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CHAPTER 1 

 

INTRODUCTION 

 

Alzheimer’s Disease 

Alzheimer’s disease (AD) is the most common form of dementia and currently 

afflicts 6.2 million adults over age 65 in the United States.1 As the population ages, the 

prevalence is expected to rise,1 so there is an urgent need to develop more effective 

treatment and prevention strategies. Currently, there are no disease modifying therapies 

approved for AD, and the drugs currently used for AD only manage symptoms.1 Thus, a 

better understanding of the neurobiology and pathogenesis of AD is necessary to 

identify new prevention or therapeutic targets. 

AD is pathologically defined by 2 primary protein abnormalities, including 

amyloid- (A) plaques and neurofibrillary tangles. A is a normal protein that 

undergoes abnormal processing and aggregation to form extracellular plaques.2 A 

begins as amyloid precursor protein, a transmembrane protein primarily expressed in 

neuronal synapses. Normally, amyloid precursor protein is cleaved by -secretase, 

followed by -secretase, releasing the amyloid precursor protein intracellular domain 

into the cell and releasing p3, a peptide fragment, into the extracellular space.2 In AD, 

amyloid precursor protein is first cleaved at a different location by -secretase, followed 

by -secretase. This process releases the A peptide into the extracellular space as well 

as the amyloid precursor protein intracellular domain into the cell.2 A is released as a 

monomer peptide, but its hydrophobic properties lend it to aggregate together to form 
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oligomers, protofibrils, fibrils, and eventually extracellular plaques.2 Plaque deposition 

begins in the inferior frontal and temporal lobes, but as the disease progresses, A 

deposition can be detected in the frontal, temporal, and occipital lobes, sparing only the 

primary motor and sensory cortices.3 A deposition can be measured in vivo by either 

cerebrospinal fluid (CSF) or positron emission tomography (PET) imaging. A is usually 

cleared into the CSF, but as monomers aggregate and plaques form, less A is 

detectable within the CSF.4 Alternatively, PET imaging detects the formation of A 

plaques and shows increased uptake as A burden increases.5  

The second primary protein abnormality in AD is hyperphosphorylated tau, 

resulting in neurofibrillary tangles. Tau is a normal axonal protein that stabilizes 

microtubules and supports axonal transport and structural integrity.6 While it normally 

oscillates between a dephosphorylated and phosphorylated state, in AD, tau becomes 

hyperphosphorylated by dysregulated kinase proteins, including glycogen synthase 

kinase 3 beta.6 The process prevents tau from stabilizing the microtubules and 

damages the neuron. Hyperphosphorylated tau aggregates together to form 

neurofibrillary tangles within the neuron, eventually leading to cell death. Tangle 

formation begins in the deep temporal lobe, specifically the transentorhinal cortex and 

hippocampus, and then spreads through functionally connected neurons.7 As the 

disease worsens, tangles continue to accumulate in the hippocampus as they spread 

outward into the amygdala, thalamus, and neocortical regions.3 Similar to A, tau can 

also be measured in vivo by PET or CSF. Importantly, tau PET tracers are not specific 

to the hyperphosphorylated species, so tau PET imaging shows increased uptake in 

normal aging as well as other neurodegenerative conditions.8 CSF allows for the 
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measure of total tau (t-tau), reflecting general neurodegeneration, or phosphorylated tau 

(p-tau), which is more specific to AD.4 

 

Pathogenesis 

The most pervasive model of AD pathogenesis9 suggests that A forms first, up 

to 15 years prior to symptom onset. A is followed by an increase in p-tau, which leads 

to subsequent neurodegeneration and cognitive decline. Much of the data supporting 

this model comes from the familial form of AD. These individuals have inherited a 

mutation in the amyloid precursor protein processing cascade, leading to early onset AD 

with a mean age at symptomatic onset of 46.10 Because AD develops early in these 

individuals, there is a relative lack of additional age-related changes and pathologies 

that are often present in older adults. Therefore, the familial form of AD provides an 

excellent in vivo model of pure AD. However, investigators have recently discovered 

that sporadic AD rarely exists in isolation and up to 95% of cases of pathologic AD at 

autopsy have additional pathologies present.11 These concomitant pathologies likely 

alter the pathologic cascade, highlighting a need to increase understanding of how 

these pathologies interact with AD to 

contribute to disease onset or 

progression.  

 Vascular disease is the most 

common pathology to co-occur with AD 

and contributes to over half of 

pathologically confirmed dementia cases 

Figure 1.1. Overlapping pathologies with AD. In a series of 
individuals clinically diagnosed with AD, 87% had both AD and 
cerebrovascular pathology at autopsy. Adapted from Kapasi et. 
al., 2017. 

32% 

4% 

55% 

9% 

9% 
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(Figure 1.1).11 Cardiovascular and cerebrovascular abnormalities are increasingly 

linked to cognitive impairment, and cerebral small vessel disease (SVD) confers earlier 

symptom onset12 and faster decline.13,14 Cerebrovascular disease and A deposition on 

PET contribute additively to cognitive decline among older adults with normal 

cognition.15 Additionally, systemic vascular risk interacts with A deposition such that 

cognition declines at a greater rate in the presence of increased cerebral A and 

increased vascular risk.16 Cerebrovascular disease also interacts with tau on cognition, 

as increased tau deposition assessed on PET is associated with worse cognitive 

performance among individuals with subcortical vascular cognitive impairment 

compared to individuals without.17 Finally, alterations in both cerebral blood flow18 and 

cerebrovascular resistance,19 a measure of cerebral vasoreactivity, are associated with 

cognitive decline among non-demented amyloid positive but not amyloid negative 

individuals. Thus, it is imperative to study how both systemic and cerebral vascular 

disease interact with AD pathology to drive clinical progression to better inform models 

of typical aging and disease. 

 

Neurobiology and Biochemical Function of White Matter 

Cerebral white matter is composed of myelinated axons and functions to 

increase signal propagation speed across neurons. White matter changes occur in up to 

90% of older adults20,21 and are associated with cognitive decline,22,23 though the 

etiology of those changes varies. While white matter damage is most commonly 

associated with vascular disease,24 it has been increasingly implicated in AD and may 

play a critical part in the spread of AD pathology,25 suggesting that white matter damage 
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may be one pathway through which vascular disease and AD intersect to hasten clinical 

decline. 

 

White Matter Development 

Cerebral white matter is composed of axon bundles, containing neurofilaments, 

microtubules, and stabilizing proteins, surrounded by myelin. Myelin, synthesized by 

oligodendrocytes in the central nervous system, is primarily composed of water, 

proteins, and lipids. Formation of fiber bundles begins around the 16th week of gestation 

as oligodendrocyte precursor cells (OPCs) migrate from subventricular zones and 

ventral regions of the neural tube. Once OPCs reach their destination, they extend 

cellular processes out toward axons and attach via contactin26 and contactin-associated 

protein.27 Growth factors on the neuron signal the OPC to begin differentiation and 

myelin formation, beginning at the nodes of Ranvier and progressing outward. To form a 

node, gliomedin is expressed on oligodendrocyte processes, which recruit ankyrin G 

within axons.28,29 Ankyrin G recruits and binds sodium channels to this region, 

accounting for their abundance in the nodes. Next, paranodes develop, as neurofascin-

155 expressed on oligodendrocytes binds with contactin on axons to ensure proper 

attachment of myelin.30 Finally, juxtaparanodes are formed, primarily regulated by 

contactin associated protein 2 and potassium channels.31 The abundance of potassium 

channels in this region functions to maintain the resting membrane potential and may 

provide a way of communication between the oligodendrocyte and axon.32 After myelin 

has surrounded the axon, myelin basic protein and proteolipid protein,33 among other 

phospholipids, bind together and compact the myelin. This final step is critical for the 
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insulating function, so alteration of the cholesterol content within oligodendrocytes may 

lead to less effective myelination. See Figure 1.2 for an illustration of normal fiber 

bundle anatomy. In normal development, myelination begins with the cranial nerves, 

and progresses in caudal to cranial and posterior to anterior gradients.34 Thus, anterior 

white matter is often the first to undergo age-related damage.35 

 

White Matter Function 

White matter, and more specifically myelination, is essential for saltatory 

conduction, increasing the speed action potentials are propagated. In an unmyelinated 

neuron, once the threshold potential for excitation is met, a segment of the axon is 

depolarized. Sodium channels open, leading to rapid sodium influx, followed by 

potassium channel opening and slower potassium efflux. Action potentials are self-

Figure 1.2. Anatomy of a myelinated axon. Sodium channels are concentrated in the nodes of Ranvier to facilitate 
saltatory conduction. Throughout different axon segments, a variety of proteins and channels function to maintain the 
homeostasis and connection between the axon and myelin. Myelin basic protein and proteolipid protein bind to 
compact the myelin sheath. Within the axon, microtubules and neurofilaments support axonal structure while dynein 
and kinesin molecules transport organelles throughout the neuron. Created with BioRender.com. K=potassium; 
MCT=monocarboxylate transporter; NA=sodium; NAA=N-acetyl aspartate. 

Axon 

Myelin 
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propagating, as diffusion of ions across one part of the axon leads to depolarization of 

adjacent segments. However, in a myelinated axon, sodium channels are only present 

and active in the nodes of Ranvier.36 As an action potential begins and sodium enters, it 

diffuses rapidly down its concentration gradient throughout the myelinated segment. 

Since myelin causes the axonal membrane to be impermeable, diffusion is rapid and 

sodium quickly reaches the next node, depolarizing this segment. Myelin also increases 

signal propagation speed by increasing the diameter of the axon,37 which reduces ability 

of the myelinated segment to store electrical charge.38 Additionally, axons are essential 

for maintaining neuronal structural integrity, as filaments within the axon are critical for 

maintaining axon diameter,39 and regulating conduction velocity.40 Finally, the axon 

serves as the major transport system throughout the neuron, as cellular contents are 

transported between the cell body and the presynaptic terminal anterograde via kinesin 

and retrograde via dynein motor proteins. 

However, the oligodendrocyte and axon do not operate in isolation. Given most 

of the axon is surrounded by myelin, it is inefficient for the axon to receive its entire 

nutrient supply from the nodes of Ranvier. Therefore, oligodendrocytes play a critical 

role in delivering energy, specifically mitochondria,41 to the axon. Oligodendrocytes also 

express monocarboxylate transporter 1 (MCT 1) and 2 (MCT 2) to transport lactate to 

axons in energy deprived states.42 Further, oligodendrocytes are partially dependent on 

the axon for proper function. N-acetyl aspartate (NAA), a molecular biproduct of 

metabolism in axons, is transported back into oligodendrocytes, where it is thought to 

contribute to myelin synthesis.43 Therefore, given the functional link between 

oligodendrocytes and axons, pathology affecting one will lead to damage in the other, 
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likely resulting in white matter damage detectable on magnetic resonance imaging 

(MRI). 

 

White Matter and Cognition 

Individual fiber bundles are organized into larger white matter tracts that transmit 

information between grey matter regions. Each tract is characterized as a projection, 

commissural, or association tract. Projection tracts connect the cerebral cortex to non-

cortical structures (e.g., cerebellum, brainstem, spinal cord) and primarily function for 

movement (e.g., corticospinal tract) and sensation (e.g., medial lemniscus, optic 

radiation). Commissural tracts connect identical cortical regions in the right and left 

cerebral hemispheres, most notably the corpus callosum. Other commissural tracts 

include the anterior commissure, connecting the temporal lobes and responsible for 

olfactory function; the posterior 

commissure, connecting structures critical 

for eye movements; and the hippocampal 

commissure, which connects the 

hippocampi and is important for memory. 

Finally, association tracts connect two 

regions within the same hemisphere. These 

tracts are categorized as either short or 

long, with short tracts connecting adjacent 

gyri and long tracts connecting more distant 

regions across lobes. The connections and 

Figure 1.3. Major association tracts. The uncinate fasciculus 
is critical for emotional regulation, behavior, long-term memory, 
and executive function.  The cingulum bundle functions for 
learning and working memory. The superior longitudinal 
fasciculus contributes to information processing speed and 
executive function. The inferior longitudinal fasciculus is 
primarily responsible for lexical processing, object recognition. 
and visual memory. The occipitofrontal fasciculus is critical 
for visual processing.  Finally, the arcuate fasciculus is 
important for language processing and production. Created with 
BioRender.com. 
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functions of primary long association tracts are summarized in Figure 1.3. The functions 

of tracts primarily depend on the grey matter regions they connect. For example, tracts 

in the frontal lobe are implicated in processing speed and executive function.44 

Temporal lobe and hippocampal tracts are necessary for learning45 and episodic 

memory consolidation.46 Finally, the deep white matter is responsible for connecting 

subcortical and cortical structures throughout the brain, Thus, deep tracts are implicated 

in multiple cognitive functions, including information processing speed, executive 

function,44 and memory retrieval.47 

 

Pathways to White Matter Injury 

Based on the complex processes of myelination, axonal transport, and 

homeostasis maintained between the oligodendrocyte and the axon, damage to either 

the oligodendrocyte or axon will compromise the white matter. In aging and in AD, 

multiple pathologies may lead to white matter damage through different mechanisms, 

including but not limited to systemic vascular changes, cerebrovascular changes, and 

AD pathology. 

 

Systemic and Cerebrovascular Changes 

Vascular disease is the most common etiology of white matter changes in aging 

adults.24 White matter macrostructural disease, assessed as white matter 

hyperintensities (WMHs), and microstructural disease, assessed with diffusion tensor 

imaging (DTI), are associated with cardiovascular risk factors (e.g. hypertension, 

diabetes, smoking)48 and observed after stroke49 and transient ischemic attacks.49,50 
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However, even in the absence of acute ischemia or overt cerebrovascular disease, 

subtle age-related changes in systemic and cerebrovascular health also affect white 

matter. Elastic arteries, most notably the aorta, are responsible for buffering normal 

changes in blood pressure throughout the cardiac cycle.51 However, the vessel wall 

undergoes multiple structural changes during aging that lead to increased transmission 

of pulsatile energy to the periphery and damage to the microcirculation. Elastin, an 

abundant protein in the vessel wall in younger individuals, is increasingly degraded in 

older age.52 Further, calcium concentrations within the vessel wall increase,53 leading to 

calcification of elastin and subsequent loss of elastic wall properties. Collagen, the other 

primary determinant of vessel wall physiology, becomes increasingly cross-linked,54 

adding to the stiffness of the vessel. Due to these changes in vessel wall properties, the 

systemic vasculature, particularly the aorta, is less able to absorb energy from pulsatile 

blood flow exiting the heart55 and properly adapt to maintain appropriate blood flow 

throughout the cardiac cycle.51 Subsequent blood flow to the capillary beds is 

reduced,56 leading to reduced perfusion of high-flow organs, including the brain. 

Hypoxia in watershed regions is thought to be the most prominent pathway 

through which systemic vascular changes damage white matter. In the setting of 

relatively reduced flow, brain regions most distal to the heart are at highest risk for 

hypoxia. Global reductions in cerebral blood flow primarily affect watershed regions of 

the brain, as these regions have minimal sources of collateral blood flow. Thus, brain 

tissue underlying these border-zones, including much of the white matter,57 is 

susceptible to decreased perfusion. As illustrated in Figure 1.4, watershed regions 

between main cerebral arteries are located in the frontal lobe (between the anterior 
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cerebral artery 

and middle 

cerebral artery 

territories) and 

at the parieto-

occipital junction 

(between the 

posterior 

cerebral artery 

and middle 

cerebral artery territories). Watershed regions also exist in deep, subcortical regions of 

the brain, between the large arterial supply and smaller penetrating arteries. Penetrating 

arteries are typically unbranched vessels extending from larger arteries at acute 

angles58 and are less responsive to neurotransmitters and vasoactive substances.59 

Thus, in the setting of increased arterial stiffness and consequential reduced 

perfusion,56 these vessels cannot adequately respond to maintain homeostatic blood 

supply to underlying subcortical white matter, leading to white matter damage. 

A second pathway by which age-related systemic arterial stiffening may lead to 

white matter damage is through greater transmission of harmful pulsatile energy to the 

periphery, as vessels lose the ability to absorb the pulsatile energy of blood exiting the 

heart.55 This process is particularly relevant for high flow organs, such as the brain. 

Increased pulsatility damages endothelial and smooth muscle cells in the cerebral 

microcirculation,60 further leading to reductions in blood flow and hypoxia.56 The 

Figure 1.4. Cerebral artery territories. Watershed regions are shown in white. Cortical 
regions and underlying white matter between the anterior and middle cerebral artery 
territories and the middle and posterior cerebral artery territories are susceptible to 
hypoperfusion. Deep white matter tracts between the large artery and the small, penetrating 
artery territories are also vulnerable to hypoperfusion. Created with BioRender.com. 
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penetrating arteries, and thus the subcortical white matter perfused by them, are highly 

susceptible to this pulsatile energy due to their proximity to the Circle of Willis, 

consistent with data showing cerebral small vessel disease is most severe in these 

locations.61 All blood enters the brain through the Circle of Willis, and the smaller 

penetrating arteries extend from the segments within the Circle. Therefore, they are 

highly susceptible to the harmful pulsatile energy of blood as it enters the brain, possibly 

leading to white matter damage in deep white matter tracts. 

In addition to the regional vulnerability of perfusing vessels, biochemical 

evidence suggests oligodendrocytes are uniquely susceptible to hypoxic damage due to 

age-related arterial stiffness. In animal models of ischemia, oligodendrocytes swell and 

undergo necrosis hours prior to changes in cortical neurons,62 possibly via caspase 

activation63 or alterations in calcium and sodium channel signaling.64 Since the resting 

membrane potential of neurons is maintained by a sodium potassium pump that 

requires adenosine triphosphate, hypoxia and subsequent decline in aerobic 

metabolism results in disruption of the resting membrane potential and excess sodium 

inside the cell. Intracellular sodium excess leads to depolarization, neuronal glutamate 

release, and glutamate excitotoxicity. Neurons from aged mice show increased 

glutamate efflux post-ischemia compared to young mice, exacerbating the known 

detrimental effect of glutamate on oligodendrocytes.65 Finally, oligodendrocytes contain 

low levels of glutathione and high levels of iron compared to other glial cells,66 

diminishing their ability to respond to oxidative stress. Thus, oligodendrocytes are 

vulnerable to damage from nitrous oxide released as surrounding cells are injured 

during hypoxia,67 further damaging oligodendrocytes beyond the initial insult. 
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Collectively, these data suggest oligodendrocytes are highly vulnerable to hypoxia 

resulting from age-related vascular changes, specifically in the watershed regions of the 

brain. 

Beyond systemic arterial changes, small vessels within the cerebrovasculature 

also undergo age-related changes.24,68 As we age, the blood-brain barrier (BBB), which 

regulates transport into and out of the central nervous system and is necessary for 

proper neurovascular coupling,69 increases in permeability and undergoes structural 

remodeling.70 This remodeling is partially regulated by matrix metalloproteinases 

(MMPs),71 which are a set of enzymes that degrade extracellular matrix proteins. In 

aging, MMPs contribute to elastin degradation72 in the vessel wall and subsequent 

increased thickness of the basement membrane.73 MMPs have been associated with 

BBB opening,74 and both increased BBB permeability and MMPs have been associated 

with white matter damage in individuals with subcortical ischemic vascular disease.75,76 

Thus, it is likely that these age-related changes in BBB permeability and extracellular 

matrix remodeling also lead to changes in white matter damage even in the absence of 

disease. 

 

AD Pathology 

Though AD is traditionally considered a disease of grey matter damage, recent 

studies propose white matter damage may commonly accompany AD pathology. 

Observed white matter changes were initially thought to be secondary to grey matter 

degeneration, but more recent evidence suggests white matter changes precede and 

are spatially independent of grey matter changes during the prodromal phases of 
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disease.77 In familial AD, white matter damage assessed with WMHs78 and DTI occurs 

at least 10 years prior to symptom onset and precedes detectable changes in 

hippocampal volume.25 While there may be many pathways to white matter injury in AD, 

notable in vivo and in vitro work suggests primary AD pathology (including A and p-

tau) has a direct effect on oligodendrocytes and axon structure, contributing to white 

matter damage. 

Cerebral A burden is associated with WMHs and DTI changes among non-

demented older adults.79,80 Further, these white matter changes localize to frontal81 and 

temporal regions,82 corresponding to early regions of A deposition. While A plaques 

are not traditionally thought to deposit within white matter, soluble A is detectable in 

white matter in AD brains post-mortem, particularly in anterior tracts.83 Thus, it is 

possible this neurotoxic species contributes to white matter damage prior to deposition 

of plaques in surrounding grey matter. Though the regional specificity of these findings 

suggests A is responsible for white matter damage in AD, a limitation of these studies 

in older adults is the high rate of co-occurring cerebrovascular disease and age-

associated white matter damage. It is possible age-related vascular disease or 

Wallerian degeneration is responsible for white matter changes, rather than 

amyloidosis. However, more precise disease models isolating AD pathology suggest 

otherwise. Decreased levels of CSF A are associated with DTI changes in familial AD, 

once again localizing to areas of A deposition.25 Familial AD is characterized by the 

early development of AD pathology in the absence of age-related vascular risk factors 

or additional pathologies,84 supporting the hypothesis that white matter damage may be 

a direct consequence of A. Finally, multiple transgenic mouse models of familial AD, 
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including PDAPP,85 3xTg-AD,86 and 5xFAD mice,87 show white matter changes 

compared to age-matched controls assessed by in vivo DTI and post-mortem imaging. 

These mutations primarily result in overproduction of A, in the absence of tau or other 

concomitant pathologies, suggesting A is associated with white matter damage. 

Importantly, many white matter changes detected in mouse models of amyloidosis 

localize to regions where A is known to accumulate, including inferior regions in the 

frontal87 and temporal lobes.86,87 

Beyond in vivo and post-mortem imaging evidence for A contributing to white 

matter damage, in vitro models suggest A leads to oligodendrocyte dysfunction and 

myelin dysregulation. It is hypothesized A disturbs glutathione metabolism,88 activating 

neutral sphingomyelinase within oligodendrocytes89 and upregulating ceramide 

production. Ceramide is a critical second messenger in apoptotic signaling cascades90 

resulting in cell death. Beyond outright cell death, A also interferes with the ability of 

the oligodendrocyte to properly myelinate axons. A inhibits neuronal cholesterol 

transport,91 the main component of myelin, and AD cases have less total cholesterol, 

myelin basic protein, and proteolipid protein in white matter compared to age-matched 

controls,92 suggesting A has a direct effect on myelin production or maintenance. A 

also affects the structure of white matter, as the protein induces cytoskeletal 

disorganization of oligodendrocytes, affecting their ability to extend cellular processes, 

differentiate, and form a myelin sheath.93 Any disruption of oligodendrocytes or myelin 

will affect saltatory conduction, perhaps resulting in some of the early cognitive deficits 

in AD. Finally, A induces an inflammatory cascade that may indirectly lead to white 
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matter damage, as immune activation is a known etiology of white matter damage both 

in aging and other neurologic disorders. 

It is possible that associations between A and white matter damage are 

confounded by vascular deposition of A. While A42 primarily accumulates in the 

parenchyma in AD, A40 accumulates in cerebral blood vessel walls (known as 

cerebral amyloid angiopathy (CAA)) in up to 80% of AD patients.94,95 CAA leads to 

fractured blood vessels and microbleeds,94 likely leading to hypoxic damage in 

downstream white matter. Thus, it is unclear which form of A is driving white matter 

damage seen in AD. 

 Recent evidence also suggests that p-tau may be a primary contributor to white 

matter damage, though the protein is traditionally considered to be a correlate of grey 

matter damage.96 Among older adults, increased tau accumulation measured with PET 

relates to white matter damage in the temporal lobe,97 and individuals with a high tau 

pathology burden have greater decline in white matter integrity over time, specifically in 

hippocampal tracts.98 In post-mortem studies, DTI changes are observed among brains 

with a high NFT burden in the entorhinal cortex and limbic system99 and cortical p-tau 

burden is associated with WMHs,100 statistically independent of associations with other 

SVD markers.101 In familial AD, increased CSF p-tau is associated with reduced white 

matter microstructural integrity assessed on DTI.25 Finally, animal models of tauopathy 

(rTg4510)102,103 show white matter changes assessed with DTI and with post-mortem 

microscopy compared to age-matched controls.103 These effects appear in the 

hippocampus,102,104 corresponding to the region NFTs first develop. Collectively, this 

evidence suggests p-tau has a regionally specific effect on white matter. It is plausible 
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that some of the white matter damage observed in these studies may be due to 

Wallerian degeneration.96 However, data from the Dominantly Inherited Alzheimer’s 

Network suggest white matter damage precedes hippocampal atrophy in individuals 

with familial AD, supporting the hypothesis that p-tau directly contributes to white matter 

damage.25 

In vitro models suggest p-tau likely affects the white matter through axonal injury. 

Phosphorylation promotes mislocalization of tau so it accumulates in dendrites rather 

than axons,105 compromising its ability to promote axonal growth and regulate cellular 

transport. While axonopathy as a consequence of p-tau is well-established, recent 

evidence describing the metabolic dependence of axons and oligodendrocytes42 

suggests hyperphosphorylation of tau may have direct effects on the white matter. First, 

p-tau may induce white matter damage through changes in glutamate homeostasis. 

Animal models of axonal injury cause the release of glutamate into the extracellular 

space,106  and oligodendrocytes are highly vulnerable to glutamate-mediated 

excitotoxicity.107 Second, p-tau alters energy homeostasis within the axons, affecting 

NAA transport. NAA is normally transferred to oligodendrocytes where it plays a critical 

role in steroid synthesis for myelin production.108 Thus, in the presence of p-tau, NAA is 

not adequately produced and transported in the axon, impairing myelin synthesis. 

 

Non-Specific Neurodegeneration 

 Additional pathologies that often co-occur with vascular disease or AD in aging 

must also be considered as etiologies of white matter damage. While vascular disease 

is presumed to be the most prevalent etiology of white matter damage,24 Wallerian 



 18 

degeneration due to concurrent neurodegeneration is also common in the aging 

brain.109 Wallerian degeneration is the process by which damage to cell bodies in the 

grey matter leads to progressive damage of associated axons.109 This etiology is 

supported extensive evidence showing that general markers of neurodegeneration, 

including total tau,110 neurofilament light,81,111 and grey matter volume on structural 

MRI,112 are cross-sectionally associated with white matter damage. Thus, white matter 

damage due to general neurodegeneration must be considered when examining other 

etiologies, such as AD pathology.  

 

Assessment of White Matter Damage 

White matter damage is primarily assessed in vivo through two MRI sequences. 

T2 fluid attenuated inversion recovery is a T2-weighted sequence that nulls the CSF 

signal, optimized to visualize WMHs. WMHs represent the accumulation of fluid, most 

often interpreted as ischemic white matter damage.24 However, other etiologies, 

including gliosis113 or inflammation,114 also contribute to WMH formation. Due to the 

heterogeneity of WMHs,111 more sensitive methods of imaging white matter have been 

developed. 

DTI is an MRI sequence that estimates the microstructural integrity of white 

matter tracts. It is more sensitive that T2-weighted imaging, as DTI changes can be 

detected in normal appearing white matter prior to WMH development.23 DTI measures 

the diffusion of water throughout the brain to estimate the structural integrity of white 

matter fiber bundles. Within neuronal cells bodies comprising cerebral grey matter, 

there is little regular structure that will restrict the diffusion of water. This model is 
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referred to as isotropic diffusion, as water theoretically will diffuse the same amount in 

any direction (Figure 1.5).  

 

 

 

 

 

 

 

However, within the white matter, water should diffuse primarily along the 

direction of the axon (anisotropic diffusion, Figure 1.5). DTI leverages the difference in 

water diffusion properties between white and grey matter to quantify white matter 

microstructural integrity. To assess the direction and strength of diffusion, a magnetic 

field is applied, exciting water molecules. Then, a magnetic field of equal strength is 

applied in the precise opposite direction. If there is no diffusion of the water molecules, 

the excitation of the second magnetic field will excite water molecules equally in the 

opposite direction, canceling out the excitation from the first magnetic field and leading 

to no signal loss. However, if diffusion was occurring and the water molecules move  

between the first pulse and the second pulse, signal loss will occur. The loss in signal is 

then used to calculate the direction and magnitude of diffusion throughout the brain.  

Diffusion tensors are calculated using the Stejskal-Tanner equation115 (Equation 

1) and weighted-least squares estimation.116 

𝑆𝑘 = 𝑆0𝑒−𝑏�̂�𝑘
𝑇𝐷�̂�𝑘 

Figure 1.5. Isotropic (left) and anisotropic diffusion (right). 
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This equation uses the difference between the signal when no diffusion gradient is 

applied (S0) and the signal after each gradient is applied (Sk), the b-value (b), and 

gradient pulse (g) to calculate the diffusion tensor (D). D represents a diffusion matrix 

with 6 independent components, representing diffusion in 6 primary directions (Dxx, Dxy, 

Dxz, Dyy, Dyz, Dzz). This matrix is diagonalized to determine the 3 primary diffusion 

directions within each voxel (λ1, λ2, λ3). The 4 primary DTI metrics are calculated from 

the three eigenvectors, according to the following equations: 

𝐴𝑥𝑖𝑎𝑙 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦 = λ1 

𝑅𝑎𝑑𝑖𝑎𝑙 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦 =
λ2 + λ3

2
 

𝑀𝑒𝑎𝑛 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦 =
λ1 + λ2 + λ3

3
 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐴𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 = √
1

2
 
√(λ1 − λ2)2 + (λ1 − λ3)2 + (λ2 − λ3)2

√(λ1
2 + λ2

2 + λ3
2)

 

Axial diffusivity represents the primary direction of diffusion, radial diffusivity 

represents the secondary direction of diffusion, mean diffusivity represents a mean of all 

three eigenvectors, and fractional anisotropy represents how intact diffusion is through 

an axon accounting for how much diffusion is expected in all three primary directions.  

As axons are damaged or demyelination occurs, the eigenvalues increase, leading to 

increased values in mean, radial, and axial diffusivity, and decreased values in FA. 

Thus, lower FA and higher mean, radial, and axial diffusivity indicate white matter 

damage. However, some data suggest that in early stages of damage, diffusion in the 

primary direction (λ1) decreases, leading to decreased axial diffusivity.117 Increases in 

[5] 

[4] 

[3] 

[2] 
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axial diffusivity are thought to be specific to axonal injury,118 whereas increases in radial 

diffusivity are thought to be specific to demyelination.119 However, more post-mortem 

human studies are needed to confirm this interpretation. DTI is commonly used to 

assess white matter injury in AD, though the neuropathological correlates of this 

damage remain unknown. 

 

Rationale and Aims 

It is well established that vascular disease interacts with AD pathology to worsen 

clinical outcomes,120 though the exact pathways remain unknown. While AD is the most 

common cause of dementia, cerebrovascular pathology contributes to at least one half 

of all pathologically-confirmed cases of dementia and is the most common pathology 

that co-occurs with AD.11 Cardiovascular and cerebrovascular abnormalities are 

increasingly linked to cognitive impairment, and cerebral small vessel disease confers 

earlier symptom onset12,121 and faster decline.13,14 Thus, it is critical to develop a better 

understanding of how vascular disease and AD pathology intersect to affect clinical 

decline.  

Based on evidence implicating A and p-tau as etiologies of oligodendrocyte and 

axonal injury, white matter damage may be one pathway by which vascular disease and 

AD pathology intersect. Certain tracts may be susceptible to multiple pathologies, 

resulting in greater cognitive decline primarily in the domains that are supported by 

those tracts (Figure 1.6). For example, frontal lobe tracts may be susceptive to both A 

and vascular disease, leading to faster decline in processing speed and executive 
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function. Similarly, temporal lobe white matter tracts may be susceptible to vascular 

disease, A, and p-tau, leading to faster decline in memory.  

Understanding the etiologies of white matter damage in normal aging and AD is 

necessary for advancing our understanding of AD pathogenesis. A comprehensive 

characterization of the vulnerability of white matter tracts to age and AD related 

pathologies (including vascular disease, A, tau, and neurodegeneration) will enhance 

understanding of the neurobiology underlying cognitive decline and improve the 

precision by which structural imaging of white matter changes is leveraged in clinical 

settings as a complementary biomarker of abnormal cognitive aging. To answer these 

questions, we leveraged data from the Vanderbilt Memory and Aging Project, a 

longitudinal cohort of older adults free of stroke and dementia. We utilized sensitive 

CSF and cardiac magnetic resonance biomarkers systemic vascular health, 

cerebrovascular heath, AD pathology, and neurodegeneration in combination with 

longitudinal DTI data to investigate the following aims: 

A 

Vascular disease 
Vascular disease 

P-tau 

↓ Memory ↓ Processing speed 

↓ Executive function 

A 

Figure 1.6. Theoretical model of where AD pathology and vascular disease effect white 
matter health. Border-zone and deep white matter tracts vulnerable to age-related vascular 
changes are indicated in red. Frontal and temporal lobe tracts vulnerable to A are 
indicated in blue. Hippocampal tracts vulnerable to p-tau are indicated in green. These 
pathologies may regionally intersect on certain white matter tracts, hastening clinical 
manifestation and decline in specific domains, including processing speed, executive 
function, and memory. 
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Aim 1: Identify white matter tracts regionally vulnerable to age-related vascular 

changes, including arterial stiffness, extracellular matrix remodeling, and BBB 

permeability. Hypothesis: Increased vascular changes (higher pulse wave velocity, 

higher CSF MMP concentrations, greater BBB permeability) will relate to white matter 

microstructure decline over 7 years, especially in watershed white matter tracts lacking 

extensive collateral blood supply. 

Aim 2: Identify white matter tracts regionally vulnerable to amyloidosis. 

Hypothesis: Greater amyloidosis (lower CSF A42 reflecting increased cerebral 

amyloid) will relate to white matter microstructure decline over 7 years, especially in 

frontal and temporal lobe tracts (where A42 first accumulates). Greater levels of A40 

will relate to white matter tracts adjacent to cortical areas where A40 accumulates. 

Aim 3: Identify white matter tracts regionally vulnerable to p-tau and 

neurodegeneration. Hypothesis: Greater p-tau (higher CSF p-tau) will relate to white 

matter microstructure decline over 7 years, especially in tracts connected to the 

hippocampus (where p-tau first deposits). Greater levels of neurodegeneration (higher 

CSF t-tau and NFL) will globally relate to white matter microstructure decline over 7 

years. 

Aim 4: Identify white matter tracts vulnerable to more than one pathology and 

relate damage in vulnerable tracts to cognitive decline. Hypothesis: CSF A, CSF 

p-tau, and vascular changes will have overlapping effects in frontal and temporal lobe 

white matter. Tracts susceptible to arterial stiffness or A will relate to decline in 

processing speed, executive function, and episodic memory. Tracts susceptible to p-tau 

will relate to decline in episodic memory. Tracts susceptible to arterial stiffness and AD 
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pathology (either A or p-tau) will be the strongest predictors of cognitive decline over 7 

years. 

These studies characterized which white matter tracts are susceptible to certain 

pathologies and the cognitive consequences of damage in those tracts. Understanding 

the etiology of age-related white matter changes and corresponding clinical changes will 

provide critical information regarding the neurobiology underlying cognitive decline and 

better inform models of typical aging and disease. 
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CHAPTER 2 

 

THE EFFECTS OF SYSTEMIC AND CEREBRAL ARTERIAL HEALTH ON WHITE 

MATTER INTEGRITY 

 

Introduction 

 White matter changes occur in up to 90% of older adults20,21 and the most 

common etiology is thought to be age-related vascular changes.24 In aging adults, 

systemic and cerebral arteries undergo stiffening and remodeling, both of which may 

have effects on white matter health. Given the heterogeneity underlying white matter 

damage in older adults and individuals at risk for Alzheimer’s disease (AD), it is critical 

to identify which tracts are most vulnerable to age-related changes in systemic and 

cerebral vascular health to better differentiate etiologies of white matter damage and 

inform treatment approaches. 

Specifically, age-related arterial stiffening, most commonly assessed by pulse 

wave velocity (PWV), may result in white matter injury. Elastic arteries, most notably the 

aorta, are responsible for buffering normal changes in blood pressure throughout the 

cardiac cycle,51 but age-related stiffening of the vessel walls leads to increased 

transmission of pulsatile energy to downstream organs122 and damage to the 

microcirculation.60 Subsequent blood flow to the capillary beds is reduced,56 leading to 

reduced perfusion of high-flow organs, including the brain. Given the vulnerability of 

white matter to vascular disease,57 it is likely that age-related arterial stiffness is a 
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robust contributor to future white matter damage. However, it is unknown which white 

matter tracts are most susceptible to age-related arterial stiffening among older adults. 

Beyond systemic arterial changes, cerebrovascular remodeling and changes to 

blood-brain barrier (BBB) integrity may also impact white matter integrity. The BBB is 

critical to maintaining the neurovascular unit, which ensures adequate oxygen delivery 

to the brain. However, BBB permeability increases with age,70 leading to microvascular 

injury123 and hypoxia,124 implicating BBB permeability as an etiology of white matter 

injury.123 BBB permeability is also associated with extracellular matrix (ECM) 

remodeling,125 which is regulated by matrix-metalloproteinases (MMPs). MMPs, 

specifically MMP-2,126 MMP-3,127 and MMP-9,128 are upregulated in response to 

microvascular injury and have been associated with BBB opening and white matter 

damage in subcortical ischemic vascular disease.74,75 Thus, it is possible that even in 

the absence of overt cerebrovascular disease, age-related changes in BBB permeability 

and MMP regulation affect white matter health. However, it is unknown which tracts are 

susceptible to BBB permeability and ECM remodeling. 

The aim of the present chapter was to examine how age-related changes in 

systemic vascular health (arterial stiffness) and cerebrovascular health (BBB 

permeability and MMP regulation) relate to white matter integrity, assessed by diffusion 

tensor imaging (DTI), among older adults free of clinical stroke and dementia. We 

hypothesized that higher arterial stiffness, higher cerebrospinal fluid (CSF) MMP 

concentrations, and great BBB permeability would relate to compromised white matter 

microstructure at baseline and faster decline in white matter microstructural integrity 

over time, specifically in watershed tracts lacking extensive collateral blood supply. 
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Since vascular pathology is present in up to 80% of AD cases,11 we also investigated 

whether associations of arterial stiffness, BBB permeability, and MMP regulation with 

white matter integrity were modified by cognitive diagnosis (normal cognition (NC) 

versus mild cognitive impairment (MCI)) or APOE-4 status, that largest genetic risk 

factor for sporadic AD.129 We hypothesized that associations would be stronger among 

participants with MCI and APOE-4 positive participants. 

 

Methods 

Study Cohort 

The Vanderbilt Memory and Aging Project130 is a longitudinal observational study 

investigating vascular health and brain aging. Inclusion criteria required participants be 

at least 60 years of age, speak English, have adequate auditory and visual acuity for 

testing, and have a reliable study partner. At eligibility, participants underwent a 

comprehensive medical history and record review, clinical interview, and 

neuropsychological testing for cognitive diagnosis by consensus, including NC, early 

MCI (eMCI),131 or MCI.132 NC was defined as (a) Clinical Dementia Rating (CDR)=0 (no 

dementia), (b) no deficits in activities of daily living directly attributable to cognitive 

impairment, and (c) no evidence of neuropsychological impairment defined as standard 

scores falling within 1.5 standard deviations of the age-adjusted normative mean. eMCI 

was defined as (a) CDR=0.5 (reflecting mild severity of impairment), (b) no deficits in 

activities of daily living attributable to cognitive issues, and (c) no neuropsychological 

impairment defined as standard scores falling within 1.5 standard deviations of the age-

adjusted normative mean.131 Finally, MCI was defined as (a) CDR=0 or 0.5 (reflecting 

mild severity of impairment), (b) relatively spared activities of daily living, (c) 



 28 

neuropsychological impairment within at least one cognitive domain (i.e., performances 

falling greater than 1.5 standard deviations outside the age-adjusted normative mean or 

pre-morbid level of functioning), (d) concern of a cognitive change by the participant, 

informant, or clinician, and (e) absence of a dementing syndrome.132 Participants were 

excluded for a cognitive diagnosis other than NC, eMCI, or MCI, magnetic resonance 

imaging (MRI) contraindication, history of neurological disease (e.g., stroke), heart 

failure, major psychiatric illness, head injury with loss of consciousness>5 minutes, or a 

systemic or terminal illness affecting follow-up participation. At enrollment, participants 

completed a comprehensive examination including (but not limited to) fasting blood 

draw, physical examination, neuropsychological testing, clinical interview, 

echocardiogram, cardiac magnetic resonance (CMR), multi-modal brain MRI, and 

optional lumbar puncture. Serial brain MRI and neuropsychological testing were 

performed at 18-month, 3-year, 5-year, and 7-year follow up. The protocol was 

approved by the Vanderbilt University Medical Center Institutional Review Board. 

Written informed consent was obtained prior to data collection. 

 

CMR Imaging 

Baseline CMR imaging was acquired at Vanderbilt University Medical Center 

using a 1.5T Siemens Avanto system (Siemens Medical Solutions USA, Inc., Malvern, 

PA) with a phased-array torso receiver coil. Velocity-encoded flow data were acquired 

from the ascending and descending thoracic aorta. Under the supervision of a board-

certified radiologist, trained raters blinded to clinical information used the 2-dimensional 

flow sequence to draw contours on the ascending and descending aorta using QFLOW 
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5.6 Enterprise Solution (Medis, Leiden, Netherlands). The thoracic aorta centerline 

length (cm) from the ascending aorta to descending aorta was measured using OsiriX 

(PIXMEO SARL, Bernex, Switzerland). Transit time was calculated using a custom 

MATLAB script to calculate the difference in time (milliseconds) at half-max between the 

leading edges of the ascending and descending aortic flow curves. PWV (m/sec) was 

calculated as distance traveled across the aorta (m) divided by time delay in onset of 

velocity waves (seconds). Inter-reader reliability (coefficient of variation=6.6%) was 

determined by independent review of 34 scans by two readers. This method has been 

described in detail elsewhere.133 Pulsatile wave transmission increases with decreasing 

arterial wall elasticity, so higher PWV indicates higher arterial stiffness. The direct 

measurement of PWV at the aortic arch, the vessel primarily responsible for buffering 

pulsatile flow, with CMR allows for local assessment of proximal aortic stiffness without 

the confound of the distal arterial tree with varied vascular wall properties and tortuosity. 

 

Biofluid Acquisition & Biochemical Analysis 

A subset of participants completed an optional fasting lumbar puncture at 

enrollment (n=155). CSF was collected with polypropylene syringes using a Sprotte 25-

gauge spinal needle in an intervertebral lumbar space. Samples were immediately 

mixed and centrifuged. Supernatants were aliquoted in 0.5 mL polypropylene tubes and 

stored at -80°C. Samples were analyzed in a single batch using commercially available 

immunoassays to measure CSF concentrations of MMP-2 (R&D systems, Minneapolis, 

MN, USA), MMP-3 (Human MMP 3-plex Ultra-Sensitive, MSD® Multi-Spot, MesoScale 

Discovery, Rockville, MD, USA), MMP-9 (Human MMP 3-plex Ultra-Sensitive, MSD® 
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Multi-Spot, MesoScale Discovery, Rockville, MD, USA),134 and albumin (Roche 

Diagnostics, Penzberg, Germany). Assay details have been provided elsewhere.135 

Board-certified laboratory technicians processed data blinded to clinical information. 

Intra-assay coefficients of variation were <12%. 

Plasma albumin levels were obtained from a fasting venous blood draw. Plasma 

was separated from participant blood samples via centrifugation at 2000g and 4ºC for 

15 minutes and subsequently stored at Vanderbilt. To quantify BBB permeability, a 

CSF/plasma albumin ratio was calculated by dividing the CSF albumin concentration by 

plasma albumin concentration. 

 

Brain MRI Acquisition & Post-Processing 

DTI was used to quantity white matter microstructural integrity. Participants were 

scanned at the Vanderbilt University Institute of Imaging Science on a 3T Philips 

Achieva system (Best, the Netherlands) using an 8-channel SENSE reception coil array 

at baseline, 18-month, and 3-year follow-up. A 32-channel coil was used for part of 3-

year and all of 5 and 7-year data collection. DTI data were acquired along 32 diffusion 

gradient vectors (TR/TE=10000/60ms, spatial resolution=2x2x2mm3, b-

value=1000s/mm2) with one non-diffusion weighted image (B0). Each gradient image 

was normalized to the B0 image to account for Brownian motion. Then distortion 

correction was completed using Synbo-Disco.136 Since only one B0 image was 

collected, this tool uses a T1-weighted image collected at the same time to create a 

synthetic B0 image that is theoretically undistorted. The synthetic B0 was used to correct 

the original image for spatial distortions using FSL’s TOPUP.137,138  The eddy tool139 
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was then used to correct for eddy currents. After eddy correction, if the average motion 

(calculated by the root mean squared) across all gradients was >2, the data were not 

used. Finally, the diffusion tensor model was fit using Diffusion Imaging in Python,140 

and fractional anisotropy (FA), mean diffusivity, radial diffusivity, and axial diffusivity 

values were calculated. After calculation of the DTI metrics, a chi-squared value was 

calculated to determine the goodness-of-fit of the tensor. If the chi-square value 

exceeded 0.2 in at least 10% of the gradients, the data were not used. 

For cross-sectional analyses, DTI data were post-processed through an 

established tract-based spatial statistics (TBSS) pipeline using the FSL version 4.1.4 

(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL).141 Briefly, all baseline FA images for each 

participant were non-linearly registered to the FMRIB58_FA template in MNI-152 space, 

merged into a 4D image, and a mean image was created. The mean image was used to 

generate a mean skeleton representing the center voxel of major white matter tracts. A 

threshold was applied to exclude voxels that did not overlap among 80% or more of 

participants. The maximum FA values from the center of each participant’s white matter 

tracts were projected onto the mean skeleton, and these skeleton projections were 

combined into one 4D file containing all skeletonized FA data from all participants. 

Identical non-linear registration was used to move the mean diffusivity, radial diffusivity, 

and axial diffusivity images to MNI-152 space for all participants. For each metric, all 

participant data were merged into one 4D file and projected onto the mean skeleton, as 

previously described. 

 For longitudinal analyses, the TBSS pipeline was adapted to better account for 

longitudinal variability across each participant and variability in the number of images 

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL
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collected per participant. For each participant, FA images across all timepoints were 

non-linearly registered to the FMRIB58_FA template in MNI-152 space and an average 

FA image for each participant was created. Each mean FA image was used to generate 

a mean skeleton representing the center voxel of major white matter tracts. A threshold 

was applied to exclude voxels that did not overlap among 80% or more of participants. 

In this approach, each participant is equally represented within the skeleton, regardless 

of the number of follow-up images acquired. Due to attrition of the sickest participants 

over time, this method ensures that the skeleton is not biased towards healthier 

participants. Then, FA images across all participants and timepoints were projected 

onto the mean skeleton and these skeleton projections were combined into one 4D file 

containing all skeletonized FA data from all participants at all timepoints. Identical non-

linear registration was used to move the mean diffusivity, radial diffusivity, and axial 

diffusivity images to MNI-152 space for all participants across all timepoints. For each 

metric, all participant data were merged into one 4D file and projected onto the mean 

skeleton, as previously described. 

 

APOE Genotyping 

As previously published,130 a TaqMan® single-nucleotide polymorphism (SNP) 

genotyping assay from Applied Biosystems (Foster City, California, USA) was used to 

determine the two SNPs that define the 2, 3, and 4 alleles. Polymerase chain 

reaction (PCR) in 5 μl reactions was performed on a Life Technologies 7900HT real-

time PCR machine, and results were analyzed using Life Technologies SDS 2.4.1 
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software. APOE-4 status was defined as positive (2/4, 3/4, 4/4) or negative 

(2/2, 2/3, 3/3). 

 

Covariates 

Covariates were collected at the enrollment visit and selected a priori for their 

potential to confound analytical models. Systolic blood pressure was the mean of two 

measurements. Hypertension was defined as current antihypertensive medication use, 

systolic blood pressure ≥140 mmHg, or diastolic blood pressure ≥90 mmHg. Diabetes 

mellitus was defined as fasting blood glucose ≥126 mg/dL, hemoglobin A1C ≥6.5%, or 

oral hypoglycemic or insulin medication usage. Medication review determined anti-

hypertensive medication use. Left ventricular (LV) hypertrophy was defined on 

echocardiogram as LV mass index >115 g/m2 in men or >95 g/m2 in women. Self-report 

or history of atrial fibrillation was corroborated by any one of the following sources: 

echocardiogram, CMR, documented prior procedure/ablation for atrial fibrillation, or 

medication usage for atrial fibrillation. Current cigarette smoking (yes/no within the year 

prior to baseline) was ascertained by self-report. Self-report prevalent cardiovascular 

disease (CVD) with medical record documentation included coronary heart disease, 

angina, or myocardial infarction (heart failure was a parent study exclusion). 

Framingham Stroke Risk Profile (FSRP) score was calculated based on sex, age, 

systolic blood pressure (accounting for anti-hypertensive medication usage), diabetes, 

current cigarette smoking, LV hypertrophy, CVD, and atrial fibrillation.142 

 

Analytical Plan 
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For cross-sectional analyses, voxel-wise linear regressions were conducted 

using the FSL randomise143 procedure with 5000 permutations. General linear models 

using permutation testing related PWV, CSF MMP-2, CSF MMP-3, CSF MMP-9, and 

the CSF/plasma albumin ratio to FA, mean diffusivity, radial diffusivity, and axial 

diffusivity, adjusting for baseline age, sex, education, race/ethnicity, FSRP (excluding 

points assigned to age), cognitive diagnosis, APOE-4 status (one predictor per model). 

Multiple comparison correction was performed using the established cluster 

enhancement permutation procedure in FSL.144 

For longitudinal analyses, voxel-wise linear mixed effects models with random 

intercepts and slopes and a follow-up time interaction related baseline PWV, CSF MMP-

2, CSF MMP-3, CSF MMP-9, and the CSF/plasma albumin ratio to DTI metric 

trajectory. Models adjusted for identical covariates as cross-sectional analyses, plus 

follow-up time. Cluster-wise inference145 was used to identify clusters of results and 

spatially correct the output images. Clusters were further corrected for multiple 

comparisons using a family-wise error rate of =0.05.  

All cross-sectional and longitudinal models were repeated with predictor x 

cognitive diagnosis (excluding individuals with eMCI due to the small sample size) and 

predictor x APOE-4 status interactions. Models were subsequently stratified by 

cognitive diagnosis (NC, MCI) and APOE-4 status (positive or negative). Parametric 

estimates of statistically significant associations were calculated in R version 3.6.0 

(www.r-project.org) using least squares regression for illustration and interpretation 

purposes. Sensitivity analyses were also performed in R, excluding participants with 

predictor or outcome variables ±4 standard deviations from the group mean. 
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Significance was set a priori at p<0.05. 

 

Results 

Arterial Stiffness Analyses 

Participant Characteristics 

 For the 298 participants included in these analyses (73±7 years, 59% male, 87% 

non-Hispanic White), mean follow-up time was 3.6 years. Baseline PWV ranged 3.5 m/s 

to 25.5 m/s. See Table 2.1 for participant characteristics for the entire sample and 

stratified by diagnosis. 

Table 2.1. Participants Characteristics for Pulse Wave Velocity Sample 

 Total n=298 NC n=158 Early MCI n=23 MCI n=117 p-value 

Age, years 73±7 72±7 73±6 73±7 0.75 

Sex, % male 59 58 74 58 0.34 

Race, % Non-Hispanic White 87 87 87 87 0.99 

Education, years 16±3 16±3 16±3 15±3 <0.001‡ 

APOE-4, % positive 33 29 17 43 0.01*‡ 

FSRP, total score§ 12±4 12±4 13±3 13±4 0.06 

Systolic blood pressure, mmHg 143±18 139±17 153±16 145±18 <0.001*†‡ 

Antihypertensive medication 
usage, % 

52 53 52 51 0.98 

Diabetes, % 18 17 26 19 0.52 

Current smoking, % 2 1 0 3 0.35 

Atrial fibrillation, % 6 6 4 7 0.87 

Prevalent CVD, % 5 6 4 3 0.68 

Left ventricular hypertrophy, % 4 3 4 6 0.52 

Pulse wave velocity, m/sec 8±3 8±3 9±3 8±3 0.62 

Follow-up time, years 3.6±1.8 4.0±1.7 3.4±1.8 3.2±1.9 0.003‡ 
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Note. Values denoted as mean±standard deviation or frequency. Participant characteristics were compared across 
cognitive diagnosis using Kruskal-Wallis test for continuous variables and chi-square test for categorical variables. *Early 
MCI different than MCI, †Early MCI different than NC, ‡NC different from MCI. §a modified FSRP score was included in 
statistical models excluding points assigned to age (Total=7±3, NC=6±3, Early MCI=8±2, MCI=7±3); 
APOE=apolipoprotein E; CVD=cardiovascular disease; FSRP=Framingham Stroke Risk Profile; MCI=mild cognitive 
impairment; NC=normal cognition. 

 

PWV & DTI Metrics 

In the whole sample, PWV was not cross-sectionally associated with DTI metrics 

(corrected p-values>0.18). However, baseline PWV was associated with faster decline 

in white matter integrity over time (Table 2.2, Figure 2.1). Specifically, higher baseline 

PWV was associated with a greater decline in FA over time primarily in the posterior 

thalamic radiation (corrected p-values<0.04). Higher baseline PWV was associated with 

a greater increase in mean, radial, and axial diffusivity over time, particularly in the 

superior temporal gyrus, middle temporal gyrus, and insular gyrus (corrected p-

values<0.05). When removing outliers, a majority of clusters remained significant (Table 

2.2). 

 

PWV x Diagnosis Interactions & DTI Metrics 

 In cross-sectional analyses, PWV interacted with diagnosis on DTI metrics 

(corrected p-values<0.05, Table 2.3, Figure 2.2). Specifically, PWV interacted with 

diagnosis on mean diffusivity in the inferior frontal gyrus (corrected p-value=0.019) and 

axial diffusivity primarily in the splenium of the corpus callosum (corrected p-

values<0.05). In stratified analyses in all clusters, higher baseline PWV was associated 

with worse white matter microstructure among NC participants only (corrected p-

values<0.05), but associations were null among MCI participants. Specifically, higher 
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baseline PWV was associated with higher mean, radial, and axial diffusivity primarily in 

the striatum, insular gyrus, and external capsule (corrected p-values<0.05) among NC 

participants. These associations persisted when removing outliers (Table 2.3). 

In longitudinal analyses, baseline PVW interacted with diagnosis on DTI metric 

trajectory (Table 2.4, Figure 2.1). Specifically, baseline PWV interacted with diagnosis 

on trajectory of mean, radial, and axial diffusivity, primarily in the middle and superior 

temporal gyrus (corrected p-values<0.05). Stratification revealed that among 16 

clusters, associations between higher baseline PWV and faster decline in white matter 

microstructure were present in participants with NC, but associations were null among 

participants with MCI. However, when removing outliers, a majority of clusters driven by 

NC participants were attenuated (Table 2.4). In 29 clusters, associations between 

higher baseline PWV and faster decline in white matter microstructure were present in 

participants with MCI, but associations were null among participants with NC. When 

removing outliers, a majority of clusters driven by MCI participants remained significant 

(Table 2.4). 

 

 

 

 

 

 

 

 



 38 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) 

=9.67x10-7, p=3.25x10-6 

p<0.05 
Baseline PWV 

S
lo

p
e

 o
f 
M

e
a
n

 D
if
fu

s
iv

it
y
 

Figure 2.1. Baseline PWV and Longitudinal DTI Trajectory Associations. (A) Mean skeleton 

shows regions where baseline PWV is associated with a faster increase in mean diffusivity 

over time. Scatterplot shows a linear mixed effects model relating baseline PWV values for 

every participant to the slope of mean diffusivity values in one specific cluster. Parametric p-

value and  listed only represent the cluster displayed here. Image taken at z=73. (B) PWV x 

diagnosis interaction on mean diffusivity trajectory (=-3.68x10-6, p=1.06x10-5) and PWV x 

APOE-4 status interaction on mean diffusivity trajectory (=2.56x10-6, p=1.12x10-5). 

Scatterplots show interactions at one specific cluster. Parametric p-value and  listed only 

represent the cluster displayed here. APOE=apolipoprotein E; DTI=diffusion tensor imaging; 

MCI=mild cognitive impairment; PWV=pulse wave velocity. 

 

 

Mean skeleton shows regions where CSF A42 is associated with mean diffusivity. 

Scatterplot shows least squares regression relating CSF A42 values for every participant to 

mean diffusivity values in one specific cluster. Parametric p-value and  listed only represent 
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PWV x APOE-4 Interactions & DTI Metrics 

In cross-sectional analyses, PWV did not interact with APOE-4 status on DTI 

metrics (corrected p-values>0.08). In longitudinal analyses, baseline PVW interacted 

with APOE-4 status on DTI metric trajectory (Table 2.5, Figure 2.1). Specifically, 

baseline PWV interacted with APOE-4 status on trajectory of FA, mean, radial, and 

axial diffusivity, primarily in the caudate nucleus, middle occipital gyrus, and posterior 

thalamic radiation (corrected p-values<0.05). Stratification revealed that among 50 

clusters, associations between higher baseline PWV and faster decline in white matter 

microstructure were present in APOE-4 positive participants, but associations were null 

among APOE-4 negative participants. When removing outliers, a majority of clusters 

remained significant (Table 2.5). However, in 5 clusters, associations between higher 

baseline PWV and faster decline in white matter microstructure were present in APOE-

4 negative participants, but associations were reversed among APOE-4 positive 

participants. When removing outliers, a majority of these clusters were attenuated 

(Table 2.5). 
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Figure 2.2. Cross-Sectional PWV x Diagnosis Interactions on Mean Diffusivity. Mean 

skeleton shows regions where PWV interacts with diagnosis on mean diffusivity. Scatterplot 

shows least squares regression relating PWV values for every participant to mean diffusivity 

values in one specific cluster. Parametric p-value and  listed only represent the cluster 

displayed here. Image taken at z=73; PWV=pulse wave velocity. 

=-0.460, p=2.11x10-5 
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Table 2.2. Longitudinal Region Specific PWV Associations with DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy Posterior Thalamic Radiation Right 139 -8.05x10-4 8.13x10-8 0.00043 30 -66 1 

 Posterior Corona Radiata Right 128 -6.62x10-4 1.92x10-6 0.00092 27 -45 24 

 Middle Occipital Gyrus Right 83 -6.01x10-4 5.27x10-6 0.027 29 -67 25 

 Cuneus Left  78 -6.17x10-4 6.90x10-5 0.04 -25 -59 14 

Mean Diffusivity Superior Temporal Gyrus Right 740 2.60x10-6 1.49x10-9 <0.001 49 -6 -12 

 Middle Temporal Gyrus Right 452 2.00x10-6 8.63x10-8 1.44x10-15 49 -54 15 

 Middle Temporal Gyrus Right 433 1.52x10-6 3.55x10-7 4.66x10-15 54 -14 -20 

 Posterior Thalamic Radiation Right 268 1.74x10-6 1.15x10-8 2.45x10-10 36 -55 12 

 Middle Occipital Gyrus Right 245 9.69x10-7 2.67x10-8 1.31x10-9 36 -69 20 

 Middle Temporal Gyrus Left 220 1.77x10-6 1.09x10-6 8.57x10-9 -58 -25 -13 

 Superior Occipital Gyrus Left 81 1.43x10-6 1.28x10-4 0.0019 -14 -79 19 

 Striatum Left 78 9.67x10-7 3.25x10-6 0.0026 -34 -21 -6 

 Superior Temporal Gyrus Left 74 2.38x10-6 3.77x10-5 0.004 -45 3 -20 

 Cuneus Left 69 9.44x10-7 4.17x10-5 0.007 -26 -60 14 

 Superior Corona Radiata Left 68 8.67x10-7 8.88x10-6 0.0078 -17 -12 36 

 External Capsule Right 61 9.32x10-7 1.90x10-5 0.017 30 -4 18 

 Middle Occipital Gyrus Right 61 1.62x10-6 1.86x10-3 0.017 22 -84 7 

 Inferior Temporal Gyrus Right 57 1.18x10-6 3.16x10-6 0.028 53 -37 -16 
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 Superior Temporal Gyrus Left 53 8.38x10-7 1.98x10-6 0.045 -48 -28 3 

Radial Diffusivity Insular Gyrus Right 811 2.35x10-6 5.39x10-9 <0.001 49 -6 12 

 Middle Temporal Gyrus Right 432 1.26x10-6 1.69x10-8 3.97x10-14 36 -54 12 

 Middle Temporal Gyrus Right 371 1.55x10-6 3.16x10-7 1.49x20-12 54 -14 -20 

 Middle Temporal Gurus Right 327 2.08x10-6 1.84x10-7 2.30x10-11 45 -50 12 

 Posterior Thalamic Radiation Right 198 1.51x10-6 1.22x10-7 1.62x10-7 31 -48 17 

 Middle Temporal Gyrus Left 152 1.80x10-6 1.09x10-6 5.94x10-6 -58 -25 -13 

 Posterior Thalamic Radiation Right 113 1.51x10-6 7.49x10-5 0.00017 26 -78 4 

 Cuneus Left 110 9.57x10-7 2.17x10-5 0.00022 -25 -59 14 

 Striatum Left 91 9.18x10-7 5.84x10-7 0.0013 -37 -18 -8 

 Angular Gyrus Right 72 1.06x10-6 8.38x10-7 0.0091 44 -41 24 

 Angular Gyrus Right 68 1.33x10-6 3.63x10-8 0.014 46 -55 26 

 Posterior Thalamic Radiation Right 63 1.02x10-6 8.15x10-6 0.024 35 -63 -2 

 Superior Temporal Gyrus Left 62 8.20x10-7 1.37x10-6 0.026 -49 -30 5 

 Middle Occipital Gyrus Left 61 1.16x10-6 3.37x10-6 0.03 -24 -83 1 

 Cuneus Left 60 1.27x10-6 2.37x10-4 0.033 -16 -76 16 

 Middle Temporal Gyrus Left 59 2.11x10-6 3.19x10-4 0.037 -42 1 -25 

Axial Diffusivity Superior Temporal Gyrus Right 449 3.92x10-6 8.99x10-11 1.44x10-15 49 -6 -12 

 Middle Temporal Gyrus Right 253 1.88x10-6 1.93x10-9 6.35x10-10 60 -30 -7 

 Middle Temporal Gyrus Right 219 2.99x10-6 3.33x10-9 8.21x10-9 53 -53 11 

 Middle Temporal Gyrus Left 156 2.29x10-6 9.86x10-9 1.38x10-6 -58 -25 -13 
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 Body of the Corpus Callosum Left 73 1.57x10-6 2.96x10-6 0.0042 -15 -9 33 

 Superior Temporal Gyrus Left 62 3.66x10-6 1.59x10-5 0.015 -45 3 -20 

 Cuneus Left 62 1.90x10-6 2.57x10-5 0.015 -12 -76 18 

 External Capsule Left  54 1.51x10-6 1.54x10-8 0.038 -33 -14 6 

Note. Bold values indicate p-values that remain significant after excluding outliers. *parametric p-values were calculated using linear mixed effects models to relate 
baseline PWV and raw DTI values extracted from each participant skeleton; †p-value has been corrected for multiple comparisons; ‡coordinates and region 
represent the location of the minimum p-value for each cluster; DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute; PWV=pulse wave velocity. 

Table 2.3. Cross-Sectional Region Specific PWV x Diagnosis Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity Inferior Frontal Gyrus Left 32501 -0.460 2.11x10-5 0.019 -34 37 -3 

Radial Diffusivity -- -- -- -- -- -- -- -- -- 

Axial Diffusivity Splenium of the Corpus Callosum Right 22686 -0.750 3.80x10-12 0.001 21 -46 26 

 Superior Frontal Gyrus Left 152 -0.514 2.27x10-5 0.046 -18 52 4 

 Medial Orbital Gyrus Left 114 -0.509 1.54x10-5 0.048 -13 46 -14 

 Superior Frontal Gyrus Left 12 -0.390 1.38x10-3 0.05 -14 46 26 

 Superior Frontal Gyrus Left 1 -0.403 8.34x10-4 0.05 -17 40 26 

 Superior Frontal Gyrus Left 1 -0.340 4.78x10-3 0.05 -12 49 29 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 
were calculated using least squares regression to relate raw DTI values extracted from each participant skeleton and PWV; †p-value has been corrected for 
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multiple comparisons; ‡coordinates and region represent the voxel with the minimum p-value in each cluster; DTI=diffusion tensor imaging; MNI=Montreal 
Neurological Institute; NC=normal cognition; PWV=pulse wave velocity. 

Table 2.4. Longitudinal Region Specific PWV x Diagnosis Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity Superior Temporal Gyrus Right 503 5.32x10-6 4.77x10-7 1.11x10-16 51 -4 -8 

 Inferior Temporal Gyrus Right 493 3.06x10-6 1.14x10-7 1.11x10-16 50 -29 -15 

 Angular Gyrus Right 293 4.23x10-6 5.82x10-8 4.57x10-11 43 -56 30 

 Superior Longitudinal Fasciculus Right 269 3.91x10-6 2.66x10-7 2.48x10-10 41 -49 11 

 Middle Occipital Gyrus Right 141 2.17x10-6 8.76x10-7 5.97x10-6 37 -69 22 

 Superior Temporal Gyrus Right 100 2.31x10-6 7.78x10-6 0.00028 41 -15 -11 

 Superior Temporal Gyrus Right 91 2.71x10-6 1.99x10-4 0.00069 41 -31 -5 

 Precentral Gyrus Right 85 1.33x10-6 1.99x10-6 0.0013 46 0 23 

 Middle Temporal Gyrus Right 74 2.44x10-6 1.03x10-5 0.0042 56 -18 -15 

 Anterior Corona Radiata Right 74 1.09x10-6 5.37x10-3 0.0042 18 42 -6 

 Anterior Corona Radiata Left 57 1.39x10-6 8.66x20-6 0.029 -20 38 11 

 Middle Temporal Gyrus Left 117 -4.01x10-6 4.33x10-6 5.35x10-5 -57 -17 -16 

 Middle Temporal Gyrus Left 105 -3.19x10-6 1.25x10-7 0.00017 -57 -27 -12 

 Cuneus Left 101 -3.68x10-6 1.06x10-5 0.00025 -14 -75 16 
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 Middle Occipital Gyrus Left 95 -3.21x10-6 5.60x10-8 0.00046 -20 -87 4 

 Middle Temporal Gyrus Left 69 -5.14x10-6 6.22x10-4 0.0072 -43 4 -24 

 Fusiform Gyrus Left 60 -4.01x10-6 1.96x10-4 0.02 -38 -27 -20 

 Middle Occipital Gyrus Right  60 -4.37x10-6 1.57x10-4 0.02 23 -87 2 

Radial Diffusivity Superior Temporal Gyrus Right 504 5.16x10-6 4.79x10-7 8.88x10-16 51 -4 -8 

 Middle Temporal Gyrus Right 362 3.04x10-6 2.04x10-7 3.31x10-12 59 -36 -6 

 Middle Temporal Gyrus Right 358 4.42x10-6 3.42x10-7 4.23x10-12 46 -52 15 

 Angular Gyrus Right 93 3.30x10-6 1.04x10-9 0.0012 46 -56 26 

 Striatum Right 77 2.40x10-6 8.26x10-5 0.0059 41 -31 -5 

 Middle Temporal Gyrus Right 76 2.20x10-6 4.68x10-6 0.0065 42 -18 -12 

 Middle Temporal Gyrus Left 217 -3.48x10-6 1.33x10-6 4.73x10-8 -57 -27 -12 

 Cuneus Left 102 -3.52x10-6 1.12x10-5 0.00052 -14 -75 16 

 Middle Occipital Gyrus Left 95 -2.90x10-6 2.31x10-8 0.001 -20 -87 4 

 Fusiform Gyrus Left 72 -3.74x10-6 2.16x10-4 0.0099 -39 -29 -19 

Axial Diffusivity Middle Temporal Gyrus Right 364 4.18x10-6 2.29x10-9 3.59x10-13 55 -37 -7 

 Middle Temporal Gyrus Right 244 3.77x10-6 9.08x10-10 1.42x10-9 41 -49 11 

 Superior Temporal Gyrus Right 228 8.28x10-6 4.85x10-7 4.69x10-9 51 -5 -9 

 Angular Gyrus Right 157 5.54x10-6 1.96x10-8 1.41x10-6 44 -53 23 

 Superior Temporal Gyrus Right 115 3.65x10-6 1.80x10-7 6.19x10-5 59 -23 6 

 Posterior Thalamic Radiation Right 106 4.02x10-6 5.29x10-7 0.00015 33 -59 15 

 Splenium of the Corpus Callosum Right 83 3.27x10-6 2.47x10-5 0.0015 15 -41 13 
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 Precentral Gyrus Right 69 2.24x10-6 2.24x10-6 0.007 39 3 23 

 Superior Temporal Gyrus Right 68 4.12x10-6 2.98x10-4 0.0079 41 -31 -5 

 Precentral Gyrus Right 58 2.76x10-6 4.73x10-8 0.025 40 -4 40 

 Middle Temporal Gyrus Right 53 3.24x10-6 3.56x10-8 0.045 53 -16 -18 

 Superior Temporal Gyrus Right 53 3.64x10-6 9.91x10-6 0.045 41 -15 -11 

 Middle Occipital Gyrus Left 111 -4.13x10-6 1.84x10-7 9.08x10-5 -24 -82 1 

 Middle Temporal Gyrus Left 97 -4.62x10-6 7.74x10-7 0.00036 -55 -18 -17 

 Cuneus Left 96 -4.26x10-6 2.26x10-5 0.0004 -14 -71 14 

 Posterior Thalamic Radiation Right 77 -5.18x10-6 3.47x10-4 0.0029 25 -80 3 

 Superior Temporal Gyrus Left 60 -7.15x10-6 1.28x10-3 0.02 -42 8 -25 

Note. Empty rows indicate no significant clusters. Bold values indicate p-values that remain significant after excluding outliers. Mean, radial, and axial diffusivity 

clusters with a negative  indicate clusters driven by participants with MCI. *parametric p-values were calculated using linear mixed effects models to relate 
baseline PWV x diagnosis and raw DTI values extracted from each participant skeleton; †p-value has been corrected for multiple comparisons; ‡coordinates and 
region represent the location of the minimum p-value for each cluster; DTI=diffusion tensor imaging; MCI=mild cognitive impairment; MNI=Montreal Neurological 
Institute; PWV=pulse wave velocity. 

Table 2.5. Longitudinal Region Specific PWV x APOE-4 Status Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy Caudate Nucleus Left 113 1.63x10-3 5.72x10-11 0.0026 -13 21 7 

 Body of the Corpus Callosum Left 120 -1.53x10-3 1.39x10-6 0.0016 -7 25 14 
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 Genu of the Corpus Callosum Right 110 -1.53x10-3 1.53x10-4 0.0033 4 -33 22 

 Posterior Limb of the Internal 
Capsule 

Left 102 -1.42x10-3 7.33x10-6 0.0060 -23 -12 10 

 Precentral Gyrus Right 79 -1.23x10-3 8.48x10-6 0.036 20 -21 47 

Mean Diffusivity Middle Occipital Gyrus Left 868 5.34x10-6 2.32x10-14 <0.001 -19 -90 1 

 Fusiform Gyrus Left 359 7.02x10-6 9.88x10-13 4.90x10-13 -32 -46 -14 

 Middle Temporal Gyrus Right 317 1.21x20-5 3.20x10-13 7.99x10-12 40 8 -27 

 Middle Temporal Gyrus Left 243 1.10x10-5 1.38x10-11 1.51x10-9 -43 5 -24 

 Middle Occipital Gyrus Right 233 6.47x10-6 6.63x10-15 3.18x10-9 22 -85 4 

 Fusiform Gyrus Left 134 1.02x10-5 1.40x10-9 1.05x10-5 -30 -32 -14 

 Cuneus Left 128 6.36x10-6 1.92x10-12 1.82x10-5 -13 -75 17 

 Body of the Corpus Callosum Left 104 2.56x10-6 1.12x10-5 0.00018 -15 19 25 

 Hippocampus Right 92 8.21x10-6 1.94x10-12 0.00059 34 -29 -16 

 Genu of the Corpus Callosum Left 92 2.57x10-6 3.30x10-7 0.00059 -16 27 19 

 Pulvinar Left 92 8.51x10-6 1.63x10-4 0.00059 -13 -30 6 

 Superior Corona Radiata Right 74 1.48x10-6 4.60x10-5 0.0040 26 -20 33 

 Lingual Gyrus Left 68 3.80x10-6 3.67x10-7 0.0078 -13 -83 -6 

 Fusiform Gyrus Right 59 8.46x10-6 3.30x10-12 0.0022 39 -29 -18 

 Superior Occipital Gyrus Left 58 2.27x10-6 2.31x10-8 0.025 -26 -82 12 

 Middle Temporal Gyrus Left 86 -3.11x10-6 1.14x10-11 0.0011 -48 -35 -8 

 Middle Temporal Gyrus Right 53 -3.13x10-6 9.75x10-5 0.045 57 -33 -9 

Radial Diffusivity Posterior Thalamic Radiation Left 654 5.11x10-6 5.40x10-14 <0.001 -30 -67 0 
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 Middle Temporal Gyrus Right 379 9.75x10-6 7.47x10-14 8.99x10-13 40 9 -27 

 Fusiform Gyrus Left 366 6.51x10-6 1.74x10-12 1.98x10-12 -32 -46 -14 

 Middle Temporal Gyrus Left 247 9.40x10-6 1.23x10-11 4.61x10-9 -43 5 -24 

 Anterior Corona Radiata Left 189 2.31x10-6 2.64x10-6 3.16x10-7 -16 27 19 

 Posterior Thalamic Radiation Right 165 7.07x10-6 9.89x10-14 2.05x10-6 23 -86 2 

 Cuneus Left 128 6.17x10-6 1.27x10-12 4.46x10-5 -13 -75 17 

 Fusiform Gyrus Left 115 9.89x10-6 8.55x10-9 0.00014 -30 -32 -14 

 Posterior Limb of the Internal 
Capsule 

Left 106 1.60x10-6 4.41x10-5 0.00032 -23 -17 11 

 Pulvinar Left 88 7.71x10-6 1.49x10-4 0.00062 -13 -30 6 

 Hippocampus Right 88 7.35x10-6 2.00x10-11 0.0018 34 -29 -16 

 Splenium of the Corpus Callosum Right 81 2.23x10-6 6.26x10-4 0.0036 3 -39 17 

 Body of the Corpus Callosum Left 77 2.23x10-6 4.37x10-5 0.0054 -15 19 25 

 Middle Occipital Gyrus Left 74 3.21x10-6 1.29x10-9 0.0073 -22 -87 14 

 Body of the Corpus Callosum Right 72 2.85x10-6 6.84x10-6 0.0090 6 24 14 

 Fusiform Gyrus Right 69 1.05x10-5 9.70x10-5 0.012 39 -29 -18 

 Pulvinar Right 58 7.54x10-6 1.92x10-12 0.041 18 -29 9 

 Middle Temporal Gyrus Left 71 -2.83x10-6 9.42x10-9 0.010 -49 -33 -11 

Axial Diffusivity Middle Occipital Gyrus Left 795 7.05x10-6 1.30x10-14 <0.001 -24 -86 -3 

 Striatum Left 321 8.60x10-6 4.22x10-13 5.04x10-12 -33 -47 -13 

 Superior Temporal Gyrus Right 311 1.51x10-5 4.39x10-12 9.99x10-12 48 5 -18 

 Middle Temporal Gyrus Left 231 1.48x10-5 1.80x10-11 3.18x10-9 -43 5 -24 
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 Middle Occipital Gyrus Right 186 8.78x10-6 1.64x10-14 1.09x10-7 21 -86 4 

 Cuneus Left 111 7.26x10-6 2.22x10-11 8.22x10-5 -14 -70 15 

 Hippocampus Right 89 1.09x10-5 1.09x10-13 0.00075 33 -29 -16 

 Superior Corona Radiata Left 78 3.77x10-6 2.64x10-5 0.0024 -19 18 27 

 Fusiform Gyrus Left 77 1.29x10-5 6.91x10-8 0.0027 -30 -32 -14 

 Middle Frontal Gyrus Left 62 2.88x10-6 2.79x10-6 0.015 -24 19 29 

 Lingual Gyrus Left 61 4.43x10-6 9.41x10-7 0.016 -13 -83 -6 

 Superior Temporal Gyrus Right 58 5.17x10-6 6.83x10-12 0.023 28 -6 -16 

 Fusiform Gyrus Right 54 9.77x10-6 3.21x10-10 0.038 39 -29 -18 

 Superior Corona Radiata Right 54 2.26x10-6 2.72x10-5 0.038 26 -14 31 

 Middle Temporal Gyrus Left 98 -4.20x10-6 1.79x10-11 0.00030 -47 -32 -10 

Note. Bold values indicate p-values that remain significant after excluding outliers. FA clusters with a negative  and mean, radial, and axial diffusivity clusters with 

a positive  indicate clusters driven by APOE-4 positive participants. *parametric p-values were calculated using linear mixed effects models to relate baseline 

PWV x APOE-4 status and raw DTI values extracted from each participant skeleton; †p-value has been corrected for multiple comparisons; ‡coordinates and 
region represent the location of the minimum p-value for each cluster; APOE=apolipoprotein E; DTI=diffusion tensor imaging; FA=fractional anisotropy; 
MNI=Montreal Neurological Institute; PWV=pulse wave velocity. 
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BBB Integrity Analyses 

Participant Characteristics 

The sample included 152 adults age 60-90 years (72±6 years, 67% males, 93% 

non-Hispanic White). CSF MMP-2 concentrations ranged 37485 to 117861 pg/mL, 

MMP-3 concentrations ranged 84 to 884 pg/mL, and MMP-9 concentrations ranged 6 to 

507 pg/mL. The CSF/plasma albumin ratio ranged 1.3 to 16.8. See Table 2.6 for 

participant characteristics for the total sample and stratified by diagnosis. 

Table 2.6. Participant Characteristics for CSF Sample 

 Total n=152 NC n=80 Early MCI n=15 MCI n=57 p-value 

Demographic & Health Characteristics       

Age, years 72±6 72±7 73±6 73±6 0.77 

Sex, % male 67 70 80 60 0.24 

Race, % Non-Hispanic White 93 94 93 91 0.85 

Education, years 16±3 17±2 16±3 15±3 0.001† 

APOE-ε4, % positive 33 29 13 44 0.04* 

FSRP, total score§ 12±4 11±4 13±3 12±4 0.12 

Systolic blood pressure, mmHg 142±16 139±15 148±15 145±15 0.06 

Antihypertensive medication usage, % 46 46 40 47 0.88 

Diabetes, % 17 12 27 21 0.25 

Current smoking, % 1 0 7 2 0.11 

Atrial fibrillation, % 4 6 0 2 0.29 

Prevalent CVD, % 3 5 0 2 0.43 

Left ventricular hypertrophy, % 3 1 7 5 0.11 

Pulse wave velocity, m/sec 8±3 8±3 9±3 8±3 0.62 

Follow-up time, years 3.9±1.7 4.4±1.5 3.7±1.8 3.4±1.9 0.007‡ 

CSF Fluid Biomarkers, pg/mL      

A42 720±244 773±223 817±282 621±232 <0.001†‡ 

Amyloid positive (≤530), % 28 18 20 46 0.001† 
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A40 6165±1637 6296±1745 6494±1868 5894±1390 0.57 

A42/A40 ratio 0.09±0.03 0.10±0.03 0.10±0.03 0.08±0.03 <0.001‡ 

P-tau 61±26 56±22 63±17 68±31 0.06 

P-tau positive (≥80), % 22 18 13 30 0.16 

T-tau 428±228 375±177 429±125 502±288 0.02‡ 

T-tau positive ((≥400), % 43 31 60 56 0.006‡ 

NFL 1069±583 933±454 1088±465 1250±712 0.28 

MMP-2 66991±16611 68115±17533 70744±15310 77135±15057 0.65 

MMP-3 314±166 295±160 422±230 311±144 0.12 

MMP-9 122±87 119±83 121±66 125±99 0.81 

CSF/plasma albumin ratio 5.72±2.39 5.46±2.35 5.69±2.05 6.08±2.51 0.26 

Note. Values denoted as mean±standard deviation or frequency. Participant characteristics were compared across cognitive 
diagnosis using Kruskal-Wallis test for continuous variables and chi-square test for categorical variables. *Early MCI different than 
MCI, †Early MCI different than NC, ‡NC different from MCI. §a modified FSRP score was included in statistical models excluding 
points assigned to age (Total=7±3, NC=6±3, Early MCI=8±2, MCI=7±3); APOE=apolipoprotein E; CVD=cardiovascular disease; 
FSRP=Framingham Stroke Risk Profile; MCI=mild cognitive impairment; NC=normal cognition; CSF=cerebrospinal fluid; 

A=amyloid-; p-tau=phosphorylated tau; MMP=matrix metalloproteinase; NFL=neurofilament light; T-tau=total tau 

 

MMP-2 Analyses 

MMP-2 & DTI Metrics 

In the whole sample, CSF MMP-2 was cross-sectionally associated with 

compromised white matter microstructure (corrected p-values<0.05, Table 2.7, Figure 

2.3). Specifically, higher CSF MMP-2 was associated with higher FA primarily in the 

inferior frontal gyrus and lateral occipital gyrus, lower mean diffusivity in the splenium of 

the corpus callosum, lower radial diffusivity in the body of the corpus callosum, and 

lower axial diffusivity primarily in the splenium of the corpus callosum. Clusters 

remained significant when removing outliers (Table 2.7). 

Baseline CSF MMP-2 was also associated with DTI metric trajectory in small 

clusters (corrected p-values<0.02, Table 2.8, Figure 2.4). Specifically, higher baseline 
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CSF MMP-2 was associated with a faster increase in mean diffusivity, radial diffusivity, 

and axial diffusivity in one small cluster in the external capsule. Associations remained 

significant when removing outliers (Table 2.8). 

 

MMP-2 x Diagnosis Interactions & DTI Metrics 

 In cross-sectional analyses, CSF MMP-2 interacted with diagnosis on DTI 

metrics (corrected p-values<0.05, Table 2.9, Figure 2.3). Specifically, CSF MMP-2 

interacted with diagnosis on fractional anisotropy in the cingulum bundle, mean 

diffusivity primarily in the inferior frontal gyrus, radial diffusivity primarily in the inferior 

frontal gyrus, and axial diffusivity primarily in the superior corona radiata. Stratification 

revealed that in all clusters, higher CSF MMP-2 was associated with compromised 

white matter microstructure among NC participants, but associations were reversed 

among participants with MCI. These associations persisted when removing outliers 

(Table 2.9). 

In longitudinal analyses, baseline CSF MMP-2 interacted with diagnosis on DTI 

metric trajectory in small clusters (Table 2.10, Figure 2.4). Specifically, baseline CSF 

MMP-2 interacted with diagnosis on trajectory of mean and radial diffusivity primarily in 

the cuneus. Stratification revealed that in all clusters, higher baseline CSF MMP-2 was 

associated with a faster increase in mean and radial diffusivity among NC participants, 

but associations were reversed among participants with MCI. When removing outliers, 

associations remained significant (Table 2.10). 
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Figure 2.3. Cross-sectional CSF MMP-2 and DTI Metric Associations. (A) Mean skeleton 

shows regions where baseline CSF MMP-2 is associated with mean diffusivity over time. 

Scatterplot shows a linear regression model relating baseline CSF MMP-2 values for every 

participant to mean diffusivity values in one specific cluster. Parametric p-value and  listed 

only represent the cluster displayed here. Image taken at z=98. (B) CSF MMP-2 x diagnosis 

interaction on mean diffusivity (=1.398, p=1.04x10-4) and CSF MMP-2 x APOE-4 status 

interaction on mean diffusivity (=-1.154, p=3.57x10-4). Scatterplots show interactions at one 

specific cluster. Parametric p-value and  listed only represent the cluster displayed here. 

APOE=apolipoprotein E; CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MCI=mild 

cognitive impairment; MMP=matrix metalloprotein. 

 

 

Mean skeleton shows regions where CSF A42 is associated with mean diffusivity. 

Scatterplot shows least squares regression relating CSF A42 values for every participant to 

APOE-4 Status 
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(B) 

Figure 2.4. Baseline CSF MMP-2 and Longitudinal DTI Trajectory Associations. (A) Mean 

skeleton shows regions where baseline CSF MMP-2 is associated with a faster increase in 

mean diffusivity over time. Scatterplot shows a linear mixed effects model relating baseline 

CSF MMP-2 values for every participant to the slope of mean diffusivity values in one 

specific cluster. Parametric p-value and  listed only represent the cluster displayed here. 

Image taken at z=73. (B) CSF MMP-2 x diagnosis interaction on radial diffusivity trajectory 

(=6.28x10-10, p=2.59x10-8) and CSF MMP-2 x APOE-4 status interaction on mean 

diffusivity trajectory (=-3.45x10-10, p=3.13x10-4). Scatterplots show interactions at one 

specific cluster. Parametric p-value and  listed only represent the cluster displayed here. 

APOE=apolipoprotein E; CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MCI=mild 

cognitive impairment; MMP=matrix metalloprotein. 
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MMP-2 x APOE-4 Interactions & DTI Metrics 

 In cross-sectional analyses, CSF MMP-2 interacted with APOE-4 status on DTI 

metrics (corrected p-values<0.05, Table 2.11, Figure 2.3). Specifically, CSF MMP-2 

interacted with APOE-4 status on mean diffusivity in the superior longitudinal 

fasciculus, radial diffusivity primarily in the splenium of the corpus callosum, and axial 

diffusivity primarily in the middle frontal gyrus. Stratification revealed that in all clusters, 

higher CSF MMP-2 was associated with compromised white matter microstructure 

among APOE-4 negative participants, but associations were reversed among APOE-4 

positive participants. These associations persisted when removing outliers (Table 2.11). 

In longitudinal analyses, baseline CSF MMP-2 interacted with APOE-4 status on 

DTI metric trajectory in small clusters (Table 2.12, Figure 2.4). Specifically, baseline 

CSF MMP-2 interacted with APOE-4 status on trajectory of mean and axial diffusivity 

primarily in the internal capsule. Stratification revealed that in all clusters, higher 

baseline CSF MMP-2 was associated with a faster increase in mean and axial diffusivity 

among APOE-4 negative participants, but associations were reversed among APOE-4 

positive participants. When removing outliers, associations remained significant (Table 

2.12). 
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Table 2.7. Cross-Sectional Region Specific MMP-2 Associations with DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy Inferior Frontal Gyrus Left 8432 0.343 1.18x10-5 0.007 -26 35 4 

 Lateral Occipital Gyrus Left 573 0.311 8.95x10-5 0.043 -27 -51 26 

 Inferior Frontal Gyrus Left 211 0.353 1.46x10-5 0.049 -49 5 8 

 Inferior Frontal Gyrus Left 149 0.351 1.56x10-5 0.049 -43 12 12 

 Postcentral Gyrus Right 18 0.244 4.81x10-3 0.05 15 -35 57 

 Lateral Occipital Gyrus Left 4 0.308 3.21x10-4 0.05 -34 -61 31 

 Postcentral Gyrus Right 1 0.245 5.41x10-3 0.05 8 -39 61 

Mean Diffusivity Splenium of the Corpus Callosum Right 11576 -0.293 1.19x10-4 0.026 24 -47 23 

Radial Diffusivity Body of the Corpus Callosum Right 15371 -0.293 1.86x10-4 0.023 3 20 16 

 Precentral Gyrus Right 384 -0.319 7.97x10-5 0.048 44 -6 26 

Axial Diffusivity Splenium of the Corpus Callosum Right 5192 -0.386 2.48x10-7 0.004 19 -47 21 

 Splenium of the Corpus Callosum Left 1981 -0.349 5.39x10-6 0.027 -15 -45 21 

 Anterior Limb of the Internal Capsule Left 48 -0.332 4.74x10-5 0.046 -17 1 11 

 Posterior Limb of the Internal Capsule Left 33 -0.304 5.86x10-4 0.049 -14 -5 2 

 Posterior Limb of the Internal Capsule Left 27 -0.285 8.79x10-4 0.049 -19 -9 5 

 Anterior Limb of the Internal Capsule Left 6 -0.259 1.91x10-3 0.05 -14 4 8 

Note. Bold values indicate p-values that remain significant after excluding outliers. *parametric p-values were calculated using linear regression models to relate 
MMP-2 and raw DTI values extracted from each participant skeleton; †p-value has been corrected for multiple comparisons; ‡coordinates and region represent the 
location of the minimum p-value for each cluster; DTI=diffusion tensor imaging; MMP=matrix metalloproteinase; MNI=Montreal Neurological Institute. 
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Table 2.8. Longitudinal Region Specific MMP-2 Associations with DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 

(mm3) 

Cluster Statistics Corrected 

p-value† 

MNI 

Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity External Capsule Right 97 2.68x10-10 3.69x10-7 2.87x10-5 33 -6 7 

Radial Diffusivity External Capsule Right 82 2.64x10-10 6.02 x10-7 3.42x10-4 33 -5 7 

Axial Diffusivity External Capsule Right 47 3.34x10-10 2.75x10-6 0.017 33 -6 7 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear mixed effects models to relate baseline MMP-2 and raw DTI values extracted from each participant skeleton; †p-value has been 

corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; DTI=diffusion tensor imaging; 

MMP=matrix metalloproteinase; MNI=Montreal Neurological Institute. 

Table 2.9. Cross-Sectional Region Specific MMP-2 x Diagnosis Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy Cingulum Bundle Right 1777 -1.817 1.75x10-6 0.04 16 -37 37 

Mean Diffusivity Inferior Frontal Gyrus Right 40241 1.398 1.04x10-4 0.015 40 34 4 

 Fornix Left 14 1.370 5.98x10-4 0.05 -17 -19 -10 

Radial Diffusivity Inferior Frontal Gyrus Right 34487 1.365 1.41x10-4 0.014 38 34 7 

 Inferior Temporal Gyrus Right 1595 1.355 1.15x10-4 0.043 52 -35 -17 

Axial Diffusivity Superior Corona Radiata Left 1828 1.682 1.89x10-6 0.031 -29 6 27 

 Inferior Frontal Gyrus Left 145 1.694 2.09x10-5 0.048 -34 37 1 
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 Inferior Frontal Gyrus Left 26 1.722 1.25x10-5 0.049 -37 20 17 

Note. Bold values indicate p-values that remain significant after excluding outliers. *parametric p-values were calculated using linear regression models to relate 
MMP-2 x diagnosis and raw DTI values extracted from each participant skeleton; †p-value has been corrected for multiple comparisons; ‡coordinates and region 
represent the voxel with the minimum p-value in each cluster; DTI=diffusion tensor imaging; MCI=mild cognitive impairment; MMP=matrix metalloproteinase; 
MNI=Montreal Neurological Institute. 

Table 2.10. Longitudinal Region Specific MMP-2 x Diagnosis Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 

(mm3) 

Cluster Statistics Corrected 

p-value† 

MNI 

Coordinate‡ β p-value* 

Fractional Anisotropy Cuneus Left 212 -3.90x10-7 2.18x10-8 1.75x10-7 -27 -68 14 

Mean Diffusivity -- -- -- -- -- -- -- -- -- 

Radial Diffusivity Cuneus Left 185 6.28x10-10 2.59x10-8 1.38x10-8 -29 -65 14 

 External Capsule Right 44 6.53x10-10 8.03x10-7 0.05 22 20 4 

Axial Diffusivity -- -- -- -- -- -- -- -- -- 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear mixed effects models to relate baseline MMP-2 x diagnosis and raw DTI values extracted from each participant skeleton; †p-value has 

been corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; DTI=diffusion tensor imaging; 

MMP=matrix metalloproteinase; MNI=Montreal Neurological Institute. 

Table 2.11. Cross-Sectional Region Specific MMP-2 x APOE-4 Status Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 
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Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity Superior Longitudinal Fasciculus Left 29541 -1.154 3.57x10-4 0.019 -29 -30 35 

Radial Diffusivity Splenium of the Corpus Callosum Left 398 -1.211 3.14x10-4 0.047 -20 -39 27 

 Supramarginal Gyrus Left 50 -1.377 7.57x10-5 0.049 -31 -31 40 

Axial Diffusivity Middle Frontal Gyrus Right 6509 -1.629 4.77x10-7 0.018 21 36 22 

 Postcentral Gyrus Left 1987 -1.457 1.12x10-5 0.032 -35 -15 25 

 Genu of the Corpus Callosum Right 738 -1.326 1.04x10-4 0.038 1 27 0 

 Insular Gyrus Right 297 -1.079 1.66x10-3 0.048 32 -15 9 

 Retrolenticular Part of the Internal Capsule Right 89 -1.242 4.19x10-4 0.048 27 -22 12 

 Inferior Frontal Gyrus Left 60 -1.243 1.79x10-4 0.049 -28 15 23 

 Putamen Right 46 -0.988 5.75x10-3 0.049 35 -14 -7 

 Inferior Frontal Gyrus Left 39 -1.160 1.03x10-3 0.049 -36 27 15 

 Posterior Limb of the Internal Capsule Left 21 -1.139 5.56x10-4 0.049 -25 -14 16 

 Superior Corona Radiata Left 11 -0.962 3.20x10-3 0.05 -26 10 23 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear regression models to relate MMP-2 x APOE-4 status and raw DTI values extracted from each participant skeleton; †p-value has been 
corrected for multiple comparisons; ‡coordinates and region represent the voxel with the minimum p-value in each cluster;  APOE=apolipoprotein E; DTI=diffusion 
tensor imaging; MMP=matrix metalloproteinase; MNI=Montreal Neurological Institute. 

Table 2.12. Longitudinal Region Specific MMP-2 x APOE-4 Status Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 

(mm3) 

Cluster Statistics Corrected 

p-value† 

MNI 

Coordinate‡ β p-value* 
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MMP-3 Analyses 

MMP-3 & DTI Metrics 

In the whole sample, CSF MMP-3 was cross-sectionally associated with compromised white matter microstructure 

(corrected p-values<0.05, Table 2.13, Figure 2.5). Specifically, higher CSF MMP-3 was associated with lower FA in the 

posterior corona radiata and higher radial diffusivity in the superior corona radiata. Clusters remained significant when 

removing outliers (Table 2.13). 

Baseline CSF MMP-3 was also associated with DTI metric trajectory (corrected p-values<0.05, Table 2.14, Figure 

2.6). Specifically, higher baseline CSF MMP-3 was associated with a faster increase in mean diffusivity primarily in the 

postcentral gyrus, radial diffusivity primarily in the superior parietal lobule, and axial diffusivity primarily in the precentral 

gyrus. Associations remained significant when removing outliers (Table 2.14).

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity Posterior Limb of the Internal Capsule Right 50 -3.45x10-10 3.13x10-4 0.012 22 -10 7 

 Fornix Right 46 -7.35x10-10 7.12x10-5 0.021 27 -27 0 

Radial Diffusivity -- -- -- -- -- -- -- -- -- 

Axial Diffusivity Posterior Limb of the Internal Capsule Right 48 -5.53x10-10 1.90x10-5 0.015 21 -5 12 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear mixed effects models to relate baseline MMP-2 x APOE-4 status and raw DTI values extracted from each participant skeleton; †p-

value has been corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; APOE=apolipoprotein 

E; DTI=diffusion tensor imaging; MMP=matrix metalloproteinase; MNI=Montreal Neurological Institute. 
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Figure 2.5. Cross-sectional CSF MMP-3 and DTI Metric Associations. (A) Mean skeleton 

shows regions where baseline CSF MMP-3 is associated with FA over time. Scatterplot 

shows a linear regression model relating baseline CSF MMP-3 values for every participant to 

FA values in one specific cluster. Parametric p-value and  listed only represent the cluster 

displayed here. Image taken at z=108. (B) CSF MMP-3 x APOE-4 status interaction on 

radial diffusivity (=-0.681, p=1.79x10-4). Scatterplots show interactions at one specific 

cluster. Parametric p-value and  listed only represent the cluster displayed here. 

APOE=apolipoprotein E; CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; 

FA=fractional anisotropy; MMP=matrix metalloprotein. 

 

Mean skeleton shows regions where CSF A42 is associated with mean diffusivity. 

Scatterplot shows least squares regression relating CSF A42 values for every participant to 

mean diffusivity values in one specific cluster. Parametric p-value and  listed only represent 

the cluster displayed here. Image taken at z=91. A=amyloid-; CSF=cerebrospinal fluid. 

APOE-4 Status 

=-0.426, p=5.39x10-7 

p<0.05 
Baseline CSF MMP-3 

B
a

s
e
lin

e
 F

A
 



 62 

 

MMP-3 x Diagnosis Interactions & DTI Metrics 

In cross-sectional analyses, CSF MMP-3 did not interact with diagnosis on DTI 

metrics (corrected p-values>0.14). However, in longitudinal analyses, baseline CSF 

MMP-3 interacted with diagnosis on radial diffusivity in one small cluster in the 

postcentral gyrus (Table 2.15). Stratification revealed that the association between 

higher baseline CSF MMP-3 and a faster increase in radial diffusivity was stronger 

among participants with MCI, though still present in participants with NC. However, the 

association was attenuated when removing outliers (Table 2.15). 

 

 

Figure 2.6. Baseline CSF MMP-3 and Longitudinal DTI Trajectory Associations. Mean 

skeleton shows regions where baseline CSF MMP-3 is associated with a faster increase in 

mean diffusivity over time. Scatterplot shows a linear mixed effects model relating baseline 

CSF MMP-3 values for every participant to the slope of mean diffusivity values in one 

specific cluster. Parametric p-value and  listed only represent the cluster displayed here. 

Image taken at z=76. CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MMP=matrix 

metalloprotein. 
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Table 2.13. Cross-Sectional Region Specific MMP-3 Associations with DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy Posterior Corona Radiata Left 764 -0.426 5.39x10-7 0.025 -25 -23 28 

Mean Diffusivity -- -- -- -- -- -- -- -- -- 

Radial Diffusivity Superior Corona Radiata Left 12 0.400 1.35x10-6 0.05 -2 -11 36 

 Superior Corona Radiata Left 8 0.369 1.35x10-5 0.05 -24 -9 31 

Axial Diffusivity -- -- -- -- -- -- -- -- -- 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 
were calculated using linear regression models to relate MMP-3 and raw DTI values extracted from each participant skeleton; †p-value has been corrected for 
multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; DTI=diffusion tensor imaging;  MMP=matrix 
metalloproteinase; MNI=Montreal Neurological Institute. 

Table 2.14. Longitudinal Region Specific MMP-3 Associations with DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 

(mm3) 

Cluster Statistics Corrected 

p-value† 

MNI 

Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity Postcentral Gyrus Right 111 1.83x10-8 8.79x10-7 5.87x10-6 26 -29 42 

 Superior Parietal Lobule Right 88 1.71x108 1.34x10-6 8.36x10-5 17 -42 41 

 Superior Parietal Lobule Left 87 1.58x10-8 7.41x10-7 9.43x10-5 -20 -37 39 

 Precentral Gyrus Left 78 1.91x10-8 1.68x10-8 2.85x10-4 -29 -17 51 
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 Precentral Gyrus Right 78 1.98x10-8 3.43x10-7 2.85x10-4 27 -12 44 

 Precentral Gyrus Left 62 1.38x10-8 2.14x10-6 0.002 -20 -24 44 

 Anterior Corona Radiata Left 61 2.01x10-8 1.39x10-6 0.003 -22 22 5 

 Superior Parietal Lobule Left 49 2.38x10-8 2.86x10-8 0.014 -27 -42 41 

 Middle Frontal Gyrus Left 42 1.67x10-8 9.25x10-7 0.039 -32 28 25 

Radial Diffusivity Superior Parietal Lobule Left 105 1.73x10-8 8.79x10-7 2.61x10-5 -20 -37 39 

 Postcentral Gyrus Right 92 1.70x10-8 5.09x10-6 1.10x10-4 26 -29 42 

 Postcentral Gyrus Left 85 1.57x10-8 4.10x10-6 2.43x10-4 -20 -23 43 

 Postcentral Gyrus Left 79 1.60x10-8 2.87x10-7 4.92x10-4 -32 -29 45 

 Precentral Gyrus Left 74 1.92x10-8 4.09x10-7 8.96x10-4 -28 -14 49 

 Superior Frontal Gyrus Left 68 1.64x10-8 8.98x10-7 0.002 -15 19 46 

 Superior Corona Radiata Right 66 1.74x10-8 3.34x10-5 0.002 26 -21 37 

 Cingulum Bundle Right 51 1.85x10-8 4.82x10-6 0.017 14 -36 36 

 Precentral Gyrus Right 51 1.84x10-8 7.76x10-6 0.017 31 -15 50 

 External Capsule Right 49 2.58x10-8 1.72x10-6 0.022 21 20 2 

Axial Diffusivity Precentral Gyrus Right 50 3.12x10-8 1.89x10-7 0.011 27 -15 50 

 Cingulum Bundle Right 45 2.67x10-8 2.97x10-8 0.023 12 -38 40 

 Postcentral Gyrus Right 40 2.62x10-8 1.20x10-6 0.049 26 -29 42 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear mixed effects models to relate MMP-3 and raw DTI values extracted from each participant skeleton; †p-value has been corrected for 

multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; DTI=diffusion tensor imaging; MNI=Montreal 

Neurological Institute; MMP=matrix metalloproteinase. 
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Table 2.15. Longitudinal Region Specific MMP-3 x Diagnosis Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 

(mm3) 

Cluster Statistics Corrected 

p-value† 

MNI 

Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity -- -- -- -- -- -- -- -- -- 

Radial Diffusivity Postcentral Gyrus Right 48 -3.53x10-8 1.65x10-4 0.028 26 -28 42 

Axial Diffusivity -- -- -- -- -- -- -- -- -- 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear mixed effects models to relate baseline MMP-3 x diagnosis and raw DTI values extracted from each participant skeleton; †p-value has 

been corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; DTI=diffusion tensor imaging; 

MMP=matrix metalloproteinase; MNI=Montreal Neurological Institute. 

Table 2.16. Cross-Sectional Region Specific MMP-3 x APOE-4 Status Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy Body of the Corpus Callosum Left 1260 0.791 2.22x10-5 0.027 -14 -15 31 

 Body of the Corpus Callosum Right 276 0.716 2.65x10-4 0.047 14 18 24 

 Genu of the Corpus Callosum Right 20 0.552 4.35x10-3 0.05 14 20 15 

Mean Diffusivity -- -- -- -- -- -- -- -- -- 

Radial Diffusivity Superior Corona Radiata Left 3494 -0.681 1.79x10-4 0.036 -16 -13 34 

 Body of the Corpus Callosum Right 1596 -0.624 4.23x10-4 0.043 15 17 26 

 Posterior Limb of the Internal Capsule Left 242 -0.641 4.48x10-4 0.048 -21 -6 12 
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MMP-3 x APOE-4 Interactions & DTI Metrics 

 In cross-sectional analyses, CSF MMP-3 interacted with APOE-4 status on DTI metrics (corrected p-values<0.05, 

Table 2.16, Figure 2.5). Specifically, CSF MMP-3 interacted with APOE-4 status on FA in the body of the corpus 

callosum, radial diffusivity primarily in the superior corona radiata, and axial diffusivity in the superior longitudinal 

fasciculus. Stratification revealed that in all clusters, higher CSF MMP-3 was associated with compromised white matter 

microstructure among APOE-4 negative participants, but associations were reversed among APOE-4 positive 

 Cerebral Peduncle Left 229 -0.790 6.03x10-5 0.047 -14 -11 -9 

 Cingulum Right 193 -0.683 3.11x10-4 0.048 17 -38 33 

 Posterior Thalamic Radiation Right 103 -0.546 2.94x10-3 0.049 28 -57 15 

 Posterior Corona Radiata Right 97 -0.605 2.16x10-3 0.049 27 -29 36 

 Splenium of the Corpus Callosum Right 78 -0.523 5.89x10-3 0.05 17 -42 26 

 Insular Gyrus Left 55 -0.717 2.04x10-4 0.059 -33 -15 0 

 Splenium of the Corpus Callosum Right 13 -0.526 6.16x10-3 0.05 22 -52 23 

 Splenium of the Corpus Callosum Right 3 -0.600 2.83x10-3 0.05 23 -48 22 

 Cingulum Right 3 -0.483 1.36x10-2 0.05 16 -40 37 

Axial Diffusivity Superior Longitudinal Fasciculus Left 15 -0.831 2.19x10-5 0.049 -29 -24 37 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear regression models to relate MMP-3 x APOE-4 status and raw DTI values extracted from each participant skeleton; †p-value has been 
corrected for multiple comparisons; ‡coordinates and region represent the voxel with the minimum p-value in each cluster; APOE=apolipoprotein E; DTI=diffusion 
tensor imaging; MMP=matrix metalloproteinase; MNI=Montreal Neurological Institute. 
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participants. These associations persisted when removing outliers (Table 2.16). In 

longitudinal analyses, baseline CSF MMP-3 did not interact with APOE-4 status 

(corrected p-values>0.09). 

 

MMP-9 Analyses 

MMP-9 & DTI Metrics 

In the whole sample, CSF MMP-9 was not cross-sectionally associated with DTI 

metrics (corrected p-values>0.16). In longitudinal analyses, CSF MMP-9 was not 

associated with DTI metric trajectory (corrected p-values>0.21). 

 

MMP-9 x Diagnosis Interactions & DTI Metrics 

 In cross-sectional analyses, CSF MMP-9 did not interact with diagnosis on DTI 

metrics (corrected p-values<0.14). In longitudinal analyses, baseline CSF MMP-9 

interacted with diagnosis on axial diffusivity in one small cluster in the lateral occipital 

gyrus (Table 2.17). Stratification revealed that the association between higher baseline 

CSF MMP-9 and a faster increase in axial diffusivity was present among participants 

with NC, but the association was reversed among participants with MCI. The 

association remained significant when removing outliers (Table 2.17). 

 

MMP-9 x APOE-4 Interactions & DTI Metrics 

 In cross-sectional analyses, CSF MMP-9 did not interact with APOE-4 status on 

DTI metrics (corrected p-values>0.15). In longitudinal analyses, baseline CSF MMP-9 

did not interact with APOE-4 status on DTI metric trajectory (corrected p-values>0.50). 
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CSF/Plasma Albumin Ratio Analyses 

CSF/Plasma Albumin Ratio & DTI Metrics 

In the whole sample, the CSF/plasma albumin ratio was not cross-sectionally associated with DTI metrics 

(corrected p-values>0.42). However, baseline CSF/plasma albumin ratio was associated with faster decline in white 

matter integrity over time (corrected p-values<0.04, Table 2.18, Figure 2.7). Specifically, a higher baseline ratio was 

associated with a faster increase in mean diffusivity primarily in the superior frontal gyrus, radial diffusivity primarily in the 

superior longitudinal fasciculus, and axial diffusivity primarily in the splenium of the corpus callosum. When removing 

outliers, clusters remained significant (Table 2.18). 

Table 2.17. Longitudinal Region Specific MMP-9 x Diagnosis Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 

(mm3) 

Cluster Statistics Corrected 

p-value† 

MNI 

Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity -- -- -- -- -- -- -- -- -- 

Radial Diffusivity -- -- -- -- -- -- -- -- -- 

Axial Diffusivity Lateral Occipital Gyrus Left 41 1.97x10-7 4.69x10-5 0.044 -32 -82 -5 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear mixed effects models to relate baseline MMP-9 x diagnosis and raw DTI values extracted from each participant skeleton; †p-value has 

been corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; DTI=diffusion tensor imaging; 

MMP=matrix metalloproteinase; MNI=Montreal Neurological Institute. 
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CSF/Plasma Albumin Ratio x Diagnosis Interactions & DTI Metrics 

In cross-sectional analyses, the CSF/plasma albumin ratio did not interact with 

diagnosis on DTI metrics (corrected p-values>0.08). However, in longitudinal analyses, 

the baseline CSF/plasma albumin ratio interacted with diagnosis on DTI metric 

trajectory in small clusters (Table 2.19). Specifically, the baseline ratio interacted with 

diagnosis on trajectory of mean and radial diffusivity in the anterior corona radiata. 

Stratification revealed that in all clusters, a higher baseline ratio was associated with a 

faster increase in mean and radial diffusivity among NC participants, but associations 

were reversed among participants with MCI. When removing outliers, associations with 

mean diffusivity remained significant (Table 2.19). 

 

CSF/Plasma Albumin Ratio x APOE-4 Interactions & DTI Metrics 

 

 

 

Figure 2.7. Baseline CSF/Plasma Albumin Ratio and Longitudinal DTI Trajectory 

Associations. Mean skeleton shows regions where the baseline CSF/plasma albumin ratio is 

associated with a faster increase in radial diffusivity over time. Scatterplot shows a linear 

mixed effects model relating baseline CSF/plasma albumin ratio for every participant to the 

slope of radial diffusivity values in one specific cluster. Parametric p-value and  listed only 

represent the cluster displayed here. Image taken at z=122. CSF=cerebrospinal fluid; 

DTI=diffusion tensor imaging. 
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In cross-sectional analyses, the CSF/plasma albumin ratio interacted with APOE-

4 status on DTI metrics (corrected p-values<0.05, Table 2.20, Figure 2.8). Specifically, 

the ratio interacted with APOE-4 status on FA in the posterior corona radiata, on mean 

diffusivity in the inferior temporal gyrus, on radial diffusivity in the anterior corona 

radiata, and axial diffusivity in the superior corona radiata. Stratification revealed that in 

all clusters, a higher ratio was associated with compromised white matter microstructure 

among APOE-4 negative participants, but associations were reversed among APOE-4 

positive participants. These associations persisted when removing outliers (Table 2.20). 

In longitudinal analyses, the baseline CSF/plasma albumin ratio interacted with 

APOE-4 status on DTI metric trajectory in small clusters (Table 2.21). Specifically, the 

baseline ratio interacted with APOE-4 status on trajectory of mean and radial diffusivity 

in the superior longitudinal fasciculus. Stratification revealed that in all clusters, a higher 

baseline ratio was associated with a faster increase in mean and radial diffusivity 

among APOE-4 negative participants, but associations were reversed among APOE-4 

positive participants. When removing outliers, associations remained significant (Table 

2.21). 
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Figure 2.8. Cross-Sectional CSF/Plasma Albumin x APOE-4 Status Interaction on Mean 

Diffusivity. Mean skeleton shows regions where the CSF/plasma albumin ratio interacts with 

APOE-4 Status on mean diffusivity. Scatterplot shows least squares regression relating the 

CSF/plasma albumin ratio for every participant to mean diffusivity values in one specific 

cluster. Parametric p-value and  listed only represent the cluster displayed here. Image 

taken at z=68; APOE=apolipoprotein E; CSF=cerebrospinal fluid. 
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Table 2.18. Longitudinal Region Specific CSF/Plasma Albumin Ratio Associations with DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 

(mm3) 

Cluster Statistics Corrected 

p-value† 

MNI 

Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity Superior Frontal Gyrus Right 65 9.82x10-7 2.82x10-8 0.002 16 -3 52 

 Body of the Corpus Callosum Left 57 1.41x10-6 2.74x10-7 0.005 -13 -1 30 

 Precentral Gyrus Right 54 1.18x10-6 9.14x10-6 0.007 29 -13 46 

 Superior Longitudinal Fasciculus Right 46 1.11x10-6 1.90x10-5 0.023 42 -11 28 

 Superior Corona Radiata Left 46 8.17x10-7 6.16x10-5 0.023 -26 -26 33 

 External Capsule Right 43 1.63x10-6 4.68x10-6 0.035 33 8 1 

 Superior Longitudinal Fasciculus Left 42 1.08x10-6 9.27x10-7 0.041 -34 -18 35 

Radial Diffusivity Superior Longitudinal Fasciculus Left 110 9.95x10-7 1.09 x10-6 1.73x10-5 -33 -17 37 

 Precentral Gyrus Right 64 1.24x10-6 1.42x10-10 0.003 36 -7 39 

 Precentral Gyrus Right 59 1.26x10-6 2.17x10-6 0.006 29 -13 46 

 External Capsule Right 53 1.64x10-6 4.61x10-6 0.014 32 7 6 

Axial Diffusivity Splenium of the Corpus Callosum Left 55 3.53x10-6 8.90x10-6 0.006 -18 -48 15 

 Superior Longitudinal Fasciculus Right 44 2.20x10-6 8.46x10-6 0.028 41 -11 29 

 Middle Temporal Gyrus Left 51 -4.00x10-6 3.30x10-5 0.01 -43 -23 -11 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear mixed effects models to relate baseline CSF/plasma albumin ratio and raw DTI values extracted from each participant skeleton; †p-

value has been corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; CSF=cerebrospinal 

fluid; DTI=diffusion tensor imaging; MMP=matrix metalloproteinase; MNI=Montreal Neurological Institute. 



 73 

 

Table 2.19. Longitudinal Region Specific CSF/Plasma Albumin Ratio x Diagnosis Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 

(mm3) 

Cluster Statistics Corrected 

p-value† 

MNI 

Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity Anterior Corona Radiata Left 70 4.03x10-6 5.69x10-6 8.98x10-4 -24 18 15 

Radial Diffusivity Anterior Corona Radiata Left 49 3.76x10-6 8.51x10-5 0.026 -24 20 14 

Axial Diffusivity -- -- -- -- -- -- -- -- -- 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear mixed effects models to relate baseline CSF/plasma albumin ratio x diagnosis and raw DTI values extracted from each participant 

skeleton; †p-value has been corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; 

CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MMP=matrix metalloproteinase; MNI=Montreal Neurological Institute. 

Table 2.20. Cross-Sectional Region Specific CSF/Plasma Albumin Ratio x APOE-4 Status Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 

(mm3) 

Cluster Statistics Corrected 

p-value† 

MNI 

Coordinate‡ β p-value* 

Fractional Anisotropy Posterior Corona Radiata Left 1105 0.677 2.12x10-5 0.036 -20 -30 37 

 Posterior Corona Radiata Right 341 0.610 2.37x10-4 0.046 23 -36 28 

Mean Diffusivity Inferior Temporal Gyrus Left 38395 -0.556 1.83x10-4 0.005 -41 -10 -18 

Radial Diffusivity Anterior Corona Radiata Right 33600 -0.548 2.07x10-4 0.011 20 39 4 

Axial Diffusivity Superior Corona Radiata Left 25318 -0.829 1.19x10-8 0.005 -28 17 22 

Note. Bold values indicate p-values that remain significant after excluding outliers. *parametric p-values were calculated using linear regression models to relate 

baseline CSF/plasma albumin ratio x APOE-4 status and raw DTI values extracted from each participant skeleton; †p-value has been corrected for multiple 
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comparisons; ‡coordinates and region represent the voxel with the minimum p-value in each cluster; APOE=apolipoprotein E; CSF=cerebrospinal fluid; 

DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute. 

Table 2.21. Longitudinal Region Specific CSF/Plasma Albumin Ratio x APOE-4 Status Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 

(mm3) 

Cluster Statistics Corrected 

p-value† 

MNI 

Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity Splenium of the Corpus Callosum Left 55 -4.10x10-6 1.48x10-5 0.006 -10 -38 11 

 Superior Longitudinal Fasciculus Right 48 -1.70x10-6 9.45x10-5 0.017 28 -23 36 

Radial Diffusivity Superior Longitudinal Fasciculus Right 70 -1.70x10-6 9.72x10-5 0.002 28 -25 40 

Axial Diffusivity -- -- -- -- -- -- -- -- -- 

Note. Bold values indicate p-values that remain significant after excluding outliers. *parametric p-values were calculated using linear mixed effects models to relate 

baseline CSF/plasma albumin ratio x APOE-4 status and raw DTI values extracted from each participant skeleton; †p-value has been corrected for multiple 

comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; APOE=apolipoprotein E; CSF=cerebrospinal fluid; 

DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute. 
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Discussion 

 Among community-dwelling older adults free of clinical stroke and dementia, 

higher baseline arterial stiffness was associated with faster decline of white matter 

integrity, specifically in the temporal and occipital lobes. Cross-sectional associations 

were driven by participants with NC, whereas longitudinal associations were driven by 

participants with MCI and APOE-4 positive participants. In the entire sample, measures 

of ECM remodeling, including lower levels of CSF MMP-2 and higher levels of MMP-3, 

were cross-sectionally associated with associated with compromised white matter 

microstructure primarily in the frontal lobe and deep white matter tracts. Cross-

sectionally, increased CSF evidence of ECM remodeling and BBB permeability were 

associated with compromised white matter microstructure among participants with NC 

and APOE-4 negative participants. We observed the opposite effect among participant 

with MCI and APOE-4 positive participants, such that increased MMP levels and BBB 

integrity were associated with healthier white matter microstructure among these 

participants. In longitudinal models, baseline ECM remodeling and BBB permeability 

were associated with a faster decline in white matter integrity in small clusters, driven by 

NC and APOE-4 negative participants. 

 While vascular disease is thought to be the largest driver of white matter 

damage in aging, large vessel changes and small vessel changes likely influence brain 

health differently. It is necessary to better understand where large and small vessel 

dysfunction affect white matter integrity to better characterize competing etiologies of 

white matter damage in aging adults. Importantly, we discovered that white matter tracts 

in the temporal and occipital lobes are especially vulnerable to age-related changes in 
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large vessel health, namely arterial stiffening. As arterial stiffness increases with age, 

the aorta is less able to buffer pulsatile energy51 and that energy is transmitted to the 

cerebral microcirculation.60 This process leads to lower CBF, especially in the temporal 

and occipital lobes,56 and subsequent oligemia. Oligodendrocytes, the primary 

component of white matter, are particularly susceptible to oligemia, as these cells are 

more vulnerable to hypoxia-induced oxidative stress.146 Further, the temporal and 

occipital lobe white matter tracts are at border zones between cerebral arterial 

supplies57 and both perfused by segments of the posterior cerebral artery (see Figure 

1.4 for an illustration). The posterior circulation may be less able to buffer pulsatile 

changes over time, leading to greater white matter damage in these regions. This 

hypothesis is supported by our prior work showing that associations between higher 

aortic stiffness and cerebral hemodynamic changes are most robust in temporal and 

occipital regions.56 Additionally, the BBB is thought to initially breakdown in the temporal 

lobe during aging,147 possibly making the surrounding tissue more vulnerable to 

pulsatile energy. Importantly, given that AD pathology first develops in the temporal 

lobe3 and temporal lobe white matter damage is often associated with AD pathology,99 

our results suggest that arterial stiffness may be an additional pathway to white matter 

damage in this region.  

We also found that diagnosis modifies associations between arterial stiffness and 

white matter integrity. In cross-sectional analyses, associations between higher arterial 

stiffness and compromised white matter microstructure were driven by NC 

participants.148 This observation aligns with prior work showing cardiovascular 

hemodynamics may have the largest effect on brain health prior to the onset of 
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cognitive impairment.149 It is possible that once cognitive impairment is present, multiple 

other neuropathologies11 are already present that also compromise white matter, 

obscuring cross-sectional associations between arterial stiffness and white matter 

integrity in participants with MCI. However, participants with MCI may be more 

susceptible to the longitudinal effects of arterial stiffness on brain health. The 

longitudinal results presented here suggest that higher arterial stiffness accelerates 

white matter injury in the temporal and occipital lobes. MCI participants likely have 

greater levels of AD pathology accumulating in the temporal lobe3 and leakier BBBs,150 

making the white matter more susceptible to subtle changes in CBF due to increased 

arterial stiffness.56 Additionally, the posterior circulation, responsible for perfusing the 

temporal and occipital lobes, may be more vulnerable in MCI, as prior work has shown 

reduced posterior CBF151 and greater posterior white matter damage in MCI compared 

to anterior regions.152 Collectively, these findings suggest that arterial stiffness may not 

only be an early driver of white matter injury prior to cognitive symptom manifestation 

but also exacerbate white matter damage in key regions where AD pathology develops. 

Notably, results suggest that the frontal lobe may be particularly susceptible to arterial 

stiffening in individuals with NC, whereas temporal and occipital lobe white matter are 

more susceptible to arterial stiffness in MCI. This discrepancy highlights how the effect 

of large vessel health on white matter may change depending on underlying 

neurodegenerative changes, and the regional vulnerability of white matter tracts 

changes based on cognitive profile. Future work is needed to further understand how 

the effects of arterial stiffness on brain health vary by cognitive status and intersect with 

underlying pathologic burden. 
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Additionally, we found that associations between baseline arterial stiffness and 

faster decline in white matter microstructural integrity were primarily driven by APOE-4 

carriers. This finding is consistent with prior work showing that the effects of arterial 

stiffness on other markers of brain health are exacerbated in APOE-4 carriers.56,153 

APOE-4 contributes to cerebrovascular injury154 and BBB permeability,155 possibly 

making the vasculature more vulnerable to the harmful effects of the increased pulsatile 

energy of blood. APOE also transports cholesterol,156 a primary component of myelin.157 

APOE-4 is less efficient at transporting and recycling cholesterol than other APOE 

alleles, resulting in less remyelination in APOE-4 carriers when the white matter is 

injured.158 Thus, APOE-4 carriers may be less able to respond to subtle 

oligodendrocyte damage due to increases in arterial stiffening. Future work is needed to 

delineate the molecular mechanism connecting arterial stiffness, APOE, and white 

matter damage, but the results presented here further suggest that APOE-4 is a 

modifier of vascular damage and increased susceptibility to white matter damage may 

be one way APOE-4 adversely affects brain health outcomes in aging adults. 

While large vessel health seems to primarily affect temporal and occipital lobe 

white matter tracts and exacerbate white matter damage in individuals at risk for AD, a 

different pattern emerged for markers of small vessel health and BBB integrity. 

Specifically, we found that baseline markers of ECM remodeling or BBB permeability 

are not robust predictors of future white matter damage but may reflect active white 

matter damage cross-sectionally. We found that higher levels of CSF MMP-3 are 

associated with compromised white matter microstructure among the entire sample and 

APOE-4 negative participants. MMP-3 is a stromelysin that degrades collagen, laminin, 



 79 

and elastin, among other substrates. In vascular cognitive impairment, MMP-3 localizes 

to macrophages and endothelium throughout the white matter159 and disrupts the 

BBB.160 MMP-3 induced BBB breakdown may lead to local hypoxia161 or leakage of 

toxic proteins, such as fibrinogen162 into the brain parenchyma, both etiologies of white 

matter damage.64,163 Our results suggest that a similar process may be occurring in 

older adults in the absence of vascular disease. Subtle but chronic changes in cerebral 

blood flow that occur throughout aging164 may upregulate MMP-3 expression,165 leading 

to subsequent white matter damage through the pathways described above. This 

hypothesis is consistent with prior work showing that MMP-3 may mediate a chronic 

response to cerebral hypoxia and subsequent damage, rather than an acute 

response.159,166 Further, MMP-3 is primarily associated with damage to deep white 

matter tracts, including the internal capsule, corona radiata, and corpus callosum. 

These structures are the last to receive blood during cerebral perfusion,57 making them 

the most susceptible to subclinical changes in the cerebra blood flow.164 It is also 

possible differences in the structure and orientation of deep white matter tracts may 

make them more susceptible to damage.167 

Similarly, we found that higher levels of CSF MMP-2 and a higher CSF/plasma 

albumin ratio related to compromised white matter integrity among NC and APOE-4 

negative participants. MMP-2 is a gelatinase that is upregulated after ischemia and is 

critical for neovascularization.168 Chronic ischemia in animal models leads to the 

upregulation of MMP-2 in the white matter169 and MMP-2 has previously been 

implicated in white matter damage after hypoperfusion.75 The effect of CSF MMP-2 on 

white matter microstructure seemed to localize to the frontal lobe, possibly due to the 
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frontal watershed region57 (see Figure 1.4). Subtle reductions in CBF in the frontal 

watershed region between the anterior and middle cerebral arteries could lead to MMP-

2 upregulation and subsequent local white matter damage. However, previous 

neuropathological studies have not found an increase in MMP-2 expression in the 

frontal lobe,128 suggesting that the effect on white matter health may be global. It should 

be noted that the clusters are large, and more studies are needed to better localize 

where MMP-2 is upregulated after oligemia or ischemia. A higher CSF/plasma albumin 

ratio was also associated with compromised white matter microstructure in the temporal 

lobe among APOE-4 negative participants. Albumin is a protein typically found in 

plasma that should not cross the BBB. Thus, a higher ratio is thought to reflect an 

increase in BBB permeability. The BBB is thought to first break down in the temporal 

lobe,147 consistent with these findings. Collectively, these findings suggest that in 

normal aging, MMP-3 may affect deep white matter, MMP-2 may preferentially affect 

frontal lobe white matter, and increased BBB permeability may indicate temporal lobe 

white matter damage.  

Unexpectedly, associations were opposite among individuals with MCI or APOE-

4 positive participants, such that higher levels of CSF MMP-2, CSF MMP-3, and the 

CSF/plasma albumin ratio related to healthier white matter microstructure. These results 

suggest that ECM remodeling and BBB permeability, though detrimental in normal 

aging, may be protective from white matter injury in the context of cognitive impairment, 

or the APOE-4 allele, both associated with AD. MMP-2 and MMP-3 cleave A170 and 

tau,171 limiting abnormal protein aggregation. In the presence of AD pathology, MMPs 

may primarily interact with A and p-tau, rather than ECM proteins, thereby limiting 
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damaging effects of MMPs on the BBB and white matter. Additionally, A81 and p-tau100 

are themselves associated with white matter damage. The breakdown of these proteins 

by MMP-2 and MMP-3 may further protect white matter from damage primarily 

associated with AD pathology. Similar findings in MCI and APOE-4 positive 

participants could be driven by greater levels of AD pathology172 in these groups, or 

there could be an additional variable contributing to the associations. For example, the 

chronic effect of APOE-4 on BBB permeability155 could influence the function and 

effects of MMPs and BBB permeability on white matter integrity. Larger studies are 

needed to better understand if APOE-4 affects MMP function independent of AD 

pathology and the mechanisms underlying the associations reported here. 

Additionally, while MMP-2 and MMP-3 were strongly associated with white matter 

damage, MMP-9 associations were primarily null or driven by statistical outliers. It is 

possible that MMP-9 modulates ECM remodeling in grey matter instead of white matter. 

This hypothesis is consistent with studies showing MMP-2 and MMP-3, but not MMP-9, 

are upregulated in white matter after vascular injury.159,173 Additionally, it is possible that 

CSF MMP-9 may represent a different pathological process than MMP-2 or MMP-3, 

consistent with prior work showing that CSF MMP-9 levels do not correlate with CSF 

MMP-2 or MMP-3.135 Finally, the null MMP-9 findings could also be due to limitations of 

the assay used to quantify MMP-9. Many of the MMP-9 values were low, possibly 

reducing variance in the measurement and diminishing associations.135 More work is 

needed to determine the distinct tissue-specific roles of each MMP in normal aging and 

AD utilizing more sensitive assays.  
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Another important observation is the MMPs and CSF/plasma albumin ratio were 

not robust predictors for future decline in white matter integrity. A majority of the 

longitudinal effects were in small clusters, with the largest effects including higher 

baseline CSF MMP-3 predicting faster decline in parietal lobe white matter and a higher 

baseline CSF/plasma albumin ratio predicting faster decline in frontal lobe white matter. 

The absence of longitudinal effects could be due to the dynamic nature of MMPs. Many 

different pathologies can affect MMP expression (e.g. vascular disease,128 AD 

pathology,174 inflammation),175 so it is likely that measurable CSF concentrations at one 

time point do not accurately predict future levels. The small longitudinal findings could 

also be due to the relatively small sample size for the CSF analyses. Future work is 

needed with larger sample sizes. 

Our study has several strengths, including gold-standard methods for non-

invasively assessing central arterial stiffening at the aorta, excellent methods for 

quantifying ECM remodeling, stringent quality control procedures, a longitudinal study 

design, and reliable methods for quantifying cerebral white matter microstructure. 

Additional strengths include comprehensive ascertainment of potential confounders and 

the application of cluster enhancement and cluster-wise inference to correct for multiple 

comparisons,145 reducing the possibility of a false positive finding. The application of a 

longitudinal voxel-wise pipeline allows for the robust and comprehensive assessment of 

the trajectory of white matter damage throughout the entire brain. Finally, core 

laboratories using quality control procedures analyzed all CMR, MRI, and CSF 

measurements in batch, and technicians were blinded to clinical information. Despite 

these strengths, there are limitations. Limitations include the observational design and 
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the predominantly White, well-educated, and relatively healthy sample, limiting 

generalizability. Additionally, CSF methods for quantifying MMP levels cannot determine 

MMP enzyme activity or the precise epitopes detected. It is possible that the measures 

reflect enzyme fragments, rather than full proteins. Future work is needed to develop 

more sensitive assays for the biomarkers studied here and other ECM remodeling 

proteins, such as other MMPS or A Disintegrin and Metalloproteinase with 

Thrombospondin motifs (ADAMTS) proteins.73 

In summary, we found novel associations between age-related arterial stiffening 

and greater white matter microstructural damage over time, specifically within the 

temporal and occipital lobes. Results suggest that the posterior circulation may be 

particularly vulnerable to age-related increases in arterial stiffening and may be an 

alternative pathway to temporal lobe white matter damage, especially in individuals at a 

higher risk for AD. We also found that MMP-3, MMP-2, or BBB permeability may be an 

etiology of white matter injury in normal aging, even in the absence of overt 

cerebrovascular disease. However, among older adults at genetic risk for AD or with 

cognitive impairment, higher levels of MMP-2, MMP-3, and BBB permeability relate to 

healthier white matter microstructure. AD pathology may affect MMP function, such that 

MMPs are protective against white matter damage in the presence of AD pathology. 

Taken together, our results suggest that systemic vascular health may have a larger 

effect on white matter integrity than cerebrovascular health. Arterial stiffness may be a 

more robust predictor of future white matter damage whereas ECM remodeling and 

BBB permeability have greater utility as current markers of white matter health, in 

conjunction with other biomarkers. Finally, we found that temporal and occipital lobe 
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white matter may be more susceptible to arterial stiffening, deep white matter tracts may 

be more susceptible to MMP-3, and frontal lobe white matter may be more susceptible 

to MMP-2. Future work is needed to understand the mechanisms behind the 

associations reported here.  
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CHAPTER 3 

 

THE EFFECTS OF AMYLOIDOSIS ON WHITE MATTER INTEGRITY 

 

Portions of this chapter are published under the title “Neurofilament Relates to White 

Matter Microstructure in Older Adults” in Neurobiology of Aging 

 

Introduction 

 Amyloid- (A) 42 plaques are one of the primary pathologies that accumulates 

in Alzheimer’s disease (AD).2 Extracellular plaques are formed as A42 monomers, 

aggregate together, and accumulate initially in the frontal and parietal lobes.3 Though 

typically not associated with neurodegeneration176 in disease progression, recent 

evidence has implicated A42 plaques as a potential etiology of white matter damage in 

AD. Cross-sectionally, cognitively normal individuals who are positive for A42 have 

greater white matter damage in the frontal lobe,177 and in vivo measures of A42 are 

associated with white matter damage in similar regions.178 Additionally, animal models 

of amyloidosis show white matter changes85-87 and in vitro studies suggest A42 

disrupts myelin synthesis and leads to oligodendrocyte death.88,89 However, it is 

unknown if cerebral A42 predicts future damage in certain white matter tracts. 

 While the presence of A42 is one of the pathological criteria for a diagnosis of 

AD,179 up to 80% of individuals with a clinical diagnosis of AD also have concomitant 

cerebral amyloid angiopathy (CAA).180 CAA is defined by the pathologic accumulation of 

A40 in arterial walls,94 leading to fractured blood vessels, microbleeds, and 
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downstream hypoxia.94 While patients with CAA have white matter damage on magnetic 

resonance imaging (MRI),181,182 it is unclear if this white matter damage is related to 

A40 burden or other vascular changes. It is hypothesized that A40 restricts blood 

vessels,94 leading to downstream hypoxia and subsequent white matter damage, but it 

remains unknown if A40 predicts future damage in white matter tracts. Given the co-

occurrence of AD and CAA,180 it is necessary to understand which tracts are vulnerable 

to A42 or A40 to better delineate which white matter changes are specific to primary 

AD pathology. 

The aim of the present chapter was to examine how two common forms of 

amyloidosis in AD, including A42 and A40, relate to white matter integrity, assessed 

by diffusion tensor imaging (DTI), among older adults free of clinical stroke and 

dementia. We also examined the cerebrospinal fluid (CSF) A42/A40 ratio, as this 

ratio is thought to be a more precise measure of pathologic A42 levels by normalizing 

values to background levels of amyloidosis.183 We hypothesized that lower levels of 

CSF A42, A40, and the CSF A42/A40 ratio, indicating greater levels of cerebral 

amyloidosis, would relate to compromised white matter microstructure at baseline and a 

faster decline in white matter microstructural integrity over time. We hypothesized that 

CSF A42 and the CSF A42/A40 ratio would have the largest effect in the frontal and 

parietal lobes, where A42 first accumulates in AD, and CSF A40 would have the 

largest effect in cortical regions, where A40 accumulates in CAA..3 Since amyloidosis 

is more prevalent in individuals with mild cognitive impairment (MCI) compared to 

individuals with normal cognition (NC)184 and apolipoprotein E (APOE) 4 is associated 

with increased amyloid burden,185 we also investigated whether associations were 
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modified by cognitive diagnosis (NC versus MCI) or APOE-4 status. We hypothesized 

that associations will be stronger among participants with MCI and APOE-4 positive 

participants. 

 

Methods 

For details about study cohort, brain MRI acquisition and post-processing, and 

covariates, please refer to the Methods in Chapter 2 (pages 27-33).  

 

Lumbar Puncture & Biochemical Analysis 

For details about the lumbar puncture acquisition, please refer to the Methods in 

Chapter 2 (pages 29-30). Commercially available enzyme-linked immunosorbent 

assays (Fujirebio, Ghent, Belgium) were used to measure CSF concentrations of A42 

(INNOTEST® -AMYLOID(1-42)) and A40 (INNOTEST® -AMYLOID(1-40)). A CSF 

A42/A40 ratio was calculated to better assess A42 accumulation due to AD 

pathology and account for individual differences in amyloid production and clearance.183 

Board certified laboratory technicians processed data blinded to clinical information.186 

Intra-assay coefficients of variation were <10%. 

 

Analytical Plan 

For cross-sectional analyses, voxel-wise linear regressions were conducted 

using the FSL randomise143 procedure with 5000 permutations. General linear models 

using permutation testing related CSF A42, CSF A40, and the CSF A42/40 ratio to 

FA, mean diffusivity, radial diffusivity, and axial diffusivity, adjusting for baseline age, 
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sex, education, race/ethnicity, FSRP (excluding points assigned to age), cognitive 

diagnosis, APOE-4 status (one predictor per model). Multiple comparison correction 

was performed using the established cluster enhancement permutation procedure in 

FSL.144 

For longitudinal analyses, voxel-wise linear mixed effects models with random 

intercepts and slopes and a follow-up time interaction related baseline CSF A42, CSF 

A40, and the CSF A42/40 ratio to DTI metric trajectory. Models adjusted for identical 

covariates as cross-sectional analyses, plus follow-up time. Cluster-wise inference145 

was used to identify clusters of results and spatially correct the output images. Clusters 

were further corrected for multiple comparisons using a family-wise error rate of =0.05.  

All cross-sectional and longitudinal models were repeated with predictor x 

cognitive diagnosis (excluding individuals with early MCI due to the small sample size) 

and predictor x APOE-4 status interactions. Models were subsequently stratified by 

cognitive diagnosis (NC, MCI) and APOE-4 status (positive or negative). Parametric 

estimates of statistically significant associations were calculated in R version 3.6.0 

(www.r-project.org) using least squares regression for illustration and interpretation 

purposes. Sensitivity analyses were also performed in R, excluding participants with 

predictor or outcome variables ±4 standard deviations from the group mean. 

Significance was set a priori at p<0.05. 

 

Results 

Participant Characteristics 
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For the 152 participants included in these analyses (72±6 years, 67% male, 93% 

non-Hispanic White), mean follow-up time was 3.9 years. CSF A42 concentrations 

ranged 2283 to 10919 pg/mL, A40 concentrations ranged 84 to 884 pg/mL, and the 

A42/A40 ratio ranged 0.03 to 0.15. See Table 2.6 in Chapter 2 for participant 

characteristics for the entire sample and stratified by diagnosis. 

 

A42 Analyses 

A42 & DTI Metrics 

In the whole sample, CSF A42 was cross-sectionally associated with DTI 

metrics (corrected p-values<0.05, Table 3.1, Figure 3.1). Specifically, lower CSF levels 

of A42 were associated with higher mean diffusivity in the genu of the corpus 

callosum, higher radial diffusivity primarily in the medial orbital gyrus, and higher axial 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 3.1. Cross-Sectional CSF A42 Associations with Mean Diffusivity. Mean skeleton 

shows regions where CSF A42 is associated with mean diffusivity. Scatterplot shows least 

squares regression relating CSF A42 values for every participant to mean diffusivity values 

in one specific cluster. Parametric p-value and  listed only represent the cluster displayed 

here. Image taken at z=73. A=amyloid-; CSF=cerebrospinal fluid. 

Baseline CSF A42 
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diffusivity in the posterior corona radiata. Associations persisted when removing outliers 

(Table 3.1). 

In longitudinal analyses, lower baseline CSF A42 was associated with a faster 

decline in white matter integrity over time. Specifically, lower baseline CSF A42 was 

associated with a greater increase in mean (corrected p-values<0.03) and axial 

diffusivity (corrected p-value=0.008) in small clusters primarily in the superior 

longitudinal fasciculus and superior frontal gyrus (Table 3.2, Figure 3.2). Associations 

persisted when removing outliers (Table 3.2). 

 

A42 x Diagnosis Interactions & DTI Metrics 

In cross-sectional analyses, CSF A42 did not interact with diagnosis on DTI 

metrics (corrected p-values>0.14). However, in longitudinal analyses, baseline CSF 

A42 did interact with diagnosis on DTI metrics (corrected p-values<0.03, Table 3.3, 

Figure 3.2). Specifically, baseline CSF A42 interacted with diagnosis on mean 

diffusivity in the posterior limb of the internal capsule, radial diffusivity primarily in the 

superior temporal gyrus, and axial diffusivity in the posterior limb of the internal capsule. 

Stratification revealed that in all clusters, associations between lower baseline CSF 

A42 and faster decline in white matter integrity were present in participants with NC, 

but associations were reversed in participants with MCI. Clusters remained significant 

when removing outliers (Table 3.3). 
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(A) 

=-1.10x10-8, p=4.68x10-8 

p<0.05 

Figure 3.2. Baseline CSF A42 and Longitudinal DTI Trajectory Associations. (A) Mean 

skeleton shows regions where baseline CSF A42 is associated with a faster increase in 

mean diffusivity over time. Scatterplot shows a linear mixed effects model relating baseline 

CSF A42 values for every participant to the slope of mean diffusivity values in one specific 

cluster. Parametric p-value and  listed only represent the cluster displayed here. Image 

taken at z=85. (B) CSF A42 x diagnosis interaction on radial diffusivity trajectory. 

Scatterplots show interactions at one specific cluster (=-4.20x10-8, p=1.60x10-5). Parametric 

p-value and  listed only represent the cluster displayed here. A=amyloid-; 

CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MCI=mild cognitive impairment.  

 

(B) 

Baseline CSF A42 
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A42 x APOE-4 Interactions & DTI Metrics 

 In cross-sectional analyses, CSF A42 did not interact with APOE-4 status on DTI metrics (corrected p-

values>0.09). In longitudinal analyses, CSF A42 did not interact with APOE-4 status on DTI metric trajectory (corrected 

p-values>0.81).  

 

 

Table 3.1. Cross-Sectional Region Specific CSF A42 Associations with DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity Genu of the Corpus Callosum Left 50788 -0.424 3.06x10-6 0.005 -14 34 9 

Radial Diffusivity Medial Orbital Gyrus Left 38839 -0.388 1.78x10-5 0.021 -16 32 -17 

 Middle Temporal Gyrus Right 369 -0.400 1.44x10-5 0.047 57 -27 -11 

 Middle Temporal Gyrus Right 146 -0.390 2.58x10-5 0.049 58 -19 -15 

 Middle Temporal Gyrus Right 96 -0.398 1.10x10-5 0.05 51 -2 -29 

 Middle Temporal Gyrus Right 80 -0.335 5.45x10-4 0.05 47 -44 -2 

Axial Diffusivity Posterior Corona Radiata Right 49276 -0.609 8.01x10-13 0.001 27 -29 24 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear regressions to relate baseline CSF A42 and raw DTI values extracted from each participant skeleton; †p-value has been corrected for 

multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; A=amyloid-; CSF=cerebrospinal fluid; 
DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute. 
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Table 3.2. Longitudinal Region Specific CSF A42 Associations with DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity Superior Longitudinal Fasciculus Left 84 -1.10x10-8 4.68x10-8 0.001 -36 -45 26 

 Anterior Corona Radiata Left 57 -1.40x10-8 7.50x10-7 0.03 -20 35 13 

Radial Diffusivity -- -- -- -- -- -- -- -- -- 

Axial Diffusivity Superior Frontal Gyrus Left 67 -1.90x10-8 2.74x10-5 0.008 -19 7 40 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear mixed effects models to relate baseline CSF A42 and raw DTI values extracted from each participant skeleton; †p-value has been 

corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; A=amyloid-; CSF=cerebrospinal 
fluid; DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute. 

Table 3.3. Longitudinal Region Specific CSF A42 x Diagnosis Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity Posterior Limb of the Internal 
Capsule 

Right 184 -2.90x10-8 2.53x10-6 1.58x10-7 24 -17 10 

Radial Diffusivity Superior Temporal Gyrus Left 84 -4.20x10-8 1.60x10-5 0.003 -43 -21 -7 

 Putamen Right 61 -3.10x10-8 3.34x10-7 0.03 14 14 -7 
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Axial Diffusivity Posterior Limb of the Internal 
Capsule 

Right 64 -4.40x10-8 4.37x10-6 0.01 24 -17 9 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear mixed effects models to relate baseline CSF A42 x diagnosis interactions and raw DTI values extracted from each participant 
skeleton; †p-value has been corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; 

A=amyloid-; CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute. 

Table 3.4. Cross-Sectional Region Specific CSF A42/A40 Associations with DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity Middle Frontal Gyrus Right 31624 -0.412 9.67x10-6 0.018 26 26 25 

Radial Diffusivity -- -- -- -- -- -- -- -- -- 

Axial Diffusivity Middle Temporal Gyrus Left 32930 -0.588 8.68x10-11 0.006 -42 -27 -15 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear regressions to relate baseline CSF A42/A40 ratio and raw DTI values extracted from each participant skeleton; †p-value has been 

corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; A=amyloid-; CSF=cerebrospinal 
fluid; DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute. 

Table 3.5. Longitudinal Region Specific CSF A42/A40 Ratio Associations with DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 
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Mean Diffusivity Anterior Corona Radiata Left 159 -1.10x10-4 1.09x10-8 1.11x10-6 -19 28 21 

 Anterior Corona Radiata Left 113 -1.00x10-4 1.81x10-7 7.23x10-5 -12 31 -13 

 Superior Longitudinal Fasciculus Left 73 -8.90x10-5 5.85x10-8 0.004 -36 -45 26 

 Middle Frontal Gyrus Right 57 -8.10x10-5 5.54x10-6 0.03 22 16 35 

 Middle Frontal Gyrus Right 56 -1.10x10-4 3.17x10-5 0.03 20 0 40 

Radial Diffusivity Anterior Corona Radiata Left 151 -9.70x10-5 3.57x10-7 5.72x10-6 -15 40 -11 

 Anterior Corona Radiata Left 134 -1.10x10-4 6.57x10-9 2.42x10-5 -19 31 16 

 Anterior Corona Radiata Right 86 -1.00x10-4 2.12x10-7 0.002 17 33 -12 

 Anterior Corona Radiata Left 69 -1.20x10-4 5.15x10-6 0.01 -20 27 20 

 Angular Gyrus Right 62 -1.00x10-4 1.23x10-6 0.03 31 -59 33 

 Angular Gyrus Left 59 -1.40x10-4 2.19x10-7 0.04 -34 -55 26 

Axial Diffusivity Precentral Gyrus Right 91 -1.60x10-4 9.78x10-7 0.001 24 -4 37 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear mixed effects models to relate baseline CSF A42/A40 ratio and raw DTI values extracted from each participant skeleton; †p-value 

has been corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; A=amyloid-; 
CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute. 

Table 3.6. Longitudinal Region Specific CSF A42/A40 Ratio x Diagnosis Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 
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A42/A40 Ratio Analyses 

A42/A40 Ratio & DTI Metrics 

In the whole sample, the CSF A42/A40 ratio was cross-sectionally associated with DTI metrics (corrected p-

values<0.02, Table 3.4). Specifically, lower CSF levels of the A42/A40 ratio were associated with higher mean 

diffusivity in middle frontal gyrus and higher axial diffusivity in the middle temporal gyrus. Associations persisted when 

removing outliers (Table 3.4). 

In longitudinal analyses, a lower baseline CSF A42/A40 ratio was associated with a faster decline in white matter 

integrity over time (Table 3.5). Specifically, a lower baseline CSF A42/A40 ratio was associated with a greater increase 

Mean Diffusivity Posterior Limb of the Internal 
Capsule 

Right 155 -2.10x10-4 2.73x10-5 1.75x10-6 24 -16 9 

Radial Diffusivity -- -- -- -- -- -- -- -- -- 

Axial Diffusivity Anterior Corona Radiata Right 73 -3.10x10-4 4.98x10-6 0.004 20 27 23 

 Retrolenticular Part of the Internal 
Capsule 

Right 63 -3.20x10-4 1.46x10-5 0.01 24 -19 6 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear mixed effects models to relate baseline CSF A42/A40 ratio x diagnosis interactions and raw DTI values extracted from each 
participant skeleton; †p-value has been corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; 

A=amyloid-; CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute. 
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in mean (corrected p-values<0.03), radial (corrected p-values<0.03), and axial diffusivity 

(corrected p-value=0.018) primarily in the anterior corona radiata and precentral gyrus. 

Associations persisted when removing outliers (Table 3.5). 

 

A42/A40 Ratio x Diagnosis Interactions & DTI Metrics 

In cross-sectional analyses, the CSF A42/A40 ratio did not interact with 

diagnosis on DTI metrics (corrected p-values>0.29). However, in longitudinal analyses, 

the baseline CSF A42/A40 ratio did interact with diagnosis on DTI metrics (corrected 

p-values<0.01, Table 3.6). Specifically, the baseline CSF A42/A40 ratio interacted 

with diagnosis on mean diffusivity in the posterior limb of the internal capsule and axial 

diffusivity primarily in the retrolenticular part of the internal capsule. Stratification 

revealed that in all clusters, associations between a lower baseline CSF A42/A40 

ratio and faster decline in white matter integrity were present in participants with NC, but 

associations were reversed in participants with MCI. Clusters remained significant when 

removing outliers (Table 3.6). 

 

A42/A40 Ratio x APOE-4 Interactions & DTI Metrics 

 In cross-sectional analyses, the CSF A42/A40 ratio did not interact with APOE-

4 status on DTI metrics (corrected p-values>0.19). In longitudinal analyses, the CSF 

A42/A40 ratio did not interact with APOE-4 status on DTI metric trajectory (corrected 

p-values>0.28).  

 

A40 Analyses 
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A40 & DTI Metrics 

In the whole sample, lower CSF A40 was cross-sectionally associated with 

higher axial diffusivity in the superior corona radiata (corrected p-value=0.03, Table 

3.7). Associations remained significant when removing outliers (Table 3.7). In 

longitudinal models, baseline CSF A40 was not associated with DTI metric trajectory 

(corrected p-values<0.28). 

 

A40 x Diagnosis Interactions & DTI Metrics 

 In cross-sectional analyses, CSF A40 did not interact with diagnosis status on 

DTI metrics (corrected p-values>0.17). However, in longitudinal analyses, baseline CSF 

A40 did interact with diagnosis status on DTI metric trajectory (corrected p-

values<0.04, Table 3.8, Figure 3.3). Specifically, baseline CSF A40 interacted with 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Longitudinal CSF A40 x Diagnosis Interactions on Mean Diffusivity. Mean 

skeleton shows regions where CSF A40 interacts with diagnosis on mean diffusivity 

trajectory. Scatterplot shows least squares regression relating CSF A40 values for every 

participant to slope of mean diffusivity values in one specific cluster. Parametric p-value and 

 listed only represent the cluster displayed here. Image taken at z=73. A=amyloid-; 

CSF=cerebrospinal fluid; MCI=mild cognitive impairment. 

p<0.05 

=1.33x10-8, p=9.98x10-6 
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diagnosis on mean, radial, and axial diffusivity primarily in the external capsule and 

thalamus. Stratification revealed that in all clusters, associations between lower 

baseline CSF A40 and faster decline in white matter integrity were present in 

participants with MCI, but associations were null in participants with NC. A majority of 

clusters remained significant when removing outliers (Table 3.8). 

 

A40 x APOE-4 Interactions & DTI Metrics 

 In cross-sectional analyses, CSF A40 interacted with APOE-4 status on DTI 

metrics (corrected p-values<0.03, Table 3.9, Figure 3.4). Specifically, CSF A40 

interacted with APOE-4 status on FA in the superior longitudinal fasciculus, mean 

diffusivity in the posterior corona radiata, and radial diffusivity in the angular gyrus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Cross-Sectional CSF A40 x APOE-4 Status Interactions on FA. Mean 

skeleton shows regions where CSF A40 interacts with APOE-4 status on mean diffusivity. 

Scatterplot shows least squares regression relating CSF A40 values for every participant to 

mean diffusivity values in one specific cluster. Parametric p-value and  listed only represent 

the cluster displayed here. Image taken at z=73. A=amyloid-; APOE=apolipoprotein E; 

CSF=cerebrospinal fluid. 

=-0.653, p=2.04x10-4 

p<0.05 
Baseline CSF A40 

APOE-4 Status 
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Stratification revealed that in all clusters, associations between lower baseline CSF 

A40 and compromised white matter integrity were present in APOE-4 positive 

participants, but associations were null in APOE-4 negative participants. Associations 

persisted when removing outliers (Table 3.9). 

 In longitudinal analyses, baseline CSF A40 interacted with APOE-4 status on 

DTI metric trajectory (corrected p-values<0.05, Table 3.10, Figure 3.5). Specifically, 

baseline CSF A40 interacted with APOE-4 status on all 4 DTI metrics primarily in the 

external capsule and thalamus. Stratification revealed that in all clusters, associations 

between lower baseline CSF A40 levels and faster decline in white matter integrity 

were present in APOE-4 positive participants, but associations were null in APOE-4 

negative participants. A majority of clusters remained significant when removing outliers 

(Table 3.10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Longitudinal CSF A40 x APOE-4 Status Interactions on Mean Diffusivity. 

Mean skeleton shows regions where CSF A40 interacts with APOE-4 status on mean 

diffusivity trajectory. Scatterplot shows least squares regression relating CSF A40 values 

for every participant to slope of mean diffusivity values in one specific cluster. Parametric p-

value and  listed only represent the cluster displayed here. Image taken at z=70. 

A=amyloid-; APOE=apolipoprotein E; CSF=cerebrospinal fluid. 

=-1.40x10-8, p=3.09x10-6 

p<0.05 

APOE-4 Status 



 101 

 

 

Table 3.7. Cross-Sectional Region Specific CSF A40 Associations with DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity -- -- -- -- -- -- -- -- -- 

Radial Diffusivity -- -- -- -- -- -- -- -- -- 

Axial Diffusivity Superior Corona Radiata Left 705 -0.282 8.08x10-5 0.03 -26 -1 30 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear regressions to relate baseline CSF A40 and raw DTI values extracted from each participant skeleton; †p-value has been corrected for 

multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; A=amyloid-; CSF=cerebrospinal fluid; 
DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute. 

Table 3.8. Longitudinal Region Specific CSF A40 x Diagnosis Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity External Capsule Left 137 1.46x10-8 1.09x10-3 8.75x10-6 -28 16 -3 

 Thalamus Left 82 1.33x10-8 9.98x10-6 0.002 -11 -17 9 

 Insular Gyrus Left 57 1.85x10-8 1.71x10-3 0.03 -33 4 -2 

Radial Diffusivity External Capsule Left 143 1.34x10-8 1.63x10-3 1.33x10-5 -24 21 -3 
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 Thalamus Left 60 1.22x10-8 4.83x10-5 0.04 -11 -17 9 

Axial Diffusivity External Capsule Left 107 1.90x10-8 5.07x10-4 0.0001 -28 16 -3 

 Thalamus Left 81 1.56x10-8 4.80x10-7 0.002 -12 -17 8 

 Body of the Corpus Callosum Left 79 8.69x10-9 3.09x10-6 0.002 -19 23 24 

 Thalamus Right 60 1.90x10-8 2.80x10-5 0.02 7 -12 7 

 External Capsule Left 53 2.17x10-8 1.96x10-3 0.04 -31 4 7 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear mixed effects models to relate baseline CSF A40 x diagnosis interactions and raw DTI values extracted from each participant 
skeleton; †p-value has been corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; 

A=amyloid-; CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute. 

Table 3.9. Cross-Sectional Region Specific CSF A40 x APOE-4 Status Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy Superior Longitudinal Fasciculus Left 13905 0.802 6.71x10-6 0.018 -36 -34 32 

Mean Diffusivity Posterior Corona Radiata  Left 17895 -0.653 2.04x10-4 0.026 -29 -37 21 

Radial Diffusivity Angular Gyrus Left 18290 -0.659 2.07x10-4 0.017 -40 -44 19 

Axial Diffusivity -- -- -- -- -- -- -- -- -- 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear regression models to relate baseline CSF A40 x APOE-4 interactions and raw DTI values extracted from each participant skeleton; 
†p-value has been corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; A=amyloid-; 
APOE=apolipoprotein; CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute. 
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Table 3.10. Longitudinal Region Specific CSF A40 x APOE-4 Status Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy External Capsule Left 74 3.77x10-6 9.41x10-5 0.05 -27 12 8 

Mean Diffusivity External Capsule Left 162 -1.80x10-8 5.52x10-5 8.79x10-7 -29 12 6 

 Thalamus Right 112 -1.40x10-8 3.09x10-6 8.11x10-5 8 -10 8 

 External Capsule Left 72 -2.20x10-8 3.34x10-5 0.005 -32 5 1 

 Inferior Frontal Gyrus Left 71 -2.00x10-8 1.43x10-4 0.006 -46 14 8 

 Posterior Corona Radiata Left 70 -3.50x10-9 4.62x10-5 0.006 -26 -23 34 

Radial Diffusivity External Capsule Left 291 -1.70x10-8 3.87x10-5 1.87x10-10 -29 12 6 

 Thalamus Right 80 -1.30x10-8 2.92x10-6 0.004 8 -10 8 

 Superior Corona Radiata Left 76 -3.40x10-9 2.76x10-5 0.006 -27 -24 35 

 Inferior Frontal Gyrus Left 69 -1.80x10-8 2.13x10-4 0.01 -46 14 8 

Axial Diffusivity External Capsule Left 109 -2.20x10-8 6.74x10-5 9.09x10-5 -29 12 6 

 Thalamus Right 96 -1.70x10-8 1.32x10-6 0.0003 8 -10 8 

 Inferior Frontal Gyrus Left 64 -2.60x10-8 6.70x10-5 0.01 -44 14 6 

 External Capsule Left 61 -2.70x10-8 3.98x10-5 0.02 -32 5 1 

 Posterior Corona Radiata Left 56 -5.70x10-9 4.05x10-5 0.03 -26 -24 34 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear mixed effects models to relate baseline CSF A40 x APOE-4 interactions and raw DTI values extracted from each participant 
skeleton; †p-value has been corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; 

A=amyloid-; APOE=apolipoprotein; CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute. 
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Discussion 

 Among community-dwelling older adults free of clinical stroke and dementia, 

lower baseline CSF A42 and the CSF A42/A40 ratio were cross-sectionally 

associated with compromised white matter microstructure, primarily in the frontal and 

temporal lobes. In longitudinal models, baseline CSF A42 and the CSF A42/A40 

ratio were associated with faster decline of white matter integrity, specifically in small 

clusters in the frontal lobe. Findings were primarily driven by participants with NC. 

Lower baseline CSF A40 cross-sectionally related to compromised white matter 

microstructure primarily in the parietal lobe and longitudinally related to faster decline in 

white matter integrity in deep white matter tracts. Both cross-sectional and longitudinal 

associations were driven by APOE-4 carriers.  

These results add to a growing body of evidence showing cross-sectional 

associations between A42 and white matter damage. PET and CSF measures of A42 

have been associated with regional white matter damage in sporadic81 and familial 

AD,25 and A42 has been associated with axonopathy and DTI changes in animal 

models.187 We found that CSF measures of A42 and the CSF A42/A40 ratio were 

robustly associated with white matter microstructure cross-sectionally. Notably, 

associations were strongest in the frontal and temporal lobes, where A42 is known to 

deposit.3 This regional specificity suggests that A42 may be directly damaging 

oligodendrocytes or interfering with myelination processes. A42 is thought to regulate 

sphingomyelinase,88,89 a critical enzyme in oligodendrocytes,89 and increased 

expression is hypothesized to lead to apoptosis within oligodendrocytes.90 A42 also 

inhibits neuronal cholesterol transport,91,92 hindering the remyelination process. Finally, 
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A42 induces an inflammatory response188 and the process of A42 aggregation 

produces reactive oxygen species.189 Given the relative vulnerability of 

oligodendrocytes to oxidative stress,66 some white matter damage may be a 

consequence of A42 aggregation and subsequent inflammatory activation. Future work 

is needed to determine the role of inflammation in white matter damage in normal aging 

and in AD. 

 In contrast to the robust cross-sectional findings, the association between 

baseline CSF A42 or the CSF A42/A40 ratio and change in white matter integrity 

was relatively small. Lower levels of CSF A42 or the CSF A42/A40 ratio at baseline 

were associated with a faster decline in white matter integrity in a small region in the 

frontal lobe. Taken together, the cross-sectional and longitudinal findings suggest that 

A42 is not a robust driver of future white matter damage but may reflect active white 

matter damage. It is also possible that individuals with higher levels of cerebral A42 

develop additional pathologies over time190 more likely to damage white matter, 

obscuring any direct associations between baseline CSF A42 and change in white 

matter microstructure. Future work in larger samples is needed to determine how A42 

predicts future white matter damage in the presence of multiple pathologies, including 

phosphorylated tau190 or TAR DNA binding protein 43.191 Additionally, while the 

longitudinal findings are small, associations were driven by participants with NC, rather 

than MCI. Since A42 is known to accumulate years before symptom onset,84 these 

results suggest that the effect of A42 on white matter may be most robust early in the 

disease process, prior to other pathologies or symptom onset. Of note, the CSF A42 

results and CSF A42/A40 ratio results both cross-sectionally and longitudinally 
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presented here are highly consistent with one another, further suggesting that both are 

sensitive measures of cerebral A42 burden. 

Lower baseline CSF A40 was also cross-sectionally associated with 

compromised white matter microstructure, with associations most prominent in the 

superior longitudinal fasciculus. The superior longitudinal fasciculus is a large 

association tract important for information processing192 and executive function193 that 

primarily connects the parietal and frontal lobes. In CAA, A40 is thought to deposit in 

cortical blood vessels, leading to vessel wall thickening, luminal narrowing, 

microaneurysms, and microhemorrhages.94 It is likely that this vessel damage leads to 

relative ischemia in the underlying white matter, accounting for the associations 

between CSF A40 and DTI changes reported here. Thus, white matter tracts with large 

cortical projections, including the superior longitudinal fasciculus, would be most 

vulnerable to damage due to vascular A40 deposition. Interestingly, CSF A40 cross-

sectionally interacted with APOE-4 status on DTI metrics, such that the main results 

were driven by APOE-4 carriers. This result contrasts with the cross-sectional CSF 

A42 findings, which were not moderated by APOE-4 status. While APOE-4 is 

traditionally thought to increase A deposition,185 it is also a known modifier of 

cerebrovascular health.194 APOE-4 carriers have increased blood-brain barrier 

permeability compared to non-carriers155 and are more susceptible to poor brain health 

outcomes associated with systemic vascular changes.56,153 Thus, the cortical blood 

vessels of APOE-4 carriers may be more vulnerable to the effects of A40 depositing 

in the vessel wall, leading to more severe downstream ischemia and white matter 

damage. 
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In the entire sample, baseline CSF A40 was not associated with faster decline 

in white matter integrity. However, interaction and stratified analyses revealed that 

baseline CSF A40 was associated with a faster decline in white matter integrity among 

participants with MCI and APOE-4 carriers only. Overall, the longitudinal associations 

were small, suggesting A40 is not a robust driver of white matter damage even in 

these populations, similar to the A42 results. Notably, longitudinal associations were 

most robust in the deep white matter tracts, which are thought to be most vulnerable to 

cerebrovascular disease.195 Over time, it is likely that the vascular damage caused by 

A40 deposition in the vessel wall would lead to ischemia in these areas, though it is 

somewhat surprising that results also do not localize in the white matter tracts directly 

underlying cortical regions.182 However, given the relatively small size of the clusters, 

regional conclusions must be interpreted cautiously.  

Our study has several strengths, including excellent methods for quantifying CSF 

A42 and A40, stringent quality control procedures, a longitudinal study design, and 

reliable methods for quantifying cerebral white matter microstructure. Additional 

strengths include comprehensive ascertainment of potential confounders and the 

application of cluster enhancement and cluster-wise inference to correct for multiple 

comparisons, reducing the possibility of a false positive finding. The application of a 

longitudinal voxel-wise pipeline allows for the robust and comprehensive assessment of 

the trajectory of white matter damage throughout the entire brain. Finally, core 

laboratories using quality control procedures analyzed all MRI and CSF measurements 

in batch, and technicians were blinded to clinical information. Despite these strengths, 

there are limitations, inclduing the observational design and the predominantly White, 
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well-educated, and relatively healthy sample, limiting generalizability. Additionally, CSF 

measures of A42 and A40 cannot provide information about the anatomic location of 

A accumulation. Studies using brain positron emission tomography are needed to 

determine if A accumulation and associated white matter damage are in the same 

location. Additionally, many of the longitudinal effects reported here are small, possible 

due to the small sample size. Larger studies are needed to further characterize 

longitudinal associations. 

 In summary, we found robust cross-sectional associations between CSF 

measures of A42 and A40 and compromised white matter microstructure. A lower 

level of CSF A42 was associated with compromised white matter microstructure 

primarily in the frontal and temporal lobes, whereas a lower level of CSF A40 was 

associated with compromised white matter microstructure primarily in the frontal and 

parietal lobes. Results suggest that A42 may directly damage oligodendrocytes in 

regions that correspond to amyloid plaque burden, and A40 may lead to white matter 

damage perfused by the vessels it deposits in. Neither A42 nor A40 were robust 

drivers of white matter damage over time. Taken together, our results suggest that CSF 

markers of amyloidosis may reflect active white matter damage in regions where 

amyloid accumulates but are not good predictors of future white matter damage. 
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CHAPTER 4 

 

THE EFFECTS OF PHOSPHORYLATED TAU AND NEURODEGENERATION ON 

WHITE MATTER INTEGRITY 

 

Portions of this chapter are published under the title “Neurofilament Relates to White 

Matter Microstructure in Older Adults” in Neurobiology of Aging 

 

Introduction 

Tau tangles are the second primary neuropathology that accumulates in 

Alzheimer’s disease (AD), composed of hyperphosphorylated tau. Tau is an axonal 

protein that normally undergoes phosphorylation and dephosphorylation to stabilize 

microtubules, facilitating efficient transport across the axon.6 However, in AD, tau 

becomes hyperphosphorylated, aggregates, and forms intracellular tau tangles that 

disrupt the axon and eventually cause neuronal dysfunction and death. Tau 

hyperphosphorylation in AD, which can be measured in vivo by an increase in 

cerebrospinal fluid (CSF) phosphorylated tau (p-tau), typically begins in the medial 

temporal lobe3 and spreads through the axons of connecting neurons.7 Since tau is an 

axonal protein and tangles propagate through adjacent white matter tracts, p-tau has 

emerged as one potential etiology of white matter damage in AD.  

Basic science evidence suggests that hyperphosphorylated tau is mis-localized 

within the cell, leading to disruption in transport and axonal growth.105 This process 

leads to axonal injury and hinders the transport of key nutrients to surrounding 
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oligodendrocytes,108 further damaging the white matter. Additionally, human data 

suggest that tau deposition is cross-sectionally associated with white matter damage in 

the temporal lobe,97 and individuals with a high tau burden have white matter changes 

in the hippocampus and entorhinal cortex.99 Finally, the integrity of temporal lobe white 

matter tracts predicts future tau propagation,196 further suggesting that white matter 

health and tau phosphorylation are linked. However, it is unknown if p-tau predicts 

future white matter damage, particularly throughout the medial temporal lobe where p-

tau is known to first evolve in AD.3 

An alternative etiology of white matter damage in AD is Wallerian degeneration 

due to concurrent neurodegeneration. Wallerian degeneration is the process by which 

damage to cell bodies in the grey matter leads to progressive damage of associated 

axons.109 Traditionally, white matter injury in AD was thought to only be due to 

neurodegeneration, and in vivo molecular biomarkers of neurodegeneration (CSF total 

tau (t-tau))197 and neuroaxonal injury81 (CSF neurofilament light (NFL)) have been 

cross-sectionally associated with white matter damage. While some data suggest that 

p-tau affects white matter early in the disease process,25 prior to neurodegeneration, it 

is possible that associations between p-tau and white matter damage are partially due 

to the simultaneous effects of p-tau on grey matter. To better understand these 

competing etiologies of white matter damage in AD and what white matter damage may 

be specific to AD pathology, it is necessary to determine where general markers of 

neurodegeneration predict future white matter damage and if the contributions of p-tau, 

t-tau, and NFL to white matter damage are independent. 
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The aim of the present chapter was to examine if CSF markers of p-tau, 

neurodegeneration (t-tau), and neuroaxonal injury (NFL) relate to white matter integrity, 

assessed by diffusion tensor imaging (DTI), among older adults free of clinical stroke 

and dementia, and determine if associations between p-tau and white matter integrity 

are independent of general neurodegeneration. We hypothesized that higher levels of 

CSF p-tau, t-tau, and NFL would relate to compromised white matter microstructure at 

baseline and a faster decline in white matter microstructural integrity over time. We 

hypothesized that p-tau would have the largest, independent effect in the medial 

temporal lobe, where tau tangles first develop,3 but t-tau and NFL would not be 

regionally specific. Since p-tau and neurodegeneration are more prevalent in individuals 

with mild cognitive impairment (MCI)198 and apolipoprotein E (APOE) 4 carriers199 

compared to individuals with normal cognition (NC) and APOE-4 non-carriers, we also 

investigated whether associations were modified by cognitive diagnosis (NC versus 

MCI) or APOE-4 status. We hypothesized that associations would be stronger among 

participants with MCI and APOE-4 positive participants. 

 

Methods 

For details about study cohort, brain magnetic resonance imaging (MRI) 

acquisition and post-processing, and covariates, please refer to the Methods in Chapter 

2 (pages 27-33).  

 

Lumbar Puncture & Biochemical Analysis 
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For details about the lumbar puncture acquisition, please refer to the Methods in 

Chapter 2 (pages 29-30). Commercially available enzyme-linked immunosorbent 

assays (Fujirebio, Ghent, Belgium) were used to measure CSF concentrations of p-tau 

(INNOTEST® PHOSPHO-TAU(181P)), and t-tau (INNOTEST® hTAU). An additional 

commercially available enzyme-linked immunosorbent assay was used to measure CSF 

NFL concentrations (UmanDiagnostics, Umeå, Sweden). Board certified laboratory 

technicians processed data blinded to clinical information.186 Intra-assay coefficients of 

variation were <10%. 

 

Analytical Plan 

For cross-sectional analyses, voxel-wise linear regressions were conducted 

using the FSL randomise143 procedure with 5000 permutations. General linear models 

using permutation testing related CSF p-tau, CSF t-tau and CSF NFL to fractional 

anisotropy (FA), mean diffusivity, radial diffusivity, and axial diffusivity, adjusting for 

baseline age, sex, education, race/ethnicity, FSRP (excluding points assigned to age), 

cognitive diagnosis, APOE-4 status (one predictor per model). Multiple comparison 

correction was performed using the established cluster enhancement permutation 

procedure in FSL.144 

For longitudinal analyses, voxel-wise linear mixed effects models with random 

intercepts and slopes and a follow-up time interaction related baseline CSF p-tau, CSF 

t-tau and CSF NFL to DTI metric trajectory. Models adjusted for identical covariates as 

cross-sectional analyses, plus follow-up time. Cluster-wise inference145 was used to 

identify clusters of results and spatially correct the output images. Clusters were further 
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corrected for multiple comparisons using a family-wise error rate of =0.05. For each 

DTI metric that related to CSF p-tau and >1 additional CSF biomarker, a combined 

linear mixed effects model was performed including all statistically significant CSF 

biomarkers for the DTI metric (with identical covariates) to determine whether p-tau 

represented a common or unique pathologic pathway to white matter damage. 

All cross-sectional and longitudinal models were repeated with predictor x 

cognitive diagnosis (excluding individuals with early MCI due to the small sample size) 

and predictor x APOE-4 status interactions. Models were subsequently stratified by 

cognitive diagnosis (NC, MCI) and APOE-4 status (positive or negative). Parametric 

estimates of statistically significant associations were calculated in R version 3.6.0 

(www.r-project.org) using least squares regression for illustration and interpretation 

purposes. Sensitivity analyses were also performed in R, excluding participants with 

predictor or outcome variables ±4 standard deviations from the group mean. 

Significance was set a priori at p<0.05. 

 

Results 

Participant Characteristics 

For the 152 participants included in these analyses (72±6 years, 67% male, 93% 

non-Hispanic White), mean follow-up time was 3.9 years. CSF p-tau concentrations 

ranged 13 to 157 pg/mL, t-tau concentrations ranged 77 to 1542 pg/mL, and NFL 

concentrations ranged 268 to 4025 pg/mL. See Table 2.6 in Chapter 2 for participant 

characteristics for the entire sample and stratified by diagnosis. 
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P-tau Analyses 

P-tau & DTI Metrics 

In the whole sample, CSF p-tau was not cross-sectionally associated with DTI 

metrics (corrected p-values>0.06). However, higher levels of baseline CSF p-tau were 

associated with faster decline in white matter integrity over time (Table 4.1, Figure 4.1). 

Specifically, higher baseline CSF p-tau was associated with a greater decline in FA over 

time primarily in the anterior corona radiata (corrected p-values<0.005). Higher baseline 

CSF p-tau was associated with a greater increase in mean, radial, and axial diffusivity 

over time, particularly in the straight gyrus, genu of the corpus callosum, and external 

capsule (corrected p-values<0.02). These associations persisted when removing 

outliers (Table 4.1). 

 

P-tau x Diagnosis Interactions & DTI Metrics 

In cross-sectional analyses, CSF p-tau did not interact with diagnosis on DTI 

metrics (corrected p-values>0.16). However, in longitudinal analyses, baseline CSF p-

tau did interact with diagnosis in two small clusters on the trajectory of axial diffusivity 

(Table 4.2, Figure 4.1) primarily in the superior parietal lobule (corrected p-

value=0.021) and anterior corona radiata (corrected p-value=0.027). Stratification 

revealed that in all clusters, associations between higher baseline CSF p-tau and faster 

decline in white matter integrity were present by participants with NC, but associations 

were reversed in participants with MCI. Clusters remained significant when removing 

outliers (Table 4.2). 
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(A) 

Figure 4.1. Baseline CSF P-tau and Longitudinal DTI Trajectory Associations. (A) Mean 

skeleton shows regions where baseline CSF p-tau is associated with a faster increase in 

mean diffusivity over time. Scatterplot shows a linear mixed effects model relating baseline 

CSF p-tau values for every participant to the slope of mean diffusivity values in one specific 

cluster. Parametric p-value and  listed only represent the cluster displayed here. Image 

taken at z=118. (B) CSF p-tau x diagnosis interaction on axial diffusivity trajectory. 

Scatterplots show interactions at one specific cluster. Parametric p-value and  listed only 

represent the cluster displayed here (=4.32x10-7, p=4.00x10-5). CSF=cerebrospinal fluid; 

DTI=diffusion tensor imaging; MCI=mild cognitive impairment; P-tau=phosphorylated tau. 

 

 

Mean skeleton shows regions where CSF A42 is associated with mean diffusivity. 

Scatterplot shows least squares regression relating CSF A42 values for every participant to 

mean diffusivity values in one specific cluster. Parametric p-value and  listed only represent 

the cluster displayed here. Image taken at z=91. A=amyloid-; CSF=cerebrospinal fluid. 
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P-tau x APOE-4 Interactions & DTI Metrics 

 In cross-sectional analyses, CSF p-tau interacted with APOE-4 status on FA 

(corrected p-values <0.05, Table 4.3, Figure 4.2) primarily in the corpus callosum, 

posterior corona radiata, and superior parietal lobule. Stratification revealed that in all 

clusters, associations between lower CSF p-tau levels and compromised white matter 

integrity were present in APOE-4 positive participants, but associations were reversed 

in APOE-4 negative participants. Associations persisted when removing outliers (Table 

4.3). In longitudinal analyses, CSF p-tau did not interact with APOE-4 status on DTI 

metric trajectory (corrected p-values>0.14).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.2. Cross-Sectional CSF P-tau x APOE-4 Status Interactions on FA. Mean 

skeleton shows regions where CSF p-tau interacts with APOE-4 status on FA. Scatterplot 

shows least squares regression relating CSF p-tau values for every participant to mean 

diffusivity values in one specific cluster. Parametric p-value and  listed only represent the 

cluster displayed here. Image taken at z=112. APOE=apolipoprotein E; CSF=cerebrospinal 

fluid; FA=fractional anisotropy; P-tau=phosphorylated tau. 
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Table 4.1. Longitudinal Region Specific CSF P-tau Associations with DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy Anterior Corona Radiata Right 132 -9.40x10-5 1.12x10-7 0.0005 20 27 23 

 Superior Corona Radiata Left 102 -9.90x10-5 4.13x10-6 0.0047 -19 -5 34 

Mean Diffusivity Straight Gyrus Left 72 1.21x10-7 3.37x10-7 0.005 -10 29 -16 

 Superior Parietal Lobule Left 63 1.02x10-7 9.01x10-6 0.014 -20 -38 39 

Radial Diffusivity Genu of the Corpus Callosum Left 73 1.13x10-7 2.00x10-6 0.0078 -16 31 23 

 Straight Gyrus Left 57 1.17x10-7 2.35x10-6 0.045 -10 29 -16 

Axial Diffusivity External Capsule Left 65 2.06x10-7 9.49x10-10 0.01 -24 18 11 

 Inferior Fronto-occipital Fasciculus Right 59 1.86x10-7 2.39x10-9 0.02 25 19 -9 

Note. Bold values indicate p-values that remain significant after excluding outliers. *parametric p-values were calculated using linear mixed effects models to relate 
baseline CSF p-tau and raw DTI values extracted from each participant skeleton; †p-value has been corrected for multiple comparisons; ‡coordinates and region 
represent the location of the minimum p-value for each cluster; CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute; P-
tau=phosphorylated tau. 

Table 4.2. Longitudinal Region Specific CSF P-tau x Diagnosis Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity -- -- -- -- -- -- -- -- -- 

Radial Diffusivity -- -- -- -- -- -- -- -- -- 
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Axial Diffusivity Superior Parietal Lobule Right 59 3.86x10-7 1.40x10-6 0.021 19 -46 40 

 Anterior Corona Radiata Left 57 4.32x10-7 4.00x10-5 0.027 -20 31 18 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 
were calculated using linear mixed effects models to relate baseline CSF p-tau and raw DTI values extracted from each participant skeleton; †p-value has been 
corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; CSF=cerebrospinal fluid; DTI=diffusion 
tensor imaging; MNI=Montreal Neurological Institute; P-tau=phosphorylated tau. 

Table 4.3. Cross-Sectional Region Specific CSF P-tau x APOE-4 Status Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy Genu of the Corpus Callosum Left 4355 0.673 2.41x10-5 0.02 -4 26 10 

 Posterior Corona Radiata Left 1944 0.706 2.62x10-5 0.038 -26 -42 23 

 Superior Parietal Lobule Right 1051 0.683 3.92x10-5 0.032 31 -33 39 

 Posterior Corona Radiata Right 907 0.589 6.98x10-4 0.046 30 -41 19 

 Cingulum Gyrus Right 471 0.683 5.59x10-5 0.045 20 -47 15 

 Splenium of the Corpus Callosum Left 112 0.585 7.12x10-4 0.046 -2 -37 10 

 Superior Temporal Gyrus Left 45 0.554 9.04x10-4 0.049 -47 -45 22 

 Anterior Corona Radiata Right 17 0.445 9.24x10-3 0.049 14 42 -15 

 Superior Longitudinal Fasciculus Left 13 0.671 1.11x10-4 0.049 -35 -27 35 

 Splenium of the Corpus Callosum Left 4 0.413 0.02 0.05 -17 -45 10 

 Splenium of the Corpus Callosum Right 2 0.380 0.03 0.05 12 -29 26 

 Cingulum Gyrus Right 2 0.293 0.11 0.05 36 -39 30 
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T-tau Analyses 

T-tau & DTI Metrics 

In the whole sample, CSF t-tau was not cross-sectionally associated with DTI metrics (corrected p-values>0.15). 

However, higher levels of baseline CSF t-tau were associated with faster decline in white matter integrity over time (Table 

4.4, Figure 4.3). Specifically, higher baseline CSF t-tau was associated with a greater decline in FA over time primarily in 

the corona radiata (corrected p-values<0.009). Higher baseline CSF t-tau was associated with a greater increase in 

mean, radial, and axial diffusivity over time, particularly in superior parietal lobule, anterior corona radiata, and medial 

orbital gyrus (corrected p-values<0.02). These associations persisted when removing outliers (Table 4.4).  

 

 

 Splenium of the Corpus Callosum Right 1 0.445 0.01 0.05 8 -39 14 

 Superior Longitudinal Fasciculus Right 1 0.276 0.13 0.05 35 -39 32 

Mean Diffusivity -- -- -- -- -- -- -- -- -- 

Radial Diffusivity -- -- -- -- -- -- -- -- -- 

Axial Diffusivity -- -- -- -- -- -- -- -- -- 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear regression models to relate baseline CSF p-tau x APOE-4 status and raw DTI values extracted from each participant skeleton; †p-
value has been corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; APOE=apolipoprotein; 
CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute; P-tau=phosphorylated tau. 
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(A) 

Figure 4.3. Baseline CSF T-tau and Longitudinal DTI Trajectory Associations. (A) Mean 

skeleton shows regions where baseline CSF t-tau is associated with a faster increase in 

mean diffusivity over time. Scatterplot shows a linear mixed effects model relating baseline 

CSF t-tau values for every participant to the slope of mean diffusivity values in one specific 

cluster. Parametric p-value and  listed only represent the cluster displayed here. Image 

taken at z=112. (B) CSF t-tau x diagnosis interaction on axial diffusivity trajectory 

(=4.68x10-8, p=3.21x10-6) and CSF t-tau x APOE-4 status interaction on radial diffusivity 

trajectory (=5.80x10-8, p=7.33x10-6). Scatterplots show interactions at one specific cluster. 

Parametric p-value and  listed only represent the cluster displayed here. 

APOE=apolipoprotein E; CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MCI=mild 

cognitive impairment; T-tau=total tau. 

 

 

Mean skeleton shows regions where CSF A42 is associated with mean diffusivity. 

Scatterplot shows least squares regression relating CSF A42 values for every participant to 
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T-tau x Diagnosis Interactions & DTI Metrics 

In cross-sectional analyses, CSF t-tau did not interact with diagnosis on DTI 

metrics (corrected p-values>0.06). However, in longitudinal analyses, baseline CSF t-

tau did interact with diagnosis in one small cluster on the trajectory of axial diffusivity 

(Table 4.5, Figure 4.3) in the superior parietal lobule (corrected p-value=0.03). 

Stratification revealed that in this cluster, the association between higher baseline CSF 

t-tau and faster decline in white matter integrity was present in participants with NC, but 

the association was null in participants with MCI. Clusters remained significant when 

removing outliers (Table 4.5). 

 

T-tau x APOE-4 Interactions & DTI Metrics 

 In cross-sectional analyses, CSF t-tau interacted with APOE-4 status on FA 

(corrected p-values<0.05, Table 4.6, Figure 4.4) primarily in the genu of the corpus 

callosum. Stratification revealed that in all clusters, associations between lower CSF t-

tau levels and compromised white matter integrity were present in APOE-4 positive 

participants, but associations were reversed in APOE-4 negative participants. 

Associations persisted when removing outliers (Table 4.6).  

In longitudinal analyses, CSF t-tau interacted with APOE-4 status in a small 

cluster on mean diffusivity (corrected p-value=0.036) and in a small cluster on radial 

diffusivity (corrected p-value=0.015, Table 4.7, Figure 4.3) in the precuneus. 

Stratification revealed that in both clusters, associations between higher baseline CSF t-

tau levels and faster decline in white matter integrity were present by APOE-4 positive 
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participants, but associations were null in APOE-4 negative participants. One cluster 

remained significant when removing outliers (Table 4.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Cross-Sectional CSF T-tau x APOE-4 Status Interactions on FA. Mean skeleton 

shows regions where CSF t-tau interacts with APOE-4 status on FA. Scatterplot shows 

least squares regression relating CSF t-tau values for every participant to mean diffusivity 

values in one specific cluster. Parametric p-value and  listed only represent the cluster 

displayed here. Image taken at z=79. APOE=apolipoprotein E; CSF=cerebrospinal fluid; 

FA=fractional anisotropy; T-tau=total tau. 
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Table 4.4. Longitudinal Region Specific CSF T-tau Associations with DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy Anterior Corona Radiata Right 121 -1.2x10-5 8.55x10-8 0.0011 20 27 23 

 Superior Corona Radiata Left 111 -1.2x10-5 1.34x10-6 0.0024 -21 -12 38 

 Anterior Corona Radiata Left 94 -1.1 x10-5 9.13 x10-7 0.0089 -22 35 10 

Mean Diffusivity Superior Parietal Lobule Left 77 1.31x10-8 1.10x10-6 0.0029 -20 -47 48 

 Medial Orbital Gyrus Left 77 1.51x10-8 2.47x10-7 0.0029 -10 29 -16 

 Superior Longitudinal Fasciculus Left 68 1.22x10-8 2.93x10-8 0.0078 -37 -40 26 

 External Capsule Right 59 1.84x10-8 2.61x10-5 0.022 31 3 12 

Radial Diffusivity Anterior Corona Radiata Left 98 1.41x10-8 3.62x10-7 0.00064 -16 31 23 

 Medial Orbital Gyrus Left 78 1.46x10-8 7.54x10-7 0.0047 -10 29 -16 

 Angular Gyrus Left 74 1.89x10-8 1.18x10-7 0.0071 -33 -54 29 

Axial Diffusivity External Capsule Left 71 2.62x10-8 4.01x10-11 0.005 -24 18 11 

 Insular Gyrus Right 61 2.59x10-8 2.89x10-6 0.016 32 -1 11 

Note. Bold values indicate p-values that remain significant after excluding outliers. *parametric p-values were calculated using linear mixed effects models to relate 
baseline CSF t-tau and raw DTI values extracted from each participant skeleton; †p-value has been corrected for multiple comparisons; ‡coordinates and region 
represent the location of the minimum p-value for each cluster; CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute; T-
tau=total tau. 

Table 4.5. Longitudinal Region Specific CSF T-tau x Diagnosis Interactions on DTI Metrics 
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Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity -- -- -- -- -- -- -- -- -- 

Radial Diffusivity -- -- -- -- -- -- -- -- -- 

Axial Diffusivity Superior Parietal Lobule Right 56 4.68x10-8 3.21x10-6 0.03 16 -40 39 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 
were calculated using linear mixed effects models to relate baseline CSF t-tau and raw DTI values extracted from each participant skeleton; †p-value has been 
corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; CSF=cerebrospinal fluid; DTI=diffusion 
tensor imaging; MNI=Montreal Neurological Institute; T-tau=total tau. 

Table 4.6. Cross-Sectional Region Specific CSF T-tau x APOE-4 Status Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy Genu of the Corpus Callosum Left 1686 0.684 1.30x10-5 0.033 -4 26 11 

 Anterior Limb of the Internal 
Capsule 

Left 64 0.754 1.24x10-5 0.046 -15 6 7 

Mean Diffusivity -- -- -- -- -- -- -- -- -- 

Radial Diffusivity -- -- -- -- -- -- -- -- -- 

Axial Diffusivity -- -- -- -- -- -- -- -- -- 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear regression models to relate baseline CSF t-tau x APOE-4 status and raw DTI values extracted from each participant skeleton; †p-
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NFL Analyses 

NFL & DTI Metrics 

In the whole sample, CSF NFL was cross-sectionally associated with DTI metrics (corrected p-values<0.05, Table 

4.8, Figure 4.5). Specifically, higher CSF NFL was associated with lower FA in internal capsule and middle frontal gyrus, 

value has been corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; APOE=apolipoprotein; 
CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute; T-tau=total tau. 

Table 4.7. Longitudinal Region Specific CSF T-tau x APOE-4 Status Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity Precuneus Right 55 5.25x10-8 0.00024 0.036 11 -48 45 

Radial Diffusivity Precuneus Right 67 5.80x10-8 7.33x10-6 0.015 11 -48 45 

Axial Diffusivity -- -- -- -- -- -- -- -- -- 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear mixed effects models to relate baseline CSF t-tau x APOE-4 status and raw DTI values extracted from each participant skeleton; †p-
value has been corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; APOE=apolipoprotein; 
CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute; T-tau=total tau. 
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and higher mean, radial, and axial diffusivity in the posterior thalamic radiation, superior frontal gyrus, and superior 

temporal gyrus. Significance persisted when removing outliers (Table 4.8). 

In longitudinal models, higher levels of baseline CSF NFL were associated with faster decline in white matter 

integrity over time (Table 4.9, Figure 4.6). Specifically, higher baseline CSF NFL was associated with a greater decline in 

FA over time primarily in the precentral gyrus and inferior frontal gyrus (corrected p-values<0.05). Higher baseline CSF 

NFL was associated with a greater increase in mean, radial, and axial diffusivity over time, particularly in the postcentral 

gyrus, lateral occipital gyrus, superior parietal lobule, and insular gyrus (corrected p-values<0.04). These associations 

persisted when removing outliers (Table 4.9). 

Table 4.8. Cross-Sectional Region Specific CSF NFL Associations with DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy Retrolenticular Part of the Internal 
Capsule 

Left 4912 -0.431 3.13x10-7 0.025 -30 -30 7 

 Striatum Right 3875 -0.465 5.50x10-9 0.01 41 -35 -12 

 Middle Frontal Gyrus Right 409 -0.381 1.58x10-5 0.038 26 28 24 

 Superior Frontal Gyrus Left 343 -0.455 8.78x10-9 0.046 -14 39 32 

Mean Diffusivity Posterior Thalamic Radiation Right 23032 0.401 5.86x10-7 0.008 38 -34 0 

 Superior Frontal Gyrus Left 17683 0.415 3.28x10-7 0.02 -15 41 30 

Radial Diffusivity Superior Temporal Gyrus Right 21444 0.391 7.67x10-7 0.008 38 -33 -1 
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 Middle Temporal Gyrus Left 17727 0.407 3.95x10-7 0.02 -39 -45 -3 

Axial Diffusivity Anterior Corona Radiata Right 33039 0.550 1.94x10-11 0.003 13 40 -16 

 Inferior Frontal Gyrus Right 158 0.485 3.30x10-8 0.047 33 25 -12 

Note. Bold values indicate p-values that remain significant after excluding outliers. *parametric p-values were calculated using linear regressions to relate baseline 
CSF NFL and raw DTI values extracted from each participant skeleton; †p-value has been corrected for multiple comparisons; ‡coordinates and region represent 
the location of the minimum p-value for each cluster; CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute; 
NFL=neurofilament light. 

Table 4.9. Longitudinal Region Specific CSF NFL Associations with DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy Precentral Gyrus Left 273 -3.90x10-6 2.91x10-8 7.21 x10-8 -16 -15 53 

 Inferior Frontal Gyrus Right 223 -4.80x10-6 4.16x10-7 1.32x10-6 27 31 0 

 Postcentral Gyrus Right 194 -3.60x10-6 1.64x10-8 7.87x10-6 19 -30 52 

 Superior Frontal Gyrus Right 182 -4.20x10-6 4.82x10-8 1.69x10-5 20 -9 45 

 Superior Parietal Lobule Right 178 -4.20x10-6 8.51x10-8 2.19x10-5 20 -47 46 

 Body of the Corpus Callosum Right 178 -4.20x10-6 4.72x10-10 2.19x10-5 16 6 32 

 Inferior Frontal Gyrus Left 128 -4.10x10-6 9.91x10-9 0.00067 -26 35 1 

 Anterior Corona Radiata Right 109 -4.40x10-6 7.35x10-6 0.0027 18 41 -7 

 Middle Frontal Gyrus Right 102 -3.80x10-6 1.05x10-9 0.0047 26 15 30 

 Superior Parietal Lobule Left 86 -4.40x10-6 7.57x10-6 0.017 -20 -53 38 

 Post limb of intern capsule Left 74 -4.60x10-6 1.25x10-5 0.046 -21 -17 0 
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Mean Diffusivity Postcentral Gyrus Left 1406 5.31x10-9 1.04x10-11 8.42 x10-39 -25 -33 42 

 Superior Parietal Lobule Right 849 5.87x10-9 1.09x10-12 6.30x10-28 28 -33 42 

 Insular Gyrus Right 707 7.38x10-9 2.59x10-12 8.39x10-25 31 -13 13 

 Middle Frontal Gyrus Left 551 5.58x10-9 2.35x10-15 4.08x10-21 -31 4 34 

 Insular Gyrus Left 404 9.00x10-9 2.28x10-13 2.38x10-14 -31 -7 11 

 Angular Gyrus Left 290 5.35x10-9 2.31x10-13 4.62x10-11 -43 -44 31 

 Middle Frontal Gyrus Left 276 7.31x10-9 1.20x10-15 1.25x10-10 -41 26 29 

 Superior Parietal Lobule Left 229 6.54x10-9 1.02x10-11 3.99x10-9 -18 -60 43 

 Inferior Frontal Gyrus Left 199 5.95x10-9 5.23x10-15 4.12x10-8 -32 39 5 

 Precentral Gyrus Right 182 5.70x10-9 5.51x10-9 1.63x10-7 28 -20 51 

 Insular gyrus Left 175 7.27x10-9 1.20x10-10 2.91x10-7 -31 7 -9 

 Body of the Corpus Callosum Right 161 6.88x10-9 1.21x10-7 9.50x10-7 15 -14 32 

 Inferior Temporal Gyrus Left 159 1.83x10-8 1.80x10-8 1.13x10-6 -33 -3 -30 

 Cingulum Bundle Left 152 6.11x10-9 7.44x10-10 2.07x10-6 -9 -24 33 

 Middle Frontal Gyrus Right 117 5.60x10-9 6.43x10-11 5.00x10-5 32 35 21 

 Superior Corona Radiata Right 111 4.92x10-9 3.60x10-6 8.89x10-5 24 -13 35 

 External Capsule Left 104 7.45x10-9 7.35x10-9 0.00018 -27 12 8 

 Lateral Occipital Gyrus Left 102 9.37x10-9 3.16x10-13 0.00022 -33 -58 28 

 Superior Frontal Gyrus Left 102 4.95x10-9 4.98x10-7 0.00022 -18 16 40 

 Middle Frontal Gyrus Left 100 5.50x10-9 2.25x10-6 0.00026 -23 23 28 

 External Capsule Right 100 5.71x10-9 1.67x10-5 0.00026 22 -10 9 
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 Inferior Frontal Gyrus Right 99 5.41x10-9 1.18x10-8 0.00029 33 6 30 

 Cerebral Peduncle Left 91 1.13x10-8 5.85x10-7 0.00066 -14 -22 -14 

 Cerebral Peduncle Left 87 9.83x10-9 4.40x10-9 0.001 -9 -22 -16 

 Midbrain Right 84 2.05x10-8 5.41x10-7 0.0014 5 -19 -9 

 Superior Frontal Gyrus Right 82 6.31x10-9 1.03x10-11 0.0017 17 24 42 

 Body of the Corpus Callosum Left 81 9.61x10-9 2.28x10-9 0.0019 -1 11 21 

 Thalamus Left 81 8.43x10-9 3.15x10-11 0.0019 -8 -18 6 

 Superior Parietal Lobule Left 77 5.38x10-9 7.34x10-7 0.0029 -20 -46 47 

 Splenium of the Corpus Callosum Left 76 9.55x10-9 1.28x10-5 0.0033 -23 -52 17 

 Posterior Limb of the Internal 
Capsule 

Left 72 7.59x10-9 2.51x10-8 0.0051 -11 -6 5 

 Retrolenticular Part of the Internal 
Capsule 

Left 70 7.67x10-9 1.91x10-8 0.0063 -27 -22 15 

 Cingulum Bundle Left 69 6.78x10-9 3.90x10-8 0.0071 -18 -41 30 

 Middle Temporal Gyrus Right 68 7.42x10-9 3.16x10-10 0.0079 50 -55 16 

 Body of the Corpus Callosum Right 66 7.91x10-9 3.94x10-7 0.01 4 -1 26 

 Posterior Limb of the Internal 
Capsule 

Right 65 1.09x10-8 1.96x10-6 0.011 10 -7 5 

 Inferior Frontal Gyrus Left 60 7.84x10-9 1.08x10-11 0.02 -35 39 16 

 Fornix Left 59 2.85x10-8 1.76x10-6 0.023 -21 -33 5 

 Postcentral Gyrus Left 58 6.66x10-9 3.27x10-10 0.025 -44 -18 32 

 Superior Frontal Gyrus Left 57 5.45x10-9 1.48x10-10 0.029 -16 -15 53 

 Superior Parietal Lobule Left 56 6.30x10-9 5.57x10-7 0.032 -19 -52 35 
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 Angular Gyrus Left 55 5.99x10-9 1.15x10-9 0.036 -30 -54 34 

 Inferior Frontal Gyrus Right 55 4.78x10-9 1.92x10-8 0.036 38 32 12 

 Poster Limb of the Internal Capsule Left 54 4.89x10-9 6.14x10-6 0.041 -23 -9 14 

 Inferior Frontal Gyrus Right 54 5.80x10-9 6.71x10-7 0.041 29 28 -10 

Radial Diffusivity Lateral Occipital Gyrus Left 2082 5.77x10-9 2.79x10-15 9.01x10-48 -33 -58 28 

 Superior Parietal Lobule Right 1714 5.90x10-9 2.46x10-13 4.74x10-42 20 -47 46 

 Insular Gyrus Right 1107 7.46x10-9 3.09x10-12 1.33x10-31 31 -13 13 

 Precuneus Left 451 6.74x10-9 3.47x10-10 9.33x10-15 -18 -52 28 

 Precentral Gyrus Left 440 5.83x10-9 2.00x10-14 1.75x10-14 -35 1 30 

 Insular Gyrus Left 414 9.01x10-9 7.53x10-12 8.13x10-14 -32 -7 8 

 Inferior Fronto-Occipital Fasciculus Left 321 6.08x10-9 1.16x10-14 2.57x10-11 -18 21 -7 

 Middle Frontal Gyrus Left 291 7.30x10-9 1.31x10-13 1.85x10-10 -41 26 29 

 Middle Temporal Gyrus Left 278 1.39 x10-8 1.40x10-9 4.43x10-10 -40 1 -26 

 Superior Frontal Gyrus Left 229 5.39x10-9 8.13x10-8 1.37x10-8 -17 10 47 

 Retrolenticular Part of the Internal 
Capsule 

Left 207 6.26x10-9 3.11x10-8 6.92x10-8 -27 -27 10 

 Inferior Fronto-Occipital Fasciculus Left 200 7.55x10-9 3.94x10-8 1.17x10-7 -30 6 -9 

 Superior Parietal Lobule Left 163 6.33x10-9 1.19x10-8 2.12x10-6 -20 -45 46 

 External Capsule Left 141 7.49x10-9 2.45x10-8 1.32x10-5 -27 17 2 

 Cerebral Peduncle Left 139 9.77x10-9 8.33x10-8 1.57x10-5 -13 -25 -15 

 Middle Frontal Gyrus Left 138 5.62x10-9 1.11x10-6 1.71x10-5 -23 23 28 

 Body of the Corpus Callosum Left 133 9.21x10-9 2.76x10-9 2.62x10-5 -3 14 20 
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 Cingulum Bundle Left 126 6.28x10-9 9.49x10-10 4.84x10-5 -8 -16 34 

 Posterior Limb of the Internal 
Capsule 

Right 117 1.39x10-8 3.54x10-10 0.00011 11 -6 6 

 Middle Frontal Gyrus Right 114 4.74x10-9 1.36x10-6 0.00014 19 -3 47 

 Precentral Gyrus Left 112 5.73x10-9 7.51x10-10 0.00017 -39 2 22 

 Body of the Corpus Callosum Left 103 8.96x10-9 1.81x10-9 0.00040 -4 -14 26 

 Middle Frontal Gyrus Left 102 6.38x10-9 1.18x10-11 0.00043 -31 4 34 

 Middle Frontal Gyrus Right 97 6.13x10-9 3.90x10-10 0.00070 30 33 22 

 Middle Temporal Gyrus Left 90 9.19x10-9 2.34x10-10 0.0014 -51 -11 -22 

 Inferior Frontal Gyrus Right 89 5.54x10-9 1.16x10-8 0.0015 33 5 28 

 Middle Frontal Gyrus Left 87 5.23x10-9 9.02x10-7 0.0019 -22 43 14 

 Superior Frontal Gyrus Right 85 5.85x10-9 6.98x10-10 0.0023 16 22 46 

 Body of the Corpus Callosum Right 82 6.08x10-9 1.87x10-7 0.0031 16 23 26 

 Midbrain Right 74 2.12x10-8 2.34x10-6 0.0071 5 -19 -9 

 Midbrain Left 66 7.54x10-9 1.02x10-6 0.017 -3 -23 -12 

 Superior Occipital Gyrus Right 65 6.19x10-9 3.91x10-6 0.019 23 -52 24 

 Splenium of the Corpus Callosum Left 64 6.87x10-9 3.67x10-8 0.021 -20 -38 30 

 Posterior Corona Radiata Left 64 6.31x10-9 9.83x10-6 0.021 -24 -39 35 

 Precuneus Right 64 6.99x10-9 2.85x10-5 0.021 28 -55 20 

 Angular Gyrus Right 61 8.63x10-9 2.84x10-16 0.029 38 -60 40 

 Superior Parietal Lobule Left 61 6.42x10-9 5.10x10-8 0.029 -24 -47 39 
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 Posterior Limb of the Internal 
Capsule 

Left 59 6.99x10-9 1.32x10-6 0.036 -11 -6 5 

 Posterior Limb of the Internal 
Capsule 

Right 58 5.69x10-9 2.25x10-4 0.040 24 -14 10 

Axial Diffusivity External Capsule Left 187 1.24x10-8 1.16x10-15 9.01x10-8 -33 -4 3 

 Inferior Frontal Gyrus Left 153 8.48x10-9 5.23x10-12 1.61x10-6 -33 3 31 

 Superior Corona Radiata Right 70 1.27x10-8 2.61x10-9 0.0058 17 -6 37 

 Cerebral Peduncle Left 69 1.46x10-8 4.08x10-10 0.0065 -7 -21 -16 

 Superior Corona Radiata Left 69 9.16x10-9 7.27x10-6 0.0065 -24 -9 31 

 Superior Longitudinal Fasciculus Right 65 8.14x10-6 3.36x10-7 0.010 29 -27 40 

 Inferior Temporal Gyrus Left 63 2.53x10-8 5.42x10-8 0.013 -33 -4 -30 

 Thalamus Left 61 3.10x10-8 1.04x10-6 0.016 -21 -33 5 

Note. Bold values indicate p-values that remain significant after excluding outliers. *parametric p-values were calculated using linear mixed effects models to relate 
baseline CSF NFL and raw DTI values extracted from each participant skeleton; †p-value has been corrected for multiple comparisons; ‡coordinates and region 
represent the location of the minimum p-value for each cluster; CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute; 
NFL=neurofilament light. 

Table 4.10. Cross-Sectional Region Specific CSF NFL x Diagnosis Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity -- -- -- -- -- -- -- -- -- 

Radial Diffusivity -- -- -- -- -- -- -- -- -- 



 133 

Axial Diffusivity Posterior Limb of the Internal 
Capsule 

Left 874 1.106 1.28x10-10 0.038 -27 -21 16 

 Inferior Temporal Gyrus Left 36 0.867 1.01x10-6 0.045 -49 -25 -20 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 
were calculated using linear regression models to relate baseline CSF p-tau x diagnosis and raw DTI values extracted from each participant skeleton; †p-value has 
been corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; CSF=cerebrospinal fluid; 
DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute; NFL=neurofilament light. 
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NFL x Diagnosis Interactions & DTI Metrics 

In cross-sectional analyses, CSF NFL interacted with diagnosis on axial 

diffusivity in two small clusters in internal capsule and inferior temporal gyrus (corrected 

p-values<0.05, Table 4.10, Figure 4.5). Stratification revealed that in all clusters, 

associations between higher levels of CSF NFL and compromised white matter integrity 

were present in participants with MCI, but associations were null in participants with NC. 

Associations remained significant when removing outliers (Table 4.10). 

In longitudinal analyses, baseline CSF NFL interacted with diagnosis on all 4 DTI 

metrics (corrected p-values<0.05, Table 4.11, Figure 4.6). Specifically, CSF NFL 

interacted with diagnosis on FA primarily in the superior corona radiata, on mean 

diffusivity primarily in the postcentral gyrus, on radial diffusivity primarily in the 

postcentral gyrus, and axial diffusivity in the inferior temporal gyrus. Stratification 

revealed that in all clusters, associations between higher baseline CSF NFL and faster 

decline in white matter integrity were present in participants with MCI, but associations 

were null in participants with NC. Clusters remained significant when removing outliers 

(Table 4.11). 
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Figure 4.5. Cross-sectional CSF NFL and DTI Metric Associations. (A) Mean skeleton 

shows regions where baseline CSF NFL is associated with mean diffusivity over time. 

Scatterplot shows a linear regression model relating baseline CSF NFL values for every 

participant to mean diffusivity values in one specific cluster. Parametric p-value and  listed 

only represent the cluster displayed here. Image taken at z=94. (B) CSF NFL x diagnosis 

interaction on axial diffusivity (=1.106, p=1.28x10-10). Scatterplots show interactions at one 

specific cluster. Parametric p-value and  listed only represent the cluster displayed here. 

CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MCI=mild cognitive impairment; 

NFL=neurofilament light. 

 

 

Mean skeleton shows regions where CSF A42 is associated with mean diffusivity. 

Scatterplot shows least squares regression relating CSF A42 values for every participant to 
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Figure 4.6. Baseline CSF NFL and Longitudinal DTI Trajectory Associations. (A) Mean 

skeleton shows regions where baseline CSF NFL is associated with a faster increase in 

radial diffusivity over time. Scatterplot shows a linear mixed effects model relating baseline 

CSF NFL values for every participant to the slope of radial diffusivity values in one specific 

cluster. Parametric p-value and  listed only represent the cluster displayed here. Image 

taken at z=73. (B) CSF NFL x diagnosis interaction on radial diffusivity trajectory (=-

2.40x10-8, p=4.33x10-8) and CSF t-tau x APOE-4 status interaction on radial diffusivity 

trajectory (=2.14x10-8, p=1.02x10-21). Scatterplots show interactions at one specific cluster. 

Parametric p-value and  listed only represent the cluster displayed here. 

APOE=apolipoprotein E; CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MCI=mild 

cognitive impairment; NFL=neurofilament light. 

 

 

Mean skeleton shows regions where CSF A42 is associated with mean diffusivity. 

Scatterplot shows least squares regression relating CSF A42 values for every participant to 
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NFL x APOE-4 Interactions & DTI Metrics 

 In cross-sectional analyses, CSF NFL did not interact with APOE-4 status on DTI metrics (corrected p-

values>0.23). In longitudinal analyses, CSF NFL interacted with APOE-4 status on mean diffusivity primarily in the 

precentral gyrus (corrected p-values<0.02) on radial diffusivity primarily in the supramarginal gyrus (corrected p-

values<0.05), and on axial diffusivity primarily in the thalamus (corrected p-values<0.003, Table 4.12, Figure 4.6). 

Stratification revealed that in all clusters, associations between higher baseline CSF NFL levels and faster decline in white 

matter integrity were stronger in APOE-4 positive participants, though associations were also present in APOE-4 

negative participants. A majority of clusters remained significant when removing outliers (Table 4.12). 

 

Table 4.11. Longitudinal Region Specific CSF NFL x Diagnosis Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy Superior Corona Radiata Right 148 1.10x10-5 2.22x10-10 0.00021 17 -16 34 

 Thalamus Right 141 1.23x10-5 3.05x10-7 0.00034 10 -7 7 

 Thalamus Right 133 1.05x10-5 4.80x10-6 0.00059 22 -10 10 

 Postcentral Gyrus Right 116 8.35x10-6 8.08x10-8 0.002 22 -33 46 

 Insular Gyrus Right 77 9.00x10-6 2.65x10-7 0.042 30 10 7 

Mean Diffusivity Postcentral Gyrus Right 313 -1.10x10-8 4.00x10-8 1.04x10-11 28 -28 45 
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 Posterior Limb of the Internal 
Capsule 

Right 202 -1.20x10-8 2.02x10-5 3.51x10-8 22 -11 10 

 External Capsule Right 157 -1.10x10-8 2.69x10-7 1.43x10-6 25 23 3 

 Inferior Temporal Gyrus Left 96 -2.80x10-8 2.18x10-6 0.00041 -35 -3 -29 

 Insular Gyrus Right 84 -1.20x10-8 1.02x10-8 0.0014 24 26 -11 

 Inferior Fronto-occipital Fasciculus Right 78 -1.40x10-9 3.40x10-10 0.0027 20 21 -11 

 Posterior Limb of the Internal 
Capsule 

Right 69 -1.90x10-8 3.68x10-6 0.0074 14 -5 -3 

 Midbrain Right 66 -2.10x10-8 2.18x10-7 0.01 5 -20 -9 

 Superior Frontal Gyrus Right 63 -1.40x10-8 6.97x10-11 0.015 19 36 30 

 Superior Longitudinal Fasciculus Right 63 -8.20x10-9 0.00011 0.015 36 -14 34 

 Thalamus Right 61 -2.90x10-8 1.52x10-10 0.018 13 -21 7 

 Thalamus Right 59 -2.10x10-8 2.97x10-7 0.023 9 -6 11 

 Middle Frontal Gyrus Right 59 -1.40x10-8 2.25x10-11 0.023 33 43 16 

 Supramarginal Gyrus Right 57 -1.20x10-8 9.02x10-8 0.03 43 -39 29 

Radial Diffusivity Postcentral Gyrus Right 396 -1.20x10-8 3.89x10-9 2.82x10-13 28 -28 45 

 Inferior Frontal Gyrus Right 216 -1.20x10-8 1.40x10-6 3.97x10-8 27 32 2 

 Posterior Limb of the Internal 
Capsule 

Right 203 -1.20x10-8 4.50x10-6 1.04x10-7 22 -10 10 

 Inferior Temporal Gyrus Left 122 -2.50x10-8 1.72x10-6 7.47x10-5 -35 -4 -30 

 Inferior Fronto-occipital Fasciculus Right 101 -2.00x10-8 2.84x10-13 0.00051 18 21 -11 

 Thalamus Right 99 -2.40x10-8 4.33x10-8 0.00062 6 -3 8 

 Thalamus Right 87 -2.60x10-8 2.07x10-10 0.002 13 -21 7 
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 Inferior Frontal Gyrus Right 85 -1.20x10-8 1.96x10-8 0.0024 35 32 -4 

 External Capsule Right 81 -1.40x10-8 1.48x10-6 0.0036 28 16 5 

 Supramarginal Gyrus Right 76 -1.20x10-8 7.80x10-8 0.0061 43 -38 28 

 Insular Gyrus Right 64 -1.40x10-8 1.14x10-6 0.022 34 7 -1 

 Superior Frontal Gyrus Right 61 -1.30x10-8 3.86x10-9 0.03 19 43 24 

 Posterior Thalamic Radiation Right 58 -1.80x10-8 2.36x10-8 0.042 37 -53 -1 

 Midbrain Right 58 -2.00x10-8 3.63x10-7 0.042 5 -25 -10 

 Angular Gyrus Right 57 -1.20x10-8 9.80x10-9 0.047 33 -58 37 

Axial Diffusivity Inferior Temporal Gyrus Left 66 -3.70x10-8 2.16x10-7 9.01x10-8 -32 -4 -30 

 Postcentral Gyrus Right 53 -1.30x10-8 6.97x10-6 1.61x10-6 28 -28 45 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 
were calculated using linear mixed effects models to relate baseline CSF NFL x diagnosis and raw DTI values extracted from each participant skeleton; †p-value 
has been corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; CSF=cerebrospinal fluid; 
DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute; NFL=neurofilament light. 

Table 4.12. Longitudinal Region Specific CSF NFL x APOE-4 Status Interactions on DTI Metrics 

 
Anatomical Region Hemisphere 

Volume 
(mm3) 

Cluster Statistics Corrected 
p-value† 

MNI 
Coordinate‡ β p-value* 

Fractional Anisotropy -- -- -- -- -- -- -- -- -- 

Mean Diffusivity Precentral Gyrus Right 125 1.53x10-8 3.57x10-8 2.26x10-5 30 -9 43 

 Supramarginal Gyrus Right 118 1.75x10-8 1.98x10-12 4.38x10-5 45 -40 23 

 Thalamus Left 93 6.66x10-8 3.14x10-8 0.00052 -16 -30 5 
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 Superior Longitudinal Fasciculus Right 68 1.33x10-8 2.59x10-7 0.0077 39 -20 31 

 Thalamus Right 62 9.37x10-8 2.78x10-7 0.015 18 -30 7 

Radial Diffusivity Supramarginal Gyrus Right 280 2.14x10-8 1.02x10-21 3.62x10-10 53 -24 26 

 Precentral Gyrus Right 144 1.50x10-8 3.38x10-9 9.82x10-6 30 -15 49 

 Thalamus Left 97 5.83x10-8 7.11x10-8 0.00068 -16 -30 5 

 Thalamus Right 64 8.47x10-8 2.93x10-7 0.02 18 -29 6 

 Red Nucleus Right 59 8.16x10-8 5.92x10-9 0.035 5 -21 -8 

 Posterior Thalamic Radiation Right 59 2.47x10-8 3.05x10-9 0.035 35 -59 14 

 External Capsule Right 58 2.04x10-8 5.43x10-9 0.039 32 -3 12 

 Superior Frontal Gyrus Right 56 1.29x10-8 6.21x10-7 0.049 18 -8 50 

Axial Diffusivity Thalamus Left 85 9.36x10-8 1.32x10-9 0.0011 -19 -31 6 

 Superior Corona Radiata Left 75 -2.30x10-8 9.76x10-7 0.0033 -22 2 19 

Note. Bold values indicate p-values that remain significant after excluding outliers. Empty rows indicate no significant clusters for that metric. *parametric p-values 

were calculated using linear mixed effects models to relate baseline CSF NFL x APOE-4 and raw DTI values extracted from each participant skeleton; †p-value 
has been corrected for multiple comparisons; ‡coordinates and region represent the location of the minimum p-value for each cluster; APOE=apolipoprotein; 
CSF=cerebrospinal fluid; DTI=diffusion tensor imaging; MNI=Montreal Neurological Institute; NFL=neurofilament light. 
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Competitive Models 

 For the FA cluster in the anterior corona radiata, baseline CSF p-tau was still 

associated with faster decline in white matter integrity (p<0.001) when adjusting for CSF 

NFL. The addition of CSF p-tau to the model contributed 2.4% of variance beyond 

covariates and the addition of NFL contributed 0.44%. Together, p-tau and NFL 

contributed 3.4% of variance beyond covariates. See Table 4.13. 

For the FA cluster in the superior corona radiata, baseline CSF p-tau was still 

associated with faster decline in white matter integrity (p<0.001) when adjusting for CSF 

NFL. The addition of CSF p-tau to the model contributed 3.3% of variance beyond 

covariates and the addition of NFL contributed 3.4%. Together, p-tau and NFL 

contributed 5.2% of variance beyond covariates. See Table 4.13. 

For the mean diffusivity cluster in the straight gyrus, baseline CSF p-tau was still 

associated with faster decline in white matter integrity (p<0.001) when adjusting for CSF 

NFL. The addition of CSF p-tau to the model contributed 4.2% of variance beyond 

covariates and the addition of NFL contributed 4.2%. Together, p-tau and NFL 

contributed 6.6% of variance beyond covariates. See Table 4.13. 

For the mean diffusivity cluster in the superior parietal lobule, baseline CSF p-tau 

was still associated with faster decline in white matter integrity (p<0.001) when adjusting 

for CSF NFL. The addition of CSF p-tau to the model contributed 1.7% of variance 

beyond covariates and the addition of NFL contributed 4.6%. Together, p-tau and NFL 

contributed 6.4% of variance beyond covariates. See Table 4.13. 

For the radial diffusivity cluster in the genu of the corpus callosum, baseline CSF 

p-tau was still associated with faster decline in white matter integrity (p<0.001) when 
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adjusting for CSF NFL. The addition of CSF p-tau to the model contributed 1.4% of 

variance beyond covariates and the addition of NFL contributed 1.1%. Together, p-tau 

and NFL contributed 2.4% of variance beyond covariates. See Table 4.13. 

For the radial diffusivity cluster in the straight gyrus, baseline CSF p-tau was still 

associated with faster decline in white matter integrity (p<0.001) when adjusting for CSF 

NFL. The addition of CSF p-tau to the model contributed 2.5% of variance beyond 

covariates and the addition of NFL contributed 5.5%. Together, p-tau and NFL 

contributed 6.5% of variance beyond covariates. See Table 4.13. 

For the axial diffusivity cluster in the external capsule, baseline CSF p-tau was 

still associated with faster decline in white matter integrity (p<0.001) when adjusting for 

CSF NFL. The addition of CSF p-tau to the model contributed 2.0% of variance beyond 

covariates and the addition of NFL contributed 1.3%. Together, p-tau and NFL 

contributed 3.1% of variance beyond covariates. See Table 4.13. 

For the axial diffusivity cluster in the inferior fronto-occipital fasciculus, baseline 

CSF p-tau was still associated with faster decline in white matter integrity (p<0.001) 

when adjusting for CSF NFL. The addition of CSF p-tau to the model contributed 1.6% 

of variance beyond covariates and the addition of NFL contributed 5.4%. Together, p-

tau and NFL contributed 6.3% of variance beyond covariates. See Table 4.13. 

 

Table 4.13. Combined Models of CSF Biomarkers in Relation to Longitudinal DTI 
 β p-value R2 

FA Cluster 1     

CSF p-tau -8.70x10-5 <0.001 2.4% 

CSF NFL -1.80x10-6 0.03 0.4% 

FA Cluster 2      
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CSF p-tau -9.81x10-5 <0.001 3.3% 

CSF NFL -7.00x10-7 0.48 3.4% 

MD Cluster 1      

CSF p-tau 1.22x10-7 <0.001 4.2% 

CSF NFL 1.00x10-10 0.96 4.2% 

MD Cluster 2      

CSF p-tau 8.11x10-8 <0.001 1.7% 

CSF NFL 2.20x10-9 0.34 4.6% 

RD Cluster 1      

CSF p-tau 1.08x10-7 <0.001 1.4% 

CSF NFL 1.70x10-9 0.11 1.1% 

RD Cluster 2      

CSF p-tau 1.15x10-7 <0.001 2.5% 

CSF NFL 3.00x10-11 0.79 5.5% 

AD Cluster 1      

CSF p-tau 2.03x10-7 <0.001 2.0% 

CSF NFL 1.10x10-9 0.46 1.3% 

AD Cluster 2    

CSF p-tau 1.78x10-7 <0.001 1.6% 

CSF NFL 9.00x10-10 0.56 5.4% 

Note. Models were adjusted for baseline age, sex race/ethnicity, education, diagnosis, FSRP 

(minus age points), APOE-4 status, and follow-up time. Bolded values represent significant 
findings. APOE=apolipoprotein E; CSF =cerebrospinal fluid; DTI=diffusion tensor imaging; 
FSRP=Framingham Stroke Risk Profile; NFL=neurofilament light; P-tau=phosphorylated tau. 

 

Discussion 

 Among community-dwelling older adults free of clinical stroke and dementia, 

higher baseline levels of CSF p-tau, t-tau, and NFL related to faster decline in white 

matter integrity. The effects of CSF p-tau and CSF t-tau were greatest in the inferior 

frontal and parietal lobes, whereas the effects of CSF NFL were more widespread 

throughout the brain. All associations were more prominent in APOE-4 carriers 

compared to non-carriers, and associations between baseline NFL and faster decline in 

white matter integrity were also driven by participants with MCI. Notably, associations 
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between baseline CSF NFL and faster decline in white matter integrity were much more 

robust than the other CSF biomarkers, though the competitive models did show that 

CSF p-tau contributed unique variance to decline in white matter integrity beyond CSF 

NFL. 

 We found robust cross-sectional and longitudinal associations between higher 

levels of baseline CSF NFL and compromised white matter integrity across the entire 

brain. NFL is a protein that contributes to the structure of neurofilaments, which are 

responsible for supporting axonal integrity and neuronal transport.200 Elevated CSF NFL 

concentrations may reflect structural or metabolic changes in axons due to a variety of 

causes, such as cerebral inflammation,201 subclinical neural trauma,202 and 

neurodegenerative disease.203 As mechanical damage disrupts the integrity of the 

axonal membrane, neurofilaments enter the CSF, resulting in increased CSF NFL 

levels.204 In addition, chemical changes, such as calcium dysregulation or increased 

intra-axonal calcium concentration, may lead to neurofilament disruption and 

compaction. These chemical changes may promote the movement of neurofilaments 

into the CSF when mechanical damage is present.205 Thus, CSF NFL concentrations 

cross-sectionally indicate global neuroaxonal damage that is also reflected in imaging 

measures sensitive to white matter microstructure.  

Further, the longitudinal results suggest that neuroaxonal injury is an important 

driver of white matter damage in normal aging and individuals at risk for AD. In 

longitudinal models, baseline CSF NFL interacted with diagnosis and APOE-4 status, 

such that associations with faster decline in white matter integrity were driven by 

participants with MCI and APOE-4 carriers. CSF NFL concentrations are higher in 
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individuals with MCI,206 likely due to the multiple neuropathologies present in these 

individuals affecting neuroaxonal health. Further, these neuropathologies, such as A89 

or vascular disease,207 may contribute to oligodendrocyte damage, possibly rendering 

the axon more susceptible. While APOE-4 carriers have not been reported to have 

higher levels of CSF NFL,208 APOE-4 is less efficient at transporting and recycling 

cholesterol than other APOE alleles, resulting in less remyelination in APOE-4 carriers 

when the white matter is injured.158 Therefore, APOE-4 carriers are likely more 

susceptible to the effects of neuroaxonal injury. Overall, results suggest that CSF NFL 

may be a useful marker of active and future white matter damage, especially those at 

risk for AD. Future studies should examine how plasma measures of NFL may be used 

as a prognostic marker of white matter injury. 

Notably, associations between NFL and white matter integrity were global, 

across the entire brain (Figure 4.5 and Figure 4.6). The lack of regional specificity is 

possibly due to the range of underlying pathologies leading to neuroaxonal injury. For 

example, NFL is elevated in multiple neurodegenerative conditions, including AD,206 

frontotemporal dementia,209 multiple sclerosis,210 traumatic brain injury,211 and stroke.212 

Thus, it is possible that vascular disease is driving increased NFL in watershed 

regions,57 whereas AD pathology is driving increased NFL in frontal and temporal 

lobes.3 Additional analyses in other populations are needed to determine if different 

etiologies of neuroaxonal injury lead to white matter damage in specific regions. 

 We also found associations between higher levels of baseline CSF p-tau and 

faster decline in white matter integrity, though associations were in fewer clusters 

compared to baseline NFL. P-tau likely leads to white matter damage through axonal 
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injury. Tau is a normal axonal protein that functions to stabilize microtubules and 

support transport through the axon.6 However, hyperphosphorylation destabilizes tau, 

leading to tau accumulation in dendrites and axon destabilization,105 which can be 

detected as changes on DTI. Interestingly, associations did not localize to the medial 

temporal lobe, as we hypothesized, where p-tau first accumulates in AD.3 As seen in 

Table 4.1, higher baseline CSF p-tau was associated with faster decline in white matter 

integrity primarily in frontal and parietal lobe regions, including the superior and anterior 

corona radiata, the straight gyrus, the genu of the corpus callosum, and the superior 

parietal lobule. The lack of localization to the medial temporal lobe suggests that 

associations may not be due to p-tau directly but could be due to neurodegenerative 

processes that are caused by p-tau accumulation. This hypothesis is supported by the 

associations reported here between baseline CSF t-tau and faster decline in white 

matter microstructure. The locations of these associations were consistent with the 

longitudinal p-tau associations (Table 4.4), including the anterior corona radiata, 

superior corona radial, superior parietal lobule, and other frontal lobe regions (medial 

orbital gyrus). It is possible that that the frontal lobe findings are due to age-related 

vulnerability of frontal lobe white matter. Demyelination in aging normally begins in the 

frontal lobe,213 possibly increasing the susceptibility of these axons to 

neurodegeneration and lowering the threshold of damage needed to detect DTI 

changes. Additionally, the effects in the parietal lobe overlap with regions contributing to 

the default mode network. The default mode network is a large-scale network that is 

active while the brain is “at rest”. Default mode network disruption has previously been 

implicated in AD,214 as the network is thought to experience hypometabolism,215 is a site 
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of amyloid accumulation,216 and most recently has been identified as a site of tau 

accumulation.217 Tau accumulation in these regions may contribute to the association 

with white matter damage reported here. Future studies using brain positron emission 

tomography are needed to determine if tau accumulation co-localizes with regions of 

white matter damage. Regardless of underlying mechanism, competitive models 

including both baseline p-tau and NFL revealed that p-tau and NFL contributed to 

unique variance in the decline of white matter integrity in specific clusters. Thus, while 

p-tau may not be a robust driver of white matter damage, our results suggest that small 

areas of white matter damage may be specific to AD pathology. 

 Additionally, we observed small diagnostic interactions between baseline CSF p-

tau and t-tau markers and longitudinal DTI metrics. Stratification revealed that 

associations between higher baseline CSF values and faster decline in white matter 

integrity in those small clusters were driven by participants with NC (Figure 4.1 and 

Figure 4.3). This finding is surprising, as we expected associations to be exacerbated in 

individuals with MCI, as they generally have a greater pathology burden. It is noteworthy 

that these small interactions only implicated axial diffusivity, not the remaining DTI 

metrics. Axial diffusivity is hypothesized to reflect axonal injury,119 and prior studies 

have suggested that it decreases in early stages of axonal damage, followed by an 

increase.218,219 This fluctuation, taken with the size of the clusters, makes the diagnostic 

interaction difficult to interpret with confidence. Replication is needed to better 

understand these findings.  

 Finally, we observed modest cross-sectional interactions with APOE-4 status, 

such that associations between higher baseline CSF p-tau or t-tau and compromised 
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white matter integrity were present in APOE-4 non-carriers only. It is possible that in a 

cross-sectional context, the independent effects that the APOE-4 allele has on white 

matter integrity220 and myelination158 skew any associations between tau and DTI 

metrics in APOE-4 carriers. Thus, the association is only observed in APOE-4 non-

carriers and not the entire sample. There was one small cluster in the precuneus where 

baseline CSF t-tau interacted with APOE-4 status, such that associations were present 

in that cluster in APOE-4 carriers only. As discussed previously, it may be that while 

the APOE-4 allele obscures cross-sectional associations, it possibly renders white 

matter less able to remyelinate after injury,158 leading to DTI changes in response to 

increased tau. However, this cluster was small, so replication is needed to clarify 

whether APOE-4 modifies associations between tau and white matter injury. 

Our study has several strengths, including stringent quality control procedures, a 

longitudinal study design, and reliable methods for quantifying cerebral white matter 

microstructure. Additional strengths include comprehensive ascertainment of potential 

confounders and the application of cluster enhancement and cluster-wise inference to 

correct for multiple comparisons, reducing the possibility of a false positive finding. The 

application of a longitudinal voxel-wise pipeline allows for the robust and comprehensive 

assessment of the trajectory of white matter damage throughout the entire brain. Finally, 

core laboratories using quality control procedures analyzed all MRI and CSF 

measurements in batch, and technicians were blinded to clinical information. Despite 

these strengths, there are limitations. Limitations include the observational design and 

the predominantly White, well-educated, and relatively healthy sample, limiting 

generalizability. Additionally, CSF markers of p-tau, neurodegeneration, and 
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neuroaxonal injury cannot provide anatomic information about where those processes 

are occurring. Future studies using tau positron emission tomography are needed to 

determine if neurodegeneration is occurring in the same region as white matter 

damage. Finally, many of the longitudinal effects reported here are small. Larger studies 

are needed to further characterize longitudinal associations. 

In summary, we found robust and novel cross-sectional and longitudinal 

associations between an in vivo biomarker of neuroaxonal injury and global 

compromised white matter integrity. Results suggest that neuroaxonal injury is a robust 

etiology of white matter injury, especially in individuals at risk for AD. These results add 

to a growing body of literature suggesting that NFL is a sensitive and potential 

prognostic marker, but not specific to one underlying pathology. More work is needed to 

understand if different etiologies of neuroaxonal injury lead to white matter damage in 

specific regions. We also found that p-tau and t-tau are weakly but independently 

associated with a faster decline in white matter damage, specifically in the frontal and 

parietal lobes. Notably, neither p-tau not t-tau were cross-sectionally associated with 

white matter integrity, suggesting that p-tau and general neurodegeneration may be 

drivers of white matter injury, but they do not reflect active white matter damage. 
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CHAPTER 5 

 

THE EFFECTS OF TRACT-SPECIFIC WHITE MATTER INTEGRITY ON COGNITIVE 

DECLINE 

 

Introduction 

Cerebral white matter allows for efficient signal propagation between neurons, so 

damage to white matter tracts is a major cause of diminished signal propagation and 

cognitive decline. However, different white matter tracts support different cognitive 

functions based on their location and the structures they connect, so damage to specific 

tracts results in deficits in specific cognitive domains. For example, deep white matter 

tracts commonly susceptible to vascular disease,24,57 including the internal capsule, 

external capsule, and subcortical projections to the cortex (corticostriatal tracts), have 

been cross-sectionally associated with information processing speed,47 executive 

functioning,47 and memory retrieval.47 Alternatively, white matter tracts thought to be 

susceptible in Alzheimer’s disease (AD), including tracts projecting to the medial 

temporal lobe,25,82 are critically important for learning and episodic memory.221 However, 

most prior research examining cognitive correlates of white matter injury rely on cross-

sectional or lesion-based studies. It is still unknown if the integrity of certain white matter 

tracts may be used as a prognostic tool to predict future domain-specific cognitive 

decline. 

It is possible that certain white matter tracts may be more potent predictors of 

cognitive decline than others. Tracts with greater anatomical connections, such as 

corticostriatal tracts, or tracts that are susceptible to multiple types of damage, such as 
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temporal lobe tracts susceptible to both vascular damage and AD pathology, may have 

a greater impact on cognitive decline than others. However, no studies to date have 

compared tract-specific contributions to cognitive decline. To optimize the prognostic 

value of white matter integrity and enhance understanding of the neurobiology driving 

cognitive decline, there is a need to understand how damage to certain tracts 

independently or synergistically contributes to cognitive trajectory. 

The aim of the present chapter was to examine how baseline white matter 

integrity in certain tracts, assessed by diffusion tensor imaging (DTI), relates to domain-

specific cognitive trajectory over time and if specific tracts explain separate or 

overlapping variance in cognitive decline. Since vascular disease is the most common 

etiology of white matter damage in older adults24 and is the most common pathology to 

co-exist with AD,11 this study focused on tracts traditionally thought to be susceptible to 

vascular disease (corticostriatal tracts)24,57 and AD pathology (tracts projecting to the 

medial temporal lobe, including the cingulum bundle, tapetum, fornix, uncinate 

fasciculus (UF), and inferior longitudinal fasciculus (ILF)).25,82 We hypothesized that 

reduced baseline integrity in corticostriatal tracts would relate to faster decline in 

information processing speed and executive function,44 and reduced baseline integrity in 

medial temporal lobe tracts would relate to faster decline in episodic memory.46 We also 

investigated whether associations were modified by cognitive diagnosis (normal 

cognition (NC) versus mild cognitive impairment (MCI)) or apolipoprotein (APOE) 4 

status, hypothesizing that associations will be stronger among participants with MCI and 

APOE-4 positive participants. 
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Methods 

For details about the study cohort and covariates, please refer to the Methods in 

Chapter 2 (pages 27-28 and page 33).  

 

Brain MRI Acquisition & Post-Processing 

For details about the brain MRI acquisition and pre-processing, please refer to 

the Methods in Chapter 2 (pages 30-32). White matter tract templates (including the 

cingulum bundle, corticostriatal tract, tapetum, fornix. UF, and ILF) were constructed 

from Human Connectome Project DTI data222 (resolution: 1.25 mm isotropic, b-values: 

0, 1000, 2000, 3000 s/mm2, 90 directions per shell) using an established approach.223 

Consistent with prior work,223-225 probabilistic tractography using default settings 

(samples: 5000, curvature threshold: 0.2, FA threshold: 0.2) was performed on 100 

individuals from the Human Connectome Project222 to create each tract. Details on 

creating the cingulum bundle,226 UF226, ILF,226 tapetum,224 fornix,227 and corticocortical 

tract225 have been published elsewhere. The tracts were then transformed into MNI 

space, averaged into a mean tract template across all participants, and thresholded 

used a novel slice-level thresholding approach described elsewhere.223 Briefly, slice 

level thresholding allows higher threshold levels compared conventional tract level 

thresholding methods, reducing the likelihood of false positives and increasing tract 

coverage. The average FA within each tract was then calculated for all Vanderbilt 

Memory and Aging Project participants. 

 

Neuropsychological Assessment 



 153 

All participants underwent a comprehensive neuropsychological assessment 

protocol at each time point assessing global cognition, language, information processing 

speed, executive function, visuospatial skills, and episodic memory. Tests included the 

Boston Naming Test,228 Animal Naming,229 WAIS-IV Coding,230 Delis-Kaplan Executive 

Function System (D-KEFS) Number Sequencing,231 D-KEFS Tower Test,231 D-KEFS 

Color-Word Inhibition,231 D-KEFS Number-Letter Switching,231 Letter Fluency (FAS),232 

Hooper Visual Organization Test (HVOT),233 Biber Figure Learning Test,234 and 

California Verbal Learning Test-II.235 Measures were carefully selected to preclude floor 

or ceiling effects and were not utilized for screening, diagnosis, or selection of 

participants for the study. To minimize multiple comparisons, composite z-scores were 

derived separately for episodic memory and executive function performances.236 

 

Analytical Plan 

Linear mixed effects models with random intercepts and slopes and a follow-up 

time interaction related baseline FA within each of the tracts (one tract per model) to 

neuropsychological trajectory. Models adjusted for baseline age, sex, race/ethnicity, 

education, FSRP (minus age points), diagnosis, APOE-4 status, and follow-up time. 

For each neuropsychological outcome that related to baseline FA in >1 tract, a 

combined linear mixed effects model was performed including all statistically significant 

tracts for the selected outcome (with identical covariates) to determine whether specific 

tracts represent a common or unique pathologic pathway to cognitive decline. 

All models were repeated with predictor x cognitive diagnosis (excluding 

individuals with early MCI due to the small sample size) and predictor x APOE-4 status 
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interactions. Models were subsequently stratified by cognitive diagnosis (NC, MCI) and 

APOE-4 status (positive or negative).  

To determine if outliers were driving the results, additional models were 

calculated excluding predictor or outcome values >4 standard deviations from the group 

mean. Significance was set a priori at p<0.05 and analyses were conducted using R 

3.6.2. 

 

Results 

Participant Characteristics 

For the 323 participants included (73±7years, 59% male, 87% non-Hispanic 

White), the mean follow-up time was 4.5±1.2 years. See Table 5.1 for participant 

characteristics stratified by diagnosis.  
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White Matter Microstructure & Longitudinal Cognition 

In the entire sample, lower baseline FA in the cingulum bundle, tapetum, fornix, 

UF, and ILF was associated with faster decline in all cognitive domains (Table 5.2, 

Figure 5.1). Specifically, lower baseline FA in the cingulum bundle was associated with 

Table 5.1. Participant Characteristics for Cognition Sample 

 
Total 
n=323 

NC 
n=168 

eMCI 
n=27 

MCI 
n=128 

p-value 

Demographic & Health Characteristics 

Age, years 73±7 72±7 73±6 73±8 0.71 

Sex, % male 59 58 74 56 0.22 

 Race, % White non-Hispanic 87 87 85 87 0.97 

 Education, years 16±3 16±3 16±3 15±3 <0.001‡ 

 APOE-4, % carrier 35 29 22 45 0.008‡ 

 Framingham Stroke Risk Profile, total* 13±4 12±4 14±3 13±4 0.052 

Systolic blood pressure, mmHg 143±18 140±17 150±18 145±19 0.003†‡ 

Anti-hypertensive medication usage, % 54 53 56 55 0.94 

Diabetes, % 18 16 22 19 0.68 

Current Cigarette Smoking, % 2 2 4 3 0.70 

Prevalent CVD, % 5 6 4 3 0.50 

Atrial fibrillation, % 7 6 11 7 0.61 

Left ventricular hypertrophy, % 4 3 4 6 0.39 

Mean follow-up time, years 4.5±1.2 4.8±0.9 4.2±1.2 4.2±1.4 <0.001† 

 Cognition 

Boston naming test 27±3 28±2 27±2 25±4 <0.001†‡ 

Animal naming 19±5 21±5 19±3 16±5 <0.001§‡ 

WAIS-IV coding 53±13 57±12 53±11 47±12 <0.001§‡ 

D-KEFS number sequencing test 43±21 36±13 42±13 52±26 <0.001†‡ 

Executive composite 0.01±0.89 0.44±0.62 0.17±0.42 -0.58±0.95 <0.001§†‡ 

Hooper visual organization test 24±3 25±3 25±2 23±4 <0.001‡ 

Memory composite -0.01±0.96 0.57±0.72 -0.06±0.76 -0.74±0.75 <0.001§†‡ 

Note. Values presented as mean±standard deviation or frequency. *a modified score was included in models 
excluding points for age (6±3). †eMCI different than NC. ‡NC different from MCI. §eMCI different than MCI. 
APOE=apolipoprotein E; CVD=cardiovascular disease; D-KEFS=Delis-Kaplan Executive Function System; 
eMCI=early mild cognitive impairment; NC= normal cognition; MCI=mild cognitive impairment; WAIS=Wechsler 
Adult Intelligence Scale. 
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faster decline in the Boston Naming Test (=9.48, p<0.001), Animal Naming (=10.17, 

p=0.002), Coding (=20.02, p=0.002), D-KEFS Number Sequencing (=-51.63, 

p=0.001), executive function composite (=2.05, p<0.001), HVOT (=6.73, p<0.003), 

and episodic memory composite (=2.62, p<0.001). Lower baseline FA in the tapetum 

was associated with faster decline in the Boston Naming Test (=5.99, p=0.004), 

Animal Naming (=6.67, p=0.01), Coding (=14.01, p=0.01), D-KEFS Number 

Sequencing (=-40.51, p=0.001), executive function composite (=1.31, p=0.001), 

HVOT (=4.15, p=0.03), and episodic memory composite (=1.44, p<0.001). Lower 

baseline FA in the fornix was associated with faster decline in the Boston Naming Test 

(=3.60, p=0.02), Animal Naming (=4.57, p=0.02), Coding (=10.41, p=0.01), D-KEFS 

Number Sequencing (=-40.86, p<0.001), executive function composite (=0.99, 

p=0.001), HVOT (=3.57, p=0.01), and episodic memory composite (=1.19 p<0.001). 

Lower baseline FA in the UF was associated with faster decline in the Boston Naming 

Test (=10.89, p<0.001), Animal Naming (=10.81, p=0.003), Coding (=28.96, 

p<0.001), D-KEFS Number Sequencing (=-65.49, p<0.001), executive function 

composite (=2.10, p<0.001), HVOT (=7.86, p=0.003), and episodic memory 

composite (=2.96 p<0.001). Finally, lower baseline FA in the ILF was associated with 

faster decline in the Boston Naming Test (=7.09, p=0.001), Animal Naming (=8.89, 

p=0.001), Coding (=16.34, p=0.004), D-KEFS Number Sequencing (=-44.01, 

p=0.001), executive function composite (=1.67, p<0.001), HVOT (=5.34, p=0.01), and 

episodic memory composite (=1.79 p<0.001). 

Lower baseline FA in the corticostriatal tract was only associated with faster 
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decline in the episodic memory composite (=1.01, p=0.03). Baseline FA in this tract was unrelated to trajectory of all 

other cognitive domains (p-values>0.11). All associations except baseline FA in the ILF and tapetum and D-KEFS number 

sequencing trajectory remained significant after removing outliers (Table 5.2). 

 

Table 5.2. FA Associations with Longitudinal Cognition 

  
Boston Naming 

Test 
Animal Naming WAIS-IV Coding 

D-KEFS Number 
Sequencing Test 

Executive 
Composite 

Hooper Visual 
Organization Test 

Memory 
Composite 

  β p-value β p-value β p-value β p-value β p-value β p-value β p-value 

Cingulum Bundle 9.48 <0.001* 10.17 0.002* 20.02 0.002* -51.63 0.001* 2.05 <0.001* 6.73 0.003* 2.62 <0.001* 

Corticostriatal Tract 3.15 0.18 3.49 0.24 6.70 0.26 -20.41 0.13 0.74 0.11 2.90 0.17 1.01 0.03* 

Tapetum  5.99 0.004* 6.67 0.01* 14.01 0.01* -40.51 0.001 1.31 0.001* 4.15 0.03* 1.44 <0.001* 

Fornix  3.60 0.02* 4.57 0.02* 10.41 0.01* -40.86 <0.001* 0.99 0.001* 3.57 0.01* 1.19 <0.001* 

UF 10.89 <0.001* 10.81 0.003* 28.96 <0.001* -65.49 <0.001* 2.10 <0.001* 7.86 0.003* 2.96 <0.001* 

ILF 7.09 0.001* 8.89 0.001* 16.34 0.004* -44.01 0.001 1.67 <0.001* 5.34 0.01* 1.79 <0.001* 

Note. Analyses performed on n=323 participants. Models were adjusted for baseline age, sex race/ethnicity, education, diagnosis, FSRP (minus age points), APOE-4 status, and 
follow-up time. Bolded values represent significant findings. *p-value remains significant after outlier removal. APOE=apolipoprotein E; DKEFS=Delis-Kaplan Executive Function 
System; FSRP=Framingham Stroke Risk Profile; ILF=inferior longitudinal fasciculus; UF=uncinate fasciculus; WAIS=Wechsler Adult Intelligence Scale. 
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Figure 5.1. Baseline FA associations with longitudinal memory performance. Lower baseline FA 

in the cingulum bundle (=2.62, p<0.001), corticostriatal tract (=1.01, p=0.03), tapetum 

(=1.44, p<0.001), fornix (=1.19, p<0.001), UF (=2.96, p<0.001), and ILF (=1.79, p<0.001) is 

associated with faster decline in the memory composite. Models were adjusted for baseline age, 

sex, race/ethnicity, education, diagnosis, APOE-4 status, modified Framingham Stroke Risk 

Profile, and follow-up time. APOE=apolipoprotein; FA=fractional anisotropy; ILF=inferior 

longitudinal fasciculus; UF=uncinate fasciculus. 
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White Matter Tracts as Competing Predictors of Longitudinal Cognition 

To determine whether decline in certain cognitive domains was driven by 

damage in certain tracts, combined models including all significant tract predictors for 

each cognitive domain were run (Table 5.3). For the Boston Naming Test, Animal 

Naming, executive function composite, and HVOT, no tract remained significant (p-

values>0.13). For Coding, lower baseline FA in the UF remained significantly 

associated (=38.84, p=0.01) when including the cingulum bundle, tapetum, fornix, and 

ILF in the model. For D-KEFS Number Sequencing, lower baseline FA in the fornix 

remained significantly associated (=-34.57, p=0.004) when including the cingulum 

bundle, tapetum, UF, and ILF in the model. For the episodic memory composite, lower 

baseline FA in the cingulum bundle (=2.59, p=0.01) and UF (=3.23, p=0.008) 

remained significant when including the corticostriatal tract, tapetum, fornix, and ILF in 

the model. 

Table 5.3. Combined Models of White Matter Tracts in Relation to 
Longitudinal Cognition 

  β p-value 

Boston Naming Test     

   Cingulum Bundle 8.25 0.13 

   Tapetum -2.02 0.67 

   Fornix 0.27 0.89 

   UF 7.95 0.20 

   ILF -2.38 0.62 

Animal Naming     

   Cingulum bundle 4.87 0.49 

   Tapetum -4.93 0.43 

   Fornix 1.26 0.61 

   UF 3.20 0.69 

   ILF 6.66 0.29 
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WAIS-IV Coding     

   Cingulum Bundle 4.47 0.75 

   Tapetum -8.85 0.47 

   Fornix 4.28 0.38 

   UF 38.84 0.01 

   ILF -7.58 0.54 

D-KEFS Number Sequencing Test     

   Cingulum Bundle 6.86 0.84 

   Tapetum 23.96 0.43 

   Fornix -34.57 0.004 

   UF -48.01 0.22 

   ILF -9.64 0.75 

Executive Composite     

   Cingulum Bundle 1.43 0.18 

   Tapetum -0.90 0.33 

   Fornix 0.42 0.26 

   UF 0.44 0.73 

   ILF 0.76 0.44 

Hooper Visual Organization Test     

   Cingulum Bundle 5.03 0.31 

   Tapetum -2.77 0.52 

   Fornix 1.63 0.35 

   UF 5.42 0.34 

   ILF -0.95 0.83 

Memory Composite     

   Cingulum Bundle 2.59 0.01 

   Corticostriatal -0.75 0.30 

   Tapetum -1.44 0.13 

   Fornix 0.28 0.49 

   UF 3.23 0.008 

   ILF -0.63 0.50 

Note. Analyses performed on n=296 participants. Models were adjusted for 
baseline age, sex race/ethnicity, education, diagnosis, FSRP (minus age 

points), APOE-4 status, and follow-up time. Bolded values represent significant 
findings. APOE=apolipoprotein E; DKEFS=Delis-Kaplan Executive Function 
System; FSRP=Framingham Stroke Risk Profile; ILF=inferior longitudinal 
fasciculus; UF=uncinate fasciculus; WAIS=Wechsler Adult Intelligence Scale. 
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White Matter Microstructure x Diagnosis Interactions & Longitudinal Cognition 

 The cingulum bundle (=-104.28, p=0.001), tapetum (=-69.72, p=0.003), fornix 

(=-73.88, p<0.001), UF (=-117.08 p=0.001), and ILF (=-84.93, p=0.001) interacted 

with diagnosis on-D-KEFS Number Sequencing trajectory (Table 5.4). However, these 

findings were attenuated when excluding outliers (Table 5.4). In stratified models, lower 

baseline FA in the cingulum bundle (=-102.86, p=0.008), tapetum (=-65.16, p=0.02), 

fornix (=-85.61, p<0.001), UF (=130.45, p=0.003), and ILF (=-86.27, p=0.01) were 

associated with faster decline in D-KEFS Number Sequencing in participants with MCI 

only. 

 The cingulum bundle (=10.12, p=0.04), fornix (=5.82, p=0.05), UF (=11.68, 

p=0.04), and ILF (=8.56, p=0.05) also interacted with diagnosis on HVOT trajectory 

(Table 5.4). However, these findings were attenuated when excluding outliers (Table 

5.4). In stratified models, lower baseline FA in the cingulum bundle (=11.49, p=0.05), 

fornix (=6.78, p=0.04), UF (=14.06, p=0.03), and ILF (=9.93, p=0.06) were 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2. Baseline cingulum bundle FA interactions with diagnosis and APOE-4 status. 

Baseline cingulum bundle FA interacts with APOE-4 status (p=0.02) and diagnosis (p=0.04) on 
longitudinal Hooper Visual Organization Test. Associations between lower baseline FA and 

faster decline in visuospatial skills is driven by APOE-4 carriers and participants with MCI. 
APOE=apolipoprotein; FA=fractional anisotropy; MCI=mild cognitive impairment; NC=normal 
cognition. 

APOE-4 Negative 

 

FA in the Cingulum Bundle 
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associated with faster decline in HVOT in participants with MCI only (Figure 5.2). 
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Table 5.4. FA x Diagnosis Interactions on Longitudinal Cognition 

  
Boston Naming 

Test 
Animal Naming WAIS-IV Coding 

D-KEFS Number 
Sequencing Test 

Executive 
Composite 

Hooper Visual 
Organization Test 

Memory 
Composite 

  β p-value β p-value β p-value β p-value β p-value β p-value β p-value 

Cingulum Bundle 7.19 0.17 -2.79 0.67 10.46 0.43 -104.28 0.001 1.80 0.08 10.12 0.04 0.45 0.65 

Corticostriatal Tract 1.68 0.74 -5.72 0.35 2.60 0.84 -36.02 0.20 0.55 0.59 5.51 0.24 0.76 0.43 

Tapetum  2.23 0.60 -4.41 0.40 3.00 0.78 -69.72 0.003 0.84 0.33 4.29 0.28 -0.25 0.76 

Fornix  3.58 0.25 -2.75 0.47 6.08 0.44 -73.88 <0.001 0.90 0.14 5.82 0.05 0.05 0.93 

UF 9.28 0.12 -2.04 0.79 15.51 0.31 -117.08 0.001 1.44 0.24 11.68 0.04 0.29 0.80 

ILF 5.28 0.25 -3.28 0.56 14.94 0.20 -84.93 0.001 1.18 0.19 8.56 0.05 0.63 0.46 

Note. Analyses performed on n=296 participants. Models were adjusted for baseline age, sex race/ethnicity, education, diagnosis, FSRP (minus age points), APOE-4 status, and 
follow-up time. Bolded values represent significant findings. *p-value remains significant after outlier removal. APOE=apolipoprotein E; DKEFS=Delis-Kaplan Executive Function 
System; FSRP=Framingham Stroke Risk Profile; ILF=inferior longitudinal fasciculus; UF=uncinate fasciculus; WAIS=Wechsler Adult Intelligence Scale. 

 

White Matter Microstructure x APOE-4 Interactions & Longitudinal Cognition 

 The tapetum (=-11.52, p=0.03) and fornix (=-10.17, p=0.01) interacted with APOE-4 status on Animal Naming 

trajectory (Table 5.5). Associations remained significant when excluding outliers (Table 5.5). In stratified models, lower 

baseline FA in the tapetum (=-102.86, p=0.008) and fornix (=-86.27, p=0.01) were associated with faster decline in 

Animal Naming in participants with APOE-4 negative participants only.  

 The UF (=35.58, p=0.02) interacted with APOE-4 status on Coding trajectory (Table 5.5). This association 
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remained significant when excluding outliers (Table 5.5). In stratified models, lower baseline FA in the UF was associated 

with faster decline in HVOT in APOE-4 positive (=56.29, p=0.002) and APOE-4 negative participants (=16.27, 

p=0.01), but associations were stronger in APOE-4 positive participants. 

 The cingulum bundle (=10.89, p=0.02) and ILF (=10.02, p=0.01) interacted with APOE-4 status on HVOT 

trajectory (Table 5.5). The interaction with ILF remained significant when excluding outliers (Table 5.5). In stratified 

models, lower baseline FA in the cingulum bundle (=13.82, p=0.02) and ILF (=12.20, p=0.005) were associated with 

Table 5.5. FA x APOE-4 Status Interactions with Longitudinal Cognition 

  
Boston Naming 

Test 
Animal Naming WAIS-IV Coding 

D-KEFS Number 
Sequencing Test 

Executive 
Composite 

Hooper Visual 
Organization Test 

Memory 
Composite 

  β p-value β p-value β p-value β p-value β p-value β p-value β p-value 

Cingulum Bundle 5.32 0.31 -4.78 0.47 23.89 0.08 -39.77 0.18 1.44 0.15 10.89 0.02 1.73 0.07 

Corticostriatal Tract -0.92 0.85 -8.19 0.19 6.48 0.61 -7.01 0.80 -0.02 0.98 7.80 0.08 1.06 0.25 

Tapetum  -2.78 0.52 -11.52 0.03* 13.35 0.23 -27.96 0.25 -0.54 0.51 6.41 0.11 -0.22 0.78 

Fornix  -2.95 0.33 -10.17 0.01* 0.93 0.90 -22.61 0.16 -0.04 0.94 1.71 0.53 -0.55 0.32 

UF 2.19 0.72 -8.03 0.30 35.58 0.02* -62.77 0.07 1.00 0.39 10.63 0.06 1.92 0.08 

ILF 1.12 0.80 -9.32 0.10 14.82 0.20 -44.32 0.08 0.58 0.50 10.02 0.01* 0.62 0.46 

Note. Analyses performed on n=323 participants. Models were adjusted for baseline age, sex race/ethnicity, education, diagnosis, FSRP (minus age points), APOE-4 status, and 
follow-up time. Bolded values represent significant findings. *p-value remains significant after outlier removal. APOE=apolipoprotein E; DKEFS=Delis-Kaplan Executive Function 
System; FSRP=Framingham Stroke Risk Profile; ILF=inferior longitudinal fasciculus; UF=uncinate fasciculus; WAIS=Wechsler Adult Intelligence Scale. 
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faster decline in HVOT in APOE-4 positive participants only (Figure 5.2).  

 

Discussion 

 Among community-dwelling older adults free of clinical stroke and dementia, 

lower baseline FA in tracts traditionally susceptible in AD related to faster decline in 

language ability, information processing speed, executive function, episodic memory, 

and visuospatial skills. Baseline FA in the corticostriatal tracts, traditionally susceptible 

to vascular disease, was only associated with a faster decline in episodic memory. In 

combined models including multiple white matter tracts, baseline FA in both the 

cingulum bundle and UF independently contributed to faster decline in episodic memory 

beyond other white matter tracts. Results highlight the potential role of vascular damage 

to deep white matter tracts in memory decline and the importance of identifying 

etiologies of both cingulum bundle and UF damage to mitigate memory decline. 

 We found that all tracts with temporal lobe projections were associated with 

faster decline in all cognitive domains tested, including language, information 

processing speed, executive function, episodic memory, and visuospatial skills. These 

broad associations are not surprising based on previous data connecting white matter 

integrity to cognition.237 Myelination of neurons allows for faster signal propagation 

through axons, so any damage to oligodendrocytes or axons slows communication 

between neurons, leading to cognitive decline. Interestingly, we found that reduced 

baseline FA in the corticostriatal tracts was only associated with a faster decline in 

episodic memory. These tracts connect subcortical regions, such as the basal ganglia 

and thalamus, to cortical regions, and are important for goal-oriented behavior and 
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decision making. Traditionally, these tracts have been implicated in executive 

functioning and information processing speed,47 but we did not detect associations with 

decline in these domains. Corticostriatal tracts are known to have projections to the 

hippocampus,238 so it is possible that damage in these projections could lead to faster 

decline in episodic memory. Additionally, corticostriatal tracts are thought to be 

particularly susceptible to cerebrovascular disease, as these deep white matter regions 

are perfused by penetrating arteries that are vulnerable to hypoperfusion.57,58 Recent 

evidence suggests that individuals with subcortical ischemic vascular disease have 

memory deficits.239 Taken together with the findings reported here, it is possible that 

cerebrovascular disease leads to decline in episodic memory through corticostriatal 

tract damage, though more work is needed to better understand how the corticostriatal 

tracts contribute to memory. 

 In the competitive models, lower baseline FA in the cingulum bundle and UF 

were independently associated with decline in episodic memory. Results suggest that 

these two tracts may be better but independent prognostic markers of memory decline 

compared to other tracts examined here. The cingulum bundle begins in the frontal lobe 

and wraps around the corpus callosum through the parietal lobe, connecting to the 

entorhinal cortex. Based on these medial temporal lobe projections, damage to the 

cingulum bundle has previously been associated with worse memory performance240 

and the cingulum bundle has been implicated in MCI241 and AD,242 consistent with the 

finding reported here. However, our results suggest that the cingulum bundle is not the 

only major white matter tract that contributes to memory decline in older adults. The UF 

runs from the prefrontal cortex to the deep temporal lobe structures, including the 
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parahippocampal gyrus and amygdala. It functions to guide decision making based on 

previous memories and emotions.193 Thus, damage to the UF may impair the ability to 

use memories to inform current decision making. While the UF has been implicated in 

episodic memory in prior studies in both MCI243 and temporal lobe epilepsy 

patients,244,245 these studies examined the UF in isolation, without taking other white 

matter tracts into account.  

Importantly, because the cingulum bundle and UF project to distinct anatomic 

regions, it is likely that different pathologies are responsible for the damage these tracts 

undergo throughout aging. The UF originates in the frontal lobe, so it is likely exposed to 

some age-related cerebrovascular remodeling that occurs in the frontal watershed 

region,246 as well as possible amyloid-beta accumulation.3 Normal demyelination that 

occurs with aging213 also may contribute to lower FA in the UF. The UF is one of the last 

tracts to undergo myelination, often not fully myelinated until adulthood,247 suggesting 

that it may be one of the first tracts to undergo age-related demyelination. Alternatively, 

the cingulum bundle has prominent projections to the hippocampus and entorhinal 

cortex, so phosphorylated tau that is known to accumulate in these regions3 and spread 

through the cingulum bundle in AD196 may be an important etiology of cingulum bundle 

damage. Both tracts terminate in the temporal lobe, suggesting that additional 

pathologies targeting this region, including blood-brain barrier breakdown or arterial 

stiffness, may contribute to damage in both. Taken together these results suggest that 

both the cingulum bundle and UF may be useful in predicting future memory decline, 

and identifying pathologies that contribute to damage in these tracts may be useful in 

mitigating memory decline. 
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 Competitive models also revealed that the UF was the only tract associated with 

faster decline in Coding, reflective of processing speed, independent of other tracts. 

This result is consistent with one study showing that UF FA is weakly associated with 

processing speed when adjusting for a marker of global of white matter integrity.248 

Given the UF projections to the frontal lobe and its importance in decision making and 

higher order functions, it is possible that damage to UF fibers leads to difficulty making 

decisions and longer time is needed to make them. Additionally, we found that the fornix 

was the only tract associated with faster decline in D-KEFS Number Sequencing, 

independent of other tracts. This result is somewhat surprising, as the fornix is the major 

outflow tract from the hippocampus and is necessary for memory consolidation.249 

However, prior studies have found associations between fornix integrity and processing 

speed,250,251 suggesting that damage to fornix projections to deep structures in the basal 

forebrain may be responsible for decline in processing speed. Finally, the competitive 

models showed that no tract was independently associated with executive function, 

visuospatial skills, or language. These findings may be because decline in these 

domains is driven by general white matter health and is not specific to damage in 

certain tracts. For example, visuospatial skills require connections between the visual 

cortex in the occipital lobe, motor cortex, and dorsolateral prefrontal cortex.252 Similarly, 

while executive function is traditionally thought to localize to the frontal lobe, 

connections to the basal ganglia253 and parietal lobe254 are also necessary. Thus, 

results suggest that while any individual tract may robustly predict decline in these 

domains, each tract predicts overlapping variance in domain-specific decline. 
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 We found that baseline FA in certain white matter tracts, including the cingulum 

bundle, fornix, UF, and ILF, interacted with diagnosis on decline on processing speed 

(D-KEFS Number Sequencing) and visuospatial skills (HVOT), such that associations 

between lower baseline FA and faster decline were present in participants with MCI 

only. The consistency of interactions for these two specific domains suggests that 

diagnosis is affecting the trajectory of those cognitive domains, rather than baseline 

integrity in specific tracts. It is possible that associations were present in participants 

with MCI for these domains because decline in processing speed and visuospatial 

skills255 occurs later in the disease process. This hypothesis is consistent with prior work 

showing visual deficits are only evident later in the disease process256,257 and cannot be 

detected in normal older adults,258 likely because AD pathology initially spares the visual 

cortex.3 Additionally, while processing speed declines with normal aging,259 steeper 

declines may not occur until individuals with MCI260 are progressing towards dementia. 

Future work should explore how integrity in certain tracts may predict future conversion 

from NC to MCI or from MCI to dementia. Alternatively, it is possible that the D-KEFS 

Number Sequencing test and the HVOT are not sensitive enough to detect subtle 

decline in participants with NC, so associations appear to be present in MCI only.  

 Finally, we found that baseline FA in certain tracts interacted with APOE-4 

status on decline in processing speed, visuospatial skills, and coding. Specifically, 

baseline FA in the cingulum bundle and ILF interacted with APOE-4 status on HVOT, 

such that associations between lower baseline FA in these tracts and faster decline in 

visuospatial skills were driven by APOE-4 carriers. Previous work has shown that 

APOE-4 may preferentially affect posterior white matter,261 possibly leading to damage 
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in tracts with occipital projections, such as the ILF, and faster decline in cognitive 

domains mediated by the occipital lobe, including visuospatial skills.262 Baseline FA in 

the UF also interacted with APOE-4 status on Coding, such that associations between 

lower baseline FA in this tract and faster decline in processing speed was also driven by 

APOE-4 carriers. Some evidence suggests that APOE-4 carriers have shortened fiber 

bundle length in the UF compared to non-carriers,263 possibly accounting for the faster 

decline in processing speed. Finally, baseline FA in the tapetum and fornix interacted 

with APOE-4 status on the Animal Naming Test, such that associations between lower 

baseline FA in these tracts and faster decline in language ability was present in APOE-

4 non-carriers only. This finding was unexpected given the effect of APOE-4 on white 

matter health and cognitive decline, and future work is needed to better understand 

these associations. It should be noted that these interactions would not survive 

correction for multiple comparisons. Findings must be interpreted with caution and 

replication is needed. 

Our study has several strengths, including a well-characterized cohort, stringent 

quality control procedures, a longitudinal study design, and reliable methods for 

quantifying cerebral white matter microstructure. An additional strength is the 

incorporation of novel medial temporal lobe white matter tract templates. The use of 

white matter tract templates increases consistency between studies as the identical 

voxels are being evaluated in the Montreal Neurological Institute space, and these 

tracts provide significantly more coverage of the brain compared to conventional 

tractography templates.226 Future work should utilize additional tract templates to 

interrogate associations with tracts not included here. Despite these strengths, this 
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study used a cohort which is both highly educated and primarily non-Hispanic white 

individuals, thus limiting the generalizability to other cohorts. Additionally, partial volume 

effects within each tract may confound measures of white matter microstructure. Future 

studies should utilize free water analysis of DTI data, which allows for the separation of 

extracellular and intracellular components of the diffusion image.264 

In summary, we found robust associations between lower baseline integrity in 

tracts traditionally susceptible in AD and cognitive decline in multiple domains. These 

results add to a growing body of evidence suggesting the importance of incorporating 

DTI measures as biomarkers of future cognitive decline. Importantly, we found that 

damage to deep white matter tracts traditionally susceptible to vascular disease related 

to faster decline in episodic memory, not executive function or processing speed, 

highlighting the potential role for vascular disease in memory deficits. Finally, we found 

that damage in both the cingulum bundle and UF independently predicted faster decline 

in episodic memory, above and beyond other tracts. Results suggest that pathologies 

leading to damage in either the cingulum bundle or UF may be important to mitigate to 

slow memory decline in aging and AD. 
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CHAPTER 6 

 

SUMMARY AND FUTURE DIRECTIONS 

 

 Alzheimer’s disease (AD) is a growing public health crisis and there are currently 

no disease modifying treatments,265 highlighting the need to reconsider traditional 

models of AD pathogenesis. While AD is traditionally considered a disease of grey 

matter damage, recent studies suggest that white matter damage may have a greater 

role in disease pathogenesis than previously recognized. Some white matter changes 

precede neurodegeneration in sporadic77 and familial AD,25 and white matter damage 

has been cross-sectionally associated with AD pathology, including amyloid- (A)81 

and phosphorylated tau (p-tau).25,99 However, AD pathology rarely exists in isolation. Up 

to 95% of brains with AD pathology at autopsy have additional pathologies present,11 

and up to 87% have concomitant vascular pathology.11 Vascular disease is thought to 

be the most prominent etiology of white matter damage in older adults,24 making it 

difficult to determine the independent or synergistic effects of vascular disease and AD 

pathology on white matter integrity. 

 We set out to determine if age-related changes in systemic and cerebrovascular 

health, AD pathology, and other concomitant pathologies (including A40, total tau (t-

tau), and neurofilament light (NFL)) related to decline in white matter integrity and which 

white matter tracts were most vulnerable to each pathology. Further, we tested whether 

certain tracts that may be susceptible to multiple pathologies were more robust 

predictors of cognitive decline compared to tracts only susceptible to one pathology. To 
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answer these questions, we leveraged data from the Vanderbilt Memory and Aging 

Project, a longitudinal cohort of older adults free of stroke and dementia.130 We utilized 

sensitive cerebrospinal fluid (CSF) and cardiac magnetic resonance biomarkers of 

systemic vascular health, cerebrovascular heath, AD pathology, and 

neurodegeneration, in combination with longitudinal diffusion tensor imaging (DTI) data. 

We hypothesized that certain tracts may be susceptible to multiple pathologies, 

resulting in greater cognitive decline primarily in the domains that are supported by 

those tracts. For example, frontal lobe tracts may be susceptive to both A and vascular 

disease, leading to faster decline in processing speed and executive function.44 

Similarly, temporal lobe white matter tracts may be susceptible to vascular disease, A, 

and p-tau, leading to faster decline in memory.46 A summary of our findings can be 

found in Table 6.1. 

Temporal lobe white matter is traditionally considered to be most susceptible to 

AD pathology, as it corresponds to regions where AD pathology first develops and 

spreads.3 However, we found that white matter in the temporal lobe is most susceptible 

to age-related arterial stiffening, increased blood-brain barrier (BBB) permeability, and 

neuroaxonal injury, and A42 seems to be a small driver of temporal lobe white matter 

damage (Table 6.1, Figure 6.1). These findings are consistent with prior data showing 

that the temporal lobe is specifically vulnerable to increases in age-related arterial 

stiffness56 and is a site of early BBB breakdown,147 independent of concomitant AD 

pathology. Notably, p-tau was not associated with temporal lobe white matter damage, 

though we hypothesized it would be a robust predictor of white matter damage in that 

region. Taken together, our results highlight the potential role for vascular disease in AD 
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progression and that damage to temporal lobe white matter may be one key intersection 

point for vascular and AD pathology. Temporal lobe white matter integrity predicts future 

tau propagation,196 suggesting that vascular disease may confer initial white matter 

damage and create a more vulnerable environment for tau spread. This hypothesis 

would provide a possible mechanism for the known associations between vascular 

disease and tau pathology.266-268 Additionally, A42 may confer some vulnerability to 

temporal lobe white matter, promoting tau spread and accounting for some associations 

between A42 and tau progression.269 Larger studies are needed to determine how 

vascular changes and AD pathology synergistically affect white matter health.  

  

Table 6.1. Pathologies Affecting Regional White Matter Tracts 

Frontal Lobe Tracts 
Temporal Lobe 

Tracts 
Parietal Lobe Tracts Occipital Lobe Tracts 

Deep White Matter 
Tracts 

 Arterial Stiffness  Arterial Stiffness  

MMP-2     

    MMP-3 

 BBB Permeability    

A42 A42    

A40  A40   

p-tau  p-tau   

t-tau  t-tau   

NFL NFL NFL NFL NFL 

Note. Arterial stiffness and NFL were the most robust predictors of future white matter damage. Associations between 

arterial stiffness and white matter microstructure were most robust in MCI and APOE-4 positive participants. Associations 

between MMPs and white matter microstructure were most robust in NC and APOE-4 negative participants. Associations 

between BBB permeability and white matter microstructure were most robust in APOE-4 negative participants. Associations 

between NFL and white matter microstructure were most robust in MCI and APOE-4 positive participants. A=amyloid-; 
APOE=apolipoprotein E; BBB=blood-brain barrier; MCI=mild cognitive impairment; MMP=matrix metalloproteinase; 
NC=normal cognition; NFL=neurofilament light; p-tau=phosphorylated tau; t-tau=total tau. 
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Importantly, we found that the cingulum bundle, which has large temporal lobe 

projections, independently predicts future memory decline above and beyond other 

white matter tracts. This finding is consistent with our results showing temporal lobe 

white matter is susceptible to multiple pathologies. It is possible that each pathology 

(arterial stiffness, BBB permeability, NFL, and A42, Figure 6.1) damages 

oligodendrocytes or axons through different mechanisms, each individually leading to 

slower signal propagation and subsequent cognitive deficits. Each mechanism of 

damage may have an additive affect, leading to faster decline in memory. Future 

studies should examine if white matter damage mediates associations between various 

pathologies and cognitive decline. Identifying mechanisms of white matter damage from 

these pathologies in animal or cell models may provide new therapeutic targets that 

help mitigate critical white matter injury leading to memory deficits. 

Figure 6.1. Arterial stiffness, NFL, and BBB permeability associations with temporal lobe 

white matter damage. Locations susceptible to arterial stiffness are in yellow, location 

susceptible to NFL are in blue, locations susceptible to BBB permeability are in violet, and 

locations susceptible to multiple pathologies are in white. Z=112,122,132,142 in MNI. 

BBB=blood-brain barrier; NFL=neurofilament light. 
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 A second region that we found is susceptible to multiple etiologies of white matter 

damage is the frontal lobe. A42, A40, p-tau, t-tau, NFL, and matrix 

metalloproteinases (MMPs) were all associated with decline in frontal lobe white matter 

integrity (Table 6.1, Figure 6.2), though some associations were relatively small. We 

also found that the uncinate fasciculus, which projects from the temporal lobe to the 

prefrontal cortex, independently contributed to decline in episodic memory beyond the 

cingulum bundle and other white matter tracts. While we did not expect p-tau and t-tau 

to contribute to white matter damage in the frontal lobe, it is interesting that the two 

regions where multiple etiologies affect white matter health correspond to the tracts that 

are the most robust predictors of memory decline. This localization supports our 

hypothesis that tracts may be susceptible to multiple pathologies, resulting in greater 

cognitive decline primarily in the domains that are supported by those tracts. 

Additionally, the association between uncinate fasciculus integrity and memory decline 

suggests that targeting pathologies affecting the uncinate fasciculus may help mitigate 

Figure 6.2. MMP-2, NFL, and A42 associations with frontal lobe white matter damage. 

Locations susceptible to MMP-2 are in yellow, location susceptible to NFL are in violet, 

locations susceptible to A42 permeability are in blue, and locations susceptible to multiple 

pathologies are in white. Z=112,122,132,142 in MNI. A=amyloid ; MMP=matrix 

metalloproteinase; NFL=neurofilament light. 
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memory decline and frontal lobe white matter may be more important in memory 

consolidation than previously recognized. 

There are some key considerations when interpreting this work. First, the CSF 

biomarkers examined here represent global pathology burden, so we cannot conclude 

that pathology accumulation is associated with white matter damage in the same region. 

We could use positron emission tomography (PET) data to examine this question. By 

co-registering A or tau PET images with DTI images, we could determine if pathology 

burden in a specific region is associated with white matter damage in that region. These 

studies would help confirm that certain pathologies are directly contributing to white 

matter damage. Additionally, it is still unclear how some of the CSF biomarkers 

examined here relate to cerebral protein expression and function. For example, 

increased MMP biomarkers in the CSF may not truly reflect increased MMP expression, 

and function of the MMP proteins cannot be deduced from the CSF assays. In future 

experiments, post-mortem pathologic analysis could be used to determine location of 

MMP expression and if the protein was functional. If combined with post-mortem DTI 

imaging, we could determine if increased MMP function or lack of function account for 

white matter damage in certain regions. 

Another consideration when interpreting these data is the limitations of DTI. 

While DTI is sensitive to white matter microstructure, each voxel contains an 

intracellular and extracellular component. Thus, it is difficult to determine if the DTI 

changes are due to intracellular or extracellular pathology.270 Recently, new methods for 

post-processing DTI data have been established, including free water imaging271 and 

neurite orientation and dispersion and density imaging,272 that may differentiate 
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between different kinds of white matter damage. Further, while some evidence suggests 

that certain DTI metrics are specific to axonal injury119 or demyelination,119 more work is 

needed to clarify the biology underlying changes in individual DTI metrics. To study the 

underlying cellular changes, we could use post-mortem DTI in conjunction with 

pathologic grading of white matter injury. Comparing individual DTI metrics to white 

matter damage detected on histopathology (e.g., tissue rarefaction, axonal loss, 

hyalinization) in the same region could inform the biological interpretation of these 

metrics. We could also use cerebral organoid models to assess how different 

pathologies affect white matter. By reconstructing the neurovascular unit through co-

culturing neurons, endothelial cells, microglia, astrocytes, and oligodendrocytes, we 

could examine how the structure or protein expression levels within the oligodendrocyte 

or axon change in response to different pathologies, such as A or p-tau. 

A final consideration is the longitudinal post-processing method implemented 

here. We adapted the well-established cross-sectional tract-based spatial statistics141 

processing pipeline to a longitudinal framework to perform longitudinal voxel-wise 

analyses. This approach allowed us to examine if a certain pathology affected white 

matter health across the entire brain, rather than focusing on a set of regions a priori, 

which is currently the most common approach in longitudinal DTI studies. Tract-based 

spatial statistics creates a white matter skeleton, only including voxels in the center of 

major white matter tracts. This approach reduces the number of comparisons made and 

increases confidence that we are truly detecting changes in white matter. However, we 

would expect that the first and most robust changes to white matter integrity occur on 

the periphery of smaller tracts, possibly leading to some false negatives in our findings. 
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Additionally, the cluster-wise inference used to correct the voxel-wise analyses was 

based on functional magnetic resonance imaging (MRI) data. The skeleton includes 

significantly less voxels than a typical functional MRI image, also possibly leading to 

false negative findings. Therefore, though some of the clusters were rather small, it is 

important to consider that the analytical methods used were quite robust, increasing 

confidence in these small findings.  

Future work should also examine the pathologies mediating findings reported 

here. For example, studies should compare if reduced cerebral blood flow56 or 

inflammation,268 both related to increased arterial stiffness, are associated with white 

matter damage in the same regions as pulse wave velocity. Finally, examining which 

white matter tracts may be most susceptible to other aspects of vascular health, such as 

cardiac output, ejection fraction, or pericyte function, is necessary to further characterize 

different profiles of white matter damage in aging adults. 

Collectively, this body of work has shown that white matter injury may be a 

critical point of intersection between AD and concomitant pathologies. While some white 

matter damage is due to AD pathology directly, other pathologies, including arterial 

stiffening and neuroaxonal injury, were more robust predictors of white matter damage. 

Given the rate at which these pathologies co-occur, these additional pathologies may 

provide an initial hit to white matter health in the temporal and frontal lobes, making 

some tracts more vulnerable to additional damage and worse cognitive outcomes. 

Future work should focus on integrating white matter damage into models of AD 

pathogenesis, investigating how tract-specific measures of white matter integrity may be 

used to assess risk of disease progression, and examining the cellular mechanisms 
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leading to white matter injury to develop new therapies aimed at attenuating white 

matter damage.   
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