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—ABSTRACT—
Network Failure, Atrophy, and Tau Pathology in Aphasic Alzheimer Disease

Adam Christopher Martersteck

Brain network organization, the emergence of cognition, and the accumulation of
neurodegenerative pathology are interwoven concepts frequently studied under the umbrella of
behavioral neurology, neuropsychiatry, neuropsychology, and neuropathology. One approach to
studying the organization of cognitive processes is to study individuals with selective deficits. To
understand how a system fails and deficits arise, it is critical to understand it's structural and
physiologic underpinnings. To study the origin and spread of disease, understanding the routes
of functional and structural communication between the brain is essential. The two studies
presented in this dissertation are based on such a model. Using neuroimaging in human
participants, we studied differences in functional networks, atrophy, cognition, and accumulated
AD pathologic burden.

Study 1 examined differences between phenotypes of Alzheimer disease (AD) using
network measure from resting state fMRI. Our models for studying differences in brain network
integrity were, (1) participants with amnestic dementia, with primary deficits in episodic memory,
and (2) participants with primary progressive aphasia (PPA), characterized by the loss of
language. Both patient groups showed biomarkers consistent with or had autopsy proven AD
neuropathology.

We tested the hypothesis that although both groups had the same cellular neuropathology,
characterized by an abnormal aggregation of amyloid-f3 and hyperphosphorylated tau, they would
show differential network disruption, which is more closely aligned with their clinical phenotype.
Namely, the amnestic dementia group would have deficits in an large-scale network for episodic

memory, while the PPA group would have deficits in a left-lateralized language network.
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Furthermore, we hypothesized that both dementia syndromes would have lower network

connectivity of a different large-scale network, the default mode network (DMN), which has
previously been shown to be vulnerable across a wide range of disconnection syndromes and
may not be specific for a single clinical disorder. Consistent with our hypotheses, we found (1)
the PPA group had less functional connectivity of the language network compared to amnestic
dementia group, (2) amnestic dementia participants had less connectivity of the episodic memory
network, and (3) both syndromes showed reduce connectivity within the DMN.

Study 2 focused exclusively on PPA with suspected underlying AD to study the
relationship between cognition, structural atrophy, and AD tau pathologic burden measured by
positron emission tomography. We tested our hypotheses with a measure of object-naming, which
we hypothesized would show a more focal relationship with atrophy and more widespread
relationship among connected networks for tau pathology. But in examining or predicting the
future decline in naming, that tau pathology would be the leading indicator. Furthermore, we
hypothesized that tau and atrophy would have a strong association throughout the brain.
Consistent with prior observations from our lab and others, naming was associated with the left-
lateralized language network tau and atrophy. The significant relationship between tau and
naming showed a more widespread pattern than the association between naming and atrophy.
Consistent with network models of naming, left anterior temporal lobe tau burden was the only
predictor of future decline. We found a strong overlap with tau and atrophy, which was enhanced
once we accounted for age.

Overall, these studies used cutting edge methodology and materials in a unique patient
population to test hypotheses related to large-scale networks, cognition, and accumulating AD
pathology. Results from the studies have implications for the selective vulnerability of networks,
the spatial distribution of clinicopathologic correlations, and relationships between tau pathology

and neurodegeneration, further clarifying the neurobiology of neurodegenerative syndromes.
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—GENERAL INTRODUCTION—

Alzheimer disease (AD) was first described in 1906 by a German psychiatrist and
neuropathologist named Alois Alzheimer (Alzheimer, 1906). He had followed the 5-year
progression of a woman who presented with rapid memory loss, disorientation, and paranoia, but
preserved motor coordination and reflexes. At autopsy, the 56-year old woman had general
cortical atrophy. Using the newly developed Bielschowsky silver stain, Alzheimer noted tangles
of neurofibrils in ~30% of all the cells examined. He further reported the millet seed-like deposition
of a peculiar substance throughout the cortex. These two observations would go on to form the
basis for the pathological diagnosis of AD: the presence of neurofibrillary tangles (NFTs) and
amyloid-B (AB) plaques. Alzheimer's and his contemporaries had initially defined it as a
clinicopathologic entity, the NFTs and AR plaques caused a rare syndrome called presenile
dementia that occurred before old age (Kraepelin, 1910). It would be several decades before
research transformed our understanding of AD by finding a strong correlation between senile
dementia and AD pathology in elderly nursing home patients (Blessed, et al., 1968).

A consensus was reached for the clinical diagnosis of AD in 1984 (McKhann, et al., 1984).
It was again defined as a joint clinicopathologic entity, diagnosed in life as “possible AD” or
“‘probable AD”, then confirmed as “definite AD” at autopsy. As a consequence, the term AD is
frequently used to describe two separate but related entitles: (1) AD neuropathologic change
(ADNC), the presence of NFTs and AB plaques made at autopsy (Hyman, et al., 2012; Montine,
et al., 2012a); (2) the clinical syndrome, usually amnestic, suspected to be caused by ADNC.
Although the diagnostic criteria have been updated (McKhann, et al., 2011), the shared
nomenclature and blurring between pathologic entity and clinical syndrome continues to cause
confusion and disagreements about usage of the term AD (Jagust, et al., 2019; Jack, 2020).

Throughout this dissertation, | will use the term AD to refer strictly to the underlying
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neuropathologic change and the term dementia of the Alzheimer type (DAT) to refer to the clinical

syndrome.

Since the original formulation of the AD clinical and pathologic diagnoses, several
“atypical” variants of AD have been described, including primary progressive aphasia (PPA)
(Mesulam, 1982; 2003), posterior cortical atrophy (PCA) (Benson, et al., 1988; Hof, et al., 1989;
Hof, et al., 1993; Crutch, et al., 2017), and a primarily behavioral/executive frontal-type AD
(Johnson, et al., 1999; Ossenkoppele, et al., 2015b). Atypical because the primary domain of
cognition most affected is non-memory but the causative underlying pathology is the same
hallmark NFTs and A plaques. The atrophy and Braak NFT staging patterns (Braak, etal., 1993;
Braak and Del Tredici, 2011; Braak, et al., 2011) violate the “typical AD” pattern of entorhinal-
first and instead follow a clinically concordant pattern with higher densities of NFTs found in frontal
regions (frontal AD), left hemisphere language regions (PPA), or posterior visuospatial regions
(PCA) (Murray, et al., 2011; Gefen, et al., 2012; Mesulam, et al., 2014; Ossenkoppele, et al.,
2015a; Ohm, et al., 2020).

PPA is a progressive dementia syndrome characterized by the primary dissolution of
language while memory and other cognitive functions remain initially preserved (Mesulam, 1982;
2003). The most common neuropathologic correlates are AD (~40%) or a form of frontotemporal
lobar degeneration (FTLD; ~60%), with either abnormally phosphorylated tau (FTLD-tau) or TAR
DNA binding protein 43 kDa (FTLD-TDP43) type pathology (Mesulam, et al., 2014). PPA with
underlying AD pathology (PPA-AD) is the aphasic variant of AD (Rogalski, et al., 2016). Several
clinical variants of PPA are described that subtype patients by the specific subdomains of
language most affected (Mesulam, et al., 2009; Gorno-Tempini, et al., 2011). The three
recognized research subtypes of PPA are logopenic (PPA-L), agrammatic (PPA-G), and semantic
(PPA-S). While there are strong relationships between spatially localized cortical atrophy and

specific language deficits (Rogalski, et al., 2011a; Mesulam, et al., 2015; Mesulam, et al., 2019)
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or subtypes (Rohrer, et al., 2009; Rogalski, et al., 2011b; Ridgway, et al., 2012), the

relationship is probabilistic between subtypes and underlying pathology (Mesulam, et al., 2014).

Neuroimaging modalities have been used in the field of neurology since the their inception.
Medical imaging has frequently been used for the exclusion of other causative factors to explain
the loss of cognition (e.g. infarcts or lesions). More recently, in vivo imaging is being used
alongside neuropsychological tests to assess a patient’s brain integrity or probable pathology as
outcome measures in clinical trials (Sperling, et al., 2014). For observational and interventional
research, the recent National Institute on Aging and Alzheimer’s Association (NIA-AA) criteria
have further complicated the diagnoses (for research) by suggesting that ADNC can be classified
during life, by operationalizing CSF and/or imaging biomarkers of amyloid and tau (Jack, et al.,
2018). The amyloid, tau, and neurodegeneration A/T/(N) staging scheme seeks to create a
biomarker-based definition of AD. Like previous classifications of AD, it has been met with
criticism and misunderstanding (Frisoni, et al., 2019; Jagust, et al., 2019; Sweeney, et al.,
2019; Jack, 2020).

Thresholds for what constitutes sufficient amyloid, tau, or neurodegeneration (A+/T+/N+
vs. A-/T-/IN-) are still being defined (Jack, et al., 2015; Jack, et al., 2016a; Jack, et al., 2016b).
Of the thresholds that have been established, amyloid PET thresholds have used short interval
imaging-to-autopsy correlations that include pathology from sporadic late-onset amnestic
dementia patients and elderly participants without cognitive decline (lkonomovic, et al., 2008;
Clark, et al., 2011; Clark, et al., 2012; Joshi, et al., 2012; Sabri, et al., 2015; Seo, et al., 2017).
They have found greater than 90% sensitivity and specificity in participants with in vivo amyloid
PET and subsequent post-mortem measured plaque burden (Klunk, et al., 2004; Barthel, et al.,
2011; Clark, et al., 2011; Irwin, et al., 2012). Measures of neurodegeneration have typically
come from large cohort studies examining CSF total tau, FDG PET hypometabolism, or MRI

structural atrophy patterns (Jack, et al., 2015; Jack, 2016). The biomarker for the NFT burden,
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the “T” in the A/T/(N) model, can be defined by CSF phospho-tau or by tau PET, the most recent

imaging biomarker to be added to the AD researchers repertoire. To date, tau PET thresholds are
beginning to be defined based on typical AD Braak NFT stages (Maass, et al., 2017). Atypical
forms of AD like PPA do not have alternate imaging biomarker definitions (i.e. sampled from
different regions of the brain) to match the differing spatial patterns of atrophy (Rogalski, et al.,
2011b; Rogalski, et al., 2014), NFT burden (Gefen, et al., 2012), and possibly amyloid
(Martersteck, et al., 2016) compared to typical AD.

Medical neuroimaging research has typically been used for two broad categories: (1) with
the goal of providing new information for the identification/treatment of neurologic syndromes or
underlying brain pathology or (2) comparing patient groups that deviate from normal to study the
neural correlates of behavior or understand the neurobiology of the brain during disease. This
dissertation is primarily focused on (2), with the hope that the research done here will be used to
develop tools for inclusion of under-represented phenotypes such as PPA-AD into clinical trials
or for the identification of markers that may predict individualized clinical progression.

The focus of this dissertation will be on exploring the relationship between functional brain
networks in PPA-AD compared to DAT (Experiment 1) and the multi-modal relationships between
atrophy, tau pathology, and cognition in PPA-AD (Experiment 2). Given the small sample sizes
available in studies of atypical dementia like PPA-AD, the research pays particular importance to
using the best available neuroimaging hardware, materials, and methods to increase statistical
power and our ability to detect differences.

The following sections provide a brief overview of history and the modalities that were

used to probe relationships in the brain and how they have been used in prior research in AD.
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Tomographic imaging

The three main tomographic imaging techniques, CT, MRI, and PET were all developed
in parallel in the late 1970s and early 1980s. Computed tomography (CT) scanners were first
designed and constructed by Godfrey Hounsfield in 1967, the first brain scan performed in 1971,
and full-body scanner built in 1975. By 1980, three million CT scans had been performed and
Hounsfield and Cormack had won a Nobel Prize. A CT scanner is made up of a patient table or
bed and a gantry that holds a ring with an X-ray tube, filter, and collimator on one end, and a
detector array on the opposite end. As the gantry spins, the X-ray tube cathode accelerates
electrons with a high voltage. The sudden deceleration as the electrons collide with the anode
generates X-rays. The X-ray beams pass through a layer of biological material and strike the
detectors on the opposite end. The amount that the X-ray is attenuated (i.e. photons are
absorbed) as it passes through material is in direct relation to the electron density of the tissue.
For example, bones absorb more photons than water or fat and thereby have different Hounsfield
units on the reconstructed CT. By taking measurements of the X-ray from many different angles
(i.e. slices) as the gantry rotates, we can add depth and a third dimension.

Edward Mills Purcell and Felix Bloch had first described Nuclear Magnetic Resonance
(NMR) in 1946. At the same time that Hounsfield was developing the first CT near London, UK,
Paul Lauterbur at Stony Brook University had discovered the possibility of creating a 2D image
by using varying magnetic gradients in a strong magnetic field (Lauterbur, 1973). Peter Mansfield
expanded on Lauterbur's work at the University of Nottingham. Mansfield realized we could
formulate spin physics in a Fourier ‘k-space’, replacing the projection reconstruction method with
frequency and phase encoding spatial gradients, allowing scans take seconds instead of hours.
Lauterbur and Mansfield would share the Nobel Prize in 2003 for their discoveries that led to MRI.

While NMR was being discovered and the first CT and MRI were being invented, several

teams of researchers from Massachusetts General Hospital (MGH), Brookhaven National Lab,
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and University of California Berkeley were laying the foundation for PET. They were trying to

localize brain tumors by using sodium iodide detectors to detect the coincidence events of 511-
keV photons produced during annihilation radiation [6, 7, 8]. The first 2D array, called a positron
camera, was developed in the early 1970s, and used photomultipliers to enhance the very weak
single photon signals [10]. Inspired by Hounsfield’s CT system, researchers from MGH and
Washington University in St. Louis, including Ter-Pogossian, Phelps, and Hoffman built the first
PET scanner, with a hexagonal array of scintillation detectors protected by shielding, for the
reconstruction of a tomographic image (Phelps, et al., 1975; Ter-Pogossian, et al., 1975).

PET leverages the above technology jointly with our ability to create radioactive tracers
that have specific molecular targets. We can then estimate and visualize physiology or pathology
that are indiscernible on CT or MRI. For example, the most popular PET ligand, '8F-
fluorodeoxyglucose (FDG), is a glucose analog taken up by high-glucose using cells throughout
the body. But because FDG has substituted the 2-hydrox| group necessary for glycolysis for the
radioactive fluorine-18, it cannot be metabolized by cells after uptake. We can then visualize the
amount of FDG that is taken up all over the brain based on the underlying physics of positron
annihilation. As the unstable radionuclide sits in the cell, it decays, interacting with an electron
and producing anti-parallel gamma rays that strike scintillation crystals on opposite sides of the
PET detector ring. Based on hundreds of thousands of annihilation events, recorded by the PET
scanner with picosecond resolution, we can reconstruct estimates of where in the brain FDG is
concentrated.

The development of radiotracers that bind pathology has been a major goal of medical
neuroimaging. Early PET studies mainly focused on basic brain human physiology. Studies
utilized oxygen-, carbon-, or fluorine-labelled PET tracers to examine regional blood flow (Ter-
Pogossian, et al., 1969), glucose utilization (Raichle, et al., 1975), cerebral blood volume

(Eichling, et al., 1975), or vascular permeability (Raichle, et al., 1976). FDG PET has been a
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mainstay of research and clinical use for oncology and neurodegenerative disease since the ‘80s.

But a major goal of PET imaging has been the ability to quantify pathology in vivo, such as the
hallmark proteins of AD, NFTs and AB plaques. In 2004, a major breakthrough was made when
a carbon-labelled tracer, Pittsburgh Compound B, was developed to quantify AR (Klunk, et al.,
2004). Unfortunately, creating a fluorine-labelled amyloid tracer would take several more years.
Around 2010, a slew of "®F-labelled amyloid tracers were developed in short succession, including
florbetapir (Choi, et al., 2009; Wong, et al., 2010), florbetaben (Villemagne, et al., 2011),
flutemetamol (Nelissen, et al., 2009; Vandenberghe, et al., 2010), and NAV4694 (Jureus, et
al., 2010; Rowe, et al., 2013). The first generation tau tracer, '®F T807, later called AV-1451, now
called flortaucipir, would follow shortly after (Chien, et al., 2013; Xia, et al., 2013). Second
generation tau tracers such as RO-948, MK-6240, THK-5351, THK-5317, PI-2620, APN-1607,
and PBB3 all still must undergo the critical validation steps the first generation tau and amyloid
tracers have gone through. This dissertation will focus on using the amyloid PET tracers
florbetapir and florbetaben to determine “amyloid positivity” among participants. The first

generation tau tracer flortaucipir will play a major role in Study 2.

Measuring brain atrophy in vivo

Alzheimer described his 56-year old patient as having ‘general cortical atrophy’ upon
examination of her brain. What he was referring to was a shrinking of the outer layer of the brain,
observable with the human eye. Cortical grey matter is everything from the neuropil, the dendrites
and unmyelinated axons, to glial cells, including astrocytes and oligodendrocytes, to the neural
cell bodies. It is made up of synapses from one cell to another and the capillaries that route blood
between arterioles and venules. Reductions in synapses or in dendric arborization, neuronal or

glia cell shrinkage or cell death all cause a reduction in grey matter. Technically, hydration will
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also influence the thickness of grey matter, but dehydration is not considered tissue loss or

atrophy.

We can measure the thickness or volume of grey matter with high-resolution structural CT
or MRI image. As opposed to functional imaging, described above, structural imaging typically
provides static anatomical information. Here, we will talk about the use of T+- and T.-weighted
MRI scans. These single 3D images have high signal-to-noise and high contrast, and are able to
differentiate between brain tissue compartments. Modern scans typically take between 4-10
minutes to acquire a whole brain volume at spatial resolutions between 0.7 mm?® to 1 mm?®. They
are highly sensitive to motion, as they are analogous to taking a single long exposure photograph.

The first studies examining AD with MRI found diagnostic value and neuropsychological
correlates (Seab, et al., 1988; Jack, et al., 1989; Press, et al., 1989; Kesslak, et al., 1991;
Scheltens, et al., 1992). Specifically, they found the contrast superior to CT and found
clinicoanatomic correlates between the hippocampus and surrounding structures with global and
memory-specific cognitive measures. Scans were typically ranked by radiologists as quantitative
scores between 0-4. Since the late ‘80s, computers have improved dramatically and now allow
algorithms to characterize the morphology of the brain. One of the first methods invented was
called the boundary shift integral (Freeborough and Fox, 1997) and it was first used for looking
at progression of atrophy in amnestic AD (Fox and Freeborough, 1997). It examined the
differences in grey matter boundaries based on how grey matter voxel intensities differed between
scans.

More than two decades of development later, the popular structural neuroimaging
software suites typically involve more than 25 different processing stages, beyond the scope of
this dissertation. The method used within this dissertation generates reconstructions of the inner
and outer surface of the brain. The inner surface, at the junction of white matter and grey matter,

is called the “white surface” and is analogous to where the growth rings of a tree meet the bark.
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The outer surface, at the junction of the where the outer grey matter meets the CSF/skull is

analogous to the outer part of the tree’s bark. Cortical thickness, and it's counterpart cortical

thinning or atrophy, is calculated as the distance between both the inner and outer surfaces.

Exploring large-scale brain networks

Mesulam said, “Networks provide the scaffolding for the computational architectures that
mediate cognitive functions” (Mesulam, 2009). Cognition does not exist at the level of proteins,
synapses, or cells. Cognitive neuroscience has struggled with a model for the neural substrates
of cognition since Wernicke, Lichtheim, Charcot, James, Jackson, and Freud in the late 1800s.
And in the 1950s and ‘60s by McCulloch, Pitts, Hebb, Lashley, and Geschwind. As technology
advanced in the ‘80s, analogies could start to be made between the brain and computer. One of
the most influential movements in modern cognitive neuroscience emerged when McClelland and
Rumelhart published Parallel Distributed Processing and asked, “What makes people smarter
than machines?” (Rumelhart and McClelland, 1986). Cognitive neuroscientists argued between
theories. One, a theory of a central executive that controlled the functional integration of
information through linear hierarchical processing, organized from the bottom up. The second,
organized as decentralized parallel processing with recurrent and recursive neural interactions
(Edelman, 1978; 1987), such as parallel streams of information for color or motion in visual
processing (Felleman and Van Essen, 1991).

Mesulam proposed that brain-behavior relationships were both localized and distributed
(Mesulam, 1990). That cognition arose from a ‘multifocal neural system’ instead of from local
regional processing. In Mesulam (1998), he expanded the theory by envisioning the brain as
arranged along a ‘core synaptic hierarchy’ that consisted of primary sensory, modality-selective,
heteromodal, paralimbic, and limbic zones. That downstream transmodal areas (the latter three

along the hierarchy) are nodes of convergence that act to integrate and bind modality-specific



16
upstream signals into multimodal representations. Instead of individual neurons coding complex

percepts, it is the relative firing frequencies within these downstream neurocognitive networks.
This graded signal allows for far more coded features with the same number of parts. He
emphasized that the cooperative processes of nodes are shaped by anatomical connectivity.
Thus, cognition arises as a collective property out of parallel distributed processing units
interconnected in complex configurations influenced by anatomical connectivity.

Definitions of what constitutes a network vary depending on scale. For example, local
networks of neurons may operate within a single cortical region, such as the linking of receptive
fields in visual cortex (Lehky and Sejnowski, 1988) or inter-laminar integration of cortical
minicolumns (Opris, et al., 2017). The network systems described herein are of the large-scale
hub-and-spoke variety and are spatially distributed throughout the brain. At the most basic level,
the large-scale networks can be partitioned into two divisions: upstream sensory and downstream
association. Mesulam (1990; 1998) gave evidence for five large-scale discrete systems: a
frontoparietal spatial attention network, a left hemisphere perisylvian temporal language network,
an explicit memory and motivation limbic network, an inferotemporal face and object recognition
network, and prefrontal executive function network. For further review, see (Mesulam, 2008).

Using neuroimaging is one way of studying brain networks. One popular modality is called
resting state functional MRI (fMRI). Due to the spatial limitations of neuroimaging (on the
millimeter scale), network solutions for the human brain typically involve between 50-1,000 nodes
and 5-20 distributed networks. An example partition would be the network solutions by Yeo and
colleagues (Yeo, et al., 2011). They partitioned the entire brain resting state fMRI into 1,175 4mm?
patches across the cortical surface and ran a clustering algorithm on 500 participants. They
examined confidence of the clustering solution in a hold-out validation group of 500 different
participants. They found the highest stability for discrete networks was 7, 10, 12, and 17 different

communities of networks. A separate group of researchers, part of the Human Connectome
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Project, found 360 cortical regions per brain best represented the functional connectivity and

structural topography of 210 healthy young adults (Glasser, et al., 2016). Iterative Louvain
clustering divided the 360 regions into 12 networks: orbito-affective, default mode, auditory,
frontoparietal, language, dorsal attention, cingulo-opercular, somatomotor, secondary visual,
primary visual, ventral and posterior multimodal (Ji, et al., 2019).

Functional MRI works by exploiting several key properties of physics and brain physiology.
Especially important for cognitive neuroscience and brain mapping, is the concept of neural
coupling. That hemodynamics throughout the brain are coupled to neural activity through
oxidative metabolism and energy demand. For a review see (Fox, 2012). Research using
simultaneous fluorodeoxyglucose (FDG) PET and fMRI has shown a strong association between
the local neural metabolism and the changes we observe with fMRI (Riedl, et al., 2014; Savio,
et al., 2017). We can observe these changes with MRI using a T>*-weighted contrast called the
blood oxygen level dependent (BOLD) signal. It leverages the fact that when hemoglobin
becomes deoxygenated it gains a paramagnetic charge (Pauling and Coryell, 1936). The
difference in local susceptibility between the blood vessel and surrounding tissue creates a
measurable distortion in the magnetic field. Based on the response rate of the local vascular
network, the time lag between neural activity, vasodilation, and increased blood flow all leads to
observable fMRI signals on the order of 10s of seconds (e.g. 0.01-0.001 Hz), first observed in
resting state studies in (Biswal, et al., 1995).

The name resting state fMRI (rs-fMRI) is a bit of a misnomer. Prior the advent of rs-fMRI,
researchers typically had a participant laying in the scanner instructed to perform an active task,
such as differentiating between an on-screen picture of a house or a face. While the same T>*-
weighted BOLD contrast is collected, the instructions changed from an outward task to asking the
participant to simply remain still, typically with their eyes open. But the participant continues to be

engaged in internally directed processes, such as recollecting past events or planning for future
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ones. The brain’s organization (i.e. clustering solution, as described above) does not change

dramatically during an externally directed task compared to “rest”. Electroencephalography (EEG)
patterns during resting states exhibit structured activity patterns that reflect ongoing mental
activity (Berger, 1931b; a). An analysis of participants with paired resting state and task-based
fMRI found the same network properties and amplitudes of signal irrespective of if the participant
was in the task state or resting state (Smith, et al., 2009). Therefore, it may be more appropriate
to call it “task free state” instead of “resting state”.

Networks of regions all over the brain continue to spontaneously oscillate, activating and
deactivating in synchrony, during the task free time in the scanner. Like playing a video of the 3D
brain volumes, we can analyze this synchronous neural activity over the course of a typical 5 to
15 minute scan to generate patterns of network activity. A statistic, functional connectivity,
describes the temporal coherence in the BOLD timeseries between two or more regions. After we
have calculated the paired node-to-node functional connectivity we can define a network. Simply,
a network is two or more regions wherein nodes show stronger functional connectivity (temporal
coherence) within a group than outside the group. Several different mathematical methods,
outside the scope of this work, are employed to determine the community structure of a network.
Early studies demonstrated that we could find and identify the type of large-scale spatially
distributed networks described by Mesulam in 1990 with rs-fMRI (De Luca, et al., 2006).

The first studies examining resting state fMRI networks in AD (Lustig, et al., 2003;
Greicius, et al., 2004) found differences from cognitively normal controls in a network called the
‘default mode network’ (DMN) (Raichle, et al., 2001). The DMN is most commonly described as
comprising of retrosplenial, parahippocampal, medial prefrontal, posterior inferior parietal lobule,
temporoparietal junction, lateral temporal, temporal pole, and hippocampal formation. Like most
networks, it can be partitioned into successively smaller clusters. Andrews-Hanna and colleagues

(Andrews-Hanna, et al., 2010b) describe the DMN as comprising of three subsystems, a “core”
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along the medial frontal and posterior cingulate with branches to a medial temporal lobe

subsystem and a dorsal medial prefrontal cortex subsystem.

The DMN is preferentially active when individuals are in a task free state and not focused
on external environmental cues. The network is thought to act as a mental simulator. It supports
cognitive systems for internal autobiographical memory retrieval, envisioning of the future, and
taking the perspective of others (Buckner, et al., 2008; Andrews-Hanna, et al., 2010a). The
(phylogenetically) recent hominin evolution and areal expansion of association cortex (Buckner
and Krienen, 2013) may play a role in human’s unique ability to simulate and predict the
consequences of events we’ve never experienced (Gilbert and Wilson, 2007). It is thought the
neural network responsible for such ability resides within the DMN. Because the DMN is
preferentially active during task free periods and is linked to large cortical regions (which may
make it methodologically easier to analyze them), it is frequently studied with rs-fMRI. The finding
that it is functionally less connected is not specific to AD, as several conditions are associated
with a reduced DMN activity, including autism, depression, epilepsy, schizophrenia, and related
dementia syndromes. For a review of implicated ‘disconnection syndromes’ see (van den Heuvel

and Sporns, 2019).
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—STUDY 1—

Differential Neurocognitive Network Perturbation in

Amnestic and Aphasic Alzheimer disease

Objective
To determine if resting state fMRI connectivity (rs-fMRI) patterns differentiated the

amnestic from aphasic phenotypes of Alzheimer disease.

Methods

Three groups were investigated: 14 participants suspected of having the neuropathology
of Alzheimer disease (AD) based on clinically diagnosed amnestic dementia of the Alzheimer type
(DAT), 26 individuals with primary progressive aphasia (PPA) with either a positive '®F-florbetapir
amyloid PET scan and/or confirmed AD at autopsy, and 26 neurologically intact controls. The
groups were compared using rs-fMRI. Seeds included the left hemisphere inferior frontal gyrus
(IFG) for the language network, the left hippocampus for the episodic memory network, and the

left posterior cingulate for the default mode network (DMN).

Results

Greater connectivity perturbations were found from the hippocampus for the DAT group,
and from the IFG for the PPA group. Furthermore, connectivity alterations in the PPA group were
more asymmetric and favored the language dominant left hemisphere. Loss of connectivity from

the DMN seed was of a similar magnitude in the PPA and DAT groups.
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Conclusions

Despite the presumptive common underlying neuropathology of amyloid plaques and
neurofibrillary tangles, the two groups displayed two different patterns of network perturbation,

each concordant with the clinical presentation and the anatomy of neurodegeneration.
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INTRODUCTION

In typical sporadic late-onset Alzheimer disease (AD), the core amnestic deficit arises due
to an accumulation of pathology and atrophy of the medial temporal cortex, an episodic memory
network hub. One atypical phenotype of AD, primary progressive aphasia (PPA), is characterized
by language impairment with predominant accumulation of neuropathology and atrophy in the left
hemisphere perisylvian language network (Gefen, et al., 2012; Rogalski, et al., 2016). PPA-AD
patients have the same characteristic neurofibrillary tangles and amyloid-beta (AB) plaques as
those with amnestic-AD (DAT), albeit with a different spatial distribution (Gefen, et al., 2012).

Selective vulnerability for the language network in PPA-AD and of the medial temporal
memory network in DAT-AD has been well characterized by atrophy and FDG PET
hypometabolism (Jack, et al., 2013). However, less is known about how the disruption of large-
scale distributed networks that support cognition differ by AD phenotype. This study used resting
state fMRI (rs-fMRI) to examine network level differences between aphasic versus amnestic AD
phenotypes in three networks: the language network, episodic memory network, and default mode
network (DMN). We hypothesized differences would be clinically concordant, with reduced
connectivity of the language network in PPA-AD, reduced connectivity of the episodic memory
network in DAT, and no DMN connectivity differences between PPA-AD and DAT because the

DMN has no known domain-specific functional affiliation.

METHODS
Participants.

Twenty-seven individuals with a root diagnosis of PPA enrolled in Northwestern’s PPA
research program were identified based on 1) a T1-weighted structural and resting state fMRI
scan, 2) positive '8F-florbetapir amyloid PET, and/or 3) AD at autopsy. Fifteen individuals with a

clinical diagnosis of DAT and 26 normal controls (NC) of a similar age and education with identical
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MRI scans were included as comparison groups. NC participants were screened prior to

enrollment for major medical conditions. The PPA and DAT participants were diagnosed by a
neurologist based on clinical judgement and neuropsychological testing using previously
described criteria (McKhann, et al., 2011; Mesulam, et al., 2012). Briefly, the PPA diagnosis
was based on identification of an isolated and progressive language disorder consistent
neurodegenerative etiology. T> FLAIR scans were used to rule out the presence of vascular

lesions.

Standard protocol approvals, registrations, and patient consents.
Northwestern’s Institutional Review Board approved the study. Informed consent was

obtained from each participant.

MRI & resting state BOLD fMRI acquisition and analysis.

MR scanning for all participants was performed on Northwestern’s 3-tesla Siemens TIM
Trio. A 10-minute EPI (3.0x1.7x1.7mm?* TR=2.5sec, TE=20ms) was acquired over 11.5 minutes
(244 total 3D volumes). A 1mm® Ti-weighted 3D magnetization-prepared gradient-echo
(MPRAGE) scan with 176x 1.0mm sagittal slices, an in-plane resolution of 1.0x1.0mm?
TR=2300ms, TE=2.91ms, TI=900ms, and 9° flip angle was acquired and reconstructed with

FreeSurfer (version 5.1.0; surfer.nmr.mgh.harvard.edu). Topological defects and inaccuracies in

the estimation of the surfaces were manually corrected using FreeSurfer validated guidelines
(Segonne, et al., 2007).

Pre-processing of the fMRI timeseries followed standard procedure, with a few alterations
for a FreeSurfer surface-based analysis. We discarded the first 4 volumes for Ti-equilibrium
effects, performed rigid alignment for motion, applied slice-timing correction, bandpass filtering

(0.01 to 0.1Hz), and registered the anatomical scan to the functional scan using a surface



24
boundary-based registration optimized for EPI-distorted sequences (Greve and Fischl, 2009).

The principal components of motion, CSF, and eroded white matter signal were regressed as
sources of spurious variance. On a per-subject basis, motion corrupted TRs were removed by
calculating the frame displacement (FD) and the root mean square of the differentiated BOLD
timeseries (DVARS) (Power, et al., 2014). A threshold of 0.3mm FD and 0.5% DVARS was used,
removing the TR that violated criteria, the 1 TR before, and 2 TRs after. If a participant lost more
than 30% of the timeseries (< 8 minutes of scan time remaining), they were dropped from the
analysis.

Three dilated spherical surface seeds were chosen based on the areas of highest
confidence in the network assignment by (Ji, et al., 2019) using the (Glasser, et al., 2016)
parcels: left inferior frontal gyrus (IFG; MNI305 -50,22,16) for the language network; left
hippocampus (MNI305 -25,-15,-20) for the episodic memory network; left posterior cingulate /
precuneus (PCC; MNI305 -6,-50,28) for the DMN. Each seed started at approximately 200mm?
grey matter volume (equivalent to 7mm diameter sphere). The seed ROI then underwent partial
volume fraction correction, which reduced the grey matter signal to approximately 50mm?3
(equivalent to 4.5mm diameter sphere) of voxels that the resting state signal was averaged over.
These fsaverage seeds were spherically warped to subject’s native surface and projected into
EPI volume space based on the surface-defined cortical ribbon and FreeSurfer's boundary-based
registration from EPI to T4. BOLD contrast effect seed-to-vertex maps were calculated regressing

the top three principal components of motion, CSF, and white matter.

Statistics.
Differences in demographics and neuropsychological performance between groups were
assessed with ANOVA, two-tailed independent two-sample t-tests, or x2. For the seed-to-vertex

analysis, a pseudo mixed effects analysis was performed using a weighted least squares random
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effects model, taking first level subject contrast effect variance to the group level (Roche, et al.,

2007). Cluster-wise corrections for multiple comparisons used Metropolis-Hastings Markov chain
Monte Carlo simulations at a cluster-forming threshold of p < 0.01. The vertex-wise corrected

statistical test results are displayed as clusters on FreeSurfer's template brain.

PET processing and analysis.

Amyloid PET processing followed the current '®F-florbetapir standard (Fleisher, et al.,
2011). Briefly, Statistical Parametric Mapping was used to calculate the standard uptake value
ratio value (SUVR) with a florbetapir PET template and six bilateral regions: anterior and posterior
cingulate, precuneus, medial orbital frontal, lateral temporal, and superior parietal (Fleisher, et
al., 2011). A conservative mean cerebral-to-cerebellar SUVR = 1.17 threshold was used for

amyloid positivity (Fleisher, et al., 2011).

RESULTS

Of the 27 PPA participants, suspicion or confirmation of AD was determined as follows:
12 received AD neuropathologic diagnosis at autopsy (of these, 5 also had a positive amyloid
PET scan), and 15 were amyloid positive on PET. Five DAT participants came to autopsy showing
high AD neuropathologic change. None of the autopsied cases had co-morbid frontotemporal
lobar degeneration pathology, which is consistent with previous reports (Mesulam, et al., 2014).
One PPA-AD and one DAT participant were excluded due to excessive motion (Power, et al.,
2012), leaving 26 PPA-AD, 14 DAT, and 26 NC for analysis. There were no significant
demographic differences (Table 1.1; p>0.05). PPA-AD and DAT participants did not differ in
symptom duration or MMSE (p>0.05). The PPA-AD group was significantly more impaired than
the DAT group on the BNT(p=0.021). MMSE (p>0.05). The PPA group was significantly more

impaired than the DAT group on the BNT (p=0.021).
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p-value

Participants, n 26 14 26 N/A
Age, years (SD) 67.7 (£7.1) 71.7 (£ 10.5) 67.5(x7.1) 0.154
Gender, % male 53.8 42.9 50.0 N/A
Education, years (SD) 16.3 (= 2.3) 16.3 (+ 3.3) 15.7 (£ 2.1) 0.691
Symptom duration, .
years (SD) 5.4 (£ 2.5) 6.1 (£ 2.6) Not applicable N /A
PPA-L: 10
a4 Not Not
PPA subtype Eigécs;éigi;,ble' 5 applicable applicable e
MMSE, % 65.1 (£ 23.3) 73.6 (£ 12.1) 99.6 (+ 6.8) < 0.001 b°
WAB-AQ, % (SD) 771 (£ 15.4) N/A N/A N/A
59.9 (£ 21.6) N/A 99.1 (£ 2.1) N/AP

WAB-Rep, % (SD)

a,b,c
BNT, % (SD) 52.4 (+ 25.7) 721 (£27.2)  96.7 (+3.9) < 0.001

b
NAT-NAVS, % (SD) 87.2(x176) N/A 98.6 (+20) N/A

b
PPVT, % (SD) 45.3 (+ 30.1) N/A 98.6(+34) N/A

Table 1.1 Demographic and neuropsychological performance of primary progressive aphasia
(PPA), dementia of the Alzheimer type (DAT), and normal control (NC) participants.

Abbreviations: PPA subtype, L = logopenic, G = agrammatic; N/ A = not available; MMSE = Mini-Mental
State Exam; WAB = Western Aphasia Battery; WAB-AQ = WAB aphasia quotient; WAB-Rep = WAB
repetition subtest; BNT = Boston Naming Test; PPVT = Peabody Picture Vocabulary Test; NAT-NAVS
= 15 non-canonical items from the Northwestern Anagram Test and 15 non-canonical items from the
Northwestern Assessment of Verbs and Sentences used to measure grammatical sentence production.
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Table 1.1 continued

Age, education, symptom duration, MMSE, WAB-AQ, WAB-Rep, BNT, PPVT, and NAT-NAVS are
provided as means (+ standard deviation). Gender (male), MMSE, WAB-AQ, and BNT, PPVT, and NAT-
NAVS are provided as a percentage out of 100.

Two-tailed independent sample t-test significantly different (p < 0.05) between @2 PPA-AD and DAT, ©
PPA-AD and NC, or ¢between DAT and NC

PPA-AD participants had reduced connectivity compared to DAT from left IFG seed to left
angular gyrus, frontal, and bilateral parietal lobule while DAT participants had reduced
connectivity compared to PPA-AD to occipital cortex and fusiform gyrus (Figure 1.1A). From the
left hippocampus seed, the PPA-AD group had reduced connectivity relative to DAT for posterior
parts of the middle and inferior temporal gyrus (Figure 1.1B). The DAT group had more
widespread reduced connectivity compared to PPA-AD group across bilateral frontal and medial
cortex.

PPA-AD and DAT groups showed no between group differences for the left PCC DMN
seed (Figure 1.1C). This leaves at least two possibilities: both groups are not different from
normal or both groups have similarly altered functional connectivity. To examine this, each group
was compared to 26 NC and independently showed reduced connectivity for the left PCC seed
(Figure 1.2), supporting the notion that an altered DMN is common to both the aphasic and
amnestic AD phenotypes. Differences in sample size (PPA-AD n=26, DAT n=14) may explain

some of the attenuated significance compared to controls.
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@ Seed location
Language network .
A Seed left inferior frontal gyrus

Episodic memory network
Seed left hippocampus

Default mode network
Seed left posterior cingulate / precuneus cortex

PPA < DAT PPA > DAT

Figure 1.1 Resting-state connectivity differences between primary progressive aphasia with
suspected underlying Alzheimer disease compared to dementia of the Alzheimer type. (A) Loss
of functional connectivity between the IFG seed is greater in the left hemisphere for the PPA-AD group
than the DAT group. (B) Comparing PPA-AD to DAT, the connectivity from left hippocampus to areas
of left parietal and frontal cortex is more disrupted in the DAT group and a small region of left posterior
lateral temporal lobe is significantly less connected in PPA-AD. C) There is no difference in functional
connectivity between PPA-AD and DAT groups when seeding a node of the default mode network.



29

Default mode network @ Seed location
A Seed left posterior cingulate / precuneus cortex

Right
PPA < NC PPA > NC

p-values

Default mode network
B Seed left posterior cingulate / precuneus cortex

Right

DAT < NC DAT > NC

p-values

Figure 1.2. Resting-state connectivity differences from the default mode network between
primary progressive aphasia with suspected underlying Alzheimer disease and dementia of the
Alzheimer type groups compared to normal controls. A & B) Independently comparing PPA-AD
and DAT groups to the NC group reveals a pattern of reduced connectivity in areas of frontal, parietal,
and temporal cortices.

DISCUSSION

This study compared functional connectivity impairments in the aphasic versus amnestic
variants of AD. The IFG node of the left hemisphere language network displayed greater reduction
of connectivity in the PPA versus DAT group. In contrast, the hippocampal node of the episodic
memory network showed a more widespread pattern of reduced connectivity in the DAT

compared to PPA group. The amnestic and aphasic variants shared a common pattern and
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magnitude of reduced connectivity within the core default mode network. The differential

topography of network dysfunction provides further support for the contention that the clinical
heterogeneity of dementia reflects the anatomy of functional perturbations rather than the
molecular nature of the underlying neuropathology (Mesulam, 1990; Rogalski, et al., 2016).

Two prior studies have examined functional connectivity differences between typical
amnestic versus aphasic phenotypes of AD defined by amyloid PET (Whitwell, et al., 2014;
Lehmann, et al., 2015). Results were consistent with our lack of difference in the DMN and
showed mixed findings for the language network. Lehmann and colleagues (Lehmann, et al.,
2015) found no differences in connectivity between aphasic versus amnestic AD in the language
network, executive-control network, visual network, or DMN. Whitwell and colleagues (Whitwell,
et al., 2014) examined within network coherence and found clinically concordant differences
between AD phenotypes. Neither study examined the hippocampal node of the memory network.

A limitation of the present study is the partial reliance on amyloid PET (53% of the
participants) to identify AD status. An important future direction will be studies of functional
networks based on autopsy proven cohorts.

Despite the fact that both aphasic and amnestic groups presumably have similar cellular
neuropathology characterized by beta-amyloid and hyperphosphorylated tau (Gefen, et al.,
2012), they showed different physiologic network vulnerabilities. This report demonstrates the
potential utility of using rs-fMRI to characterize the physiological basis of clinical heterogeneity in

neurodegenerative diseases.
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—STUDY 2—

Tau Burden, Atrophy, and Naming in the Aphasic Variant of Alzheimer disease

Background

Primary progressive aphasia (PPA) is an early-onset clinical dementia syndrome characterized
by asymmetric atrophy of the language-dominant hemisphere. Alzheimer's disease
neuropathology (AD) is present in ~40% of PPA cases. Previous cross-sectional studies
examining the relationship between cognitive function, atrophy, and tau PET have reported a

close relationship. However, most studies have been in amnestic AD.

Objective
To examine the relationship between flortaucipir PET burden, MRI measured cortical

thickness, and naming in the aphasic variant of Alzheimer disease.

Methods

Nineteen PPA participants with suspected underlying AD underwent '®F-flortaucipir PET,
structural MR imaging, and neuropsychological testing. Twelve participants received follow-up
neuropsychological testing one year later. T1-weighted Freesurfer v6.0.0 reconstructions provided
Desikan-Killiany segmentations and surfaces for Rousset and Miller-Gartner partial volume
correction (PVC). Surface-wise and regional analyses examined associations between tau PET,
cortical thickness, and the Boston Naming Test (BNT). We examined the association between
baseline measures of tau burden and cortical thickness with the 1-year longitudinal decline in

naming.
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Results

Cortical atrophy and tau pathology were prominent throughout the inferior, middle, and medial
temporal lobes, with a left hemisphere bias. Younger age was associated with tau PET binding in
posterior temporal and parietal regions, but was not associated with cortical thickness. In a model
that took into account age and thickness on tau pathology, we found widespread associations
throughout all association cortices. There was a significant left-lateralized relationship between
lower BNT and increased cortical thinning in the left middle and anterior temporal regions at
baseline. The association between lower BNT and higher tau burden revealed a similar
relationship to thinning, but included more right hemisphere regions. Twelve participants with
follow-up testing revealed no significant relationship with change in BNT and baseline cortical
thickness. Conversely, greater tau burden within the anterior temporal lobe predicted the decline

in the BNT. Regional analyses with Rousset PVC replicated all findings.

Conclusions

MRI-derived atrophy and flortaucipir PET tau burden were strongly associated in PPA-AD,
especially when considering the association of higher tau burden with younger age. Atrophy
explained the decline in naming more than tau burden, while tau burden was associated with

future decline.
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INTRODUCTION

Primary progressive aphasia (PPA) is a clinical dementia syndrome characterized by a
decline in language caused by a neurodegenerative disease. The diagnosis is made when a
gradual and progressive language impairment arises in relative isolation compared to other
cognitive domains (Mesulam, 1982; 2003). The most common neuropathology reported for PPA
is frontemporal lobar degeneration (~60%) or Alzheimer disease (AD; ~40%) (Mesulam, et al.,
2014; Rogalski, et al., 2016). Alzheimer disease neuropathologic change (ADNC) is a pathologic
diagnosis made at post-mortem examination, when the primary pathology is amyloid-8 (AB)
plaques and neurofibrillary tangles (NFTs) composed of hyperphosphorylated tau (Hyman, et al.,
2012; Montine, et al., 2012b). PPA participants with ADNC or who are AD biomarker positive
(PPA-AD) present with varying degrees of language dysfunction, as no language subdomain or
neuropsychological test is pathognomonic and there is not a 1-to-1 correspondence between PPA
subtypes and underlying pathology(Mesulam, et al., 2014; Rogalski, et al., 2016). PPA-AD
participants are probabilistically more likely to be logopenic or agrammatic and less likely to be
semantic. Probabilistically, motor speech and single word comprehension are more likely to be
preserved while word-finding and naming are more likely to be impaired (Rogalski, et al., 2016).
Over the course of disease, PPA-AD participants typically experience a decline in object naming,
which could be a mixed mechanism of word-selection deficits or object recognition deficits.

Evidence from early-onset amnestic AD suggests that Ap plaques and NFTs accumulate
throughout the brain years before symptom onset (Gordon, et al., 2018). A hypothetical model
of typical late-onset sporadic AD has suggested a temporal ordering of progressively abnormal
biomarkers (Jack, et al., 2013), including the detection of abnormal amounts of amyloid, then tau,
then neurodegeneration, then clinical deficits. It is unclear to what degree these relationships
between pathology and neurodegeneration or cognition exist for atypical forms of AD such as

PPA and what the spatial relationship may be.
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There have been several previous studies describing the topography of in vivo atrophy or

the spatial extent of post-mortem measured pathology in PPA with AD (Gefen, et al., 2012;
Mesulam, et al., 2014; Ossenkoppele, et al., 2015a; Martersteck, et al., 2016; Ossenkoppele,
et al., 2016; Bejanin, et al., 2017; Rogalski, et al., 2019). They have found increased atrophy
and NFT counts in left-lateralized language cortices and a higher ratio of language cortex-to-
entorhinal NFT compared to typical amnestic AD. Further, it has been well established that
clinically concordant patterns of left-lateralized atrophy can be traced to specific subdomains of
language (Rogalski, et al., 2011a; Mesulam, et al., 2019). Since the adoption of fluorinated PET
agents that bind to fibrillar amyloid-beta or hyperphosphorylated aggregates of tau, there have
been few studies examining the relationship between in mild to moderate PPA with suspected
underlying AD (PPA-AD) and neurodegeneration or cognition.

Rogalski and colleagues, in a longitudinal design, found atrophy continued to be greater
in left language regions compared to non-language regions and PPA-AD had greater atrophy in
the right hemisphere compared to amyloid negative non-semantic PPA (Rogalski, et al., 2019).
Josephs et al. examined regional '®F-flortaucipir tau PET principal components and found
subtype-specific patterns of uptake (Josephs, et al., 2018). La Joie and colleagues found the
global intensity of tau PET could predict subsequent atrophy in a heterogenous AD cohort (La
Joie, et al., 2020). Additionally, they found lower baseline tau PET signal and less atrophy over
time as a function of increasing patient age.

Other studies have examined tau PET associations with cognition, frequently by
combining AD phenotypes into a single large group made up of visuospatial phenotypes (posterior
cortical atrophy), aphasic phenotypes (PPA-AD), and typical amnestic phenotypes, all with
suspected underlying AD pathology based on amyloid PET or CSF. An early study found a strong
association between tau PET and FDG PET, with a correlation between a language composite

and the left anterior temporal lobe (Ossenkoppele, et al., 2016). A follow-up study from the same
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found correlations between a repetition language test composite and tau PET in left

temporoparietal regions and between tau PET and measures of semantic memory in the left
anterior temporal lobe (Bejanin, et al., 2017). Using sparse regression in a different heterogenous
AD group, a previous study found uptake in left anterior superior temporal gyrus explained 67%
of variance in a composite of 5 language tests (Phillips, et al., 2018).

In the present study, we focused on two primary analyses: (1) to explore the relationships
between atrophy and tau and their dependence on age; (2) to characterize how the decline in
object naming, assessed by the Boston Naming Test (BNT), was associated with markers of
atrophy and tau pathology.

We hypothesized that tau burden, assessed with flortaucipir PET, would reveal a pattern
similar to atrophy. Based on post-mortem studies and recent imaging studies of early-onset AD
(La Joie, et al., 2020), we expect higher tau burden would be associated with younger age in
PPA-AD, and this discrepancy may improve the relationship between cross-sectional atrophy and
tau. We hypothesized that clinicopathologic correlations between naming ability and tau PET
would overlap with previously described neuroanatomic correlates of naming within the left
anterior temporal lobes (Mesulam, et al., 2013; Ossenkoppele, et al., 2016; Mesulam, et al.,
2019) and distributed language network (Bejanin, et al., 2017; Bruffaerts, et al., 2019). Based
on current models of abnormal biomarkers (Jack, et al., 2010; Jack, et al., 2013), we expected
atrophy to have a stronger relationship with naming than tau pathology. But we hypothesized that

tau pathology would have a stronger relationship with future naming ability.

METHODS
Participants.
Nineteen individuals with a root diagnosis of PPA enrolled in Northwestern’s PPA research

program were identified based on having 1) "®F-flortaucipir tau PET scan, 2) high resolution Ts-
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and T»-weighted structural MRI scans, 3) positive "®F-florbetapir amyloid PET or CSF indicative

of AD, and 4) received neuropsychological testing. Thirty normal controls (NC) of a similar age
and education underwent identical MRI pulse sequences and were used as a comparison group
to identify areas of peak atrophy. Twelve of the 19 PPA participants returned a year later and
received follow-up neuropsychological testing. The PPA participants were diagnosed and
subtyped by a neurologist (M.M.M.) at the initial visit, based on clinical judgment and
neuropsychological testing using previously described guidelines (Mesulam, et al., 2009;
Mesulam, et al., 2012). Briefly, the PPA diagnosis was based on identification of an isolated and

progressive language disorder and consistent with a neurodegenerative etiology.

Standard protocol approvals, registrations, and patient consents.
Northwestern’s Institutional Review Board approved the study. Informed consent was

obtained from each participant.

Neuropsychological measures

Naming was assessed with the Boston Naming Test (BNT) (Kaplan, et al., 1983). The
BNT assesses confrontational picture naming by presenting participants with 60 line drawings of
variable difficulty, administered in order from common objects (e.g. trees) to less familiar objects
(e.g. a trellis) based on their frequency of occurrence in language. We chose to use the BNT to
assess naming because it has proved to be reliable (Strauss, et al., 2006) and has routinely been
used in past research and clinical settings (Rabin, et al., 2005). The Western Aphasia Battery
(WAB) (Kertesz, 1982) aphasia quotient (WAB-AQ) measured aphasia severity based on
naming, repetition, auditory comprehension, and spontaneous speech. The 6 most difficult items
(items 10-15) from the WAB repetition subset (WAB-Rep) were used to grade repetition. Auditory

lexical-semantic processing was assessed with a subset of moderately difficult items (items 157-
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192) from the fourth edition of the Peabody Picture Vocabulary Test (PPVT) (Dunn, 2007).

Grammatical processing was judged on a composite from 15 noncanonical sentences from the
Northwestern Anagram Test and 15 noncanonical sentences from the Sentence Production
Priming Test of the Northwestern Assessment of Verbs and Sentences (NAT-NAVS) (Weintraub,

et al., 2009). Handedness was determined by the Edinburgh inventory (Oldfield, 1971).

MRI acquisition and pre-processing

MR scanning for PPA and NC participants was performed at Northwestern University
(Center for Translational Imaging, Department of Radiology, Chicago, IL) on a 3.0-Tesla Siemens
Prisma scanner (Siemens Healthcare, Munich, Germany). A 1Tmm?® Ts-weighted Magnetization
Prepared Rapid Gradient Echo (MPRAGE) was acquired, using the Alzheimer's Disease
Neuroimaging Initiative 3 (ADNI-3) pulse sequence, recording 176 sagittal slices with TE=2.98ms,
TR=2300ms, TI=900ms, 9° flip angle, iPAT=GRAPPA 2x. A 0.8mm?® T>-weighted Sampling
Perfection with Application optimized Contrasts using different flip angle Evolution (SPACE) was
acquired with online motion correction Volumetric Navigators for Prospective and Selective
Reacquisition (Tisdall, et al., 2012), recording 208 sagittal slices with TE=564ms, TR=3200ms,
iPAT=GRAPPA 2x. The T+- and T2>-weighted volumes were denoised using an optimized nonlocal
means filter (Coupe, et al., 2008), gradient unwarped (Jovicich, et al., 2006), and “de-faced” for
anonymization. Importantly, the eye sockets and skull were left unchanged for the anatomical
segmentation required for partial volume correction (PVC), described below.

FreeSurfer v6.0.0 was used for surface reconstruction (Fischl, et al., 2001; Segonne, et
al., 2007), calculation of cortical thickness (Fischl and Dale, 2000), and the generation of
Desikan-Killiany (Desikan, et al., 2006) and extracerebral segmentations (Greve, et al., 2013;
Greve, et al., 2016). Briefly, FreeSurfer reconstructs estimates of the pial and white surfaces

based on relative intensity differences at the boundaries of tissue classes (white-gray and pial-
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CSF interfaces) (Dale, et al., 1999). The T, was conformed to 1mm? and rigidly registered to the

T4 with a mutual information cost function and used to further refine the outer pial-CSF surface
boundary. Topological defects and inaccuracies in the estimation of surfaces were manually
inspected and iteratively corrected using FreeSurfer validated guidelines (Segonne, et al., 2007).
FreeSurfer estimated cortical thickness by calculating the average distance of the vectors
perpendicular to the outer and inner surface’s triangular face (Fischl and Dale, 2000). Each
participant’s native space cortical thickness estimates were vertex aligned by spherically warping
to the fsaverage surface space for group statistics (Fischl, et al., 1999).

In addition to FreeSurfer segmentations, two additional segmentation steps were
performed on the non-denoised versions of the aligned T1 and T. images for the PET partial
volume correction. The T1 and co-registered T, image were multi-channel whole brain segmented
by Statistical Parametric Mapping (SPM; Wellcome Centre for Human Neuroimaging, University
College London, London, UK) version 12 for tissue class probability maps. The SUIT cerebellar
atlas (Diedrichsen, et al., 2009) was reverse non-linear warped with DARTEL from MNI-152

space to generate segmentations of cerebellar lobules in T1 native space.

Flortaucipir tau PET acquisition and pre-processing

Flortaucipir PET imaging was performed on a Siemens Biograph Vision PET-CT system
(Siemens Healthcare, Erlangen, Germany) located at Northwestern Memorial Hospital
(Department of Nuclear Medicine, Chicago, IL). PPA participants were administered a bolus
intravenous injection of 10.0 mCi (370 MBq + 10%) of flortauicipir. A low-dose computed
tomography scan was acquired before PET acquisition. A dynamic PET scan recorded counts in
list-mode from 80 to 100 (+ 2) minutes post-injection and 4x 5-minute volumes were

reconstructed, using the ADNI-3 flortaucipir protocol, with a 3D iterative ordered subset
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expectation maximization (OSEM) algorithm with weighted attenuation correction and time of

flight correction on a 440x440 matrix.

The four volumes were motion corrected using rigid registration and normalized cross
correlation cost function with cubic spline interpolation before being averaged into a single mean
volume. The process was repeated a second time, registering the four original frames to the first
mean volume to avoid bias and a second mean volume was created. The second mean volume
was rigidly registered with mutual information to the T4 for correspondence with segmentations
and FreeSurfer native surfaces.

Two types of partial volume correction were applied. The first was FreeSurfer's modified
Miuller-Gartner PVC (Greve, et al., 2013; Greve, et al., 2016) for surface-wise PVC. Briefly,
FreeSurfer's PVC makes several improvements on the original Rousset geometric transfer matrix
(GTM) (Rousset, et al., 1998a; Rousset, et al., 1998b), by solving a symmetric GTM
(Sattarivand, et al., 2012) with 0.5 mm?® voxels containing mappings for the cortical and
subcortical parcellation, extracerebral CSF, skull, and air cavity segmentations to find the values
of non-cortical tissues. The non-cortical GTM solved regions were input into a Miller-Gartner PVC
that allowed each cortical ribbon voxel to independently vary and further accounted for tissue
fraction effects within voxels (Erlandsson, et al., 2012). Corrected voxel intensities in 3D space
were transformed to the native space surface by sampling along the middle 60% of every surface
normal (the vector perpendicular to the white and pial surfaces, used to calculate cortical
thickness). Each participant’'s PVC tau PET intensity values were vertex aligned by spherically
warping to the fsaverage surface space.

The second method, the Rousset PVC from Baker et al. (2017) was used for the ROI-wise
PVC. It was implemented to increase the robustness of our results and so that this work may be
compared to previous or future studies that make use of it. Briefly, this PVC method operates as

a standard GTM with modifications to the segmentations. It clusters extracerebral CSF, choroid
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plexus, skull, and inferior cerebellar grey into areas of higher or lower uptake to avoid off-target

binding to extra-cortical hotspots (ECH) that vary in anatomical location across participants
(Baker, et al., 2017). FreeSurfer segmentations, SPM12 tissue maps, and SUIT cerebellar atlas
regions are input to produce Desikan-Killiany corrected regions of interest. Based on studies of
the Siemens Biograph Vision PET-CT (van Sluis, et al., 2019), a 3.5mm? point spread function
was input for both PVC pipelines. The average intensity of the inferior cerebellar grey, after high
ECH clusters were removed, was used as a standard uptake value ratio (SUVR) reference for

both FreeSurfer surface-wise and Desikan-Killiany ROI-wise analyses.

Assessment of AD biomarkers: amyloid PET or cerebral spinal fluid

PPA participants underwent either "®F-florbetapir or '®F-florbetaben PET scan, or lumbar
puncture with fluid collection.

For the amyloid PET acquisition, participants were given a bolus injection of 10.0 mCi (370
MBq £ 10%) of florbetapir or 8.1 mCi (300 MBq £ 10%) of florbetaben. Fifty minutes (florbetapir)
or 90 minutes (florbetaben) post-injection, participants underwent a low-dose CT and counts were
recorded for 20 minutes in dynamic listmode on a Siemens Biograph 40 TruePoint/TrueV PET-
CT or Siemens Biograph Vision PET-CT (Siemens Healthcare, Erlangen, Germany). Listmode
data were reconstructed into 5 minute frames with an OSEM algorithm and motion corrected with
a rigid cross correlation registration to create a single mean volume.

For florebetapir and florbetaben quantification, the FreeSurfer defined volume-weighted
method from (Landau, et al., 2013) was used. Briefly, Desikan-Killiany frontal, lateral parietal,
lateral temporal, and cingulate subregion’s PET intensities were weighted by their respective
FreeSurfer regional volume (in mm?®). These regional SUV were added together and divided by
the FreeSurfer defined whole grey cerebellar average PET intensity to derive a mean cortical

SUVR. Florbetapir > 1.11 or florbetaben > 1.20 mean cortical SUVR were used for amyloid
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positivity. We additionally analyzed florbetapir data with the SPM8 MRI-free PET-template

approach (Clark, et al., 2011; Fleisher, et al., 2011) > 1.17 to confirm our findings across two
different pipelines.

Cerebral spinal fluid (CSF) was obtained after a lumbar puncture and collected into
polypropylene test tubes, centrifuged, and frozen within an hour of collection. Samples were
shipped to Athena Diagnostics (Worcester, MA) for analysis. Measures of AB1-4, t-tau, and p-tau
were generated from ELISA kits (Innogenetics, Ghent, Belgium). An AB1-s./t-tau index (ATI) was
calculated as (AB1.42)/(240 + 1.18 * t-tau). Abnormal ATl was < 1.0 and abnormal p-tau > 61 pg/ml
with bands of uncertainty (borderline) from 0.8 to 1.2 ATl and from 54 to 68 pg/ml p-tau.
Participants with CSF were considered eligible for the study if they fell into the “consistent with

AD” category, past the borderline zones, ATl < 1.2 and p-tau > 68 pg/ml.

Statistics.

For the surface-wise analyses, a general linear model was fit at each vertex in fsaverage
space. Cluster-wise corrections for multiple comparisons used a non-parametric method,
Permutation Analysis of Linear Models (PALM) (Winkler, et al., 2014), with parameters set to
cluster-forming threshold p = 0.01 and 0.001, cluster-wise pcorectes < 0.025 (0.05 originally,
Bonferroni corrected for each hemisphere), the Freedman-Lane method (Freedman and Lane,
1983), and 5000 permutations per contrast, for a familywise error (FWE) rate at 5%. The vertex-
wise corrected statistical test results are displayed as FWE-corrected (FWE:) clusters on
FreeSurfer's fsaverage surface at both cluster forming levels. We note that this permutation
method is unrelated to previously reported methods popular in fMRI that were found to have
artificially inflated cluster-wise extent, that relied on parametric assumptions, smoothness

estimates, Monte Carlo simulations, and Gaussian random field theory (Eklund, et al., 2016).



42
Ten a priori regions from the Desikan-Killiany atlas that were within the left hemisphere

perisylvian temporal cortex, previously found to have a strong association with progressive
atrophy in PPA (Mesulam, et al., 2014; Edland, et al., 2016), were used in analyses between
baseline BNT, GTM PVC corrected flortaucipir PET, and MRI cortical thickness. The ten left
hemisphere ROIs included were temporal pole, inferior frontal, fusiform, supramarginal, inferior
parietal, superior temporal, middle temporal, inferior temporal, transverse temporal cortices and
the banks of the superior temporal sulcus. Due to the uniform distribution of initial visit BNT scores,
the non-parametric Kendall rank correlation was used as an alternative to Pearson’s correlation.
For the ROIl-wise analyses, the Benjamini-Hochberg false discovery rate correction (FDR)
(Benjamini and Hochberg, 1995), g = 0.05, was used as criterion for significance.

To assess the unique and shared variance associated with the baseline BNT in areas of
the left perisylvian temporal cortex, a commonality analysis was used to decompose the R?
statistic for the linear model BNToasciine ~ ROltau + ROliickness. Only a priori ROls that were
significant after FDR correction were included. To test for a non-linear relationship for BNT on tau
or thickness, a second order polynomial was added as a parameter. The fit of second order
polynomial model was compared to the single parameter model with the Akaike information
criterion (AIC), Bayesian information criterion (BIC), and the leave-one-out cross validation
method predicted residual sum of squares (PRESS).

The calculation of the percent change in neuropsychological scores for the 12 PPA
participants was annualized and calculated as the percent change with respect to the baseline
visit:

Vztest - Vltest

x 100
V1iest X years between V1V2

TeSt%Change =

V1 = baseline visit #1; V2 = return visit #2; years between V1V2 = exact number of days

between baseline and return visits divided by 365
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Differences in demographics between the PPA and NC cohorts were assessed with t-tests

2

and - tests. Statistical analyses were carried out in FreeSurfer v6.0.0

(surfer.nmr.mgh.harvard.edu) and MATLAB for surface-based analyses; Python v3.6 and

statsmodels package v0.9.0 for ROl-wise Kendall’s rank correlation or regression; R v3.6 (The R
Foundation, r-project.org) and yhat v2.0.0 for the commonality analysis (Nimon, et al., 2008).
Figures displaying statistics were generated using FreeSurfer, MATLAB, Python package

seaborn v0.9, and R package ggseg (Mowinckel and Vidal-Pieiro, 2019).

RESULTS
Participants

Suspicion of underlying AD pathology was determined as follows: seven had a positive
amyloid PET scan and eight had CSF consistent with underlying AD. Four logopenic PPA
participants did not have an amyloid biomarker. All PPA and NC participants were right-handed.
There were no significant demographic differences between the PPA and NC groups (all p >
0.05). The PPA group demographic and neuropsychological test scores are presented in Table
2.1. PPA participants were between 53 and 74 years old at their baseline visit. They varied from
mild to moderate stages of disease, with a range on the WAB-AQ from 97 to 55 (out of 100
possible). The average follow-up neuropsychological assessment for the 12 PPA participants was
1.05 (x 0.13 SD) years after the baseline visit. The group varied on performance of the BNT, with
scores from 5% to 96.7% correct at baseline, and average decline of -42.6%. Importantly, word

comprehension remained intact, with 87.0% at initial visit and an average -7.0% decline over time.



PPA participants, n

Age, years (SD) 65.7 (£ 6.2) 66.8 (£ 5.9)

Gender, % male 73.7% 58.3%

Education, years (SD) 16.2 (x 2.5) 15.8 (x 3.0)

Symptom duration, 5.8 (£2.7) 5.5(£2.8)

years (SD)

PPA subtype PPA-L: 11 PPA-L: 6
PPA-G: 3 PPA-G: 3
Mixed: 2 Mixed: 1

Unclassifiable: 3  Unclassifiable: 2

WAB-AQ, % (SD) 79.7 (+ 9.6) 78.5 (+ 7.0)
BNT, % (SD) 57.2 (+ 30.8) 54.1 (+ 21.0)
WAB-Rep, % (SD) 59.1 (+ 20.2) 56.6 (+ 20.2)
NAT-NAVS, % (SD) 58.5 (+ 21.6) 53.3 (+ 20.6)

PPVT, % (SD) 87.0 (+ 14.4) 83.8 (+22.2)

Cross-sectional Longitudinal
group group at V1
19 12

44

% change from
V1 to V2

+ ~1 year

+ ~1 year

-8.2 (+8.3)
-42.6 (+ 27.5)
-3.9 (+23.7)
-34.5 (+ 49.5)

-7.0 (£ 18.1)

Table 2.1. Demographic and neuropsychological performance of primary progressive aphasia
participants. Abbreviations: V1/V2 = Visit 1/2; SD = standard deviation; PPA = primary progressive
aphasia; PPA-L = PPA logopenic subtype; PPA-G = PPA agrammatic subtype; WAB = Western Aphasia
Battery; WAB-AQ = WAB aphasia quotient; BNT = Boston Naming Test; WAB-Rep = WAB repetition
subset; NAT-NAVS = Northwestern Anagram Test and Northwestern Assessment of Verbs and
Sentences; PPVT = Peabody Picture Vocabulary Test; ROl = region of interest; SUVR = standard

uptake value ratio.

Overlapping patterns of left-lateralized atrophy and tau burden

The average tau PET binding for the PPA group was lateralized to the left hemisphere

(LH), in the perisylvian temporal cortex (Figure 2.1A). As expected, binding was highly

concentrated in the left lateral temporal and parietal lobes, with smaller clusters of signal in left
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middle frontal gyrus, precuneus, and the right hemisphere posterior middle temporal gyrus.

Examining the Z-score maps, the pattern of atrophy was similarly left-lateralized (Figure 2.1B).
Cortical thinning in the PPA group was significantly different compared to the 30 NC, with
significant atrophy detected across the majority of the LH (cluster FWE; p = 0.0002) and right

hemisphere (RH; cluster FWE. p = 0.0002; Figure 2.1C).

Association between cortical thickness, tau burden, and age

We hypothesized that atrophy and tau would be associated, that higher tau burden would
have an association with younger patient age, and that age may influence the relationship
between atrophy and tau. The spatial relationship we found between thickness and age was
predominantly in the bilateral inferior and middle temporal gyri, anterior temporal lobe, insula, and
cuneus (LH cluster FWE. p = 0.0002; RH cluster FWE. p = 0.0002; Figure 2.2A). It did not extend
further superior, to the LH supramarginal, inferior parietal, inferior frontal gyri, or precuneus where
average tau PET binding can be seen overlapping with the average z-scores. We performed an
analysis with age and found significant bilateral clusters at the LH and RH posterior portions of
the superior temporal gyrus and the temporoparietal junction (LH cluster FWE. p = 0.036; RH
temporoparietal cluster FWE: p = 0.007; RH frontal cluster FWE: p = 0.043; Figure 2.2B).
Subthreshold, below the multiple comparisons threshold, the relationship between age and tau
burden extends to the bilateral middle frontal and inferior frontal gyri (not shown). When we added
age to the previous model of tau PET on cortical thickness, in a surface-wise general linear model
with Vertexwau ~ Vertexmickness + age, we detected significant clusters across all LH and RH

association cortices (LH cluster FWE. p = 0.0002; RH cluster FWE. p = 0.0002; Figure 2.2C).
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A Average tau PET binding for 19 PPA-AD

DB

Inferior cerebellar gray SUVR

2 25 3 3.5 4 4.5

Average atrophy pattern for 19 PPA-AD

S

z-score (against 30 NC)

1.5 2 25 3
C Significant atrophy for 19 PPA-AD vs. 30 NC

oo B Sa

. Permutation CFT p = 0.01 . Permutation CFT p = 0.001

Figure 2.1. PPA-AD group patterns of tau PET and MRI atrophy. (A) The average flortaucipir PET
inferior-cerebellar-gray-to-cerebral SUVR for the 19 primary progressive aphasia participants with
suspected underlying AD (PPA-AD). (B) A z-score map showing regional atrophy patterns for the 19
PPA-AD. (C) The significant vertex-wise atrophy in a comparison of 19 PPA-AD vs. 30 normal controls
(NC), corrected for multiple comparisons using permutation with a family wise error rate at 5% and
cluster forming threshold (CFT) of p = 0.01 and p = 0.001.
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Relationship between flortaucipir PET and cortical thickness

‘Q“

Relationship between flortaucipir PET and age

Permutation
CFT p=0.01

Permutation

Relationship between tau PET on cortical thickness and age

B B

Figure 2.2. Associations of tau burden on cortical thickness and age. (A) The linear relationship
between tau PET and cortical thickness is only significant in the bilateral inferior and anterior parts of
the temporal lobe and does not sufficiently model the tau burden and significant cortical thinning we see
in Figure 2.1. (B) The relationship between tau and age shows a markedly different spatial relationship
along posterior temporal and parietal cortices. (C) The model of tau PET on cortical thickness and age
is significant across the brain. Vertex-wise general linear models corrected with a permutation cluster
forming threshold (CFT) of p = 0.01 and p = 0.001.

Age did not have a relationship with any other factors examined. There was no significant
relationship found between age and cortical thickness (no clusters survived PALM), age and
performance on the BNThyaseine (T = -0.137, p = 0.419), or age and decline on the BNTchange (T = -

0.046, p = 0.837).
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Atrophy and tau PET associations with baseline naming

The relationship between thinner cortex and lower BNT scores was widespread, with a
left-lateralized pattern we expect for a language test (Figure 2.3A). Areas included the LH
temporal pole, inferior and middle temporal, and orbitofrontal cortex (OFC; LH FWE. cluster p =
0.0062). Only parts of the RH temporal pole, and the most anterior parts of the insula and OFC
survived multiple comparisons (RH cluster FWE. p = 0.027).

As we hypothesized, the spatial extent of the relationship between flortaucipir and baseline
naming ability on the BNT was similar to the relationship with atrophy, with significant vertices
found throughout the left and right hemisphere inferior temporal lobes, fusiform, temporal poles,
OFC, and parts of each hemisphere’s insula (LH cluster FWE. p = 0.0026, RH cluster FWE; p =
0.0018; Figure 2.3B). The differences between the two modalities was only found along the RH

inferior temporal lobe, which was significant for the association between naming and tau.

Relationship between BNT and cortical thickness

“Q‘

Relationship between BNT and tau burden
Permutatlon

Figure 2.3. Association between baseline BNT with cortical thickness and tau burden. Displays
the surface-wise significant vertices in a linear model between cross-sectional Boston Naming Test
(BNT) performance and cortical thickness (A) or tau burden (B) with 19 PPA-AD participants. Corrected
using permutation, with a family wise error rate 5%, with a cluster forming threshold (CFT) p = 0.01 and
p = 0.001.

Permutation
CFTp=0.01
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The ROI-wise analyses confirmed our findings above, with the GTM PVC correction

technique (Baker, et al., 2017) used in previous studies of tau PET. Seven out of the 10 left

hemisphere language regions were significant for the correlation between BNThyaseine and

ROlmickness after FDR  correction

(Figure 2.4A). Similarly, 7 out of the 10
regions were significant for the
correlation between BNThaseine and

ROlay (Figure 2.4B). Five LH

significant regions were found in

common: fusiform, inferior temporal,
middle temporal, superior temporal,
and temporal pole. Differences were
the banks of the superior temporal
sulcus and supramarginal gyrus was
significant for ROlhickness but not ROlau.

Additionally, the inferior parietal and

Figure 2.4. Regional analyses
confirm surface-wise findings for
associations between BNT,
thickness, and tau. Kendall rank
correlation between baseline Boston
Naming Test (BNT) performance and
cortical thickness (A) or tau PET
measured pathological burden (B)
across 10 left hemisphere a priori
regions of interest (ROI). The lateral
brain views display the significant p-
values at FDR g=0.05, marked with
asterisks (*) and Kendall's 7. (C) The
linear model predicting BNT and the
accompanying R? values.

Kendall Rank Correlation between
BNT and cortical thickness by ROI
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B
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IFG regions were significant for ROlia, and not for ROlickness. Figure 2.4A+B displays the 10 p-

values and corresponding Kendall 7 statistics across left hemisphere lateral brain surface for both
modalities.

A linear model was fit with both ROliay and ROlickness to predict BNTpaseine. Nine out of 10
regions survived FDR correction, with only the transverse temporal non-significant, p = 0.593. R?
values are presented in Figure 2.5A and P-values in Figure 2.4C. The commonality analysis
examined the shared and unique variance in the 9 significant ROIs to predict BNTpasciine. On
average, ROl accounted for 16% (+ 5% SD) and ROlinickness accounted for 32% (+ 21% SD) of
the variance (Figure 2.5A). ROltau + ROlinickness shared 51% (x 19% SD) of the variance across
the LH perisylvian temporal regions. However, there were differing spatial patterns across the
regions. Inferior temporal regions shared the highest degree of variance between the modalities.
Cortical thickness most explained the association with BNT in the supramarginal gyrus (R* = 0.43,
tau = 14%, thickness = 32%, shared = 26%) and banks of the superior temporal sulcus (R? = 0.52,
tau = 9%, thickness = 71%, shared = 19%).

Temporal pole tau was the only region that exhibited a non-linear relationship with BNT
decline. The association between temporal pole tau and BNT began flat and for every point on
the BNT lost a greater amount more tau was found in the temporal pole (Figure 2.5B). The non-
linear model compared to the linear model had a lower AIC, BIC, and PRESS statistic. No other
region had lower scores on the model comparison statistics when a second order polynomial was

added to the model.
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Figure 2.5. Atrophy and tau burden share and uniquely explain scores on the BNT while tau alone
shows non-linear relationship. (A) The unique and shared variance in the Boston Naming Test (BNT)
explained by cortical thickness and tau PET with the commonality analysis in the 9 regions that survived
multiple comparisons correction. The percent variance explained is out of 100% across the same region of
interest (ROI). The coefficient of determination (R?) from the linear model of BNThaseiine ~ ROltau + ROltnickness
is displayed per ROI. (B) The BNT and left hemisphere temporal pole tau linear and non-linear regression
line of best fit with shaded standard error and marginal distributions are shown. The Bayesian Information
Criterion, Akaike Information Criterion, and the predicted residual error sum of squares cross-validation all
favor the non-linear model.
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Baseline tau PET in the left hemisphere anterior temporal lobe predicts future 1-year

change in BNT

We hypothesized that future naming ability would have a stronger relationship with tau
pathology than atrophy. For the group of 12 PPA-AD participants that had follow-up
neuropsychological testing, the annualized percent rate of change on the BNT was not
significantly related to cortical thickness in any regions (Figure 2.6A). Consistent with our
hypothesis, significant associations were found between decline in the BNT and the left

hemisphere anterior temporal lobe tau burden (LH cluster FWE.: p = 0.017; Figure 2.6B).

Relationship between 1-year % change in BNT and cortical thickness

““

Relationship between 1-year % change in BNT and tau burden
Permutation

Figure 2.6. Left hemisphere anterior temporal tau is associated with future decline in naming.

(A) No significant relationship is found between baseline cortical thickness and the future 1-year decline
on the Boston Naming Test (BNT). (B) The temporal pole and anterior parts of the temporal lobe tau PET
measured pathological burden are significantly associated with the subsequent 1-year decline in the BNT
at a permutation cluster forming threshold (CFT) of p = 0.01 and p = 0.001.

Permutation
CFT p=0.01
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DISCUSSION

The development of PET tracers that bind to paired helical filament tau has provided the
opportunity to explore the relationships with AD tau pathology, neurodegeneration, and decline in
cognition. The present study examined the associations between tau burden with "®F-flortaucipir
PET, structural MRI derived atrophy, age, and present or future naming performance on the
Boston Naming Test in primary progressive aphasia with suspected underlying AD.

We found a left-lateralized pattern of tau deposition and atrophy in line with previous
studies of tau PET and post-mortem examinations of PPA-AD (Gefen, et al., 2012;
Ossenkoppele, et al., 2016; Bejanin, et al., 2017; Josephs, et al., 2018; La Joie, et al., 2020).
The relationship between tau burden and cortical thickness was initially only significant in the
inferior, middle, and medial parts of the temporal lobes. Previous cross-sectional comparisons
between tau PET and MR measures of cortical thickness or FDG PET hypometabolism in elderly
normal controls (Wang, et al., 2016; Hanseeuw, et al., 2017; LaPoint, et al., 2017; Adams, et
al., 2019; Harrison, et al., 2019) or AD participants (Bischof, et al., 2016; Ossenkoppele, et
al., 2016; Xia, et al., 2017; Das, et al., 2018; laccarino, et al., 2018) have found relationships,
albeit modest, with either uncorrected p-values and rarely widespread. In the present study, we
further found younger age was associated with higher tau burden in the left and right
temporoparietal junction and inferior parietal lobule, spatially distinct from the relationship
between atrophy and tau. In the combined linear model with tau burden on thickness and age,
widespread associations were found across all cortical regions with elevated tau PET signal.
Previous studies of a heterogenous AD group have found relationships between tau PET and age
in the same direction (Ossenkoppele, et al., 2016; La Joie, et al., 2020), but none have
examined them in a model to explain tau burden on thickness. This is the first study to show this

level of widespread association between tau PET, atrophy, and age in PPA-AD.
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In the accepted model of large-scale distributed networks (Mesulam, 1990; 1998), a core

synaptic hierarchy of parallel networks work together to produce cognition. Naming is likely
subserved by two separate and dissociable large-scale networks: a left hemisphere dominant
perisylvian temporal language network and a bilateral or right-lateralized inferotemporal/fusiform
network for pictorial objects (Damasio, 1985; Damasio, 1989; Mesulam, et al., 2013). Naming
is a complex cognitive task. Confrontational naming with an object-to-word task (i.e. the BNT)
requires identification of an object, lexical retrieval to select the correct noun, phonological
encoding to assemble the word sounds, and articulation to produce speech. Semantic errors can
arise in the pathway even when semantic knowledge is preserved (Hurley, et al., 2012;
Mesulam, et al., 2019). Previous studies have found the strongest associations with BNT or
naming tasks in the left anterior temporal lobe measured with structural MRI (Chan, et al., 2001;
Rosen, et al., 2002; Hurley, et al., 2012; Mesulam, et al., 2013; Win, et al., 2017), FDG PET
(Diehl, et al., 2004), H,'°O PET (Mummery, et al., 1999), tau PET (Ossenkoppele, et al., 2016;
Bejanin, et al., 2017), or post-mortem measured pathology (Resende, et al., 2020). Mesulam et
al. (2013) examined PPA participants with a multidimensional naming assessment that
categorized naming deficits and found anterior temporal lobe atrophy was the critical neural tissue
for mediating the transcription of non-verbal concepts into verbal words. Some studies have found
an association with BNT with middle and inferior temporal atrophy in PPA, amnestic AD, or
frontotemporal dementia (Chan, et al., 2001; Grossman, et al., 2004; Win, et al., 2017), and
others have used fMRI and found relationships in middle temporal and fusiform for normal controls
doing a picture naming task (Clarke and Tyler, 2014). A recent study in PPA participants found
spatially distinct anatomical correlations with the BNT when the specific types of errors were taken
into account (Bruffaerts, et al., 2019). Semantic errors (such as mistaking intra-category related

items, e.g. rhinoceros for hippopotamus) were associated with atrophy in the left fusiform,
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posterior middle temporal and inferior temporal gyri, while errors of omission were confined to the

anterior temporal lobes.

Based on the previous literature and due to the spatial distribution of structures involved
in object-to-word naming, we hypothesized we would find a relationship between deficits in
naming and increased tau or increased atrophy pre-dominantly within the left hemisphere
perisylvian temporal cortex language regions. Consistent with our hypothesis, we found a
significant relationship between lower BNT score and greater atrophy, found mostly throughout
the inferior, middle, and anterior parts of the left temporal lobe. The relationship between BNT
score and tau burden was similar, extending to more right hemisphere inferior temporal and
fusiform areas thought to be responsible for object recognition. Previous studies investigating the
relationship between cognition and tau PET compared to cognition and thickness in typical AD
have reported more widespread associations with tau than thickness (Digma, et al., 2019).

The between-modality differences in association with BNT could be driven by underlying
neurobiology or differences in the physical properties of the MRI and PET systems. It could be
neurobiological, as hyperphosphorylated tau begins to accumulate in neurons before significant
thinning and therefore shows a more widespread correlation with reduced naming. Alternatively,
tau PET has inherently more spatial noise and a higher dynamic range than structural T1-weighted
thickness. Even after we attempt to reduce effects of the increased point spread function, tau PET
may still have residual increased spatial smoothness and greater capturable variance compared
to MRI atrophy, and therefore, have a more widespread correlation with the BNT.

With an alternate PVC algorithm and region-wise approach, we examined 10 a priori
regions that make up the perisylvian temporal cortex that we have previously found to be optimal
for tracking atrophy in PPA (Edland, et al., 2016) and for clinicoanatomic correlation analyses in
PPA (Mesulam, et al., 2019). Region-wise analyses replicated the surface-wise approach and

allowed us to examine the unique and shared variance explained by tau burden and atrophy on
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naming performance. We found atrophy and tau in the left perisylvian temporal regions together

shared the most variance in explaining naming, followed by atrophy uniquely, and tau uniquely
explained the least. The present work reinforces the notion that atypical phenotypes of AD such
as PPA-AD follow the tau, neurodegeneration, and subsequent loss of cognition temporal
sequencing of biomarkers developed based on typical sporadic late-onset AD (Jack, et al., 2010;
Jack, et al., 2013).

Our study had limitations. PPA-AD participants had a wide range of retrieval-based deficits
and high variability of decline in naming. While tau pathology was, on average, found in the left
perisylvian temporal cortex, there was still substantial variation in tau burden across individuals.
This variation in naming, tau pathology, and atrophy (see (Mesulam, et al., 2013; Mesulam, et
al., 2014; Mesulam, et al., 2019) for individual examples) made clinicoanatomic and
clinicopathologic statistical comparisons ideal. But AD pathology is rarely alone, and may be
found alongside TDP43, vascular, Lewy body, or argyrophilic grain pathology (Rabinovici, et al.,
2017; Nelson, et al., 2019), which may contribute significantly and synergistically with AD
pathology to explain cognition. And although early-onset forms of AD have been shown to have
less co-pathology compared to late-onset AD (Gerritsen, et al., 2016), when co-pathology is
present, it may still be important for relationships with cognition. In a study that included PPA-AD,
PCA, and amnestic phenotypes of AD, a significant association was found between the BNT and
density of argyrophilic thorn-shaped astrocytes at the grey/white junction in the superior temporal
gyrus (Resende, et al., 2020). A limitation of the present study was not all pathologies could be
measured and only the suspicion of underlying AD could be made based on CSF, amyloid PET
and tau PET binding. Future clinicopathologic studies of cognitive decline will need to be
undertaken in autopsy-proven cohorts that measure multiple pathologies.

The only disagreement between surface-wise and ROI-wise replication of the tau PET

analysis was the IFGiy and BNTyaseine correlation (Figure 3B vs. Figure 4B). The segmentation
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of the Desikan-Killiany ROIs are based on the native-space position of the FreeSurfer generated

surface, therefore it is unlikely the discrepancy is due to differences in anatomical parcellation of
the IFG region. Additionally, both methods used the same reference region. The two remaining
differences are the multiple comparisons correction or the partial volume correction technique.

The surface-wise analysis corrected for discoveries across LH and RH clusters and
controlled the family wise error rate at 5% (probability of false positives out of all hypothesis tests
conducted) while the ROI analysis was corrected for a priori LH regions and controlled the false
discovery rate at 5% (probability of false positives out of hypothesis tests that were significant).
Because the ROI analysis was restricted to a priori regions it may have been inadvertently more
lenient (if the a priori regions were significant) than the whole-brain permutation FWE correction.
The IFGay correlation was the weakest of the 7 out of 10 ROIs that survived FDR correction (t =
-0.364, puncorr = 0.03). The puncor = 0.03 would not have survived the p < 0.01 cluster forming
threshold or p < 0.025 cluster-wise requirement of the permutation test. Additionally, another
possible contributing factor could be small differences is the anatomical tissue class
segmentations for the GTM PVC and symmetric GTM PVC for the modified Miller-Gartner (SPM
with ECHs vs. FreeSurfer, respectively).

In summary, the present study found a robust relationship between tau pathologic burden,
age, and thinning. That even though PPA-AD is an early onset dementia with a different clinical
presentation than typical late-onset amnestic AD, there were similar relationships to previously
described studies demonstrating the close link between cross-sectional atrophy and cognition,
greater than between tau and cognition. Although, for left hemisphere perisylvian regions, a
considerable amount of the variance in naming (> 50%) was shared between tau and atrophy.
Only tau pathology within a critical downstream node of the language network was associated

with future decline in naming.
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Future research should examine the importance of accumulating pathology in the

networks involved in naming with more sophisticated tests of naming that are able to categorize
specific errors in naming (e.g. (Mesulam, et al., 2013)). Future research on tau pathology and
atrophy in PPA-AD will examine the longitudinal change in cortical thickness and change in tau

and how measures of network integrity may influence the spread of pathology.
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—GENERAL CONCLUSIONS —

We have come a long way since 1906 when Alzheimer described the first case of tangled
neurofibrils and unusual plaques. The last century has been whirlwind of technological innovation.
We now use massive superconducting magnets cooled by 4°K liquid helium and drive electrical
currents at specific frequencies to tip spinning protons into higher energy states. And from
measurements of their free induction decay, we can generate images of brain anatomy and
functional physiology. We have designed specific molecular structures like keys that fit into the
locks of the beta-pleated sheet structures of fibrillar amyloid or the paired helical filament structure
of aggregated hyperphosphorylated tau. We bombard these molecular keys with charged
particles in giant accelerators to make radionucleotides. And these high energy ligands emit
beams of light invisible to the human eye, but detectable by scintillation crystals, which are excited
by ionizing radiation with picosecond (one trillionth of a second) temporal resolution. It sounds
like science fiction. But at the same time, a large proportion of clinical drug trials in the last two
decades, especially those designed to disrupt Alzheimer pathology, have failed. There is still a
great deal about the brain and the neurodegenerative pathologies so common in advancing age
that we don’t understand. This dissertation adds just a small brush stroke to the mosaic that is
our understanding of the brain and Alzheimer disease.

The studies contained within this dissertation took a systems network-level approach to
studying an aphasic form of Alzheimer disease. They were designed to contribute knowledge
regarding the physiologic network integrity of PPA compared to DAT (Study 1) and to explore the
relationship between tau pathology during life and the consequences of that pathology — atrophy

and cognitive deficits (Study 2).
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In Study 1, we examined the functional connectivity of the left-lateralized language

network, the episodic memory network, and the default mode network in PPA-AD and DAT. We
hypothesized that PPA-AD and DAT would have clinically concordant reductions in network
communication between the associated cognitive network, language for PPA and episodic
memory for DAT. Further, we hypothesized that the default mode network would be disrupted in
both. There had been few previous studies of functional brain networks in PPA-AD. Previous
studies had either not found differences in fMRI-derived network measures between PPA-AD vs.
amnestic AD (Lehmann, et al., 2015) or they had examined a measure of within-network
coherence and had not explored the hippocampal episodic memory network (Whitwell, et al.,
2014). We found (1) that PPA-AD had disrupted language network functional connectivity
compared to DAT, (2) DAT had reduced connectivity compared to PPA-AD of the episodic
memory network, and (3) that PPA-AD and DAT had no significant differences in reduced default
mode connectivity to each other, but each showed a reduced pattern of connectivity compared to
normal controls.

The results we found support the notion that distinctive phenotypes of AD and related
dementia phenotypes have selective physiologic network vulnerability (Seeley, et al., 2009).
Selective vulnerability is the term used to describe the phenomena that the same underlying
protein may target spatially distinct networks in different individuals. How or why pathology
‘chooses’ a network remains a mystery but potential clues are mounting. As an example, it has
been found that PPA patients and first degree relatives have a higher incidence of learning
disabilities, specifically dyslexia, and this may lead to a vulnerability of the left-lateralized
perisylvian language network (Rogalski, et al., 2008; Miller, et al., 2013; Rogalski, et al., 2013).
Patients with PPA may have a vulnerability of the language network that remains compensated
for until it becomes the ‘locus of least resistance’ for pathology in later life. This is in line with the

plasticity-based theory of AD, which postulates we pay a cost for the incredible synaptic flexibility
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of neurons and metabolic milieu they encourage (Mesulam, 2000). And this may be especially

true for the downstream transmodal association cortices (Mesulam, 1998; Buckner, et al., 2009;
Yeo, et al., 2014; Margulies, et al., 2016), that have experienced tremendous cortical expansion
in the recent hominin evolution and are untethered from sensory hierarchies (Buckner and
Krienen, 2013). Unlike the more linear primary sensory networks, the downstream non-canonical
circuitry of large-scale cognitive networks makes them highly interconnected with themselves and
other cognitive networks. Like a virus in a densely interconnected urban setting, the structural
core of the parallel networks described by Mesulam (1990) now work against us by propagating
pathology non-linearly. Molecular mechanisms are proposed to be synaptic tau seeding (Kfoury,
et al., 2012; Brettschneider, et al., 2015; Goedert, et al., 2017; DeVos, et al., 2018) and, once
abnormal tau is endocytosed, the templating of normal intracellular tau into a pathologic state.

The major limitation of Study 1 is the modality, resting state fMRI connectivity, is not a true
measure of the connected structural elements of the brain but rather a statistic that describes how
well a network communicates between its nodes. The macrostructural connectivity of white matter
that subserves information transfer in the human brain is just as important as the grey matter cell
bodies. Mesulam (2005) said, “Nothing defines the function of a neuron more faithfully than the
nature of its inputs and outputs”. | remain optimistic that the subfield of neuroimaging that uses
images weighted by the molecular diffusion of water (Le Bihan, et al., 1986) to study white matter
structural connectivity will continue to improve algorithms and data collection techniques to
resolve smaller and smaller fiber bundles in the brain.

The second study examined relationships between cognition, pathology, and atrophy in
PPA-AD, with a similar systems level network approach. We hypothesized that naming deficits in
PPA-AD would primarily be related to atrophy and tau pathology within the left-lateralized
language network and connected pictorial object network. Given the importance in the left anterior

temporal lobe for naming, that pathologic burden in this critical region would be especially
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important for the relationship with future decline in naming. We hypothesized that cortical

thickness and tau PET measured pathology would have a covarying relationship. Furthermore,
that an individual's age may help explain inconsistencies in cross-sectional tau burden and
thickness measurements.

We found the distribution of tau PET binding and structural T+-weighted MRI atrophy in
PPA-AD confirms the expected left-lateralized pattern based on prior autopsy and PET studies
(Gefen, et al., 2012; Mesulam, et al., 2014; Ossenkoppele, et al., 2016; Bejanin, et al., 2017;
Josephs, et al., 2018). We found relationships between both cortical thinning and tau and
worsening performance on the Boston Naming Test. The relationships were throughout the left
perisylvian temporal cortex for thinning, including primarily in inferior, middle, and anterior
temporal regions. The pattern of tau PET with BNT was more widespread and included more of
the right hemisphere. This is consistent with previous studies of tau PET on cognition in amnestic
AD (Digma, et al., 2019), which finds correlations between cognition and tau PET are much more
widespread than with cortical thickness. But the findings are at odds with the more focal finding
of tau PET on measures of naming, confined to the left anterior temporal lobe, in studies with a
heterogenous AD cohort (Ossenkoppele, et al., 2016; Bejanin, et al., 2017). Patient groups,
and imaging or statistical processing choices likely played an important role in the differences.
Using a statistical technique called commonality analysis to decompose the variance explained
(R?), we found that atrophy and tau PET shared the majority of the variance in the left hemisphere
language network to explain naming. Furthermore, of the remaining ~50% variance, cortical
thickness explained twice as much variance in the BNT than tau PET, in line with studies showing
markers of neurodegeneration have a better relationship with cognition than pathology.

No other study with PPA-AD participants had examined longitudinal decline in cognition
with baseline tau PET. We found the relationship between the change in naming over one year

with tau PET to be confined to the left anterior temporal lobe and we could not find a relationship
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between change in naming and baseline cortical thickness. Put in the context of a distributed hub

and node model of naming (Mesulam, 1990; Patterson, et al., 2007; Mesulam, et al., 2013),
the accumulation of tau pathology in the critical hub was the spatial overlapping common feature
in all those participants that declined. It is likely that pathology in the distributed network also
predicted future decline, but it was non-overlapping and distributed in different anatomic locations
for different participants and therefore no significant relationship could be found.

The relationship between tau PET and cortical thickness has been studied in several
different cohorts, from elderly cognitive normal (Wang, et al., 2016; Hanseeuw, et al., 2017;
LaPoint, et al., 2017; Adams, et al., 2019; Harrison, et al., 2019) to early mild cognitive
impairment and demented individuals with either amnestic or non-amnestic phenotypes (Bischof,
et al., 2016; Ossenkoppele, et al., 2016; Xia, et al., 2017; Das, et al., 2018; laccarino, et al.,
2018). Significant associations have been previously found, but they have frequently been weak,
not surviving multiple comparisons correction, or in small patchy regions scattered throughout the
brain. We found a relationship in the inferior, middle, and medial temporal regions between
baseline thickness and tau PET. We followed this by finding a relationship with tau PET and age
in a spatially distinct region, in posterior temporal and parietal cortex. In a combined model of
thickness and age on tau PET, we found a widespread distributed pattern throughout most of the
cortex.

This was the relationship with tau PET and atrophy we found in PPA with suspected AD.
Future clinicopathologic studies of cognitive decline will need to be undertaken in autopsy-proven
cohorts and with the future, yet undiscovered, molecular biomarkers that bind co-pathologies
found in AD and related neurodegenerative diseases. | am encouraged by NIH funding U19
projects such as the Center Without Walls for PET Ligand Development for AD and Related

Dementias. They are using in silico computational modelling to screen thousands of probe targets
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for radioligand development, such as an alpha-synuclein PET tracer (Lengyel-Zhand, et al.,

2020).

In summary, the present studies provide further evidence that PPA-AD may be used as a
unique model system for studying AD. That there are several advantages to studying an early-
onset form of AD, with less co-pathology, that has a cortical foci of pathology lateralized to one
hemisphere, and cognitive deficits that are the result of accumulated pathology and subsequent
neurodegeneration in multiple downstream networks. Network measures demonstrate that
amnestic AD and PPA-AD have vulnerabilities in dissociable networks that match the clinical
presentation. Tau pathology continues to show strong relationships with neurodegeneration, is
associated with cognition, and may be more efficient for predicting future cognitive decline than

atrophy.
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