomarkers rather than regional co-

localization.

3.3. Possible Use of ICM

Individual Correlation Map provides a novel tool to assess the pathological interaction
on an individual basis, and enables a powerful voxel-level approach in detecting the
influence of specific pathological interactions in the brain on individuals’ cognitive and
behaviour status. Regarding the potential false positive correlation, rather than using
the raw PET as input, [ applied the t-scored maps to demonstrate the significant changes
relative to the healthy controls. Different mathematical correction was implanted, such
as Bonferroni correction to correct for multiple comparisons. Additionally, the
correlation maps were supported by the biomarker distribution, suggesting the ICM is
not arising from random noise. Lastly, the individual correlation pattern of three
biomarkers showed consistency with the pathological findings in AD patients. Although
the improvement work is continuing, the voxel-wise ICM framework shows potential
to assess the complex interaction between neuropathological substrates in
neurodegenerative disease, and allows the scientists and doctors to evaluate a specific
pathological condition in each patient (Latta, Brothers & Wilcock, 2015). ICM has the
potential to be used in clinical diagnostic work and provides compensational

pathological results.
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VI-4. TECHNIQUE IIIl. AUTOMATED SPATIAL
TRANSFORMATION QC

4.1. Principle of Automated Spatial Transformation QC

Finally, I present an automated spatial transformation quality control approach for
imaging analysis. This approach is designed to auto-detect the possible failure of spatial
transformation and provide statistics to users. Due to the high cost of the image
acquisition, data sharing has become popular in imaging research field. Subsequently,
open sources of ADNI (http://adni.loni.usc.edu/), AIBL (http://adni.loni.usc.edu/) and
DIAN (https://dian.wustl.edu/) database were established. The massive number of

collective images data gathered from all over the world has led to a new era of imaging
research, where researchers are able to make more convincing statistical arguments
benefiting from a large database. However, due to the massive amount of data, it almost
made it impossible for manually checking the quality of spatial transformation.
Therefore, automated QC of imaging analysis is necessary to be developed which
assists researchers and maintains the data integrity. In this section, I present the
automated spatial transformation QC technique that I developed to help scientists who
need to conduct imaging analysis with a big dataset.

Spatial transformation is a fundamental part of imaging analysis, which enables the
coregistration, normalization and atlas fitting. Spatial transformation between 3D
images requires a significant amount of mathematical calculations and interpolation

methods. Fortunately, software such as SPM (http://www.fil.ion.ucl.ac.uk/spm/), FSL

(https://www.fmrib.ox.ac.uk/fsl), FreeSurfer (https://surfer.nmr.mgh.harvard.edu/) and

PMOD (http://www.pmod.com) are capable to handle most complicated calculations

(Dale, Fischl & Sereno, 1999; Friston, 2007; Woolrich et al., 2009). However, failures

of image spatial transformation are often encountered due to manual or system errors.

Automated Spatial Transformation QC application is based on a 3D spatial overlapping
percentage estimation system at voxel level. Firstly, for the reference image and
coregistered image, two independent binary thresholds are estimated using the image
2-D binary function, a build-in function in the MATLAB image analysis toolbox. The
binary function uses the global threshold at 2-D level, the binary function is therefore
applied slice by slice to create the binary images. The summed original images (all

slices) are shown next to their binary version for user to QC the binary procedure. After
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binary images are generated for all subjects, subsequently the overlapping three-
dimensional image is created to present the region of overlapping, region of reference
image and region of coregistered image. After that, the overlapping percentage is
calculated using the volume of overlapping region divided by the volume of the total
three regions in each brain slice.

For each subject, the overlapping percentage is calculated slice by slice and produces a
result table in an excel sheet. In the MRI, it has shown that the slice outside the brain
tissue (e.g. bone) may provide highly variated estimation. In order to minimize the
manual effort in the QC process, in the current investigation, 30 pairs of well-
reregistered images and 30 pairs of non-registered images were used to evaluate a
standard final measurement to differentiate the quality of spatial transformation with
the minimal variation. The overlapping percentage for each image slice was reported
and the middle slice of overlapping figure was generated for further visualization

assessment.

4.2. Clinical application of Auto Spatial Transformation QC

In this clinical application, image data were collected from the ADNI website

(http://adni.loni.usc.edu/). A total of 351 subjects who had AV45 PET and

corresponding T1 MRI were randomly selected from year 2016 to 2018. The PET
images were coregistered into MRI space using SPM12 with 7" Degree B-Spline
Interpolation, which applies the most neighbour values when conducting the spatial
transformation (CHAPTER 11.3.2). All procedures were done in MATLAB 2017.

After performing the automated spatial transformation QC application in MATLAB
2017, an overlapping image and QC statistical report were generated for each subject.
In this QC application, three major tests were compared between reference image
(MRI) and spatial transformed image (i.e. PET co-registration): 1) Comparison of
spatial dimensions, 2) Comparison of image origin and voxel size (accurate to four
decimal points), 3) overlapping 3D image is created for each QC and 4) finally a
statistical report of overlapping percentage on multiple slices are generated for further

evaluation.
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Automated Spatial transformation QC
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Figure VI-13. Automated Spatial transformation QC results summary.

On the left, the percentage pie chart has demonstrated an overall performance of
the spatial transformation QC. On the right hand, one illustration of each category
(90-100%, 80-90%, 70-80% and <70%) has been shown. The yellow colour
encoded area where the reference image and co-registered image overlaid; the
blue colour represented the reference image, and red colour represented co-
registered image.

As a result, five subjects failed in dimension tests suggesting the process need to be
repeated for those subjects. Based on the QC overlapping report, 90% subjects (n=316)
showed more than 80% overlapping percentage between reference images and co-
reregistered images, suggesting a successful spatial transformation. After manually
reviewed the 316 images with over 80% overlapping, all subjects were reregistered
correctly, suggesting a high accuracy with a low false positive rate in this subgroup. For
25 subjects (7%) who demonstrated an overlapping QC estimation between 70-80%,
after manually inspections, 16/25 subjects failed the spatial transformation and the
process need to be rerun. In this subgroup, the false positive rate become 64%,
suggesting more than half of those images with 70-80% overlay requires reran or
investigation. Lastly, 10 subjects demonstrated less than 70% in overlapping QC
estimation indicating a failure of spatial transformation. As a result, the original MRIs

of those 10 subjects that were not in a good quality, such as high noise or dimensional
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distorted. In summary, when overlapping estimation exceeds 80%, the spatial
transformation can be regarded as successful; when overlapping estimation falls
between 70-80%, further manually visual inspection is required; lastly, if overlapping
estimation falls below 70%, rerun of such subjects are highly recommended as the
spatial transformation may well be failed. In this small clinical application, we observed
a reasonably high successful rate (90%) in spatial transformation, however it also
demonstrates the importance of having a QC step in place on each image spatial
transformation process. The automated spatial QC application I developed provides a
simple and effective framework to help researchers and clinicians to guard the data

integrity. (Figure VI-13)

4.3. Possible Usage of Auto Spatial Transformation QC

Quality control in imaging analysis is essential, especially for spatial transformation
which ensures the basic level of data integrity and quality of imaging sampling. This
automated QC provides an automatic system which quickly detects images that are not
transformed correctly. Compared to other existing QC methods, the presented auto
Spatial Transformation QC method is independent of the resolution of input images
(Alfaro-Almagro et al., 2018), and do not require prior machine learning (Li & Fan,
2018). According to the clinical application, subjects which receive more than 80% in
the 3-dimentional overlapping test can be classified as successful; any subjects which
have overlapping results ranged around 70% to 80% are suggested to perform further
visual assessment; while subjects which have overlapping scores below 70% are
classified as failed co-registration. The automated spatial transformation QC is an
independent tool which can be easily incorporated into any analysis pipeline, especially
for a large database to provide objective and effective statistical tests to assess the

performance of spatial transformation at voxel-level.
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CHAPTER VII. SUMMARY AND CONCLUSIONS

VII-1. SUMMARY OF THIS WORK

1.1. GLIAL ACTIVATION IN PET

Positron Emission Tomography, a nuclear medicine neuroimaging technology, provides
in vivo absolute quantification of the concentration and distribution of the radioligands,
which are designed for specific biological target using a natural molecule labelled with
positron emitters (e.g. 18F, 11C and 150). AD is a neurodegenerative disease and
accounts for 50-60% of the cause of dementia (Alzheimer & Association, 2018).
Emerging evidence from immune genetic studies have suggested that there is a strong
connection between the immunological mechanism and the AD pathogenesis; therefore,
numerous disease-modifying therapies have increasing interests in targeting
neuroinflammation in the pathogenesis of AD. Due to the complexity of inflammatory
mechanisms and incomplete understanding of pathophysiology in brains, quantifying
the clinical neuroinflammation in vivo is vital for pathogenesis studies and anti-
inflammatory drug developments for AD. Hence there is an urgent need to develop
novel PET tracers for glial activation and evaluate methods for quantifying the
pharmacological meaningful signals.

In this work, I have evaluated the novel TSPO tracer ['*F]GE180 (CHAPTER III) and
[''C]PBR28 (CHAPTER 1V) for regional distribution of microglial activation in AD
and MCI patients; and novel [2BS tracer (CHAPTER V) for astrocyte activation. As a
result, IRF parametric maps generated by spectral analysis of all three glial activation
tracers have shown a good consistency with Vr derived from the kinetic compartmental
modelling, and demonstrated a high sensitivity in differentiating the glial activation
changes in AD patients from the age-matched controls. Thus spectral analysis using
basis function appears to be able to reliably quantify TSPO and I:BS signals for glial
activation, and provides parametric maps for statistical comparison between image
cohorts at voxel-level. In general, higher glial activation of microglia and astrocyte were
observed in both AD and MCI patients compared with age-matched healthy controls,
especially for those who had amyloid deposition, suggesting sustained exposure of

amyloid deposition in disease brain may play a role in elevating the glial activation. To
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note, ['*F]JGE180 demonstrated a disproportional high plasma binding and low brain
uptake in human brain, suggesting possible difficulty in ['*F]GE180’s penetration
ability to cross the BBB. In my opinion, the utilization of ['*F]GE180 tracer for
microglial activation remains inclusive until the histologic validation of blood-brain
barrier integrity was performed in parallel with the ['*F]GE180 PET. Although higher
['®F]GE180 signals were observed in AD patients compared with healthy controls, the
evaluation of BBB integrity is necessary to support and validate the hypothesis that
higher signals observed in patients’ brain are more pharmacologically meaningful rather
than a reflection of BBB leakage in AD patients’ brain. Additionally, due to the high
level of TSPO binding presented in the blood vessel, as part of my PhD, I designed a
vascular extraction procedure for TSPO tracers by eroding the peripheral area of the
brain atlas to reduce the high signal disperse from the blood vessels and bones. This is
suggested to be included in future analysis for novel TSPO tracer quantification based

on the nature of TSPO tracer.

1.2. IMAGING BIOMARKER CORRELATION

In my opinion, there are several challenges in the AD research: 1) the diverse clinical
presentation in dementia population, 2) the multifactorial nature of dementia and 3) the
complexity of clinical staging along with genetic and environmental factors. Benefiting
from the fast development in PET molecular imaging, it allows investigation on
multiple pathological imaging biomarkers in vivo and offers the opportunity to fill the
gaps in the understanding of pathogenesis in AD. Hence multiple imaging biomarkers’
interaction in each patient’s brain could be an interesting exploratory target to extend
our knowledge on the disease progression.

In CHAPTER V, a voxel-level positive correlation was observed between astrocyte
reactivity and amyloid, which again supports the close association between glial
activation and amyloid in disease brain. However, similar to amyloid (BRAAK &
BRAAK, 1991), level of astrocyte reactivity appears to be not associated with the
cognition, suggesting astrocytes may influence the cognitive function differently during
the course of AD development. The hypothesis of functionality shifting in reactive
astrocytes in AD was further supported by the observation of different regional-specific

correlations that were revealed between astrocyte reactivity and glucose metabolism at
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voxel-level, which may be due to the level of local insults (e.g. amyloid burden and
synapse loss).

In CHAPTER VI, two novel imaging strategies 1) the VOI Prediction Tool (biomarker
co-localization) and 2) Individual Correlation Mapping (biomarker correlation) were
developed to assess biomarker interactions in individual AD and MCI patient. In the
clinical application (15SMCI and 3AD) of VPT, I found the co-localized VOIs that
derived from individuals’ microglial activation, tauopathy and amyloid deposition were
correlated closely with individuals’ annual cognitive decline rate (R?=85.9%,
p=0.00011). This positive correlation suggested that a higher level of co-localization of
imaging biomarkers (microglial activation, amyloid and tau) may result in a higher
chance of cognitive decline. Individual Correlation Mapping focused on the statistically
meaningful correlation between biomarkers, thus providing a quantitative measurement
of biomarker correlation at voxel-level. Two separate clinical applications were applied
for the ICM method, the in vivo correlation between microglial activation and tauopathy
(12 AD and 22 MCI), as well as correlation between microglial activation and amyloid
deposition (14 AD and 35 MCI). As a result, the volume of ICM estimated in both
clinical applications showed a good sensitivity in differentiating the AD patients from
the MCI patients, suggesting the individual ICM correlation (microglial activation vs.
tauopathy or amyloid) could be a potential surrogate maker for disease staging.
Moreover, the severity of clinical performance was found associated with the higher
level of correlated volumes. In summary, the novel imaging techniques provide a new
way to evaluate the influence of biomarker interaction in neurodegenerative disease.
The clinical applications of correlation between glial activation (e.g. microglial and
astrocyte activation) and other AD pathologies (e.g. amyloid, tau and glucose
metabolism) have illustrated the critical role of pathological interactions on individual

cognitive performance.

VII-2. LIMITATIONS AND FUTURE DIRECTION

In this work, the highly heterogeneous TSPO binding between subjects were observed.
This variation is shared among most TSPO PET tracers in AD studies, which may be
due to the nature of TSPO brain distribution or the divergent presentation of
neuroinflammation in AD brain, suggesting larger subject cohort or more specific CNS

inflammation disease should be evaluated to address the utilization of novel TSPO
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tracers. Given the difficulty of ['F]GE180 brain penetration in human, it is therefore
suggested to perform a histologic analysis for the blood-brain barrier integrity in future
analysis for the ["*F]GE180 ligand to rule out possibility of BBB leakage. Like most
2™ generation TSPO tracers, [!'C]PBR28 was found significantly influenced by the
TSPO binding affinity (Owen et al., 2011b). This limitation causes 15% of the
population that have LAB are not available for scanning, hence for the future
development of novel TSPO tracers, one should always consider the genetic influences
and try to develop a TSPO tracer which is independent of genetic influences (e.g.
[''C](R)PK11195). Moreover, both microglial and astroglial activation appear to be
highly associated with amyloid deposition; therefore, future imaging analysis for glial
activation in AD is suggested to include amyloid imaging. Rather than depending on
the diverse clinical presentation in dementia population, amyloid imaging provides
additional biological-based results to better interpret the changes of glial activation in
AD patients.

The novel methods developed for evaluation of biomarker correlation has provided a
powerful voxel-basis correlation for individual patient. While statistical corrections and
signal validation analysis were presented, it is still necessary to involve larger study
cohort to ensure the relevance of those clinical findings. Future applications should be
designed to verify those interactions located by the novel techniques are truly biological
linked. Therefore, testing the methods in animal model and verifying the biological
findings would be useful. Additionally, it would be interesting to test the method by

correlating biomarkers which are biologically unrelated.

VII-3. CONLCUSION

There is an unmet need for brain glial activation measurements in human brain. In this
thesis, three independent studies were conducted to explore the optimal PET methods
and potential use of novel TSPO PET ligands (['*F]GE180 and [''C]PBR28) and novel
I2BS ligand ([''C]BU99008), for assessing glial activation in the trajectory of
neurodegenerative diseases. Apart from [!!CJPBR28 which showed slightly higher
preference to the vascular model, two-tissue compartmental model works the best with
most glial activation PET tracers. Furthermore, spectral analysis has been proved to be

a good candidate for generating reliable parametric maps for glial activation tracers.
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Clinically, elevation of glial activation was observed in patients with neurodegenerative
disease compared to age-matched controls using all three PET tracers, which is in line
with concepts shown in previous reports that neuroinflammation is a common
phenomenon and plays a critical role in neurodegenerative disease. Interestingly, I
found patients who had higher amyloid burden have demonstrated a higher level of
microglial and astroglial activation, indicating a close relationship between microglial
cells and the amyloid deposition. However, results should be further evaluated with
histologic validation and other CSF inflammation disease conditions to confirm that
those are truly biological meaningful elevations. Additionally, with the enormous effort
spending on PET tracer development for neuroinflammation, such as ['F]DPA714,
['®F]FUIIS1009B, and ['*F]PBRO6 (Tang ef al., 2012, 2017; Wimberley et al., 2018;
Simmons ef al., 2018), I consider that the search for the optimal glial tracer in human
remains inconclusive.

In the past, imaging biomarker correlation analysis in vivo has been highly limited due
to the high cost of the image acquisition. However, due to the urgent need to find a cure
for the devastating disease, data sharing from all over the world has become popular
and led to a new era of imaging research (e.g. ADNI, AIBL, and DIAN). Therefore, 1
believe developing techniques for in vivo imaging biomarker interaction and quality
control may contribute not only in neurodegenerative disease field, but also to provide
tools for in vivo imaging research in general. In this work, I have developed new
imaging techniques (e.g. VOI Prediction Tool and Individual Correlation Mapping) to
reveal the biomarker interaction (e.g. glial activation and tauopathy) at voxel level in
individual patient, and demonstrated a good association between the level of
pathological interaction and the severity of the cognitive deficiency. In my opinion,
given the diverse clinical presentation in dementia population, the novel correlation
methods have a great potential in providing future individualized patient management,
by assessing the specific pathological interaction in each patient and developing more

effective individual-based treatment.
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Appendix 2. Recruitment Criteria.

Inclusion criteria were a diagnosis of AD defined by DSM-IV or NIA-AA criteria, or
healthy control subjects, age range 55-85, ability to give informed consent, at least
eight years of education, MMSE of 17-26 for AD, and normal cognition for the age-
matched healthy controls. MCI were diagnosis based on the Petersen criteria (2004).
Exclusion criteria were Depression, any significant disease or unstable medical
condition that could influence neuro-psychological testing, Participants in whom
magnetic resonance image (MRI) is contraindicated, History of schizophrenia,
schizoaffective disorder, bipolar disorder or any history of ECT, Subjects with
significant lesions or white matter microvascular disease on MRI will be excluded,
Pregnant and breast-feeding women — all women who could potentially be pregnant
will have a pregnancy test. TSPO low affinity binders were excluded. (Clinical team

provided)

Appendix 3. Recruitment Criteria.

Subjects who meet the National Institute on Aging-Alzheimer’s Association (NIA-AA)
core clinical criteria for probable Alzheimer's disease dementia or meeting the NIA-AA
criteria for MCI due to AD. Clinical Dementia Rating (CDR) score of 0.5 or 1.0 and
memory box score of 0.5 or greater. Age 50 or above. Mini Mental State Examination
(MMSE) score >17/30. Females must not be pregnant or lactating, and specified
contraceptive precautions must be followed. Subjects on symptomatic (cholinesterase
inhibitor or memantine) therapy for AD must be on a stable dose for at least 6 weeks
prior to the baseline evaluation. Subjects must have partners/caregivers able to monitor
for, and report, any adverse events to the study team throughout the course of study

Subjects must be able to provide and confirm informed consent. After obtaining the
consent, all subjects underwent medical, neurological and detailed cognitive
assessment, using the Repeatable Battery for the Assessment of Neuropsychological
Status (RBANS). Subject presenting with memory concern or impairment but without
diagnosis will undergo the screening, in view of the potential diagnosis of MCI due to
AD. If subjects have not had MRI as diagnostic work up, the MRI scan will be used to

make the decision about the diagnosis.
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