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ABSTRACT 
 
Alzheimer’s disease (AD) is characterized by amyloid plaques (Aβ), neurofibrillary tau 

tangles (NFT), and memory impairments leading to dementia. Yet post-mortem 

evidence suggests that some individuals with substantial AD neuropathology (Aβ and 

NFT) did not exhibit dementia during life. This dissertation aims to further elucidate the 

role of other biological processes in the development of AD – specifically, gliosis, axonal 

degeneration, and synaptic dysfunction (the latter two of which support structural 

connectivity). Specifically, this research will address the extent to which gliosis, neural 

injury, and synaptic dysfunction are requisite for the onset of dementia, the influence of 

amyloid, neural injury, and gliosis on brain microstructure, and whether biomarkers for 

these processes can improve our ability to predict subclinical cognitive decline before 

the onset of dementia. Using cerebrospinal fluid biomarkers attained via lumbar 

puncture, Aim 1 assesses whether neural injury, synaptic dysfunction, and gliosis 

contribute to a diagnosis of AD or resilience in the face of significant AD 

neuropathology. Aim 2 expands on this research, using CSF biomarkers and novel 

brain imaging techniques to determine the role of AD neuropathology, neural injury, and 

gliosis on brain microstructure in cognitively healthy, middle-aged adults (hence, earlier 

in the disease course). Finally, Aim 3 investigates whether these biological processes, 

when analyzed in conjunction with Aβ and NFT, improve our ability to detect subclinical 

cognitive decline before the onset of dementia. In sum, this work adds to the growing 

body of literature implicating processes occurring in conjunction with Aβ and NFT, and 

provides further insight into the pathophysiology of AD. 
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INTRODUCTION 

Alzheimer’s disease (AD) is characterized by the accumulation of extracellular 

amyloid plaques, intracellular neurofibrillary tangles, progressive brain atrophy, and 

cognitive decline. First described in 1907, Alois Alzheimer presented the case study of 

Auguste Deter, a 51-year-old patient with early-onset AD (EOAD) characterized by 

memory loss, delusions, and hallucinations.1 Post-mortem research has identified the 

hallmark pathologies of AD: neuritic amyloid plaques (Aβ) and neurofibrillary tau tangles 

(NFT). 2 While these findings set the foundation for a century of research on AD – 

including its causes, symptomology, brain pathology, and psychosocial effects – no truly 

effective treatments are yet available. 

The lack of therapeutic progress can be explained by several factors. Historically, 

clinical trials testing drugs to treat AD have typically taken place in AD patients with frank 

dementia, who may be too far along in the disease process to respond to treatment.3 

Indeed, multiple lines of research point toward synapse loss as antecedent to cell death 

and cognitive decline,4-6 and synaptic dysfunction may be a better predictor of cognitive 

decline than either amyloid or NFT.4, 7, 8 Late in the AD process, substantial neuronal 

dysfunction and death may preclude effective treatment. 

As such, it is crucial to examine the AD process early, in what is referred to as the 

preclinical stage – when an individual has biomarker evidence of incipient AD, but has 

yet to progress toward cognitive decline and dementia. This stage of the disease 

represents an opportunity for intervention to delay or prevent mild cognitive impairment 

(MCI) – the initial symptomatic phase of AD – or dementia itself. Neuropathological 
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evidence, cerebrospinal fluid biomarkers, as well as molecular imaging, have revealed 

that amyloid and NFT accumulate years before a decline in memory or executive 

function.9 

And yet there may be important processes that occur in addition to the 

development of  amyloid and NFT pathology, and that may contribute to the pathogenesis 

of AD and cognitive decline.10 Identifying these biological processes and tracking their 

progression may prove invaluable for understanding the overall disease course preceding 

dementia. Specifically, they may provide both targets for intervention and measurable 

biomarker outcomes for evaluating the success of interventions.11 

Some such biological phenomena are neural injury, synaptic degeneration, 

microstructural alterations, and gliosis, which will be described in greater detail later in 

this document. Post-mortem research has shown that AD brains exhibit significant 

oxidative stress and gliosis in regions proximate to amyloid plaques and neurofibrillary 

tangles, possibly contributing to dysfunction at synapses.12-14 In addition, microstructural 

abnormalities, which include loss of myelinated axons and synaptic degeneration15-17, 

appear to occur independent of cortical pathology in AD. Moreover, biomarker evidence 

for microstructural abnormalities has been observed at many stages of the disease, 

including in cognitively healthy adults with biomarker evidence of AD (i.e. Aβ and NFT).18-

21 

This dissertation seeks to further our understanding of neural injury, gliosis, 

synaptic degeneration in AD. Specifically, this research is centered on determining 

whether these biological phenomena are phenotypic of or requisite for dementia due to 
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AD, determine whether and how they relate to white matter microstructure early in the AD 

progression, and determine whether biomarkers of these biological processes can aid in 

detecting subclinical cognitive decline before the onset of frank dementia. 

The Amyloid Hypothesis 

Two characteristic pathologies – amyloid and NFT – underpin much of the 

Alzheimer’s research conducted in the last several decades. The amyloid hypothesis, first 

outlined by Hardy and Higgins in 1992, describes amyloid as the fundamental causative 

process in AD22 and is considered the most parsimonious explanation of AD 

pathogenesis. As described below, abnormal proteolytic cleavage of the amyloid 

precursor protein (APP) results in amyloid deposits which form in the intercellular space 

early in the disease process, sometimes decades before symptoms develop. Advances 

in Positron Emission Tomography (PET) imaging, including compounds that bind to 

amyloid plaque (e.g. Pittsburgh Compound B [PiB]), provide in vivo evidence that amyloid 

is present well before the manifestation of cognitive symptoms.9 PET imaging has played 

an important role in identifying prodromal AD.23 

These early deposits are largely non-toxic to neurons. With increasing deposition, 

plaques increase in size, high concentrations of soluble Aβ in oligomeric form develop, 

and these oligomers become toxic to nearby pre- and post-synaptic terminals. Referred 

to as the amyloid cascade, the hypothesis then posits that increasing amyloid deposition 

and toxicity prompts the local destabilization of tau from microtubules in axons. Through 

a process not fully elucidated, tau proteins become hyperphosphorylated into paired 

helical filaments in the axon hillock and dendrites, thereby impairing vesicular transport. 
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With an increased concentration of vesicles, neuritic swelling and dystrophy occur, 

increased calcium signaling induces further microtubule destabilization, and the 

accumulation of vesicles harboring the precursor and proteolytic enzymes that cleave Aβ 

(amyloid precursor protein [APP], beta-secretase-1 [BACE1] and gamma[γ]-secretase) 

thereby further accelerate amyloid deposition.24 

Aβ itself is formed from the cleavage of APP, a widely distributed transmembrane 

protein. APP is cleaved by several enzymes; in the non-amyloidogenic pathway, α-

secretase cleaves APP, producing a membrane-bound fragment and an extracellular 

fragment, sAPPα. Following this, γ-secretase cleaves the membrane-bound fragment 

again, producing two non-Aβ protein fragments. Conversely, in the amyloidogenic 

pathway, APP is first cleaved at a different amino acid location by BACE1. Then, γ-

secretase cleavage produces extracellular amyloid fragments ranging in length from 30 

to 51 amino acid residues.25 Aβ38, Aβ40, or Aβ42 are several common isoforms, the 

latter of which is the most prone to aggregation and is the primary marker of fibrillar 

amyloid in AD. 

Many converging lines of genetic, experimental, and biochemical evidence support 

the amyloid cascade hypothesis. Among these are: 1) Mutations to the APP protein near 

or within the Aβ region cause EOAD and are known to increase the production of Aβ42 

compared to other amyloid isoforms; 2) a mutation in presenilin 1 or 2 (core proteins of 

the γ-secretase complex and the catalytic subunits) increases the production of Aβ42 and 

is the most common cause of EOAD; 3) Down’s Syndrome patients have 3 copies of 

chromosome 21 (and therefore 3 copies of APP), invariably leading to high concentrations 
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of amyloid plaque, neurofibrillary tangles, dystrophic neurites, and dementia early in life; 

4) carriers of the e4 allele of apolipoprotein E (APOE) have decreased clearance of Aβ, 

leading to increased aggregation and increased risk of dementia due to AD. e2 carriers, 

on the other hand, have increased clearance and reduction in the risk of dementia; 5) the 

oligomeric form of Aβ42 is toxic to neurons, decreasing synaptic density, inhibiting long-

term potentiation, and impairing memory in rodents; 6) administration of oligomeric Aβ42 

in rodent neurons induces tau hyperphosphorylation and produces dystrophic neurites 

(Selkoe and Hardy, 2016 provide a review of this evidence26). 

Alternative Directions 

Despite the convergence of evidence in favor of the amyloid hypothesis, other 

research suggests that Aβ and NFT are necessary but not sufficient for the development 

of dementia due to AD. For instance, post-mortem studies suggest that a significant 

number of cognitively normal individuals exhibit substantial Aβ and NFT burden upon 

autopsy.27-29 Moreover, molecular neuroimaging studies have shown that PiB binding is 

observed in upwards of 20-30% of cognitively healthy elderly participants.30, 31 While 

these data do not inherently refute the amyloid hypothesis, they complicate the narrative 

and suggest that Aβ and NFT do not cause dementia in isolation. Therefore, a central 

goal of this dissertation proposal is to investigate how other biological processes – related 

to or independent of the characteristic AD neuropathologies – influence diagnosis, brain 

microstructure, and cognitive trajectories in middle- and older-age individuals. 

There are several explanations as to why some individuals can harbor substantial 

AD neuropathology and yet show no signs of impaired cognition. One often-cited 
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construct is that lifestyle factors and strategies built over time bestow “cognitive reserve,” 

thereby allowing individuals to cope with or compensate against increasing AD 

pathology.32 A second, related concept is that of “brain reserve,” in which some structural 

features of the brain confer resilience to dementia, even in the face of substantial Aβ and 

NFT aggregation33). Embedded in each of these hypotheses is the notion that some 

experiences or physical features of AD-dementia brains differ from non-dementia brains 

with substantial AD neuropathology. Elucidating these differences may lend insight into 

the biological processes underlying dementia, the factors underpinning resilience to AD, 

and novel targets for therapeutic intervention. 

One such distinction between the brains of those with AD-dementia versus those 

who remain cognitively healthy may be the presence of neural injury, synaptic 

degeneration, and gliosis. Research has demonstrated that neuronal and synaptic 

degeneration are more strongly correlated with cognitive dysfunction than are the typical 

AD pathologies 7, 34, 35, and that gliosis can contribute to the pathogenesis of AD36. 

Evidence for these biological phenomena as contributing factors can be found in post-

mortem studies. For instance, individuals that harbor significant AD neuropathology, 

concurrent neural injury abnormalities, and gliosis are more likely to have exhibited 

dementia during life than those with AD neuropathology alone27, 37.  

CSF biomarker evidence suggests an important role for neural injury in AD. For 

example, neurofilament light protein (NFL) – a protein expressed principally in large-

caliber myelinated axons 38, 39 – is an important component of neuronal cytoarchitecture 

40, 41 and is elevated in neurodegenerative diseases, including AD42-48. Studies have 
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shown that increased NFL predicts reduced cognitive performance on the Mini-Mental 

State Exam (MMSE) in AD patients49, in line with the fact that these large-caliber 

myelinated axons are found primarily in temporal and frontal lobes50. Further, NFL 

predicts progression from MCI to frank dementia49. These results implicate neural injury 

as an important biomarker, and perhaps a crucial predictor of cognitive decline before the 

onset of clinical symptoms. 

Other CSF biomarkers of neural injury point to similar conclusions. Neurogranin is 

a protein expressed in dendrites and dendritic spines51, and regulates levels of calmodulin 

following neural excitation and calcium influx50, 51. Expressed highest in association 

cortices and the hippocampus52, it is involved in plasticity, synaptic regeneration, long-

term potentiation, and learning and memory 53. Synaptic dysfunction is thought to underlie 

the progression to dementia in AD, and may in fact be a harbinger of neuronal loss 54-56. 

Indeed, concentration of synapses in the cortex is reduced by up to 30% even in early 

stages of AD4, 57. Recently, neurogranin has been shown to be reduced in post-mortem 

brain tissue of AD patients compared to age-matched controls 58, suggesting that it plays 

a role in cognitive decline. In CSF biomarker studies, neurogranin is elevated in AD and 

is predictive of cognitive decline and progression to dementia 59, 60. Reduced levels of 

neurogranin in post-mortem brains likely reflects the same process of synaptic 

degeneration as does the increased levels in CSF neurogranin pre-mortem. Research 

has also shown that individuals with significant Aβ and NFT burden who also have high 

levels of neurogranin in CSF are likely to have had dementia for only a short duration. 
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This suggests that elevated neurogranin may be a particularly useful in determining when 

dementia is temporally proximate 61. 

Brain imaging has also provided a window for understanding microstructural 

alterations in both AD-dementia and preclinical AD. While gray matter changes in AD and 

preclinical AD are relatively well established – such as reduced hippocampal and cortical 

volume 62-66 – white matter alterations are emerging as an important factor in the 

pathogenic process. Altered white matter microstructure is present throughout the AD 

progression 15, 67-70, and may in fact occur prior to or independently of gray matter changes 

(71, 72; for a review see Sachdev et al., 201373). Magnetic resonance (MR) diffusion-

weighted imaging (DWI) is a tool sensitive to the Brownian diffusion of water molecules 

in the brain, and has been invaluable for making inferences about tissue microstructure 

in AD in vivo 74-79. Diffusion-tensor imaging (DTI) is the most widely used technique, and 

provides metrics that include fractional anisotropy (FA) and mean diffusivity (MD), which 

are sensitive to diffusion parallel to axons and the average diffusion within a voxel, 

respectively. 

It has been shown that CSF biomarkers of AD are associated with decreased FA 

and increased MD19, and a voxel-wise analysis in cognitively healthy adults found that 

AD CSF biomarkers were associated with altered white matter microstructure in several 

tracts 80. More recent results using other imaging techniques support the hypothesized 

link between AD pathology and white matter microstructure. For instance, one study using 

free-water elimination (FWE) DTI – a novel technique that estimates and removes CSF 

signal from the diffusion tensor of the tissue – revealed that AD CSF biomarkers were 
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associated with a higher FWE-DTI f-value, indicating greater free water diffusion 81. In 

another study, myelin water fraction (MWF) – a quantitative measure sensitive to myelin 

content – was negatively associated with AD CSF biomarkers, suggesting a more specific 

link between AD pathology and white matter microstructure 82. 

With regard to gliosis, it is known that activated microglia clear cellular debris and 

Aβ and that astrocytes become activated in the presence of Aβ 83. Yet the glial cascade 

may also play a role in neural injury associated with AD. In the presence of an 

inflammatory trigger such as Aβ, astrocytes and microglia respond by releasing a variety 

of neurotoxic factors, which further damage surrounding cells 84. YKL-40 is expressed by 

activated glia and is elevated with increasing age 85, at all stages of AD 86-88, and is 

thought to be a marker of Aβ-induced gliosis 86-89. While amyloid deposition is known to 

be an early feature of AD, it is thought that the toxic effects on neurons only appear after 

significant levels of amyloid burden are reached 9; therefore it may be the case that an 

active astrocyte or microglial response is necessary for injury to occur. In support of this 

hypothesis, it has been shown in post-mortem studies that microglial activation, cell 

death, and degradation of synapses are defining features of AD patients compared to 

cognitively healthy controls with comparable Aβ and NFT 27. 

Despite this evidence, significant gaps in our understanding remain. First, while 

the roles of gliosis, neural injury, and synaptic dysfunction have been demonstrated post-

mortem, it is not fully clear the role that these biological phenomena play during life. 

Greater insight may lead to an understanding of why Aβ and NFT are necessary but not 

sufficient for the development of dementia due to AD. If other factors are at work in the 
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development in dementia, such as gliosis, synaptic dysfunction, and neural injury, can 

these factors be reliably measured and used diagnostically or prognostically during life? 

Second, a more specific understanding of how Aβ, NFT, neural injury, gliosis, and 

synaptic dysfunction relate to brain microstructure is needed. Despite the usefulness of 

DTI in AD research, FA and MD may be affected by many physical features, making them 

non-specific to any particular pathological feature. For example, FA differences can be 

attributed to alterations in myelination, axonal packing density, axon diameter, or 

membrane permeability 90. In light of this, newer DWI acquisition and modeling techniques 

have sought to improve upon the inferences allowed by DTI and therefore gain a better 

understanding of brain tissue microstructure in development, aging, and in human 

disease 91-103. In this research, novel imaging techniques will be utilized to gain more 

specific knowledge about how biomarkers of the aforementioned biological processes 

relate to structural brain changes in AD, such as Neurite Orientation Diffusion and Density 

Imaging (NODDI). 

Finally, while it is known in general that neural injury is involved in AD 

symptomology, it is not fully clear whether available biomarkers are adequately predictive 

of cognitive decline. A primary goal of this dissertation is to link neural injury to subclinical 

cognitive decline before the onset of dementia. This will provide evidence for or against 

the idea that neural injury biomarkers are useful for assessing disease progression above 

and beyond what the more typical AD biomarkers (Aβ and NFT) can provide. 
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Specific Aims 

Aim 1: Determine whether neural injury, synaptic dysfunction, and gliosis biomarkers are 

phenotypic of AD during life. Do these biomarkers add value in distinguishing AD-

dementia patients from those with significant Aβ and NFT who remain cognitively 

unimpaired? 

 

Aim 2: Determine whether AD biomarkers – and AD biomarkers in conjunction with neural 

injury, synaptic dysfunction, or gliosis –  are predictive of white matter microstructure in 

people at risk for AD. 

 

2A: Determine whether amyloid PET imaging is associated with global and regional 

white matter microstructure in cognitively unimpaired older adults. 

2B: Determine whether CSF biomarkers of neural injury and gliosis are associated 

with white matter microstructure, particularly in conjunction with Aβ pathology. 

 

Aim 3: Determine which biomarkers of neural injury and synaptic dysfunction add value 

in predicting cognitive decline within the amyloid, tau, and neurodegeneration [AT(N)] 

framework. 
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Neurodegeneration, synaptic dysfunction, and gliosis are 
phenotypic of Alzheimer’s dementia 

 
Andrew P. Merluzzi, BA; Cynthia M. Carlsson, MD; Sterling C. Johnson, PhD; Suzanne 
E. Schindler, MD, PhD; Sanjay Asthana, MD; Kaj Blennow, MD, PhD; Henrik 
Zetterberg, MD, PhD; Barbara B. Bendlin, PhD 
 
ABSTRACT: 
 
Objective: To test the hypothesis that cognitively unimpaired individuals with Alzheimer’s 
disease (AD) neuropathology differ from individuals with AD dementia on biomarkers of 
neurodegeneration, synaptic dysfunction, and glial activation.   
 
Methods: In a cross-sectional study, adult participants above 70 years old (n=79, 
age=77.1 ± 5.3 years) underwent comprehensive cognitive evaluation and cerebrospinal 
fluid (CSF) collection, which was assayed for markers of amyloid, phosphorylated tau, 
neurodegeneration (neurofilament light protein [NFL] and total tau) synaptic dysfunction 
(neurogranin), and glial activation (YKL-40). Participants were divided into three groups 
based on diagnosis and p-Tau/Aβ42: Those with low p-Tau/Aβ42 and unimpaired cognition 
were classified as “Controls” (n=25); those with high p-Tau/Aβ42 diagnosed with AD-
dementia or AD-MCI were classified as “AD-Dementia” (n=40); and those with high p-
Tau/Aβ42 but unimpaired cognition were classified as “Mismatches” (n=14). A similar, 
secondary analysis was performed with no age exclusion criteria (n=411). 
 
Results: In both the primary and secondary analyses, biomarker levels between groups 
were compared using ANCOVA while controlling for age and demographic variables. 
Despite p-Tau/Aβ42 and Aβ42/Aβ40 levels comparable to the AD-Dementia group, 
Mismatches had significantly lower levels of NFL and total tau. While not significantly 
lower than the AD-Dementia group on YKL-40 and neurogranin, Mismatches were also 
not significantly different from Controls. 
 
Conclusions: These results provide evidence that, in the absence of significant 
neurodegenerative processes, individuals who harbor AD neuropathology may remain 
cognitively unimpaired. This provides insight into the biological processes phenotypic of 
dementia, and supports monitoring multiple biomarkers in individuals positive for AD 
neuropathology.  
 
ABBREVIATIONS: 
AD, Alzheimer’s disease; MCI, mild cognitive impairment; NFL, neurofilament light 
protein; YKL-40, chitinase-3-like protein 1; p-Tau, tau phosphorylated at threonine 181; t-
Tau, total tau; WRAP, Wisconsin Registry for Alzheimer's Prevention; APOE4, 
apolipoprotein E gene ε4 
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INTRODUCTION 

The neuropathology of Alzheimer’s disease (AD) – amyloid plaques (Aβ) and 

neurofibrillary tangles (NFT) – accumulates in a silent phase years before cognitive 

decline. Remarkably, some individuals live to older age without developing dementia 

despite substantial AD neuropathology burden upon autopsy, leading some to describe 

these individuals as “mismatches” 27.   

Post-mortem, observed brain differences between AD-Dementia and Mismatch 

individuals include neuronal dysfunction and glial activation. Neuronal and synaptic 

degeneration are strongly correlated with cognitive dysfunction35, and microglial and 

astrocytic activation is a key feature of the pathogenic process of AD36.  

In the present study, we tested whether cerebrospinal fluid (CSF) biomarkers of 

neurodegeneration, synaptic dysfunction, and glial activation differ between 1) 

unimpaired older adults with no biomarker evidence of AD neuropathology (Controls), 2) 

individuals with AD dementia (AD-Dementia), and 3) cognitively unimpaired individuals 

with evidence of significant AD neuropathology (Mismatches).  

We hypothesized that, compared to cognitively unimpaired older adults with 

significant AD neuropathology (Mismatches), AD-Dementia participants would exhibit 

higher NFL, neurogranin, total tau, and YKL-40, indicative of neurodegeneration, synaptic 

dysfunction, and gliosis. 

METHODS 

Participants 
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All participants were recruited from the Wisconsin Registry for Alzheimer’s 

Prevention (WRAP) and the Wisconsin Alzheimer’s Disease Research Center (ADRC). 

These cohorts are composed of unimpaired middle to older-aged adults with and without 

parents with late onset AD (WRAP), as well as those with AD-MCI and AD-dementia 

(ADRC). All participants are community dwelling, and underwent examination (including 

lumbar puncture) at the University of Wisconsin Medical Center between 2010 and 2017. 

The current sample was enriched for AD risk via a parental history of AD (69%) and 

included participants positive for the known AD genetic risk factor Apolipoprotein E ε4 

(APOE ε4) (42%). Exclusion criteria included any significant neurological disease other 

than AD or major psychiatric disorders.  

Standard Protocol Approvals, Registrations, and Patient Consents 

The University of Wisconsin’s institutional review board approved all portions of 

this study and each participant provided written informed consent before all procedures. 

Diagnosis 

Participants underwent comprehensive cognitive testing, described previously for 

WRAP104 and ADRC105. Diagnosis of dementia due to AD or MCI due to AD was 

determined using National Institute on Aging-Alzheimer’s Association (NIA-AA) criteria106, 

and reviewed by a multidisciplinary panel of experts at a diagnosis consensus meeting 

where cognitive testing findings and supporting information gathered at each study visit 

were reviewed (e.g., self-reported medical history; depressive symptoms; self-reported 

memory functioning; social history; and informant reports of cognitive and functional 
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status). Participants included in the final analysis fell into one of three diagnostic 

categories: 1) cognitively unimpaired, 2) MCI due to AD, or 3) dementia due to AD.  

Cerebrospinal Fluid Analyses 

CSF collection and assays have been described previously107. Cerebrospinal fluid 

biomarkers were utilized to assess AD-related neuropathology, neuronal dysfunction, and 

glial activation. We measured Aβ42, Aβ40, total tau (t-Tau), and tau phosphorylated at 

threonine 181 (p-Tau), biomarkers that are known to distinguish patients with dementia 

due to AD from controls108 and are indicative of conversion from mild cognitive impairment 

to dementia109. In addition to these AD biomarkers, we examined markers of axonal and 

synaptic neurodegeneration: neurofilament light (NFL) protein and neurogranin, 

respectively. These biomarkers are associated with cognitive decline and are elevated in 

AD patients compared to controls110. Finally, we measured a marker of activated microglia 

and astrocytes, chitinase-3-like protein 1 (YKL-40). This protein is elevated in AD, likely 

as a response to amyloid accumulation and cell injury87, 88. We computed and conducted 

analyses using Aβ42/Aβ40, given that it is more closely associated with amyloid plaque 

burden111, and p-Tau/Aβ42 which is a sensitive marker of AD progression112.  

Statistical Analysis and Group Delineation 

Group delineations were made based on cognitive status and CSF biomarker 

levels, and two analyses were performed. In both analyses, participants were included if 

they had complete CSF data analyzed and fell into one of three categories: 1) MCI or 

dementia due to AD (“AD-Dementia”); 2) cognitively unimpaired but with AD 

neuropathology (“Mismatches”); 3) unimpaired controls without AD neuropathology 
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(“Controls”). The difference between the two analyses is that, in the “age-matched” 

analysis, groups were limited to 70 years or older, and therefore did not statistically differ 

on age (tests described below). The second analysis included individuals of any age, 

where age was controlled for statistically. This is described in the following sections. 

Age-Matched Analysis (> 70 Years) 

In order to delineate groups of interest, we started with an initial sample comprising 

461 participants with a successful lumbar puncture. We then divided the entire sample 

into quartiles of p-Tau/Aβ42, categorizing the top 25% as phenotypic of AD (n=115) and 

the remaining 75% of participants as not phenotypic of AD (n=346). Unsurprisingly, the 

group not phenotypic of AD was substantially younger. In order to account for age as 

robustly as possible, we limited our primary analysis to individuals aged 70 years or older 

(n=99 of the original 461) while also including age as a covariate (i.e. the “age-matched” 

analysis).  

Individuals in the top 25% of p-Tau/Aβ42 were then divided again based on 

diagnosis. Participants with a diagnosis of AD-MCI and AD-dementia were categorized 

as “AD-Dementia”. Participants in the top 25% of p-Tau/Aβ42 but who were cognitively 

unimpaired were categorized as “Mismatches.” In order to examine a relatively pure AD 

phenotype, we excluded 20 participants who had an MCI or dementia diagnosis that was 

deemed unlikely to stem from AD (e.g. frontotemporal dementia), or because they had a 

p-Tau/Aβ42 ratio in the bottom 75% of the entire sample (e.g. not phenotypic of AD, 

despite a clinical AD diagnosis). This produced a final sample of n=79. 
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This classification scheme resulted in three groups: 1) low p-Tau/Aβ42 and 

unimpaired cognition classified as “Controls” (n=25); high p-Tau/Aβ42 diagnosed with AD-

dementia or AD-MCI classified as “AD-Dementia” (n=40); and high p-Tau/Aβ42 but 

unimpaired cognition classified as “Mismatches” (n=14).  

Age-Controlled Analysis (Entire Cohort) 

A secondary analysis comprised the entire initial sample (n=461, including 

participants from the age-matched analysis). Control, AD-Dementia, and Mismatch 

groups were delineated in an identical procedure as outlined above, with the exception 

that age was not limited to >70. In order to examine a relatively pure AD phenotype, we 

excluded 50 participants from this 461 who had an MCI or dementia diagnosis that was 

deemed unlikely to stem from AD (e.g. frontotemporal dementia) or because their p-

Tau/Aβ42 ratio was in the bottom 75% of the entire sample (e.g. not phenotypic of AD, 

despite a clinical AD diagnosis). This produced a final sample of n=411. 

This classification scheme resulted in three groups: 1) low p-Tau/Aβ42 and 

unimpaired cognition classified as “Controls” (n=291); high p-Tau/Aβ42 diagnosed with 

AD-dementia or AD-MCI classified as “AD-Dementia” (n=61); and high p-Tau/Aβ42 but 

unimpaired cognition classified as “Mismatches” (n=59). 

Statistical Analyses 

ANCOVA was used to compare the three groups on CSF biomarkers while 

controlling for demographic variables (years of education, APOE ε4 status, family history 

of AD, sex, and age). Significance was inferred at α < 0.05. To achieve normality, NFL, 

neurogranin, and p-Tau/Aβ42 data were log-transformed prior to analysis. 
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Data Availability: 

For purposes of replicating procedures and results, the data used in this study can 

be made available upon request. 

RESULTS 

Demographic Characteristics 

Age-Matched Analysis (> 70 Years) 

Demographic characteristics are displayed in Table 1. An ANOVA comparing 

demographic variables revealed that groups did not significantly differ on age (as 

expected). The AD-Dementia group had a significantly lower percentage of female 

participants compared to Controls (p=0.046), and no other groups differed. The AD-

Dementia and Mismatch groups had a higher percentage of APOE ε4 carriers compared 

to Controls (p’s<0.001). Groups did not differ on family history of AD or education, 

although we observed a trend for education such that the AD-Dementia group had 1.3 

fewer years of education than Controls (p=0.51).  

Age-Controlled Analysis (Entire Cohort) 

Demographic characteristics are displayed in Table 2. The ANOVA comparing 

demographic variables revealed that groups differed on age at the time of CSF collection 

(as expected). The AD-Dementia group was 13.3 years older than Controls, and 7.8 years 

older than the Mismatch group. The Mismatch group was 5.5 years older than Controls 

(all p’s<0.001). The AD-Dementia group had a significantly lower percentage of female 

participants compared to both the Control and Mismatch groups (p’s<0.001). The AD-

Dementia (p<0.001) and Mismatch (p=0.003) groups were more likely to be APOE ε4 
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carriers compared to Controls. The AD-Dementia group was less likely to have a family 

history of AD at the trend level (p=0.087), likely because many of the younger participants 

who enroll in the WRAP and ADRC studies do so based on parental family history of AD. 

Finally, the AD-Dementia group had 0.91 fewer years of education compared to Controls 

(p=0.034). 

Biomarker Comparisons 

As expected based on group classification, ANCOVAs for both the age-matched 

and age-controlled analyses revealed that the AD-Dementia and Mismatch groups had 

higher levels of p-Tau/Aβ42 compared to Controls, but did not differ from each other. 

Similarly, the AD-Dementia and Mismatch groups had lower levels of Aβ42/Aβ40, but did 

not differ from each other (all p’s<0.001, plots not shown). 

The group comparison results for NFL varied between the age-matched and age-

controlled analyses. Specifically, levels of NFL did not differ significantly between 

Controls and Mismatches in the age-matched analysis (Figure 1A), with both groups 

showing reduced levels compared to AD-Dementia (p’s <0.001). In the age-controlled 

analysis (Figure 2A), Mismatches showed intermediate levels of NFL that were 

significantly higher than Controls but significantly lower than AD-Dementia (p’s<0.001). 

Neurogranin was consistently elevated in AD-Dementia compared to Controls 

across both analyses (p’s<0.001). In the age-matched analysis (Figure 1B), Mismatches 

showed qualitatively intermediate values compared to controls and AD-Dementia that did 

not reach significance. However, in the age-controlled analysis (Figure 2B), Mismatches 
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showed significantly elevated neurogranin compared to controls (p<0.001), and 

Mismatches were statistically indistinguishable from AD-Dementia. 

In the age-matched analysis (Figure 1C), AD-Dementia exhibited higher levels of 

YKL-40 compared to Controls (p<0.05), but there was no statistical difference between 

Mismatches and either the Control or AD-Dementia groups. In the age-controlled analysis 

(Figure 2C), the AD-Dementia group exhibited higher levels of YKL-40 compared to both 

the Control and Mismatch groups (p’s <0.001), who did not differ from each other. 

In the age-matched analysis (Figure 1D), the AD-Dementia group exhibited higher 

levels of t-Tau compared to Controls (p<0.001) and Mismatches (p<0.05), who did not 

differ from each other. In the age-controlled analysis (Figure 2D), Mismatches showed 

intermediate levels of t-Tau that were significantly higher than Controls but significantly 

lower than AD-Dementia (p’s <0.001). 

DISCUSSION  

 Some individuals harbor substantial AD neuropathology in the absence of 

dementia. This raises the question of whether additional biological factors are 

informative in staging the disease course. Examining cognitively unimpaired individuals 

with AD-like levels of amyloid and p-Tau (Mismatches), our primary analysis revealed 

that these individuals had significantly lower NFL and t-Tau compared to AD-Dementia 

patients. While not significantly lower than AD patients on YKL-40 and neurogranin, 

Mismatches did not differ significantly from Controls either, suggesting qualitatively 

intermediate levels of these biomarkers. 
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NFL, which is expressed principally in large-caliber myelinated axons38, is an 

important component of the neuronal cytoskeleton40, 41. Studies indicate that increased 

NFL predicts reduced cognitive performance on the Mini-Mental State Exam in AD 

patients49, in line with the fact that these large-caliber myelinated axons are found 

primarily in temporal and frontal lobes50 and that NFL is a marker of disease 

progression49. NFL may be a particularly promising biomarker in conjunction with amyloid 

and tau given that it can be measured in plasma113. The results presented in this study 

underscore the fact that loss of axonal integrity – particularly large-caliber, myelinated 

axons – plays a role in the development of dementia due to AD. 

Neurogranin was elevated in AD-Dementia compared to Controls, and 

mismatches exhibited qualitatively intermediate values between the AD-Dementia and 

Control groups in the age-matched analysis. In the larger, age-controlled analysis, the 

difference between Mismatches and Controls reached statistical significance, with 

Mismatches showing levels similar to AD-Dementia.  Neurogranin is a protein expressed 

in dendritic spines51, and regulates levels of calmodulin following action potentials and 

calcium influx114. Expressed highest in associative cortical regions52, it is implicated in 

plasticity, synaptic regeneration, long-term potential, and learning and memory53. 

Synaptic dysfunction is thought to underlie the progression to dementia in AD, and may 

in fact be a harbinger of neuronal loss54. Indeed, concentration of synapses in the cortex 

is reduced by up to 30% even in early stages of AD5. Neurogranin is reduced in post-

mortem brain tissue of AD patients compared to age-matched controls115, supporting the 

idea that it plays a role in cognitive decline. Indeed, the fact that the Mismatch and AD-
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Dementia groups had similar levels of neurogranin in both analyses presented here 

suggests that Mismatches exhibit significant synaptic degeneration despite remaining 

cognitively unimpaired, and therefore that cognitive impairment may be imminent.  

Post-mortem studies also implicate glial activation as a defining feature of 

dementia due to AD27, 37. YKL-40 measured in CSF differs between AD cases and 

controls116 and may be a marker of disease progression86, 117. The fact that higher levels 

of YKL-40 were observed in the AD-Dementia group while the Mismatch group had 

qualitatively intermediate (in the age-matched analysis) or normal levels (in the age-

controlled analysis) suggests that gliosis in concert with AD neuropathology may be 

necessary for the development of dementia due to AD. 

Several hypotheses have been put forward to explain why some individuals with 

significant AD neuropathology remain cognitively unimpaired. Lifestyle factors and 

cognitive strategies may contribute to cognitive reserve, allowing individuals to function 

despite AD neuropathology32. A related concept is that of brain reserve, where structural 

or functional features of the brain confer resilience to AD dementia33. It is also possible 

that Mismatches have some genetically conferred immune advantage or environmental 

influence on immune function that contributes to resilience118, 119. Ultimately, it is still 

unclear why some individuals are more resilient to the damaging effects of AD 

neuropathology, but elucidating these differences will lend insight into the biological 

processes underlying resilience and dementia. 

Holistically speaking, the AD-Dementia, Control, and Mismatch groups differ on 

one important characteristic: education. The AD-Dementia group was less educated 
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compared to Controls at the trend level in the age-matched analysis, and significantly so 

in the age-controlled analysis. Previous research suggests that education is associated 

with reduced prevalence of AD-dementia120, 121. However, crucially, Mismatches and 

Controls did not differ on years of education in either analysis presented here. Therefore, 

Mismatches may be resilient in the face of AD neuropathology when compared to the AD-

Dementia group due to cognitive or brain reserve conferred by education or other 

associated protective factors. One caveat is that the sample overall was highly educated, 

as well as racially and ethnically homogenous. Therefore, these results may not be 

applicable to the general population. More research is needed in diverse populations, and 

improved metrics of education quality – beyond simply years of schooling completed – 

are needed122. 

We use the term “resilient” with caution when describing the Mismatch group. 

Cross-sectional data prevent us from concluding that the Mismatch group will remain 

resilient to dementia as AD neuropathology accumulates. Indeed, the fact that 

Mismatches exhibited intermediate levels of several biomarkers could suggest a 

progressively worsening disease state. At the same time, Mismatches may have had an 

abnormal AD biomarker profile (p-Tau/Aβ42) for a shorter length of time than the AD-

Dementia group. Still, the results presented here do indicate that – at the time of 

assessment and at comparable ages to the dementia group – Mismatches appear 

resilient to cognitive decline despite comparably high levels of AD neuropathology. 

Longitudinal evaluation is needed for mapping biomarker and cognitive trajectories, as 

well as for determining the duration of time that Mismatches remain resilient. 
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Although results are generally consistent between the age-matched analysis and 

the age-controlled analysis, it is important to note small differences in the patterns of 

results generated from the two analyses. For example, Mismatches had levels of 

neurogranin that were qualitatively intermediate between the Control and AD-Dementia 

groups in the age-matched analysis, but were similar to AD-Dementia and higher than 

Controls in the age-controlled analysis. This discrepancy is likely attributable to 

differences in sample size and thus statistical power in the two analyses. While the age-

matched analysis further removes any unaccounted-for bias between groups of different 

ages, the age-controlled analysis increases statistical power to detect differences 

between groups. Of course, an age-matched analysis with a larger set of participants 

would be ideal, and longitudinal studies should be the goal of future work. 

While longitudinal data will prove invaluable for confirming these findings, this 

research suggests that larger panels of biomarkers will be useful for differentiating 

between groups with and without dementia that harbor similar levels of AD 

neuropathology. Mechanistically, this research adds support to the hypothesis that 

amyloid and tau are necessary but not sufficient for the onset of frank dementia. 
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Tables and Figures 

Table 1: Table 1: Characteristics of age-matched participants. Values are mean 
(standard deviation) except where otherwise indicated. 
 

Sample Characteristics Controls AD-Dementia Mismatches Total 

N 25 40 14 79 

Age (years) 76.0 (6.5) 78.3 (6.0) 75.8 (4.1) 77.1 (5.3) 

Sex (% Female) 64% 35% 71% 51% 

APOE ε4 (% Positive) 12% 68% 71% 51% 

AD Parental History (% 
Positive) 40% 45% 71% 48% 

Education (Years) 17.0 (2.6) 15.3 (2.9) 16.3 (2.7) 16.0 (2.8) 

p-Tau/Aβ42 0.05 (0.01) 0.15 (0.07) 0.13 (0.06) 0.12 (0.08) 

Aβ42/Aβ40 0.11 (0.01) 0.06 (0.01) 0.06 (0.01) 0.08 (0.03) 

NFL, pg/mL 879 (279) 1844 (816) 951 (284) 1380 (771) 

Neurogranin, pg/mL 312 (140) 567 (352) 384 (134) 454 (291) 

YKL-40 ng/mL 192 (67) 264 (73) 207 (63) 233 (75) 

Total Tau, pg/mL (t-
Tau) 337 (106) 819 (324) 543 (191) 617 (330) 
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Figure 1: Biomarker plots for age-matched analysis. Each black dot represents one CSF 
sample from one individual. The bottom of the boxplot represents the 25th percentile, the 
top represents the 75th percentile (thereby comprising the interquartile range [IQR]), and 
the middle line represents the median. Whiskers extend 1.5×IQR above the third quartile 
and 1.5×IQR below the first quartile. The white diamond within the box represents the 
mean. Panel A: the AD-Dementia group showed significantly higher NFL compared to 
Controls and Mismatches, who did not differ from each other. Panel B: AD-Dementia 
exhibited higher levels of neurogranin compared to Controls, and Mismatches did not 
differ from either Controls or AD-Dementia. Panel C: AD-Dementia exhibited higher levels 
of YKL-40 compared to Controls, and Mismatches did not differ from either Controls or 
AD-Dementia. Panel D: the AD-Dementia group exhibited higher levels of t-Tau 
compared to both Controls and Mismatches, who did not differ from each other. (n.s. 
denotes no significant difference; ** denotes p<0.001; * denotes p<0.05). 
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Table 2: Table 2: Characteristics of age-controlled participants. Values are mean 
(standard deviation) except where otherwise indicated. 
 

Sample Characteristics Controls AD-
Dementia Mismatches Total 

N 291 61 59 411 

Age (years) 59.9 (7.6) 73.2 (8.9) 65.4 (7.5) 62.7 (9.1) 

Sex (% Female) 69% 38% 73% 65% 

APOE ε4 (% Positive) 34% 72% 56% 43% 

AD Parental History (% 
Positive) 73% 59% 76% 71% 

Education (Years) 16.2 (2.5) 15.3 (2.8) 16.0 (2.6) 16.1 (2.6) 

p-Tau/Aβ42 0.05 (0.01) 0.18 (0.08) 0.16 (0.06) 0.09 (0.07) 

Aβ42/Aβ40 0.10 (0.02) 0.06 (0.01) 0.06 (0.01) 0.09 (0.02) 

NFL, pg/mL 579 (296) 1412 (799) 814 (307) 790 (540) 

Neurogranin, pg/mL 309 (159) 576 (323) 441 (144) 367 (214) 

YKL-40 ng/mL 151 (51) 196 (77) 159 (53) 159 (65) 

Total Tau, pg/mL (t-Tau) 289 (108) 725 (315) 448 (160) 376 (241) 
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Figure 2: Biomarker plots for age-controlled analysis. Each black dot represents one CSF 
sample from one individual. The bottom of the boxplot represents the 25th percentile, the 
top represents the 75th percentile (thereby comprising the interquartile range [IQR]), and 
the middle line represents the median. Whiskers extend 1.5×IQR above the third quartile 
and 1.5×IQR below the first quartile. The white diamond within the box represents the 
mean. Panel A: all groups differed on levels of NFL, with the Mismatch group exhibiting 
intermediate levels compared to the AD-Dementia and Control groups. Panel B: the AD-
Dementia and Mismatch groups did not differ from each other on levels of neurogranin, 
but both groups had higher levels compared to Controls. Panel C: the AD-Dementia group 
exhibited higher levels of YKL-40 compared to both Controls and Mismatches, who did 
not differ from each other. Panel D: all groups differed on levels of t-Tau, with the 
Mismatch group exhibiting intermediate levels compared to the AD-Dementia and Control 
groups. (n.s. denotes no significant difference; ** denotes p<0.001; * denotes p<0.05). 
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Amyloid Deposition and Cerebrospinal Fluid Biomarkers are 
Associated with Altered White Matter Microstructure 

 
Andrew P. Merluzzi, Douglas C. Dean III, Nagesh Adluru, Nicholas Vogt, Bradley T. 
Christian, Tobey J. Betthauser, Patrick J. Lao, Sanjay Asthana, Henrik Zetterberg, Kaj 
Blennow, Sterling C. Johnson, Cynthia M. Carlsson, Mark A. Sager, Andrew L. 
Alexander, and Barbara B. Bendlin 
 

ABSTRACT 
Alzheimer’s disease is characterized by progressive accumulation of β-amyloid plaques 
and neurofibrillary tangles (both of which are cardinal Alzheimer’s neuropathologies), as 
well as neuronal injury and gliosis. While amyloid is assumed to be a neurotoxic instigator 
of other pathological features of Alzheimer’s, the extent to which amyloid accumulation is 
associated with neural injury in the earliest stages of the disease is unknown. Using 
multiple linear regression models, we thus investigated whether Alzheimer’s-related 
biomarkers, in particular amyloid – indexed by positron emission tomography (PET) 
imaging and cerebrospinal fluid (CSF) biomarkers – are associated with neural injury 
measured with diffusion-weighted imaging. In addition, we examined the possible 
potentiating effect between biomarkers for axonal degeneration, synaptic dysfunction, 
and activated glia in conjunction with amyloid. In 67 cognitively unimpaired older 
participants, we found that higher levels of amyloid deposition measured with 
[11C]Pittsburgh Compound B (PiB) PET were associated with lower white matter neurite 
density and orientation dispersion in the hippocampal cingulum and cingulum bundles, 
though not in a manner that suggests local amyloid toxicity. In addition, in 66 cognitively 
unimpaired older participants, we observed that higher concentrations of CSF biomarkers 
– particularly those associated with tau pathology (phosphorylated tau) and activated glia 
(YKL-40) in conjunction with amyloid – were associated with lower neurite density (NDI) 
and orientation dispersion (ODI) in similar white matter tracts. These results provide 
further insight into the mechanisms underlying early brain changes in Alzheimer’s, and 
argue against local toxicity of amyloid early in the Alzheimer’s disease process. 
 
ABBREVIATIONS 
DTI, Diffusion Tensor Imaging; WRAP, Wisconsin Registry for Alzheimer's Prevention; 
FA, fractional anisotropy; MD, mean diffusivity; APOE ε4, the varepsilon 4 allele of the 
apolipoprotein E gene; SPM, Statistical Parametric Mapping; FSL, FMRIB Software 
Library; BET, Brain Extraction Tool; DTI-TK, Diffusion Tensor Imaging Toolkit; MRI, 
magnetic resonance imaging; NODDI, neurite orientation dispersion and density imaging; 
PiB, [11C]Pittsburgh Compound B; NDI, neurite density; ODI, orientation dispersion; Fiso, 
volume fraction of isotropic diffusion; MMSE, Mini-Mental State Examination; LP, lumbar 
puncture; p-Tau, tau phosphorylated at threonine 181; Aβ42, beta-amyloid protein ending 
in residue 42; Aβ40, amyloid-beta protein ending in residue 40; NFL, neurofilament light 
protein; YKL-40, chitinase-3-like protein 1. 
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INTRODUCTION 

Alzheimer’s disease is characterized by accumulation of extracellular amyloid 

plaques, intracellular neurofibrillary tangles, progressive brain atrophy, and cognitive 

decline. The extent to which the characteristic pathologies of Alzheimer’s are associated 

with neural injury preceding the onset of dementia remains an ongoing area of research. 

Gray matter alterations in Alzheimer’s and preclinical Alzheimer’s are well established, in 

which Alzheimer’s patients exhibit reduced hippocampal and cortical volumes 62-66. 

Complementary studies indicate that white matter degradation (loss of myelin or 

myelinated axons) is present throughout the Alzheimer’s progression 15, 67-70, may occur 

prior to or independently of gray matter changes 71-73, and is possibly manifest before 

clinical symptom onset 123. Elucidating these alterations is expected to better inform 

disease progression, and may also improve staging of Alzheimer’s pathology.  

Magnetic resonance (MR) diffusion-weighted imaging (DWI) is sensitive to 

Brownian diffusion of water molecules, and has been invaluable for making inferences 

about tissue microstructure in Alzheimer’s in vivo 78, 81, 124, 125. Diffusion-tensor imaging 

(DTI) is the most widely used DWI technique, and provides metrics that include fractional 

anisotropy (FA) and mean diffusivity (MD), which are sensitive to anisotropic and isotropic 

water diffusion within a voxel. These metrics, however, are non-specific and are affected 

by many physical features. For example, FA differences can be attributed to alterations 

in myelination, axonal packing density, axon diameter, or membrane permeability 90. In 

light of this, advanced DWI acquisition and modeling techniques have sought to improve 

upon the inferences allowed by DTI and provide a better understanding of brain tissue 
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microstructure in development, aging, and in human disease 91-103. One such DWI 

modeling technique is Neurite Orientation Diffusion and Density Imaging (NODDI), which 

models diffusion in a three-compartment fashion, segregating signal from intracellular 

space (axons and dendrites), extracellular space (diffusion hindered by glial cells and the 

neuronal soma membranes), and unhindered isotropic diffusion as in cerebrospinal fluid 

(CSF). To characterize the signal from these diffusion compartments, NODDI relies on 

MR acquisitions with more diffusion directions and stronger diffusion-weighting gradients 

(i.e. higher b-values) 126, 127. This in turn provides quantitative maps indicative of the 

contributions of these compartments to the overall diffusion within each voxel, providing 

insight into the underlying tissue microstructure 127-129. NODDI may provide added value 

to DTI, revealing specific microstructural changes that are complementary to or 

independent of changes in DTI metrics 129. While multi-shell based acquisition and 

modeling have been used to study brain microstructure in a number of contexts, their 

application in preclinical Alzheimer’s remains limited. 

In the present study, we sought to determine the effect of amyloid on neural injury, 

as indexed by markers sensitive to tissue microstructure. We hypothesized that greater 

amyloid deposition as indexed by [11C]Pittsburgh Compound B (PiB) binding via positron 

emission tomography (PET) would be associated with reduced neurite density (NDI), 

increased orientation dispersion (ODI), and increased volume of isotropic diffusion (Fiso) 

within Alzheimer’s-signature white matter tracts (cingulum bundle, hippocampal 

cingulum, inferior longitudinal fasciculus [ILF], and uncinate fasciculus. We expect, in 

particular, that alterations in white matter microstructure will be observed in tracts 
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adjacent to cortical amyloid deposition. Second, we hypothesized that additional 

biological processes involved in the pathogenesis of Alzheimer’s (i.e. those observed to 

occur in conjunction with amyloid deposition) would lend predictive insight into white 

matter microstructure alterations. Therefore, we tested the effect of biomarkers for 

activated glia (chitinase-3-like protein 1 [YKL-40]), synaptic degeneration (neurogranin), 

and axonal degeneration (neurofilament light protein [NFL]) in combination with Aβ42 on 

white matter microstructure. As a corollary to the NODDI analysis, we also examined FA 

and MD from the DTI model to determine whether NODDI metrics add value or specificity 

to these standard diffusion metrics. 

In summary, we expected that greater pathological burden (as indexed by higher 

PiB binding, lower Aβ42/Aβ40; higher p-Tau/Aβ42, YKL-40/Aβ42, neurogranin/Aβ42, and 

NFL/Aβ42) would be associated with reduced NDI, increased ODI, increased Fiso, 

decreased FA, and increased MD in white matter tracts important to the clinical symptoms 

underlying AD. 

METHODS 

Study Design and Participants  

Participants were recruited from the Wisconsin Registry for Alzheimer’s Prevention 

(WRAP) 130 and the Wisconsin Alzheimer’s Disease Research Center (ADRC). The 

cohorts are composed of healthy middle to older-aged adults with and without parents 

with probable late onset AD. Participants were defined as having a parental history of 

Alzheimer’s if one or both parents were determined to have the disease by medical record 

review or by a validated informant interview 131, or, rarely, were confirmed as having 
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dementia due to Alzheimer’s by neuropathologic examination. Absence of parental history 

of Alzheimer’s required that the participant’s father survive to at least age 70 years and 

the mother to age 75 years without diagnosis of dementia. Exclusion criteria included any 

significant neurological disease, MRI contraindications, major psychiatric disorders, or 

significant mental illness. The University of Wisconsin’s Institutional Review Board 

approved all portions of this study and each participant provided written informed consent 

before all procedures. 

Inclusion in this study was contingent upon several criteria: a successful MRI 

session in which multiple b-value DWI was acquired; and either a successful lumbar 

puncture (LP) for CSF or a successful PiB PET scan. With these criteria, 66 people were 

included in the CSF analyses, and 67 were included in the PiB analyses. Fifty-two of 

these participants overlapped (i.e. they received both a successful LP and a PiB scan 

and were included in both analyses). Demographic characteristics and biomarker values 

are displayed in Table 1 for the PiB analysis, and in Table 2 for the CSF analysis.  

Cerebrospinal Fluid Analyses 

CSF collection and assays have been described previously 20, 107. CSF was 

typically collected on the same day as the MRI, though in some cases CSF was collected 

at a separate visit (average time between MRI and lumbar puncture = 9.5 days; SD = 

28.5 days). In addition to CSF measures of Alzheimer’s pathology (Aβ42 and p-Tau), 

assays were performed for NFL, neurogranin, and YKL-40. Higher levels of these markers 

are indicative of greater axonal degeneration, dendritic degeneration, and astrocyte 

and/or microglial activation, respectively. In this study we used Aβ42/Aβ40 and p-Tau/Aβ42 
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as predictors, given that these ratios are more specific to Alzheimer’s pathology 111 and 

Alzheimer’s progression 112, 132, 133. Moreover, we were particularly interested in the 

possible potentiating effect of glial activation, synaptic dysfunction, and neural injury 

coupled with amyloid pathology – phenomena associated with Alzheimer’s disease post-

mortem 27. Therefore, ratios of YKL-40/Aβ42, neurogranin/Aβ42, and NFL/Aβ42 were used 

as predictors. 

Pittsburgh Compound-B Positron Emission Tomography 

Subjects underwent a 70-minute PiB acquisition on a Siemens ECAT EXACT HR+ 

PET scanner. Tracer synthesis, PET scanning, and distribution volume map generation 

have been described previously 20, 134. PET data were reconstructed using a filtered back-

projection algorithm (DIFT) and were corrected for random events, attenuation of 

annihilation radiation, deadtime, scanner normalization, and scatter radiation and were 

realigned and coregistered in SPM12 (www.fil.ion.ucl.ac.uk/spm). As described in 

previous reports from our group, distribution volume ratios (DVRs) were produced with 

Logan graphical analysis using the cerebellum gray matter as a reference region. Signal 

was extracted from eight bilateral cortical ROIs (angular gyrus, anterior cingulate gyrus, 

posterior cingulate cortex, orbitofrontal cortex, precuneus, supramarginal gyrus, middle 

temporal gyrus, and superior temporal gyrus) then averaged to produce an index of global 

cortical amyloid burden 135, 136. To limit the number of contrasts performed, in the present 

analysis we tested the effect of log-transformed PiB binding in the posterior cingulate 

cortex (PCC), the orbitofrontal cortex (OFC), and the global PiB measure on alterations 

in white matter microstructure. In particular, we were interested in whether regional PiB 
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binding in the OFC and PCC were associated with alterations in white matter 

microstructure in immediately adjacent tracts, including the cingulum, hippocampal 

cingulum, ILF, and uncinate fasciculus. 

MRI Acquisition 

Image acquisition has been described in detail previously 102. Briefly, participants 

were imaged on a General Electric 3.0 Tesla MR750 scanner (Waukesha, WI) with an 8-

channel head coil. Hybrid Diffusion Imaging (HYDI) 126 was performed using a diffusion-

weighted spin-echo echo-planar imaging pulse sequence with 132 DWI measurements 

spread across 6 q-space shells with the following b-values: 7 repeated volumes at b=0 

s/mm2, 6 directions at b=300 s/mm2, 21 directions at b=1200 s/mm2, 24 directions at 

b=2700 s/mm2, 24 directions at b=4800 s/mm2, and 50 directions b=7500 s/mm2. The 

remaining parameters include δ = 37.8 ms and Δ = 43.1 ms, TR/TE=6500/102 ms, 96 x 

96 matrix over 240 mm FOV with 3 mm thick slices (2.5x2.5x3.0 mm resolution). A 

separate DWI sequence was performed to acquire DTI metrics. This acquisition scheme 

is described in the supplementary material. 

White matter hyperintensities (WMH) due to presumed ischemia may confound 

interpretation of DWI results.  Therefore, we also collected a three-dimensional T1-

weighted inversion recovery prepared fast spoiled gradient-echo image and a T2-

weighted fluid attenuated inversion recovery (T2-FLAIR) image, and calculated WMH 

using the lesion segmentation toolbox2. The ratio of total WMH volume to intracranial 

volume was used in subsequent analyses. Additional details for these acquisitions and 

methods are available in the supplementary material. 
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All images were visually inspected for motion, coverage, and distortion artifacts, 

but none were excluded on this basis. One participant was excluded due to an enlarged 

left ventricle that may have negatively influenced image registration. 

MRI Processing 

Upon acquisition, the DWI data were assessed for motion-related artifacts using 

DTIPrep (https://www.nitrc.org/projects/dtiprep/), volumes deemed corrupted were 

removed, image distortions due to eddy currents were corrected using the “eddy” tool 137 

as part of the FSL software package (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/), and diffusion 

gradients were reoriented using the output transformations from the eddy correction. 

Brain tissue was then extracted using FSL’s Brain Extraction Tool (BET) 138, and tensor 

fitting was performed using the non-linear estimation tool in CAMINO 

(http://cmic.cs.ucl.ac.uk/camino/) for spatial normalization purposes. NODDI parameter 

maps were fit using all the DWI shells in the Matlab toolbox 

(http://www.nitrc.org/projects/noddi_toolbox) extended to run in parallel on HTCondor 

(https://github.com/nadluru/NeuroImgMatlabCondor). All NODDI parameter maps were 

visually inspected in three orthogonal views to assess signal dropout, distortion, or 

motion, and smoothed at 6mm FWHM. An affine transformation between the population-

specific template and the Montreal Neurological Institute (MNI) template was calculated 

and applied to the NDI, ODI, and Fiso images using FSL 139 in order to extract parameter 

values from regions of interest (ROI). Additional DTI and T1/T2 processing methods are 

available in the supplementary material. 

Region of Interest Definition and Parameter Extraction 
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ROIs in white matter were defined from the major bundles version of the IIT Human 

Brain Atlas (v.4.1) 140. Specifically, bilateral uncinate fasciculus, hippocampal cingulum, 

cingulum, and ILF were extracted from the full atlas. Several views of these ROIs are 

depicted in Figure 1. FSLstats (http://www.fsl.fmrib.ox.ac.uk/fsl/fslwiki/Fslutils) was used 

to extract NDI, ODI, Fiso, FA, and MD data from each ROI, and each participants’ 

parameter values for left and right ROIs were averaged (e.g. the mean of the left and right 

uncinate was used in statistical analyses). 

Statistical Analysis 

Separate linear regressions with CSF biomarkers (Aβ42/Aβ40, p-Tau/Aβ42, YKL-

40/Aβ42, neurogranin/Aβ42, and NFL/Aβ42) or log-transformed PiB DVRs (global, PCC, 

and OFC) as predictor variables were performed in SPSS on NDI, ODI, Fiso, FA, and MD 

values from the aforementioned ROIs, controlling for age, sex, APOE ε4 genotype, and 

WMH. Statistical significance was inferred at p<0.05, corrected by the number of ROIs 

(resulting in a threshold of p<0.0125). 

RESULTS 

Biomarker and Microstructure Associations 

PiB DVR was associated with altered microstructure, with the full set of contrasts 

displayed in Table 3 (non-bold cells are significant at p<0.05, whereas bold cells remain 

significant at the corrected threshold). Consistent observations were that PiB DVR in all 

three ROIs was associated with lower NDI and lower ODI in the cingulum and 

hippocampal cingulum. Scatterplots of these findings are displayed in Figure 2. No 

significant results were observed for FA, MD, or Fiso. 
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CSF biomarkers were also associated with altered microstructure, with the full set 

of contrasts displayed in Table 4 (non-bold cells are significant at p<0.05, whereas bold 

cells remain significant at the corrected threshold). The consistent observations were that 

p-Tau/Aβ42 and YKL-40/Aβ42 were associated with lower NDI in all regions, and lower 

ODI in the cingulum and hippocampal cingulum. Scatterplots for several of these findings 

are displayed in Figure 3. Other CSF biomarkers were only marginally related to NODDI 

metrics as shown in Table 4, while no significant results were observed for MD and only 

one significant result observed for FA (YKL-40/Aβ42 was associated with lower FA in the 

inferior longitudinal fasciculus; β = -0.320, p = 0.010; data not shown). 

DISCUSSION 

AD is associated with both gross and microscopic brain changes. New advances 

in in vivo imaging are improving our ability to detect these changes in the preclinical stage. 

In this study, we observed that increased PiB binding and higher levels of p-Tau/Aβ42 and 

YKL-40/Aβ42 were associated with lower NDI as well as lower ODI, primarily in the 

cingulum and hippocampal cingulum. Little to no relationships were observed with FA and 

MD, suggesting that biophysical models of the acquired DWI signal may prove valuable 

for a nuanced understanding of microstructural change. 

With respect to Alzheimer’s pathogenesis, we observed that PiB binding in the 

PCC and OFC predicted white matter alterations, but interestingly not specifically in white 

matter tracts adjacent to these cortical regions. This suggests that cortical amyloid 

accumulation itself does not influence white matter microstructure in connected tracts. 

That is, a specific biological mechanism for the associations observed here seems 
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unlikely, given that PiB binding in both ROIs (OFC, PCC) and globally were associated 

with a reduction in NDI or ODI in the same tracts. Therefore, it seems more likely that 

amyloid accumulation (indexed by PiB binding) is acting as a “signal” of disease stage, 

rather than as a direct contributor to alterations in white matter. Other studies bear this 

out. One recent paper using the Australian Imaging, Biomarkers and Lifestyle (AIBL) 

dataset found that, in healthy controls and patients with MCI, there was no relationship 

between amyloid status and fiber density or cross-sectional area for several white matter 

tracts, including the cingulum. 141. Our results are in line with this finding and, in sum, 

suggest a lack of local toxicity of amyloid on adjacent white matter tracts. 

With respect to neuronal functioning, it is interesting to note that studies using 

fluorodeoxyglucose [18F]FDG PET imaging have shown that local amyloid accumulation 

appears to be relatively independent of reductions in glucose metabolism in overlapping 

regions 142. One hypothesis is that white matter alterations of the sort observed here later 

influence neuronal function and glucose metabolism, although carefully constructed 

longitudinal studies would be required to address this question. 

It is also possible that the relationship between amyloid deposition and white 

matter microstructure is mediated by neurofibrillary tangle accumulation, or that it predicts 

later tangle accumulation. Indeed, a recent study suggests that increased amyloid 

deposition strengthens the association between microstructural pathology in the 

hippocampal cingulum and tau in the posterior cingulate cortex 143. Future studies should 

investigate this further. 
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 The CSF results presented here suggest that YKL-40/Aβ42 and p-Tau/Aβ42 appear 

to be the strongest predictors of alterations in white matter microstructure. Activated 

microglia and astrocytes clear cellular debris and Aβ, although this biochemical cascade 

may also play a role in neural damage associated with AD. In the presence of a trigger 

such as Aβ, glia may respond by releasing neurotoxic factors, which further damage 

surrounding cells 84. YKL-40 is expressed by activated microglia and astrocytes and is 

elevated with increasing age 85 and at all stages of Alzheimer’s 86-88. Given that few 

associations were observed for Aβ42/Aβ40 (and none surviving correction), these results 

suggest that the coupling of glial activation and amyloid plays an important role in 

microstructural alterations in this population. While amyloid deposition is known to be an 

early feature of AD, it is thought that the toxic effects on neurons only appear after 

significant levels of amyloid burden are reached 9, which is one hypothesis as to why we 

observed significant associations between microstructure and PiB but not Aβ42/Aβ40. It 

may be the case that early increases in amyloid do not associate with microstructure 

unless an active glial response is also present. In support of this hypothesis, post-mortem 

studies indicate that glial activation, cell death, and degradation of synapses are defining 

features of Alzheimer’s dementia 27. 

 With respect to p-Tau/Aβ42, the present results provide some replication and 

validation of previous studies examining CSF biomarkers and DWI in cognitively healthy 

older adults. CSF Aβ42, p-Tau, or their ratio are associated with decreased FA and 

increased MD 19, 80. While we did not observe significant associations for FA or MD here, 

the NODDI findings may explain this (described in detail below). Recent results from our 
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group using other imaging techniques also support the hypothesized link between 

Alzheimer’s pathology and white matter microstructure. Myelin water fraction – a 

quantitative measure sensitive to myelin content – was negatively associated with p-

Tau/Aβ42, suggesting a more specific link between Alzheimer’s pathology and white 

matter microstructure 82.  

 The lack of robust findings for neurogranin/Aβ42 and NFL/Aβ42 was unexpected. 

Several explanations may account for this. First, these biomarkers may not associate with 

subtle brain changes in early stages of AD. Because this cohort was relatively young and 

cognitively healthy, large microstructural alterations are not expected. Perhaps later in 

the disease process, when brain injury is more pronounced, the relationship between 

markers of neural injury and cross-sectional DWI would be stronger. Indeed, neurogranin 

has been shown to predict longitudinal changes in FA and MD 144, and both neurogranin 

and NFL are elevated in Alzheimer’s patients and prodromal Alzheimer’s 110, 145-147.  

In both the PiB and CSF analyses, lower ODI was unexpected given that higher 

ODI has been observed in aging 97. Perhaps the most parsimonious explanation of this 

finding is that it represents a loss of diverging fibers from branching connections or 

crossing fibers, which are ubiquitous throughout cerebral white matter 148. A loss of 

diverging fibers would be consistent with a reduction in both NDI and ODI, and a recent 

study examining early-onset Alzheimer’s supports such a hypothesis 149. In addition, it is 

likely that a reduction in NDI and ODI simultaneously impacts FA in diverging directions, 

perhaps accounting for the fact that we did not observe associations in FA in the present 

study. This further supports the notion that biophysical models may be more indicative of 
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underlying microstructure than tensor models. The lack of Fiso or MD findings was also 

unexpected, although minimal associations with these metrics have been observed in 

other contexts 129, 149. It is possible that these diffusion metrics may be more sensitive to 

gross neurodegeneration rather than subtle alterations in microstructure associated with 

biomarkers in cognitively unimpaired participants at risk for AD. 

Several limitations of this study deserve note. First, the NODDI model assumes 

that microstructural diffusion can be segregated into three components, while also making 

the assumption that diffusion is entirely restricted within the neurite compartment. Further 

work into the validity of these assumptions is needed, particularly in the context of the 

idiosyncratic brain injury processes characteristic of various diseases, and also with 

human histopathological evidence. However, NODDI measures have been validated 

against immunohistological measures of neurite microstructure in a mouse model 150 and 

applied with relatively consistent results in aging and clinical populations 128, 129, 151, 152.  

The sample under study here was relatively homogenous with respect to 

demographics (largely Caucasian, female, and highly educated). Future studies with 

larger populations may have more power to detect subtle associations between 

biomarkers and white matter microstructure using biophysical DWI models. In addition, it 

remains to be seen whether the white matter alterations observed in the present study 

are predictive of cognitive decline in this healthy population, but longitudinal studies may 

bear this hypothesis out. 

In summary, these findings support the notion that regional PiB does not correlate 

robustly with local alterations in white matter microstructure, but rather acts as a proxy of 
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other accompanying changes in the Alzheimer’s process, including white matter 

alterations. In addition, the CSF findings presented here provide evidence that pathology 

accompanying accumulating amyloid (i.e. activated glia or neurofibrillary tangles) is 

requisite for observing white matter microstructural change in a way that evidence of 

amyloidosis in CSF (Aβ42/Aβ40) does not. These data underscore the importance of 

investigating white matter changes in the preclinical stage. Determining the course of 

microstructural alterations in Alzheimer’s with sensitive MR, PET, and CSF based 

measures may lend further insight into the staging of the disease and provide a foundation 

for future interventions. 
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SUPPLEMENTAL METHODS 

Diffusion Tensor Imaging Methods 

Acquisition: Participants were imaged on a General Electric 3.0 T Discovery 

MR750 (Waukesha, WI) MRI system with an 8-channel head coil and parallel imaging 

with ASSET (R = 2). DTI was acquired using a diffusion-weighted, spin-echo, single-shot, 

echo planar imaging pulse sequence in 40 encoding directions, b-value = 1300 s/mm2, 

with eight non-diffusion-weighted (b = 0) reference images. The cerebrum was covered 

using contiguous 2.5 mm thick axial slices, FOV = 24 cm, TR = 8000 ms, TE = 67.8, 

matrix = 96 × 96, resulting in isotropic 2.5 mm3 voxels. High order shimming was 

performed prior to the DTI acquisition to optimize the homogeneity of the magnetic field 

across the brain and to minimize EPI distortions153.  

Processing: First, head motion and image distortions (stretches and shears) due 

to eddy currents were corrected with affine transformation in the FSL (FMRIB Software 

Library) package (http://www.fmrib.ox.ac.uk/fsl/) and diffusion gradients were reoriented 
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using the output transformations from the eddy correction in FSL. Geometric distortion 

from the inhomogeneous magnetic field applied was corrected with a B0 field map and 

PRELUDE (phase region expanding labeler for unwrapping discrete estimates) and 

FUGUE (FMRIB's utility for geometrically unwarping EPIs) from FSL. Brain tissue was 

extracted using FSL's BET (Brain Extraction Tool). Tensor fitting was performed using a 

nonlinear least squares method in CAMINO (http://cmic.cs.ucl.ac.uk/camino/). Individual 

maps were registered to a population specific template constructed using Diffusion 

Tensor Imaging Toolkit (DTI-TK) (http://www.nitrc.org/projects/dtitk/) which is an 

optimized DTI spatial normalization and atlas construction tool154, 155 that has been shown 

to perform superior registration compared to scalar based registration methods156. Spatial 

normalization was performed using a diffeomorphic registration method17 that 

incrementally estimates the displacement field using a tensor-based registration 

formulation. All DTI parameter maps were visually inspected in three orthogonal views to 

assess signal dropout, distortion, or motion, and smoothed at 6mm FWHM. An affine 

transformation between the population-specific template and the Montreal Neurological 

Institute (MNI) template was calculated and applied to the FA and MD images using FSL 

139 in order to extract parameter values from regions of interest (ROI). 

T1/T2 Imaging and White Matter Hyperintensity Methods 

Acquisition: The imaging protocol consisted of a 3D T1-weighted inversion 

recovery prepared fast spoiled gradient-echo image and a T2-weighted fluid attenuated 

inversion recovery (T2-FLAIR) image. 3D T1-weighted images were acquired in the axial 

plane with the following parameters: inversion time (TI) = 450 ms; repetition time (TR) = 
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8.1 ms; echo time (TE) = 3.2 ms; NEX = 1; flip angle = 12°; acquisition matrix = 256 x 256 

x 156; FOV = 256 mm; slice thickness = 1.0 mm no gap. 3D T2-weighted fluid attenuated 

inversion recovery (FLAIR) images were acquired in the sagittal plane using the following 

parameters: TI = 1869 ms; TR = 6000 ms; TE = 123 ms; flip angle = 90°; acquisition 

matrix = 256 x 256 x 100, FOV = 256 mm; slice thickness = 2.0 mm no gap. 

Processing: White matter hyperintensity (WMH) segmentation was achieved using 

the T1-weighted and T2-weighted images and the Lesion Segmentation Toolbox (LST) 

version 1.2.2 in SPM8 (http://www.fil.ion.ucl.ac.uk/spm/) 157. Specifically, lesions were 

seeded based on spatial and intensity probabilities from T1-weighted images and 

hyperintense outliers on T2-FLAIR images, a method that has been validated with high 

agreement (R2 = 0.94) to manual tracing 157. When controlling for possible effects of 

WMH, global WMH was included in all statistical models as a ratio to intracranial volume 

(ICV). ICV was calculated using a “reverse brain masking” method 158. Using 

segmentation procedures in SPM12, gray matter, white matter, and CSF International 

Consortium for Brain Mapping (ICBM) probability maps were created and then summed 

to produce an ICV probability map. Then, the inverse deformation field resulting from 

unified segmentation on each image was applied to the ICV probability map, in order to 

produce an ICV mask. A threshold of 90% was applied to this participant-specific ICV 

probability map and the total volume was extracted. To control for variability in head size, 

the WMH variable was divided by ICV and multiplied by 100 to give a ratio (WMHr) in 

units of percent of ICV. 
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Tables and Figures 
 
Figure 1: Several images depicting white matter regions of interest (ROIs) used in the 
present study. Green = uncinate fasciculus. Blue = cingulum. Red = hippocampal 
cingulum. Yellow = inferior longitudinal fasciculus. 
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Table 1: Demographic characteristics of participants included in the PiB analysis. All 
values are MEAN (SD) unless otherwise indicated. 
 
Sample Characteristics Total 
N 67 
Age at MRI (years) 62.2 (5.9) 
Sex (% Female) 63% 
APOE ε4 (% Positive) 40% 
Alzheimer’s Parental History (% Positive) 69% 
Mini Mental State Examination (MMSE) 29.2 (1.1) 
Education (Years) 17.0 (2.5) 
PCC PiB (DVR) 1.32 (0.22) 
OFC PiB (DVR) 1.13 (0.22) 
Total PiB (DVR) 1.15 (0.16) 

 
Table 1 Abbreviations: APOE ε4, the varepsilon 4 allele of the apolipoprotein E gene; 
MRI, magnetic resonance imaging; MMSE, Mini-Mental State Examination; PCC, 
posterior cingulate cortex; OFC, orbitofrontal cortex; PiB, [11C]Pittsburgh Compound B; 
DVR, distribution volume ratio 
 
Table 2: Demographic characteristics of participants included in the CSF analysis. All 
values are MEAN (SD) unless otherwise indicated.   
 
Sample Characteristics Total 
N 66 
Age at MRI (years) 61.9 (6.2) 
Sex (% Female) 71% 
APOE ε4 (% Positive) 41% 
Alzheimer’s Parental History (% Positive) 74% 
Mini Mental State Examination (MMSE) 29.3 (1.1) 
Education (Years) 16.8 (2.3) 
p-Tau/Aβ42 0.06 (0.03) 
Aβ42/Aβ40 0.10 (0.02) 
NFL/Aβ42 0.88 (0.42) 
Neurogranin/Aβ42 0.55 (0.36) 
YKL-40/Aβ42 0.23 (0.10) 

 
Table 2 Abbreviations: APOE ε4, the varepsilon 4 allele of the apolipoprotein E gene; 
MRI, magnetic resonance imaging; MMSE, Mini-Mental State Examination; p-Tau, tau 
phosphorylated at threonine 181; Aβ42, beta-amyloid protein ending in residue 42; Aβ40, 
amyloid-beta protein ending in residue 40; NFL, neurofilament light protein; YKL-40, 
chitinase-3-like protein 1. 
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Table 3: Results table for regressions between amyloid deposition indexed by PiB and 
NODDI metrics (NDI, ODI, Fiso), with beta-values and p-values displayed for significant 
associations. Non-bold cells are significant at p<0.05, and bold cells remain significant at 
the corrected threshold (p<0.0125). Dashes indicate non-significant relationships. 
 

 
 
Table 3 Abbreviations: PCC, posterior cingulate cortex; OFC, orbitofrontal cortex; PiB, 
[11C]Pittsburgh Compound B; NDI, neurite density; ODI, orientation dispersion; Fiso, 
volume fraction of isotropic diffusion;  HC Cingulum, hippocampal cingulum; ILF, inferior 
longitudinal fasciculus 
 
Table 4: Results table for regressions between CSF biomarkers and NODDI metrics (NDI, 
ODI, Fiso), with beta-values and p-values displayed for significant associations. Non-bold 
cells are significant at p<0.05, and bold cells remain significant at the corrected threshold 
(p<0.0125). Dashes indicate non-significant relationships. 
 

 
 
Table 4 Abbreviations: NDI, neurite density; ODI, orientation dispersion; Fiso, volume 
fraction of isotropic diffusion;  HC Cingulum, hippocampal cingulum; ILF, inferior 
longitudinal fasciculus; p-Tau, tau phosphorylated at threonine 181; Aβ42, beta-amyloid 
protein ending in residue 42; Aβ40, amyloid-beta protein ending in residue 40; NFL, 
neurofilament light protein; YKL-40, chitinase-3-like protein 1. 
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Figure 2: Scatterplots of significant associations between amyloid deposition and neurite 
density (NDI, light blue) or orientation dispersion (ODI, dark blue) in hippocampal 
cingulum and cingulum ROIs. 
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Figure 3: Scatterplots of significant associations between CSF biomarkers and neurite 
density (NDI, light blue) and orientation dispersion (ODI, dark blue) in the hippocampal 
cingulum and cingulum ROIs. 
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ABSTRACT: 
 
Objective: Neurodegeneration appears to be the biological mechanism most proximate 
to cognitive decline in Alzheimer’s disease. Yet current indices of neurodegeneration – 
including total tau in cerebrospinal fluid (CSF) – have yet to undergo comprehensive 
empirical testing compared to other biomarkers. Here, we test whether t-tau and two 
alternative biomarkers of neurodegeneration – neurogranin (NG) and neurofilament light 
protein (NFL) – add value in predicting cognitive decline before the onset of clinical 
dementia. 
 
Methods: 150 cognitively unimpaired participants received a lumbar puncture for CSF and 
at least two neuropsychological exams (mean age at first visit = 59.3 ± 6.3 years; 67% 
female; median number of visits = 3). Linear mixed effects models were used, where the 
preclinical Alzheimer’s consortium composite (PACC), and composite scores for memory, 
learning, and executive function were used as outcomes. Fixed effects included sex, 
APOE ε4 positivity, a reading score as a proxy for educational and intellectual attainment, 
age, amyloid positivity (Aβ42/Aβ40 < 0.09), phosphorylated tau positivity (p-tau > 59.50 
pg/mL), age*amyloid+, age*p-tau+, and interaction terms of interest: age*NFL or age*NG 
or age*t-tau. All models included random effects of intercept and slope nested within 
subject. Nested models with and without the interaction term of interest were compared 
using likelihood ratio tests and the Akaike information criterion (AIC).  
 
Results: Likelihood ratio tests indicated that age*NFL accounted for a significant amount 
of variation in longitudinal change on PACC scores (χ2(1) = 26.9, β = -0.021, p < 0.001), 
memory composite scores (χ2(1) = 7.8, β = -0.016, p = 0.005), and learning scores (χ2(1) 
= 5.89, β = -0.011, p = 0.015), whereas age*NG and age*t-tau did not. No age by 
biomarker interactions were statistically significant for the executive function composite 
score. 
 
Conclusion: These data suggest that NFL may be more sensitive to subclinical cognitive 
decline compared to other proposed biomarkers for neurodegeneration. 
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INTRODUCTION 

Establishing biomarkers that are predictive of cognitive decline before the onset of 

dementia is expected to facilitate early intervention in AD. Recently, the amyloid, tau, and 

neurodegeneration [AT(N)] research framework has been proposed as a biologically-

based method for classifying individuals into varying risk categories159. In doing so, the 

aim is to use biomarker status to predict rate of cognitive decline and onset of dementia 

symptoms160. However, it is not yet clear which combination of biomarkers lends the 

greatest predictive value. 

In the current AT(N) framework, is is proposed that amyloidosis can be measured 

with cerebrospinal fluid (CSF) biomarkers Aβ42 or Aβ42/Aβ40, neurofibrillary tangles with 

phosphorylated tau (p-tau), and neurodegeneration with total tau (t-tau)159. Yet this 

framework will continue to undergo refinements as new biomarkers are discovered and 

tested. Indeed, a recently-published framework from the National Institute on Aging – 

Alzheimer’s Association (NIA-AA) suggested that other biomarkers of neurodegeneration 

– including neurofilament light protein (NFL) and neurogranin (NG) – should be 

investigated for potential added value in predicting cognitive decline160. 

NFL is a key cytoarchitectural protein present primarily in large-caliber myelinated 

axons38. As such, increased NFL in CSF suggests degeneration or damage of these 

axons. NG, on the other hand, is expressed within dendritic spines on post-synaptic 

neurons and plays a key role in plasticity, synapse repair, and long-term potentiation53. 

Increased concentrations of CSF NG signify a loss of synaptic integrity51, 54, 115. 
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A small number of studies have compared these biomarkers across disease groups 

[Merluzzi et al., 2018 Neurology] as well as examined their diagnostic accuracy59, 110, 161. Other 

research has investigated their relationships with longitudinal amyloid accumulation, 

structural brain changes, cognition, and brain metabolism in older populations of 

participants with varying diagnoses (e.g. cognitively unimpaired, mild cognitive 

impairment [MCI], and AD-dementia)110, 162. Yet less is known about the specific role 

these biomarkers play in predicting longitudinal, subclinical cognitive decline in younger 

populations. This is the major goal of the current study. Our primary hypothesis is that 

NFL and NG will be independently associated with subclinical cognitive decline, and that 

they will provide additional predictive value compared to t-tau. 

METHODS 

Participants 

Demographic characteristics and biomarker levels for all participants are available 

in Table 1. 150 Participants (67% female) were recruited from the Wisconsin Registry for 

Alzheimer’s Prevention (WRAP)130. This observational cohort consists of participants who 

were cognitively unimpaired at baseline and middle-aged, with and without parents with 

AD. All participants are community dwelling, and underwent examination (including 

lumbar puncture for research purposes) at the University of Wisconsin – Madison. Lumbar 

punctures were performed between 2009-2014, and neuropsycholgical exams were 

performed between 2005-2017. The current sample was enriched for AD risk via a 

parental history of AD (N = 108; 72%) and included some participants positive for the 
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known AD genetic risk factor apolipoprotein E ε4 (APOE ε4) (N = 56; 37%). Participants 

with dementia or MCI were excluded from this study. 

Standard Protocol Approvals, Registrations, and Patient Consents 

The University of Wisconsin’s institutional review board approved all portions of 

this study and each participant provided written informed consent before all procedures. 

Cerebrospinal Fluid Analyses 

CSF biomarker collection, assays, and post-processing analysis to account for 

batch-to-batch variation have been described previously104, 107, 144. We measured Aβ42, 

Aβ40, and tau phosphorylated at threonine 181 (p-tau), biomarkers that distinguish 

patients with dementia due to AD from controls108 and are indicative of conversion from 

mild cognitive impairment to dementia109. In addition to these AD biomarkers, we 

examined markers of neurodegeneration: t-tau, NFL, and NG. These biomarkers have 

been associated with cognitive decline in MCI and are elevated in AD patients compared 

to controls110. To measure global amyloidosis, we conducted analyses using Aβ42/Aβ40 

(rather than Aβ42 alone) given that it is more closely associated with amyloid plaque 

burden measured with molecular brain imaging111.  

Cognitive Composite Scores 

To reduce measurement errors, improve the longitudinal stability of cognitive 

outcomes, and reduce Type 1 errors associated with multiple comparisons, composite 

scores were computed for learning, memory, and executive function domains, as well as 

the preclinical Alzheimer’s consortium composite (PACC)163. Composite scores were 

created by computing z-scores from raw scores using the population means and standard 
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deviations for each constituent test. Then, the z-scores within each cognitive domain were 

averaged to produce the final composite. The tests falling into each composite are as 

follows: 

PACC: Rey Auditory Verbal Learning Test (RAVLT)164 total trials 1-5, WMS-R LM 

delayed recall165, Wechsler Abbreviated Intelligence Scale-Revised (WAIS-R)166 Digit 

Symbol Coding total items completed in 90 seconds, and the Mini-Mental State 

Examination (MMSE)167. This composite differs slightly from the originally-proposed 

composite163, which includes the total recall score from the Free and Cued Selective 

Reminding Test (FCSRT)168 rather than the RAVLT. 

Learning: Rey Auditory Verbal Learning Test (RAVLT)164 total trials 1-5, Wechsler 

Memory Scale-Revised Logical Memory subtest (WMS-R LM)165 immediate recall, and 

the Brief Visuospatial Memory Test (BVMT-R) immediate recall 169. 

Memory: RAVLT long-delay free recall164, WMS-R LM delayed recall165, and the 

BVMT-R delayed recall. 

Executive functioning: Trail Making Test Part B (TMT B)170 total time to completion, 

Stroop Neuropsychological Screening Test color-word interference total items completed 

in 120 seconds171, and the Wechsler Abbreviated Intelligence Scale-Revised (WAIS-R)166 

Digit Symbol Coding total items completed in 90 seconds. Because higher raw scores on 

the TMT B are indicative of poorer performance, the z-score for this test was reversed so 

that higher composite scores were indicative of better performance. 

Statistical Analyses 
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Pearson correlations were performed between biomarkers for descriptive 

purposes. For primary analyses, linear mixed effects models were used within the R lme4 

package172, where the PACC and composite scores for memory, executive function, 

learning were used as separate outcomes104. Fixed effects included sex, APOE ε4 

positivity, WRAT reading score, age at each cognitive visit (centered around the mean 

baseline visit of the sample), age difference in years between the single time-point LP 

and each cognitive testing session, amyloid positivity (Aβ42/Aβ40 ≤ 0.09)173, 

phosphorylated tau positivity (p-tau ≥ 59.50 pg/mL)173, age*amyloid positivity, age*p-tau 

positivity. In addition to these covariates, each model included one of the following terms 

of interest and its interaction with age: NFL or NG or t-tau (variables were standardized 

prior to statistical analysis). All models included random effects of intercept and slope 

nested within subject. In all analyses, a reading score was included as a covariate to 

control for overall educational and intellectual attainment: the Wide Range Achievement 

Test (WRAT) 3rd Edition reading subtest174. Nested models with and without the 

interaction term of interest were compared using the Akaike information criterion (AIC) 

and likelihood ratio tests. Statistical significance was inferred at a family-wise alpha of 

0.05, and a Bonferroni correction was applied for the three primary models tested within 

each cognitive composite (final p = 0.017). Variance inflation factors (VIFs) were 

examined to assess for model multicollinearity. 

Data Availability 

For purposes of replicating procedures and results, the data used in this study can 

be made available upon request. 
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RESULTS 

Pearson correlations between biomarkers are displayed in Table 2. Summary 

statistics for the PACC, memory, and learning composite models are displayed in Table 

3 and statistics for the executive function model are displayed in Table 4. Plots for the 

PACC, memory composite, and learning composite are in Figures 1, 2, and 3, 

respectively (while linear mixed effects analyses were performed across all participants 

regardless of biomarker status, figures 1-3 display results for biomarker negative and 

biomarker positive groups for illustrative purposes). 

Likelihood ratio tests indicated that age*NFL accounted for a significant amount of 

variation in longitudinal change on PACC scores (χ2(1) = 26.9, β = -0.021, p < 0.001), 

whereas age*NG (χ2(1) = 0.001, β = 0.0002, p = 0.96) and age*t-tau (χ2(1) = 0.0004, β = 

0.0001, p = 0.99) did not. As seen in Table 3, the full NFL model (including the age*NFL 

interaction) had the lowest AIC of all PACC models. 

Likelihood ratio tests indicated that age*NFL also accounted for a significant 

amount of variation in longitudinal change on the memory composite (χ2(1) = 7.8, β = -

0.016, p = 0.005), whereas age*NG (χ2(1) = 0.74, β = 0.006, p = 0.39) and age*t-tau 

(χ2(1) = 0.59, β = 0.006, p = 0.44) did not. As seen in Table 3, the full NFL model (including 

the age*NFL interaction) had the lowest AIC of all memory composite models. 

Likelihood ratio tests indicated that age*NFL also accounted for a significant 

amount of variation in longitudinal change on the learning composite (χ2(1) = 5.89, β = -

0.011, p = 0.015), whereas age*NG (χ2(1) = 0.67, β = 0.004, p = 0.42) and age*t-tau 
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(χ2(1) = 0.41, β = 0.004, p = 0.52) did not. As seen in Table 3, the full NFL model (including 

the age*NFL interaction) had the lowest AIC of all learning composite models. 

No biomarker interaction terms (age*NFL, age*NG, age*t-tau) were significant for 

the executive function composite (Table 4). Multicollinearity was not a significant issue in 

any model (all VIFs < 3). 

DISCUSSION  

 The AT(N) research framework aims to create a biologically-based definition of 

Alzheimer’s disease, and to classify individuals based on etiology and risk of future 

cognitive decline159. However, it is not clear which specific biomarkers will produce the 

greatest value in predicting cognitive decline before the onset of dementia. Here, we 

demonstrate that – in a cognitively unimpaired, late middle-aged cohort of individuals at 

risk for AD – higher levels of NFL are associated with cognitive decline on the PACC as 

well as learning and memory cognitive composites after accounting for amyloid and p-

tau. Further, NFL exhibits stronger associations with cognitive outcomes compared to 

NG or t-tau. 

 While the currently-proposed AT(N) framework includes t-tau as a biomarker 

for neurodegeneration, the utility of this measure in the context of AD remains unclear. It 

is typically correlated with p-tau, making it difficult to draw conclusions about its 

independent influence or to build robust statistical models including both of these 

biomarkers160, 175; indeed, in this sample, the Pearson correlation between p-tau and t-

tau is 0.80 (see table 2 for full CSF biomarker correlation matrix). Still, as mentioned in 

the results section, multicollinearity diagnostics were normal for all models herein. The 
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fact that t-tau produced no additional predictive value above and beyond amyloid and p-

tau in the current study underscores the need for more research on additional 

biomarkers for predicting cognitive decline.  

 The lack of robust findings for NG was unexpected, as synaptic degeneration is 

thought to impact the progression from healthy cognition to dementia and may be 

predictive of neuronal loss5, 54, 115.  In a cross-sectional study of 132 cognitively 

unimpaired participants from the WRAP and Wisconsin ADRC cohorts, NG was 

associated with poorer performance on the RAVLT delayed recall test176. Yet, there was 

no similar relationship found longitudinally for the composite memory score tested here. 

One possibility is that changes in cognitive composites may be more difficult to detect 

but therefore more robust when detected. In longitudinal studies, NG has been 

observed to predict conversion from MCI to frank AD dementia, raising the possibility 

that increased NG is a robust predictor of cognitive decline only later in the disease 

course177, 178. In partial support of this hypothesis, NG has also been associated with 

longitudinal cognitive decline, but only in amyloid positive individuals110. Similarly, NG 

has been shown to be associated with regional brain atrophy only in amyloid positive 

participants179. It is possible that the relationship between NG and cognitive decline is 

insufficiently robust to be measurable early in the disease, or that elevated NG is an 

important factor only among individuals who have accumulated measurable AD 

neuropathology burden.  

 Yet the literature examining differences in biomarkers across 

neurodegenerative diseases suggest other interpretations for the lack of t-tau and NG 
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findings in the current study. While t-tau has been considered a marker of gross 

neurodegeneration and axonal atrophy, some observations do not fit with this 

interpretation. For example, t-tau elevations appear to be relatively specific to AD; t-tau 

concentrations are typically lower in patients with other neurodegenerative diseases, 

such as Parkinson’s disease dementia, Lewy-body dementia, and progressive 

supranuclear palsy180-184. With respect to NG, it is important to note that it is not entirely 

clear what this biomarker represents. If NG was a specific marker for synaptic 

degeneration, one would expect elevated levels in other neurodegenerative dementias; 

yet similar to CSF tau, CSF NG elevation is strikingly AD-specific and may in fact be 

linked to amyloid-related synaptic damage61, 185.  

 An alternative interpretation, therefore, is that these biomarkers are specific to 

AD pathophysiology; that is, rather than reflecting overall neurodegeneration, CSF tau 

and NG are excreted from neurons in an AD-specific process, whereby tau undergoes 

hyperphosphorylation and neurons truncate and subsequently secrete t-tau, p-tau, and 

NG153. Neurofibrillary tangle development, compromised axonal transport, and 

degeneration may then occur in these affected neurons, which would follow the 

elevated concentrations of t-tau, p-tau, and NG detectable in CSF. This interpretation of 

CSF tau is supported by both animal and human data: Maia et al. found an Aβ-

dependent increase in tau secretion into CSF in APP-transgenic mice in the absence of 

neurodegeneration186. In addition, stable isotope labeling experiments in humans 

revealed increased tau secretion into CSF in Aβ-positive cases187. To the best of our 

knowledge, similar data for NG do not yet exist. 
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Interpretations are more straightforward for NFL as a marker of 

neurodegeneration. NFL is present in large-caliber myelinated axons connecting 

temporal and frontal lobes,38, 49 and is a crucial component of the neuronal cytoskeleton40, 

41 It is robustly elevated in many neurodegenerative diseases49, appears to be relatively 

independent of amyloid and tau levels,48, 110, 179 and correlates with symptomology, 

progression, and survival48, 113. NFL may be an especially promising biomarker for 

neurodegeneration because it may be measurable in plasma113. Further, because NFL 

was associated with cognitive decline while controlling for Aβ42/Aβ40 and p-tau in the 

current study, it may be useful as a predictive biomarker independent of obvious AD 

neuropathology. 

 There are several limitations of the current study that deserve note. First, while 

CSF Aβ42/Aβ40 and p-tau are widely-used metrics of AD neuropathology, they do not 

capture regional variation in the deposition of amyloid and tau that may play a crucial 

role in predicting cognitive decline188. Studies using amyloid and tau positron emission 

tomography (PET) will be invaluable for determining whether regional protein 

accumulation does in fact add value in predicting cognitive decline before the onset of 

dementia. In addition, generalizability to other populations may be difficult: the vast 

majority of this sample is Caucasian and highly educated. Intensive recruitment of 

underrepresented populations is currently underway. 

 It is also worth noting the lack of amyloid-related cognitive decline in this study. 

Other studies have demonstrated that beta-amyloid deposition is associated with 

cognitive decline189-193, including on individual cognitive tests194, and on cognitive 
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composite scores104. Many of the previous studies had larger sample sizes than the 

current study, and examined relationships between different independent variables 

(CSF versus PiB-PET) with different dependent variables (individual cognitive tests 

versus composite scores). Clearly, more work will be required to understand the 

independent effect of amyloid on cognitive decline, and whether specific 

neurodegenerative processes (like axonal degeneration) mediate this relationship. 

 While the results of this study provide data that may guide selection of markers 

within the AT(N) framework, other modalities are also expected to show utility. 

[18F]fluorodeoxyglucose positron emission tomography (FDG-PET) and structural 

magnetic resonance imaging are common methods of indexing neurodegenerative 

processes160, and additional sensitive brain imaging metrics are undergoing testing and 

development – including synaptic vesicle glycoprotein 2A for indexing synaptic 

density195. Ultimately, research comparing the utility of each of these techniques will be 

crucial for creating a valid, biologically-based definition of AD etiology and risk of 

cognitive decline. 

 While continuous variables are useful for describing biological phenomena from 

a research perspective, cut points may ultimately be more useful for bringing research 

results into clinical care. Because the AT(N) framework aims to categorize individuals 

based on biomarker status, an important next step in this research will be to create 

clinically-relevant cut points for neurodegeneration biomarkers, including NFL. To that 

end, it will be crucial to follow these participants longitudinally to determine whether NFL 
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is also predictive of faster decline to MCI or dementia, rather than the subclinical decline 

measured here. 

CONCLUSION 

The data presented here suggest that NFL may lend additional value to the AT(N) 

framework, and that it may be more sensitive in detecting cognitive decline before the 

onset of dementia than either t-tau or NG. Our findings underscore the idea that axonal 

degeneration may play an important role in cognitive decline before the onset of dementia 

due to AD – or perhaps independent of AD, given that NFL was associated with cognitive 

decline independently of Aβ and p-tau neuropathology. This study also calls for more 

research on how t-tau, NG, NFL and other neurodegeneration biomarkers contribute to 

the pathogenesis of Alzheimer’s disease. 
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Tables and Figures 

Table 1: Table 1: Participant characteristics. Values are mean (standard deviation) 
except where otherwise indicated. 
 
Sample Characteristics Total 
2 Cognitive Visits, N (% of sample) 150 (100%) 
3 Cognitive Visits, N (% of sample) 141 (94%) 
4 Cognitive Visits, N (% of sample) 101 (67%) 
5 Cognitive Visits, N (% of sample) 17 (11%) 
Age at Baseline Cognitive Visit, Years 59.3 (6.3) 
Age at LP, Years 61.0 (6.5) 
Age Difference Between LP and Cognitive Visits, Years 1.7 (2.9) 
Female, N (% Female) 101 (67%) 
Parental History of AD, N (% Positive) 108 (72%) 
APOE ε4, N (% Positive) 56 (37%) 
WRAT-3 Reading Subtest Raw Score 51.6 (4.3) 
MMSE 29.3 (0.9) 
NFL, pg/mL 676 (350) 
Neurogranin, pg/mL 388 (176) 
Aβ42/Aβ40 0.09 (0.02) 
P-tau, pg/mL 47 (18) 
T-tau, pg/mL 325 (125) 
Amyloid Positive, N (% of sample) 46 (31%) 
P-tau Positive, N (% of sample) 20 (13%) 
Amyloid and P-tau Positive, N (% of sample) 9 (6%) 

Abbreviations: LP, Lumbar Puncture; AD, Alzheimer’s disease; APOE4, apolipoprotein E gene ε4; WRAT, 
Wide Range Achievement Test; MMSE, mini-mental state examination; NFL, neurofilament light protein; 
Aβ42/Aβ40, amyloid beta 42 and amyloid beta 40 peptide ratio; p-tau, tau phosphorylated at threonine 181; 
t-tau, total tau 
 
 
Table 2: Pearson correlation matrix between biomarkers used in the current study. 
 
 Aβ42/Aβ40 P-tau T-tau Neurogranin NFL 
Aβ42/Aβ40 1     
P-tau -0.14 1    
T-tau -0.31 0.80 1   
Neurogranin -0.28 0.64 0.74 1  
NFL -0.12 0.26 0.32 0.10 1 

Abbreviations: NFL, neurofilament light protein; Aβ42/Aβ40, amyloid beta 42 and amyloid beta 40 peptide 
ratio; p-tau, tau phosphorylated at threonine 181; t-Tau, total tau 
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Table 3: Statistical summary of the preclinical Alzheimer’s consortium composite (PACC), 
memory composite, and learning composite models, including beta coefficients and 
standard errors. 
 

Linear Mixed Effects Models 
 PACC Memory Composite Learning Composite 
 T-tau NG NFL T-tau NG NFL T-tau NG NFL 

Age (Centered) -0.031*** -0.031*** -0.032*** -0.030** -0.029** -0.032*** -0.025*** -0.024*** -0.027*** 
 (0.006) (0.007) (0.006) (0.009) (0.009) (0.009) (0.007) (0.007) (0.007) 
Sex 0.158* 0.153* 0.143* 0.356*** 0.344*** 0.344*** 0.188* 0.179* 0.186* 
 (0.070) (0.070) (0.068) (0.103) (0.103) (0.102) (0.077) (0.076) (0.077) 
APOE ε4 -0.030 -0.032 -0.031 -0.151 -0.146 -0.142 -0.114 -0.104 -0.104 
 (0.070) (0.071) (0.069) (0.103) (0.104) (0.102) (0.078) (0.078) (0.077) 
WRAT Score 0.040*** 0.039*** 0.030*** 0.056*** 0.054*** 0.049*** 0.039*** 0.037*** 0.035*** 
 (0.008) (0.008) (0.008) (0.012) (0.012) (0.012) (0.009) (0.009) (0.009) 
Age Difference 0.008 0.007 0.003 0.041*** 0.041*** 0.038*** 0.040*** 0.040*** 0.038*** 
 (0.007) (0.007) (0.007) (0.009) (0.009) (0.009) (0.007) (0.007) (0.007) 
Amyloid Positivity -0.101 -0.075 -0.038 -0.169 -0.101 -0.108 -0.139 -0.079 -0.120 
 (0.082) (0.081) (0.077) (0.120) (0.117) (0.111) (0.093) (0.090) (0.086) 
P-tau Positivity -0.049 0.0001 0.065 0.041 0.189 0.157 0.078 0.216 0.121 
 (0.110) (0.110) (0.096) (0.162) (0.161) (0.139) (0.125) (0.123) (0.107) 
T-tau 0.044   0.068   0.028   
 (0.041)   (0.060)   (0.046)   
NG  0.009   -0.034   -0.068  
  (0.040)   (0.058)   (0.044)  
NFL   -0.012   0.017   0.040 
   (0.041)   (0.059)   (0.046) 
Age X Amyloid Positivity -0.008 -0.008 0.001 -0.012 -0.012 -0.002 -0.006 -0.006 0.001 
 (0.009) (0.009) (0.008) (0.013) (0.013) (0.012) (0.010) (0.010) (0.009) 
Age X P-tau Positivity -0.018 -0.018 -0.001 -0.052** -0.052** -0.032 -0.029 -0.031 -0.015 
 (0.014) (0.014) (0.012) (0.020) (0.020) (0.017) (0.016) (0.016) (0.014) 
Age X T-tau 0.0001   0.006   0.004   
 (0.005)   (0.007)   (0.005)   
Age X NG  0.0002   0.006   0.004  
  (0.005)   (0.007)   (0.005)  
Age X NFL   -0.021***   -0.016**   -0.011* 
   (0.004)   (0.006)   (0.005) 
Constant -2.080*** -2.029*** -1.557*** -2.944*** -2.845*** -2.605*** -1.989*** -1.935*** -1.806*** 
 (0.403) (0.403) (0.398) (0.591) (0.591) (0.596) (0.443) (0.439) (0.449) 
Observations 559 559 559 559 559 559 559 559 559 
AIC 548.5 549.6 511.2 866.8 868.1 860.1 661.8 660.4 656.7 
***p < .001; **p < .01; *p < .05 
Abbreviations: APOE ε4, apolipoprotein E gene ε4; WRAT, Wide Range Achievement Test; Age 
Difference, years between lumbar puncture and cognitive exams; p-tau, tau phosphorylated at threonine 
181; t-tau, total tau; NG, neurogranin; NFL, neurofilament light protein; AIC, Akaike information criterion 
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Table 4: Statistical summary of the executive function composite models, including beta 
coefficients and standard errors.  

Linear Mixed Effects Models 
 Executive Function Composite 
 T-tau NG NFL 

Age (Centered) -0.068*** -0.068*** -0.066*** 
 (0.008) (0.008) (0.008) 

Sex 0.072 0.077 0.066 
 (0.096) (0.096) (0.097) 

APOE ε4 0.148 0.149 0.144 
 (0.095) (0.096) (0.095) 

WRAT Score 0.037*** 0.038*** 0.035** 
 (0.011) (0.011) (0.011) 

Age Difference 0.029*** 0.030*** 0.028*** 
 (0.008) (0.008) (0.008) 

Amyloid Positivity -0.033 -0.057 -0.046 
 (0.108) (0.106) (0.102) 

P-tau Positivity 0.012 -0.035 -0.018 
 (0.149) (0.148) (0.131) 

T-tau -0.039   
 (0.055)   

NG  -0.007  
  (0.054)  

NFL   -0.050 
   (0.052) 

Age X Amyloid Positivity -0.0002 -0.001 -0.002 
 (0.009) (0.009) (0.009) 

Age X P-tau Positivity 0.005 0.004 0.002 
 (0.014) (0.014) (0.012) 

Age X T-tau -0.003   
 (0.005)   

Age X NG  -0.002  
  (0.005)  

Age X NFL   -0.0001 
   (0.004) 

Constant -1.898*** -1.941*** -1.797** 
 (0.541) (0.541) (0.552) 

Observations 559 559 559 
AIC 519.4 520.0 519.2 

***p < .001; **p < .01; *p < .05 
Abbreviations: APOE ε4, apolipoprotein E gene ε4; WRAT, Wide Range Achievement Test; Age 
Difference, years between lumbar puncture and cognitive exams;  p-tau, tau phosphorylated at threonine 
181; t-tau, total tau; NG, neurogranin; NFL, neurofilament light protein; AIC, Akaike information criterion 
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Figure 1: Linear relationships between age (centered on the sample mean), Alzheimer’s 
biomarker status, and standardized cognitive scores on the preclinical Alzheimer’s 
consortium composite (PACC), adjusted for covariates. The top row represents 
individuals positive for both amyloid and p-tau pathology, whereas the bottom row 
represents individuals negative on these biomarkers. While linear mixed effects analyses 
were performed across all participants regardless of biomarker status, results for 
biomarker negative and biomarker positive groups are displayed here for illustrative 
purposes. Blue represents the highest quartile of t-tau, neurogranin, and NFL, and red 
the lowest quartile. Higher NFL, but not t-tau or neurogranin, was associated with 
longitudinal cognitive decline independent of amyloid and p-tau concentrations.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 



 
 

74 

Figure 2: Linear relationships between age (centered on the sample mean), Alzheimer’s 
biomarker status, and standardized scores on the memory composite, adjusted for 
covariates. The top row represents individuals positive for both amyloid and p-tau 
pathology, whereas the bottom row represents individuals negative on these biomarkers. 
While linear mixed effects analyses were performed across all participants regardless of 
biomarker status, results for biomarker negative and biomarker positive groups are 
displayed here for illustrative purposes.  Blue represents the highest quartile of t-tau, 
neurogranin, and NFL, and red the lowest quartile. Higher NFL, but not t-tau or 
neurogranin, was associated with longitudinal cognitive decline independent of amyloid 
and p-tau concentrations. 
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Figure 3: Linear relationships between age (centered on the sample mean), 
Alzheimer’s biomarker status, and standardized scores on the learning composite, 
adjusted for covariates. The top row represents individuals positive for both amyloid and 
p-tau pathology, whereas the bottom row represents individuals negative on these 
biomarkers. While linear mixed effects analyses were performed across all participants 
regardless of biomarker status, results for biomarker negative and biomarker positive 
groups are displayed here for illustrative purposes.  Blue represents the highest quartile 
of t-tau, neurogranin, and NFL, and red the lowest quartile. Higher NFL, but not t-tau or 
neurogranin, was associated with longitudinal cognitive decline independent of amyloid 
and p-tau concentrations. 
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CHAPTER 5 

Conclusions and Future Directions 
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The preclinical stage of Alzheimer’s disease is characterized by the accumulation 

of AD neuropathology (Aβ and NFT) without significant cognitive impairments. Indeed, 

post-mortem studies have shown that many individuals with significant Aβ and NFT 

pathology did not exhibit dementia during life – these people, had they lived longer, 

were perhaps in the preclinical stage of AD27. Importantly, those with dementia, on the 

other hand, also exhibited other pathologies, including neural injury and gliosis. This 

evidence was a primary motivator of the research presented here, which focuses on 

understanding the biological processes co-occurring with amyloid and NFT 

accumulation during asymptomatic stages of the disease (i.e. the preclinical stage). 

From the standpoint of intervention, the preclinical stage is perhaps a “sensitive 

period” for altering the disease course160. Yet, to design truly effective interventions, 

more knowledge is needed about the biological processes occurring early in the disease 

course. This dissertation sheds light on these processes, and provides evidence that 

neural injury, synaptic dysfunction, and gliosis may play important roles before the onset 

of dementia. 

Aim 1 demonstrated that cognitively unimpaired individuals with significant AD 

neuropathology tend to have lower levels of neural injury (NFL, t-tau) and gliosis (YKL-

40) biomarkers than those with similar AD neuropathology and a clinical diagnosis of 

dementia. As explained below, these Mismatch individuals may be in the preclinical 

stage. 

Aim 2 revealed a link between amyloid (measured with PiB-PET) and white 

matter microstructure, but argues against the notion that amyloid itself is locally toxic to 
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the neurons comprising adjacent white matter tracts. Additionally, this study 

demonstrated that p-tau/Aβ42 and YKL-40/Aβ42 are associated with alterations in white 

matter microstructure in similar tracts, suggesting that p-tau accumulation or gliosis may 

be driving factors toward alterations in brain microstructure. 

Finally, the findings from Aim 3 suggest that axonal degeneration – as indexed 

by NFL – may prove to be an important biological factor leading to cognitive decline, 

perhaps more so than the processes of synaptic degeneration and gross 

neurodegeneration that NG and t-tau are thought to measure. 

Future Directions 

There are several important future research directions for the studies presented 

here. For Aim 1, a crucial next step will be to determine whether the Mismatch 

individuals do undergo cognitive decline, and if so how steep this decline is. This will be 

difficult to measure with the current study sample, as there were only a small number of 

Mismatch individuals in the age-matched analysis. However, by using the methodology 

described in Chapter 2 and combining across centers collecting similar data, it may be 

possible to determine whether elevations in YKL-40, NFL, t-tau, or NG are immediate 

precursors to cognitive decline. 

Indeed, the neurogranin results presented in Aim 1 do point toward this outcome. 

Whereas neurogranin exhibited low signal in predicting outcomes in Aim 2 and Aim 3, 

the fact that Mismatches had comparable levels to the AD-Dementia group in Aim 1 

provides support for the idea that significant neurodegeneration is occurring in 

Mismatches, and that cognitive decline may be imminent. Neurogranin itself has been 



 
 

79 

implicated in the progression from MCI to dementia, but may in fact be less predictive of 

the progression from normal cognition to MCI177, 178. 

There are other crucial studies required to advance the Aim 1 findings. It will be 

important to understand what other lifestyle factors contribute to resilience in the face of 

significant AD neuropathology burden, and whether the “resilience” in this case 

connotes prevention or simply delay to cognitive decline. While years of education may 

be a reasonable proxy for other metrics, there are almost certainly crucial latent 

variables that require exploration (e.g. quality of education, occupational complexity196, 

social factors contributing to cognitive reserve197. Diet, exercise, and cognitive 

engagement have all been put forth as possible modifiable risk factors198. If such results 

prove promising, there are of course still broader policy problems in designing 

incentives that increase healthy behaviors and decrease risk. 

With respect to the neurobiology findings presented in Aim 2, more research is 

needed to determine the relationship between Aβ and white matter microstructure. Is 

there a causative pathway between amyloid deposition and altered white matter 

microstructure? If not, as Aim 2 suggests, other variables upstream of both phenomena 

should be investigated. There have been suggestions in the literature that myelin 

degeneration can initiate amyloid accumulation199, but also evidence that amyloid can 

seed NFT, which can then produce Wallerian neurodegeneration in white matter tracts. 

Neuroanatomically, this latter hypothesis – that unmeasured NFT in Aim 2 leads to 

altered white matter microstructure – would explain why we observed altered white 

matter microstructure in the hippocampal cingulum, as early NFT deposition in the 
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medial temporal lobe could cause cell death and Wallerian degeneration. However, it 

would be harder to make the case that NFT caused altered white matter microstructure 

in the cingulum, or why it was not associated with altered microstructure in the uncinate 

fasciculus. Clearly, more work is needed to untangle the relationship between typical 

AD neuropathologies and white matter microstructure. 

Research is also needed to understand subtle predictive discrepancies between 

Aβ42/Aβ40 and PiB-PET. While the global PiB measure and Aβ42/Aβ40 are highly 

correlated, and show strong relationships over time132, 200, 201, these two methods of 

measuring amyloidosis may still be contributing unique information, particular at 

different stages in the disease202. It is possible that, by the time Aβ deposition has 

increased enough to be detectable in the brain with PET imaging, there are already 

white matter alterations occurring – perhaps altogether independent of Aβ deposition. 

Because amyloidosis is thought to be more readily detectable at earlier stages in 

CSF202 on the other hand, high concentrations of Aβ42/Aβ40 may in fact precede 

significant white matter changes. An important caveat with respect to Aim 2 is that the 

PiB and CSF analyses were not conducted in exactly the same participants. While 52 of 

the participants in Aim 2 were included in both the PiB and CSF analyses, this left 16 

and 17 participants independent in each analysis. It is possible these other participants 

account for the discrepancy between the CSF and PET findings. 

The evidence in Aim 3 broadly suggests that more research is needed on novel 

biomarkers that provide additional value in predicting cognitive decline. It is possible 

that, in similar designs to the ones presented in Aim 3, other biomarkers of 
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neurodegeneration (e.g. SNAP-25, VILIP-1, synaptotagmin) will provide more value 

than t-tau, NG, or NFL203. 

It is also likely that the AT(N) model itself fails to capture the complex 

heterogeneity present in AD pathophysiology. Many studies have pointed to the 

important role that vascular pathology plays in the development of AD204, 205. Further, 

there is clearly an important role for innate immunity and inflammation in the 

pathogenesis of the disease – Aim 1 demonstrated that YKL-40 may be useful in 

differentiating Mismatch from AD-Dementia, and perhaps other, more specific markers 

of gliosis will prove valuable in predicting cognitive decline36. 

In addition to adding longitudinal analyses and investigating novel CSF 

biomarkers, the studies presented here and AD research in general will benefit from 

new molecular imaging targets. PET tracers for NFT are currently under development, 

and early results from a new tracer, MK-6240, suggest high specificity with little off-

target206. Other tracers, such as SV2A for quantifying synaptic density207, as well as 

PBR28 for quantifying microglia concentrations208, hold promise for increasing our 

understanding of auxiliary biological processes occurring at all stages of the disease. 

Ultimately, multi-modal investigations will prove most useful in understanding the many 

facets of AD. In conjunction with the biomarker work in living humans, post-mortem 

research will be invaluable for validating in vivo results.  

From a research design perspective, the field should focus more intently on 

recruiting participants from underrepresented backgrounds. In all three Aims of this 

dissertation, the vast majority of participants were Caucasian and highly educated. 
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Given the stark disparities in Alzheimer’s incidence and outcomes209, 210, it is important 

to understand how the disease manifests in diverse populations, as well as how other 

risk factors associated with underrepresented groups contribute to the biology of 

dementia211. It is possible, for instance, that the AT(N) framework is inadequate for 

capturing the idiosyncrasies of underrepresented populations, and that including other 

risk factors (such as vascular disease) would add value in predicting cognitive decline. 

Recruiting underrepresented groups into research programs will also prove 

useful for determining the population compositions for future clinical trials. It may be the 

case that drug targets useful for Caucasian participants do not readily map on to African 

Americans, or vice versa. While this is an area in which more research is needed, the 

results presented in this dissertation point to several avenues by which biomarkers 

might be useful for informing clinical trial recruitment. For instance, participants with 

high AD neuropathology burden but low NFL, YKL-40, NG, or white matter 

microstructural pathology might be the population most amenable to drug trial 

interventions. 

In sum, this research adds to the growing body of scholarship pointing toward the 

notion that Aβ and NFT are necessary but not sufficient for the onset of clinical 

dementia. Further, these studies provide evidence that measuring several other 

biological processes (e.g. neural injury, white matter microstructure, synaptic 

degeneration, and gliosis) may lend additional insight into the pathogenesis of AD. 
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