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ABSTRACT OF THE DISSERTATION 
 

The Locus Coeruleus: In vivo Characterization with Magnetic Resonance Imaging and 
Associations with Alzheimer’s Disease-Related Markers 

 
by 

 

Seraphina Kay Solders 

 

Doctor of Philosophy in Neurosciences 

University of California San Diego, 2023 

 
Professor Mark Bondi, Co-Chair  

Professor Lawrence Frank, Co-Chair 
 

Alzheimer’s disease (AD) is a debilitating, slowly progressive neurodegenerative 

disorder affecting over 50 million people globally, a figure expected to increase to 152 million 

by 2050. Not only is there a long prodromal period wherein individuals show early signs and 

risk factors for the disease, which are often mistaken as effects of normal aging, but insidious 

pathological processes are thought to begin taking place in the brain decades before 
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individuals show severe cognitive impairments. Suitably, recent research efforts have focused 

on detecting signs of AD earlier in life to identify the disease preclinically and before 

irreversible damage occurs. However, knowing what to focus on in this preclinical period is 

proving to be a considerable challenge. The locus coeruleus (LC) is a small brainstem nucleus 

critical for healthy brain functioning that has been implicated in the pathogenesis of AD, and 

recent advances in neuroimaging allow for in vivo examination.  This dissertation aims to 

characterize the LC in vivo using magnetic resonance imaging (MRI), neuropsychological 

testing, and biomarker assessment, with the goal of bettering our understanding of prodromal 

AD and AD risk. In Chapter 1 I detail our work optimizing a novel diffusion MRI analysis 

tool to establish a reliable method for reconstructing an LC projection pathway to the 

transentorhinal cortex, a region heavily affected by AD pathology. In Chapter 2, I explore 

how connectivity within this pathway relates to cognition in the context of tau and amyloid 

biomarkers. Finally, in Chapter 3 I use an LC-sensitive anatomical MRI scan to measure 

relative LC signal, potentially a marker of nuclear integrity, and examine its associations with 

cognition in the context of tau and amyloid. Importantly, I show that the relationship between 

these MRI markers and cognition depends on tau and amyloid status, implicating a more 

complex relationship between macroscopic imaging measures and cognitive outcomes. This 

work has implications for preclinical AD research as well as clinical neuroimaging research 

aiming to uncover in vivo disease markers in general.
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1. Diffusion MRI Tractography of the Locus Coeruleus-Transentorhinal Cortex 
Connections Using GO-ESP 

Abstract 

Purpose: The locus coeruleus (LC) is implicated as an early site of protein pathogenesis 

in Alzheimer’s disease (AD). Tau pathology is hypothesized to propagate in a prion-like manner 

along the LC-transentorhinal cortex (TEC) white matter (WM) pathway, leading to atrophy of 

the entorhinal cortex and adjacent cortical regions in a progressive and stereotypical manner. 

However, WM damage along the LC-TEC pathway may be an earlier observable change that can 

improve detection of preclinical AD. Methods: Diffusion-weighted magnetic resonance imaging 

(dMRI) allows reconstruction of WM pathways in vivo, offering promising potential to examine 

this pathway and enhance our understanding of neural mechanisms underlying the preclinical 

phase of AD. However, standard dMRI analysis tools have generally been unable to reliably 

reconstruct this pathway. We apply a novel method, Geometric-Optics Based Entropy Spectrum 

Pathways (GO-ESP) and produce a new measure of connectivity: the equilibrium probability 

(EP). Results: We demonstrated reliable reconstruction of LC-TEC pathways in 50 cognitively 

normal older adults and showed a negative association between LC-TEC EP and CSF tau. Using 

Human Connectome Project data, we demonstrated replicability of the method across acquisition 

schemes and scanners. Finally, we compared our findings with the only other existing LC-TEC 

tractography template, and replicated their pathway as well as investigated the source of these 

discrepant findings. Conclusions: AD-related tau pathology may be detectable within GO-ESP-

identified LC-TEC pathways. Further, there may be multiple possible routes from LC to TEC, 

raising important questions for future research on the LC-TEC connectome and its role in AD 

pathogenesis.  
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Introduction 

The locus coeruleus (LC) is a small brainstem nucleus containing norepinephrine-

synthesizing neurons that send diffuse projections throughout the central nervous system. LC 

neurons provide the sole source of norepinephrine—a neurotransmitter critical in arousal and 

neurocognitive functioning—to the neocortex, hippocampus, cerebellum, and most of the 

thalamus (1,2). It has been well-established that degeneration of LC neurons is a ubiquitous 

feature of Alzheimer’s disease (AD)(3-6), a debilitating, slowly progressive neurodegenerative 

disorder that affects more than 50 million people globally (a figure expected to increase to 152 

million by 2050)(7). Further, recent histochemistry (8-10) and unbiased stereology (11,12) 

studies have suggested that nonfibrillar abnormal tau in the LC may be one of the earliest 

detectable signs of AD-like neuropathology.  

In particular, the white matter (WM) connecting the LC to the transentorhinal cortex 

(TEC) has gained interest as a potential early predilection pathway of pathologic protein 

transmission and degeneration in AD (9,13). Indeed, Braak recently modified his original 

neurofibrillary tangle staging system, which posited that AD tau pathology begins in the medial 

temporal cortex (14), to instead suggest that the pathologic process may begin in the LC (9). 

Subsequently, tau pre-tangles are thought to propagate along the LC WM pathway to the TEC in 

a prion-like manner to initiate the stereotypical spread of tau pathology in AD, damaging 

neuronal tissue and resulting in reduced connectivity (9). Importantly, tau pathology in LC 

axonal projections do not appear to result in immediate cell death; rather, LC neurons are known 

to survive until the latest stages of the disease, albeit with reduced functionality (see Braak and 

Del Tredici (15) for a review on this topic). Thus, changes to the LC-TEC pathway may be 

observable before gray matter tissue loss in either LC or TEC, highlighting the important 
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potential of the integrity of this pathway as an early, sensitive, and specific biomarker of 

preclinical AD. Establishing a method to examine the microstructural connectivity of this 

pathway in vivo would provide an opportunity to enhance our understanding of the role of the 

LC in AD pathogenesis, and potentially lead to the discovery of novel markers of AD risk that 

could aid in diagnostic assessments and inform our understanding of the preclinical period of the 

disease. 

Diffusion-weighted magnetic resonance imaging (dMRI), a powerful tool for 

characterizing the structural connectome of the brain in both healthy and disease states, offers 

promise to fulfill this goal. This technique allows for non-invasive and quantitative assessment of 

in vivo local tissue microstructure. In the case of cerebral WM, for example, dMRI can be used 

to estimate WM fiber coherence (the degree to which axons are co-aligned). Further, by using 

estimates of fiber orientations, dMRI can reconstruct WM fiber pathways via a process called 

tractography.  

Notably, standard dMRI analysis methods have had difficulty with successful 

reconstruction of WM pathways in regions with complex fiber orientations, such as the 

brainstem. For this reason, it has been especially challenging to use dMRI to assess the 

connectivity of the LC-TEC pathway in humans. This difficulty is demonstrated by the fact that a 

reconstruction of this pathway has only very recently been reported for the first time (two reports 

from the same senior investigator) (16,17). Even so, these reconstruction approaches 

understandably employed tight constraints in the form of groupwise consistency or assumed 

anatomical priors. Since there is currently no agreed upon ground-truth evidence for the spatial 

trajectory of this pathway in the human brain, particular care must be taken in applying methods 

with explicit (or implicit) constraints that may bias the construction of fiber pathways.  
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Reducing such bias was one of the motivating factors in our development of a general 

principled probabilistic approach to simultaneously estimate both local diffusion characteristics 

(e.g., anisotropy) and long-range structural connectivity that capitalizes on prior information 

within the data itself. This method combines geometrical optics and the theory of entropy 

spectrum pathways (ESP) (18) using a probabilistic formulation, and is called Geometric-Optics 

Based Entropy Spectrum Pathways (GO-ESP) (19). 

In this work, we demonstrate a unique approach to reconstructing the LC-TEC fiber 

pathways by using a much more general, flexible, and less biased characterization of the 

underlying diffusion data. In this study we applied GO-ESP to a sample of 50 dMRI scans from 

cognitively normal older adults to obtain a reliable and spatially consistent reconstruction of a 

LC-TEC WM pathway and examined relationships between connectivity in this pathway and 

CSF measures of amyloid-beta and tau. We also took advantage of high-resolution data from the 

Human Connectome Project (HCP) and sought replicability across acquisition schemes by 

applying GO-ESP to a sample of 5 datasets from the MGH HCP Adult Diffusion release (20). 

Finally, we compared our findings with those of Xia and Shi (16) and Sun et al., (17) who 

present an alternative spatial trajectory of the LC-TEC pathway. We interpret this observed 

discrepancy to suggest the presence of multiple possible routes from the LC to the TEC and raise 

important questions to be answered in future research on the LC-TEC connectome and its 

putative role in AD pathogenesis.  

Theory 

Entropy Spectrum Pathways 

GO-ESP takes a novel approach to estimate intravoxel diffusion profiles and intervoxel 

connectivity, based fundamentally on probability theory and statistical mechanics. This process 
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requires that the description of the data be as general and complete as possible. Toward this goal, 

rather than calculating a 3D displacement probability density distribution in each voxel, which is 

expensive in terms of data acquisition, we use spherical wave decomposition (SWD) (21) to 

decompose the signal in each voxel into the sum of spherical harmonics and spherical Bessel 

functions, rewriting the spin density function in terms of this SWD. 

This approach provides a description of the intravoxel diffusion in terms of a clearly 

defined expansion order which we can use to fit a model of diffusion most optimally. The next 

problem is how to incorporate the intra- and intervoxel information. Critically, GO-ESP does not 

estimate the diffusion profile in each voxel independently as if the voxels were structurally 

isolated from one another; rather, the fundamental quantity that is estimated is the transition 

probability (TP) between voxels, which is influenced not only by the intravoxel diffusion 

properties, but also by the intervoxel relationships. This is accomplished using the theory of ESP. 

(18)  

ESP expands upon the concept of a random walk – a process by which a randomly 

moving object (or walker) moves away from its starting position. This can also be thought of as a 

path made of a series of random steps on a lattice. In a generic random walk, a step from one 

point in any direction is equiprobable. However, consider the situation where some points on the 

lattice are less accessible than others (perhaps due to structural barriers) – a biased random walk. 

In this case, a step from one point to any other is not equiprobable but is based on some 

probability distribution influenced by prior information about the relationship between points. 

GO-ESP expands this concept to dMRI by using a type of biased random walk called the 

maximum entropy random walk. In this case, our “points” are dMRI voxels, and the prior 

information about the relationship between these voxels (i.e., which voxels are more accessible 
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and more likely to be physically connected) takes the form of a coupling matrix which 

characterizes the intervoxel interactions (in this work, these interactions are computed as the 

inner product of the full diffusion tensors). Once the coupling matrix is known, the probability of 

stepping from one voxel to another (the TP) can be calculated. Thus, the TP depends not only on 

the diffusion profile within each voxel, but the similarity of the diffusion profiles between 

voxels. 

 The TPs describe the probabilities of various pathways within the data, or trajectories 

that a random walker may follow. Over time, biased random walkers will tend to localize in 

more accessible regions, and this final distribution provides the novel dependent measure of GO-

ESP - the equilibrium probability (EP). In other words, regions of higher EP represent locations 

that are more accessible – there are a greater number of ways that these regions can be reached 

(higher entropy).  

Tractography using geometric optics guided by ESP 

Tractography is the process of reconstructing WM tracts from dMRI data. In practice, a 

set of curves are generated that are mere proxies for actual WM tracts. Nevertheless, we refer to 

these curves as “tracts”, with this understanding in mind.  

As mentioned previously, the local diffusion profiles and long-range connectivity are 

mathematically coupled through the entropy; this is done by modeling the evolution of 

probabilities with the Fokker-Planck equation where the path entropy plays the role of an 

external potential that influences the evolution of probabilities (18). This is accomplished by 

recharacterizing the spatial-temporal characteristics of the probability density in terms of the 

conservation of probability: 

𝜕!𝑃 + ∇𝐽" = 0 
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Where the flux, 𝐽", consists of diffusive (𝐽# = −𝐷∇𝑃) and convective (𝐽$ = −𝐿𝑃∇𝑆) 

components. 𝑆 is the entropy, where 𝑆(𝑥) = 𝑘 ln𝑊(𝑥), with 𝑥 representing spatial location, and 

𝑊(𝑥) representing the density of states. 𝐿 is the product of 𝑘 and 𝐷, where 𝑘 is the Onsanger 

coefficient and 𝐷 is the diffusion tensor. By combining these relationships, we can represent the 

relationship between the local and long-range structure: 

𝜕!𝑃 + ∇ ∙ (𝐿𝑃∇𝑆) = ∇ ∙ 𝐷∇𝑃 

This Fokker-Planck equation describes information flow in terms of both diffusion and 

convection, and a geometric optics-like approach is taken to perform ray tracing through the 

convective modes. This ray tracing takes the place of traditional tract propagation. (19)  

Eigenmode Imaging 

After calculating EP maps, tractography is performed at the level of the whole-brain 

(Figure 1) or individual pathways (Figure 2), depending on the distribution of seeds, which is 

decided by the user. Either way, the result is a set of tracts. GO-ESP takes an additional, novel 

step to calculate pathways of high probability based on these tracts - a technique we call 

EigenMode Imaging (EMI). Briefly, this method involves calculating the eigensystem of the 

connectivity matrix constructed from the tracts. The resulting eigenvectors represent the spatial 

distribution of probability corresponding to the most likely pathways within the entire set of all 

tracts in a volume of interest. Intuitively, if fiber tracts connecting two endpoints A and B are 

nearly adjacent throughout their trajectories and therefore form a tight bundle between these 

points, the resulting eigenvector will be the volume that surrounds the bundle trajectory.  For 

example, in the idealized case that the fibers were packed tightly into a perfect flexible cylinder 

that curved from point A to point B, the eigenmode would just be that cylindrical volume or 

‘tube’.  These probability pathways are called tract (or connectivity) eigenmodes and are ranked 
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in decreasing order according to their associated eigenvalues.  The eigenvector associated with 

the largest eigenvalue (the principal eigenvector) corresponds to the most probable probability 

pathway. While multiple eigenmodes provide interesting information about the structure at 

different spatial scales in the brain (i.e. potential substructures revealing significant connectivity 

information), in the present paper we are concerned only with the principal eigenvector, since it 

represents the major communication pathway between two regions.   

The computation of tract eigenmodes involves the following steps.  The tracts generated 

from the GO-ESP tractography process are used to generate the connectivity matrix which is of 

dimensions that are the square of the dimensions of the diffusion dataset. The connectivity 

matrix records the number of connections from every voxel i to every voxel j where i and j are of 

dimensions N = nx*ny*nz.  This matrix is symmetric, so only N*N/2 elements are needed to 

store it in full dense form. Even so, the matrix is very large, so we use a sparse representation to 

store it in the so-called Yale sparse format. The eigenvector/eigenvalue decomposition of the 

matrix is then performed using the ARPACK package (22) that employs the Arnoldi algorithm 

which can efficiently calculate a subset of eigenvectors. The decomposition of the tractography 

connectivity matrix into connectivity eigenmodes elucidates and ranks neural connections at 

multiple spatial scales from the highly complex tractography in a well-defined quantitative, and 

reproducible procedure.   

A visualization of whole-brain tractography and subsequent principle EMI can be seen in 

Figure 1. An example reconstruction of a specific and well-studied pathway, the inferior 

longitudinal fasciculus, and its resulting principle EMI can be seen in Figure 2. 
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Methods 

Participants 

This study included data from 53 cognitively normal older adults as part of an ongoing 

study of quantitative neuroimaging metrics of LC connectivity in AD pathogenesis and 

progression. This study was approved by the University of California, San Diego (UCSD) 

Institutional Review Board, with written informed consent obtained on all participants. 

MRI acquisition 

Scans were performed on a 3 Tesla GE Discovery MR750 scanner at the UCSD Center 

for Functional MRI using a 32-channel head coil (Nova Medical Inc, Wilmington MA). 

Whole-brain dMRI scans were collected using a novel Extended Hybrid Sense EPI 

acquisition (23); data were simultaneously acquired with both polarities of the phase encoding 

gradient to perform TOPUP gradient and eddy current distortion correction, which was done in 

offline specialized reconstruction routines that implemented the FMRIB Software Library’s 

(FSL) Eddy and TOPUP tools (24-26) directly within the image reconstruction (23). Multiple 

diffusion-weighted shells were collected at b-values of 1000, 2000, and 3000s/m2 with the 

number of directions being 30, 45, and 60, respectively. The data acquisition parameters were: 

slice thickness=2mm, FOV=20cm, TE=119ms, TR=4.0s, matrix size=100x100x72. Using a 

SENSE factor of 4, the imaging time was approximately 13 minutes. This is a standard dMRI 

gradient sampling scheme. Therefore, findings generated from this study are a result of the 

analysis, not the acquisition, and should be replicable across datasets.  

CSF biomarkers 

A subset of our participants (n = 20) underwent lumbar punctures as part of participation 

in the UCSD Alzheimer’s Disease Research Center with standardization of procedures, 
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preanalytical preparation, and storage of CSF and plasma as previously described (27), and in 

accordance with recommended best practices (28). In brief, CSF (15–25 mL) was collected by 

routine lumbar puncture early in the morning after overnight fasting. Samples were processed, 

aliquoted into 500 μL fractions in polypropylene microtubes, snap frozen, and stored at −80°C 

until assayed. All samples were analyzed locally using the automated Lumipulse platform using 

assays developed with established monoclonal antibodies (Fujirebio Inc) (29). The majority of 

lumbar punctures were conducted within one year of the MRI visit (n = 11), although we 

included data collected within two (n = 2), three (n = 5), and four (n = 2) years of the visit given 

research showing the stability of CSF biomarkers over several years (30) in an effort to 

maximize our sample size. CSF measures of Aβ40, Aβ42, total tau, and phosphorylated tau (p-

tau) were obtained. 

Preprocessing and quality assessment  

FSL (v.6.025) was used to correct for inter-volume head motion (eddy; b-vectors adjusted 

for correction) (26) and remove skull and other non-brain tissue (BET) (31). Data were 

resampled to a 1mm3 resolution using our novel registration tool, Symplectomorphic 

Registration with Phase Space Regularization (SYMREG) (32).  

Quality control consisted of visual inspection for slice-wise signal dropout, image noise, 

and shifts of head placement between diffusion volumes. Scans were excluded if they had single 

slices of signal dropout affecting 10 or more diffusion directions, multiple slices of signal 

dropout on 5 or more diffusion directions, color banding evident in the RGB display of the 

primary eigenvector image, visible nods or head shakes between diffusion directions, or visible 

image noise. 
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GO-ESP diffusion estimation and tractography  

For each subject, GO-ESP was used to calculate EP maps, and FSL’s dtifit (33) was used 

to calculate FA maps for comparison to a more commonly used metric. To reconstruct the LC-

TEC WM connections, we used GO-ESP to generate tracts intersecting two regions of interest 

(ROIs): a publicly available LC map (34), and the anterior division of the parahippocampal 

gyrus, meant to approximate the transentorhinal cortex (TEC), extracted from the Harvard-

Oxford cortical structural atlas in FSL (HarvardOxford-cort-maxprob-thr50-1mm). Only the 

most anterior lateral portion of the anterior parahippocampal gyrus ROI was used to maintain 

specificity of generated tracts (Figure 3, middle panel). As both ROIs were created in standard 

Montreal Neurological Institute (MNI) coordinate space, SYMREG (32) was used to register 

each participant’s EP map to the “MNI152_T1_1mm_brain” map from the template in FSL. 

These registrations were used to transform the ROIs from MNI coordinate space into each 

subject’s native diffusion space, in which tractography was performed.  

Tractography was performed in two ways. Seeds were first distributed within a boxed 

region encapsulating the portion of the brain most likely to contain the LC-TEC pathway, 

excluding only the top part of the cerebral cortex and the brain below the ROIs; this was done 

instead of distributing seeds throughout the entire brain for efficiency (xyz coordinates in MNI 

space 0-200, 0-200, 0-142; Figure 3, top panel). Only tracts that intersected both ROIs were kept 

(Figure 3, middle panel). We refer to this strategy as “widely-distributed” seeding. Next, to 

increase the spatial consistency of output between subjects, we took the principle eigenmode of a 

representative LC-TEC pathway reconstruction using widely-distributed seeds, and binarized and 

dilated this region to obtain a mask that could be used as a more “spatially-weighted” seeding 

region (Figure 3, bottom panel). In this approach, seeds are still distributed throughout the boxed 
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region described above, but placement is weighted more heavily within the “spatially-weighted” 

mask. As before, only tracts that intersected both ROIs were kept. For both analyses, two million 

starting seeds were randomly distributed throughout the seed regions, and tracking was only 

permitted to pass through regions where the EP was at least 0.5 (this value corresponds reliably 

with the location of WM). For efficiency and consistency, we have restricted our analyses to the 

principle eigenmode of the resulting connectivity matrix for all datasets.  

To generate masks for visualization and statistical analyses, we applied a threshold to the 

tract EMIs. The EMIs generated from tractography are automatically normalized so that the sum 

of all included voxels is equal to one, where higher values correspond with a higher probability. 

To exclude voxels with the lowest probability of belonging to the pathway, we kept only those 

highest value voxels whose intensities sum to 0.9. This technique ensures a level of within-

subject anatomical consistency. These thresholded EMIs were binarized and used for the 

statistical analyses as well as visualization in Figs. 5 and 8. 

Statistical analysis 

For each participant, we computed the average of left and right LC-TEC pathway EP and 

FA. To examine associations between average bilateral LC-TEC EP and FA with CSF measures 

of amyloid (Aβ42/Aβ40), total tau, and p-tau, we performed Pearson’s partial correlations 

controlling for age. 

Replication in HCP datasets  

To examine replicability across datasets with different acquisition parameters, we 

repeated our analysis technique on a sample of 5 randomly selected dMRI datasets from the 

HCP, which provides multi-shell dMRI at an isotropic resolution of 1.5mm (35,36). We used 

data from the MGH HCP Adult Diffusion release of 35 young adults (20). These data were 
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collected on a customized MGH Siemens 3 Tesla Connectome scanner, which has 300 mT/m 

maximum gradient strength for diffusion imaging. Multiple diffusion-weighted shells were 

collected at b-values of 1000, 2000, 3000, 5000, and 10000s/mm2 with the number of directions 

being 64, 64, 128, 128, 128, respectively. The data acquisition parameters were: slice 

thickness=1.5mm, FOV=210x210mm, TR/TE=8800/57ms, matrix size=140x140. The total 

acquisition time was approximately 89 minutes.  

The downloaded HCP data were already minimally preprocessed using tools from 

Freesurfer V5.3.0 (37) and FSL V5.0 (25). Scans were corrected for gradient nonlinearity, bulk 

head motion (38), and eddy current distortions (b-vectors adjusted for correction) (26). The only 

additional preprocessing steps we performed were removal of non-brain tissue using FSL’s BET 

(31) and resampling to a 1mm3 resolution using SYMREG (32) to be consistent with our 

processing scheme. We then applied tractography as before, using the spatially-weighted seeding 

strategy described above (Figure 3, bottom).  

Comparison with previous LC-TEC tractography reports  

Because a previous reconstruction of the LC-TEC pathway has been reported (16,17) and 

differs in spatial trajectory from ours (see results; we refer to this as the “medial” pathway to 

distinguish from the GO-ESP generated pathway), the last stage of our analysis was an 

exploratory investigation into the source of this discrepancy. Sun et al. (17) employed different 

diffusion estimation and tractography algorithms (state-of-the-art spherical deconvolution and 

FOD-based probabilistic tractography) (39), as well as a different, two-stage seeding approach. 

They first used an amygdala mask as a target ROI to track from the LC, along with a dilated 

thalamus inclusion ROI and a ventral tegmental area (VTA) exclusion ROI. They then used this 

output as a mask to track toward the TEC, again using the thalamus inclusion and VTA 
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exclusion ROIs. Thus, we aimed to investigate whether the spatial discrepancy was due to 

differences in the dMRI algorithms and/or seeding strategies.  

To accomplish this, we first applied our spatially-weighted seeding approach, but used 

the LC-TEC probabilistic atlas generated from Sun et al. (17) as a seeding mask rather than the 

LC-TEC mask from our own data. Next, we applied their seeding strategy in GO-ESP. Then, we 

compared GO-ESP with spherical deconvolution and FOD-probabilistic tractography in MRtrix3 

(40), first replicating the approach of Sun et al. (17), and then tracking simply from LC to TEC 

without additional ROI constraints. Finally, we explored whether we could use GO-ESP to 

extract the medial pathway within our data, first by examining lower-ranked eigenmodes within 

our previously-generated tractography output, and then by experimenting with different seeding 

strategies. 

To compare the potential ability to detect AD-related pathology within this medial 

pathway versus the GO-ESP generated pathway, we registered the medial pathway provided in 

the publicly available atlas (17) to each subject’s native diffusion space, extracted the average EP 

within this region, and performed additional correlations with CSF biomarkers. 

Results 

Sample characteristics 

The initial pool of data consisted of 53 dMRI scans from cognitively normal older adults. 

Three scans were excluded during quality inspection. The remaining 50 participants were 

predominantly women (n=38), with an average age of 73.92 years (range: 62-85, standard 

deviation = 6.02). Our sample had an average of 15.96 years of education (range: 12-20, standard 

deviation = 2.11), and was mostly white (n = 44) and non-Hispanic/Latino (n = 45) (See 

Supporting Information Table S1). 
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Reconstruction of LC-TEC tracts  

Diffusion estimation and tractography were performed using both seeding strategies 

described above (“widely-distributed” and “spatially-weighted”). Of these, 49 were initially 

successful (see Figure 4 for example from a representative subject using the spatially-weighted 

seeding strategy); one participant had failed tractography on the right side. Further inspection 

revealed a cranial nerve that appeared very bright on the EP map and appeared to connect the 

brainstem with the medial temporal lobe, resulting in tracts that incorrectly crossed over before 

the temporal lobe connects with the midbrain. This nerve was manually removed from the EP 

map, and the tractography was re-run successfully.  

Slice-wise maps demonstrating inter-subject spatial consistency of the principle LC-TEC 

EMIs generated from GO-ESP are shown in Figure 5. The thresholded EMIs for all participants 

were registered to standard MNI space, binarized, and summed to create the inter-subject spatial 

consistency maps (Figure 5). Importantly, no threshold was set for the number of participants 

having overlapping output in a given voxel, so these maps do not represent a best-case scenario 

but reveal the full extent of EMI output across participants. While the overall spatial trajectories 

of the pathways generated using the two seeding strategies were very similar, using a more 

spatially-weighted seeding strategy resulted in more anatomical consistency between subjects 

(Figure 5).  

Associations between LC-TEC Pathway EP and CSF Biomarkers 

Twenty of our participants had CSF biomarker data available. Averages and ranges of 

CSF biomarker data can be found in Supporting Information Table S1. Average bilateral LC-

TEC EP was significantly negatively associated with CSF p-tau (r = -0.538, p = 0.018), and was 

positively, but not significantly, associated with Aβ42/Aβ40 (r = 0.416, p = 0.076). Average 
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bilateral LC-TEC FA was significantly negatively correlated with CSF total tau (r = -0.645, p = 

0.003) and p-tau (r = -0.479, p = 0.038), but not Aβ42/Aβ40 (r = 0.037, p = 0.882). Average EP 

within the bilateral medial pathway was not associated with any CSF biomarkers (Figure 6). 

Replication in HCP datasets 

Diffusion estimation and tractography were performed using an identical processing 

pipeline as above for 5 sample HCP subjects, using the spatially-weighted seeding strategy that 

provided the most consistent output in our data. The reconstructions were anatomically 

consistent among all subjects (Figure 7). Further, the spatial trajectory of these reconstructions 

resembled the output generated from our data (Figure 4). Figures 4 and 7 provide three-

dimensional representations of the spatial trajectory of the LC-TEC pathway as shown in the 

slice-wise group frequency maps in Figure 5. Together, these results demonstrate consistency 

between both individual datasets, as well as between different participant characteristics (i.e., 

age), acquisition schemes, and MRI machines (GE vs. Siemens).  

Comparison with previous LC-TEC tractography reports  

Because reconstruction of the LC-TEC pathway has been reported previously (16,17), we 

investigated the spatial similarity of these previous results to our own. Strikingly, our results 

differ significantly in terms of spatial trajectory. While the LC-TEC map generated by Xia and 

Shi (16) and Sun et al. (17) stays medial and proximal to the thalamus before turning into the 

TEC, our LC-TEC map makes the turn from the brainstem into the TEC much sooner (Figure 8). 

This notable difference prompted us to investigate whether this discrepancy was due to 

differences in analysis algorithms and/or seeding strategies. 

First, we used GO-ESP and applied our spatially-weighted seeding approach, but used the 

LC-TEC probabilistic atlas generated from Sun et al. (17) as a seeding mask rather than the LC-
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TEC mask from our own data. Interestingly, the resulting EMIs resembled the pathway we 

consistently see with our approach rather than the medial pathway (Figure 9A). Next, we used 

GO-ESP but applied the seeding strategy from Sun et al. (17). Again, the resulting EMIs 

resembled that of our own findings rather than the medial pathway (Figure 9B). Next, we 

replicated the approach of Sun et al. (17) and used the spherical deconvolution and FOD 

tractography tools in MRtrix3, along with their two-stage seeding approach, and unsurprisingly 

replicated their medial pathway (Figure 9C). Interestingly, when we used MRtrix3 to track from 

the LC seed ROI with only the TEC as an inclusion ROI, the resulting pathway resembled the 

medial tract from Sun et al. (17) (Figure 9D). Taken together, these comparative results suggest 

that the difference in spatial trajectory between our pathway and that of Sun et al. (17) looked to 

be due to the different dMRI analysis algorithms rather than choice of ROIs and seeding 

strategies. 

Finally, we explored whether we could extract the medial pathway using GO-ESP. We 

examined some of the lower-ranked eigenmodes from our tractography results, wherein we 

markedly observed a similar pathway from output generated using the widely-distributed seeding 

strategy in one HCP subject (Figure 10A). However, this finding appeared to be sporadic, so we 

next tried different seeding approaches to more reliably extract the medial path. First, we used 

the most anterior-medial portion of an amygdala ROI as an additional seeding region. This 

consistently resulted in EMIs closer to the midline, but still not quite resembling that of Sun et al. 

(17) (Figure 10B). We then tried using 2-dimensional disc-shaped ROIs right along the midline, 

encompassing the most anterior-medial portion of the LC-TEC atlas generated by Sun et al. (17). 

This consistently resulted in EMIs more closely resembling the medial pathway (Figure 10C). 
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Discussion  

Diffusion-weighted MRI is the best available tool for in vivo examination of WM 

pathways in the human brain. Despite significant progress in dMRI acquisition and analysis 

techniques, there remain significant limitations in standard analysis methodologies that 

ultimately limit its clinical utility. The application to tractography in the LC-TEC complex 

discussed in this paper, a crucial pathway for its putative role in the initiation and progression of 

AD pathologic changes, highlights the central issue: the difficulty in accurately reconstructing 

pathways passing through regions with complex fiber orientation distributions. GO-ESP was 

developed with a motivation to improve upon some of these difficulties, and takes a novel 

mathematical approach to the problem based fundamentally on probability theory (18,19). We 

have applied this technique to reconstruct the LC-TEC pathway in a sample of cognitively 

normal older adults, and a subsample with varying degrees of underlying AD biomarkers, to 

provide feasibility of in vivo examination of this important tract in the pathophysiology of AD. 

Interestingly, our results show moderate to large negative associations between both LC-

TEC pathway EP and FA with CSF measures of p-tau protein accumulation. This relationship is 

consistent with the assumption that higher CSF tau signifies neurodegeneration, as it is thought 

that tau-mediated neurofibrillary tangles leak out of dying neurons and diffuse into the CSF. We 

did not see significant associations between LC-TEC pathway EP or FA with CSF amyloid, 

although the effect size for the positive association between EP and amyloid was moderate, 

while that for the FA-amyloid relationship was weak. Thus far, these findings suggest that FA 

and EP may have similar ability to detect microstructural tau pathology, although EP might have 

additional sensitivity to detect amyloid pathology. Of course, further investigations with much 

larger sample sizes are needed to support these hypotheses. Notably, EP computation depends on 
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parameters such as length sensitivity, so it is possible that the calculation can be further 

optimized to be more sensitive to particular pathology, a worthy avenue of future research. 

Further, while our results apply only to cognitively normal older individuals, given the evidence 

for feasibility of LC-TEC tracking in our study and other studies, future investigations will 

assess the integrity of this pathway in the context of AD, including associations with cognitive 

decline or other AD biomarkers. Such findings would have implications for an improved 

understanding of the earliest pathologic changes in AD and may highlight future treatment 

targets to prevent the spread of pathology prior to the clinical manifestation of dementia. 

As noted above, only one other group has published a tractography reconstruction of the 

LC-TEC pathway in two different reports (16,17). Xia and Shi (16) reconstructed the right LC-

TEC pathway which required ad hoc tract-filtering depending on group-wise consistency, which, 

while helping to generate more consistent and anatomically feasible tracts in this case, has the 

potential to compromise the ability to capture individual or between-group differences in WM 

structure and may overall reduce the sensitivity of the analysis. In addition, Sun et al. (17) used a 

tract-filtering algorithm based on topographic regularity (41), which produced spatially 

consistent output between datasets without making assumptions about inter-individual 

consistency, but employed strict anatomical priors in order to obtain a clean and reliable 

reconstruction. GO-ESP makes minimal assumptions about the data and no assumptions about 

the fiber structure.  

Interestingly, our results differed in terms of spatial trajectory. We performed several 

iterations of testing to demonstrate that this discrepancy arose from inherent differences in the 

choice of dMRI analysis algorithms rather than from the choice of ROIs and seeding strategies 

(Figure 9). Indeed, even when using minimal seeding and inclusion ROIs (only LC and TEC) 
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with the state-of-the-art MRtrix3 tools, we still obtained a pathway resembling that of Sun et al. 

(17), whereas using the more restrictive seeding strategy (LC, amygdala, thalamus, VTA, and 

TEC) with GO-ESP still resulted in a more lateral pathway (Figure 5). 

A major limitation of all of these studies, including our own, is that the true anatomy of 

the human LC-TEC pathway is not well described as post-mortem mapping of the posited 

projections from brainstem LC nuclei have proven quite difficult. While the pathway has been 

characterized using anatomical tracing methods in rodents (42,43), we have no evidence from 

which to base the spatial trajectory of this pathway in humans. Braak and Del Tredici (15) 

further note that the LC-TEC pathway takes its greatest form only in higher primates, so rodent 

anatomical work specifying the LC-TEC pathway trajectory may have a paucity of connectivity 

and be relatively unhelpful. Sun et al. (17) state in their report that they are currently collecting 

high-resolution dMRI of post-mortem human brain tissue and plan to compare with expert 

delineations on slices of the same tissue to assess the accuracy of the reconstruction. This will be 

a critical next step to determine what anatomical constraints may or may not be appropriate for 

accurate reconstruction of the LC-TEC pathway(s). Thus, without a ground truth knowledge of 

the true anatomy of LC-TEC connections, we posit that both of these pathways could potentially 

be true. Indeed, it is possible that the two pathways represent alternative routes from the LC to 

the TEC, as having all projections from the LC to the TEC pass through the amygdala could be 

problematic from a functional standpoint. In the interim, we believe the option of imposing the 

fewest assumptions and constraints onto the analyses is a more conservative strategy, and our 

conservative approach offers an alternative option for an LC-TEC pathway. Indeed, the fact that 

we are able to detect associations between EP and AD-related CSF biomarkers within the GO-

ESP generated pathway and not the medial pathway supports the efficacy of our approach. 
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In summary, GO-ESP and EMI provide a unique opportunity to obtain more general, less 

biased descriptions of putative neural fiber tracts from data acquired using standard dMRI 

acquisition schemes by coupling local diffusion and long-range connectivity information. Using 

these tools, we have demonstrated consistent tractography of a pathway within a highly complex 

neuroanatomical region where the limitations of standard analysis methods become the most 

apparent. This work was carried out in the context of a wider research focus on AD, as the LC-

TEC pathway has been implicated as an early region of disease-related pathologic transmission 

(9). Indeed, we have shown that AD-related pathology may be detectable within GO-ESP 

derived LC-TEC WM pathways. This study serves as a proof-of-concept that we can reliably 

reconstruct this pathway, and paves the way for future efforts to apply these techniques to a 

clinical sample with the goals of exploring how microstructural characteristics of the LC-TEC 

pathway differ along the aging-AD continuum and how they relate to other markers of AD 

pathology. 
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Figures 

 
Figure 1.1: Whole-brain tract. vs. eigenmode images. Left, Wholebraian tractography tract 
results. Right, Eigenmode of connectivity matrix. Top, View from right side of brain. Middle, 
Mi-sagittal sections. Bottom, Coronal Sections. 
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Figure 1.2: Pathway-specific tract vs. eigenmode images. View from the left side of the brain 
showing the left inferior longitudinal. 
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Figure 1.3: Regions of interest. Top, Clear region indicates the “widely distributed” seed 
region. Middle, Inclusion regions in MNI space. Locus coeruleus (blue) and transentorhinal 
cortex (red). Bottom, Spatially weighted seed regions (yellow). Left, View from back of brain. 
Right, View from right side of brain. 
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Figure 1.4: Representative LC-TEC pathway reconstruction using the spatially-weighted 
seeding strategy. 3D output of principle eigenmode of the LC-TEC tractography connectivity 
matrix from a representative subject. Left: view from back of brain. Middle left: View of left side 
of brain. Middle right: View of right side of brain. Right: view from top of brain. 
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Figure 1.5: Groupwise spatial frequency map of LC-TEC pathway reconstruction. Top: 
output generated using widely distributed seeds; bottom: output generated using spatially-
weighted seeds. Individual participants’ thresholded principle EMIs were registered to MNI 
space, binarized, and summed. The intensity represents the number of subjects that had output in 
each respective voxel. 
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Figure 1.6: Associations between LC-TEC connectivity metrics and CSF biomarkers. 
Pearson’s partial correlations were used, controlling for age. Average bilateral LC-TEC EP is 
significantly negatively correlated with CSF p-tau (r = -0.538, p = 0.018; bottom left). Average 
bilateral LC-TEC FA is significantly negatively correlated with CSF total tau (r = -0.645, p = 
0.003; middle middle) and p-tau (r = -0.479, p = 0.038; bottom middle). Average bilateral medial 
path EP is not significantly correlated with any CSF biomarkers. 
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Figure 1.7: 3D LC-TEC principle EMIs for 5 HCP participants using the spatially-weighted 
seeding strategy. Left: view from back of brain. Middle left: View of left side of brain. Middle 
right: View of right side of brain. Right: view from top of brain. 
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Figure 1.8: Comparison of our results using the spatially-weighted seeding strategy (in red) 
with LC-TEC pathway probabilistic atlas from Sun et al. (2020) (in blue). 
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Figure 1.9: Comparison of GO-ESP with state-of-the-art approach. A: 3D view of GO-ESP 
generated pathways from the back of brain. Left: principle EMI generated using our spatially-
weighted seeding region (grey outline). Right: principle EMI generated using dilated mask of 
medial pathway from Sun et al. (2020) as seeding region (grey outline). B: Red: principle EMI 
generated from GO-ESP using LC, amygdala, and dilated thalamus as inclusion regions and 
VTA as an exclusion region. Blue: medial track from Sun et al. (2020). C: Replication of medial 
pathway in MRtrix using seeding approach from Sun et al. (2020). D: Generation of medial 
pathway in MRtrix seeding from LC and using the TEC as the only inclusion region. 
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Figure 1.10: Extracting “medial” pathway using GO-ESP in HCP subjects. Left: View from 
top of brain. Right: View from top left angle. A: extraction of both pathways with widely-
distributed seeding strategy. Red: principle EMI. Blue: 3rd EMI for left hemisphere, and 2nd 
EMI for the right hemisphere. B: Red: principle GO-ESP generated EMI. Blue: principle GO-
ESP generated EMI using anterior-medial amygdala (light blue) as additional seeding region. C: 
Red: principle GO-ESP generated EMI. Blue: principle GO-ESP generated EMI using a medial 
disc ROI (light blue) encompassing the anterior-medial portion of pathway from Sun et al. 
(2020). 
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Tables 

Table 1.1: Supporting Information Table S1. Sample characteristics. Demographic, 
cognitive, and CSF biomarker measurements. 

 Mean ± SD Range 
Age (years) 73.92 ± 6.02 62-85 
Education (years) 15.96 ± 2.11 12-20 
MMSE total raw score 28.9 ± 1.3 25-30 
DRS total raw score 139.6 ± 3.29 131-144 
CSF Aβ42/40 0.08 ± 0.02 0.04-0.10 
CSF tau 373.19 ± 218.42 151.00-1006.00 
CST p-tau 43.60 ± 13.81 24.30-81.00 
 n 
Sex n = 37 women 
Ethnicity n = 5 Hispanic/Latino 

Race n = 2 African American, n = 1 Asian, n = 1 American 
Indian/Alaska Native, n = 2 more than one, n = 44 White 
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2. Tau and amyloid moderate the relationship between locus coeruleus-transentorhinal 
cortex equilibrium probability and cognition 

Abstract 

The locus coeruleus (LC) is an early site of tau pathogenesis in Alzheimer’s disease (AD), yet 

LC neurons are known to survive with reduced functionality until the latest stages of the disease. 

Therefore, examining microstructural patterns along LC fiber pathways may offer novel insight 

into the preclinical period of AD, thereby improving our ability to detect those at greater risk. In 

this study we use diffusion magnetic resonance imaging to reconstruct a fiber pathway 

connecting the LC to the transentorhinal cortex in a sample of older adults with and without mild 

cognitive impairment. We examine the relationship between a novel measure of tract 

connectivity, equilibrium probability (EP), and cognition in the context of cerebrospinal fluid 

biomarkers of p-tau and Aβ42/40. Surprisingly, we find that participants with mild cognitive 

impairment have elevated tract EP compared to their cognitively normal counterparts. Further, 

we find that across all participants the relationship between tract EP and cognition is moderated 

by p-tau and Aβ42/40, whereby the association between EP and cognition becomes more 

negative at greater levels of putative tau and amyloid neuropathology. Our findings suggest that 

EP is not simply a measure of connectivity, and contributions to the signal may change with 

increasing levels of amyloid and tau pathology. 

Introduction 

Alzheimer’s Disease (AD) is a debilitating, slowly progressive neurodegenerative 

disorder affecting over 50 million people globally. With the exponential growth of the older 

adult population, this figure is expected to increase to 152 million by 2050 (1). This disease not 

only inflicts profound burdens of impairment on those affected (including patients and the 

emotional burdens on families, friends, and caregivers); the AD epidemic also carries significant 
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economic and public health consequences. Thus, there is an urgent need to better understand the 

early period of the disease so that we can identify those at risk of developing AD and improve 

our chances of successful intervention. 

The noradrenergic system, which plays a critical role in shaping brain dynamics that 

support various cognitive functions, is increasingly appreciated as a key player in the progression 

of AD. The primary source of noradrenaline in the brain is the locus coeruleus (LC), a small 

brainstem nucleus comprised of about 50,000-60,000 neurons in the adult human that 

nonetheless has massively branching projections reaching throughout the neuraxis. While it has 

been known for decades that degeneration of neurons within the LC is a ubiquitous feature of 

AD (2-4), recent histochemistry (5-7) and unbiased stereology (8,9) studies have suggested that 

nonfibrillar abnormal tau in the LC may be one of the earliest detectable signs of AD-like 

neuropathology. This finding may account for some of the early behavioral impairments 

observed in AD patients involving the sleep-wake cycle, agitation, attention, appetite, anxiety, 

and depression (10-12).  

There has been a wave of recent studies examining in vivo magnetic resonance imaging 

(MRI) measures of putative LC “integrity” assessed using relative signal contrast within the LC 

(e.g. (13-21)). However, LC neurons are known to survive, albeit with limited functionality, until 

the latest stage of the disease (22). Therefore, while examining information from voxels 

comprising the LC nucleus itself is an important avenue of exploration, it is possible that 

examining microstructural changes along LC pathways may provide more sensitive information 

earlier in the AD prodrome. Braak recently modified his original neurofibrillary tangle staging 

system to suggest that the pathogenic process begins with the formation of pre-tangle material 

deep within the brainstem, including the LC, where it then spreads via specific projections to the 
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transentorhinal cortex (TEC) (6). Therefore, it is important to study not only the changes taking 

place within the LC itself, but also its projections to the medial temporal cortex and TEC, where 

neurofibrillary tangle pathology proceeds as commonly understood (23). 

We recently developed a method for reconstructing the LC-TEC pathway from in vivo 

diffusion MRI (dMRI) data reliably and consistently (24), using a novel mathematical approach 

for characterizing diffusion MRI data called Geometric Optics-Based Entropy Spectrum 

Pathways (GO-ESP) (25). This work was carried out in a sample of cognitively normal (CN) 

older adults. In the present study, we extend our previous work by applying the approach 

developed in (24) to a sample of older adults with and without mild cognitive impairment (MCI), 

thought to represent a prodromal stage between normal aging and dementia (26). We reconstruct 

an LC-TEC pathway, extract a measure of tract connectivity, and examine associations between 

connectivity and cognition in the context of other AD risk markers derived from cerebrospinal 

fluid (CSF; p-tau and Aβ42/40). We hypothesized that tract connectivity would be reduced in 

those with MCI compared to CN adults, and that this difference would be especially apparent in 

the portion of the tract more distal from the LC. This hypothesis is based on previous findings in 

APOE-deficient mice showing that synaptic disturbances in an LC tract were more apparent in 

terminals that were farther away from the cell body (27). We also hypothesized that across 

participants, reduced connectivity would be associated with increased AD risk as measured by 

cognitive and biomarker positivity. In particular, we expected to see stronger associations in 

models incorporating tau in comparison to amyloid, since the LC is specifically implicated in 

AD-related tau pathogenesis (5-9). 



58 
 

Methods 

Participants 

Participants were recruited primarily from the University of California, San Diego 

(UCSD) Alzheimer's Disease Research Center, which is funded by the National Institute on 

Aging to conduct longitudinal studies on older adults. Additional participants were recruited 

from the community in San Diego, California. Referrals came from participants enrolled in past 

studies, flyers, Veteran’s Affairs Neuropsychological Assessment Unit, and Research Match 

where they are screened for eligibility. This study was approved by the UCSD Institutional 

Review Board, and written informed consent was obtained from all participants upon enrollment. 

A total of 109 participants (age range: 62-85 years, average age of 74.46 years, 58% 

women) were recruited, and 24 were excluded from all analyses: 1 subject was unable to receive 

a diagnosis due to incomplete neuropsychological data; 1 participant was unable to complete 

MRI scanning due to a stent that was not reported during phone screening; 1 participant had an 

incidental finding on MRI; 3 participants had errors in MRI acquisition that resulted in unusable 

data or data that were unable to be reconstructed; 1 participant had an artifact that made their 

data unusable; and 6 were excluded due to excessive head motion during MRI scanning. Further, 

our data collection was restricted due to the COVID-19 pandemic, and we only enrolled 11 

participants with AD, 2 of which were unable to complete scanning due to anxiety upon entering 

the scanner bore. We therefore excluded them from analyses due to lack of statistical power in 

such a small sample. Our final example consisted of 85 participants. 

Cognitive testing & diagnostic classification of MCI 

Participants completed a comprehensive neuropsychological test battery including 

sensitive measures of memory (California Verbal Learning Test-II, WMS-R Visual 
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Reproduction Test with delayed recall and recognition, WMS-R Logical Memory with delayed 

recall and recognition, Benson Complex Figure Copy), attention (WAIS-R Digit Span), language 

(Multilingual Naming Test, and Letter and Category Fluency Tests), problem solving and 

executive function (modified Wisconsin Card Sort Test, Trail-Making Test Parts A and B, Digit 

Symbol Substitution Test, Fluency Switching and Color-Word Interference subtests of the Delis-

Kaplan Executive Functioning System [DKEFS]), constructional and visuospatial abilities 

(WASI-II Block Design Test, Clock Drawing Test, D-KEFS Visual Scanning), and global 

cognition (Mattis Dementia Rating Scale [DRS], Mini-Mental State Examination [MMSE]). 

We define MCI as having scores below one standard deviation of the norms on two or 

more tests within one or more cognitive domains, according to Jak/Bondi actuarial 

neuropsychological test methods (28,29). This actuarial approach was developed to improve 

rigor and sensitivity of MCI classifications and has been shown to assign diagnoses that are less 

prone to false positive errors and more related to AD biomarkers (30-32).  

The final sample after all exclusion criteria were applied included 62 CN older adults, 15 

with amnestic MCI (defined as having impairment in memory; 9 multi-domain, 6 single-

domain), and 8 with non-amnestic MCI (defined as having impairment only in non-memory 

domains; 4 single-domain, 4 multi-domain). Single-domain non-amnestic MCI participants were 

included in the CN group due to the instability of the diagnosis (28). Thus, our final groups 

consisted of 66 CN and 19 MCI participants. 

To examine associations between tract connectivity and cognition, cognitive composites 

were created by averaging z-scores from raw data for attention (Digit Symbol total, Digit Span 

forward total, Trails A seconds), executive function (Digit Span backward total, Trails B 

seconds, and DKEFS Color-Word Inhibition Switching seconds), verbal learning (CVLT List A 
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1-5 total and Logical Memory 1), and verbal memory (CVLT Long Free Recall and Logical 

Memory 2).  

CSF biomarker assessment 

A subset of our participants (n = 59) underwent lumbar punctures as part of participation 

in the UCSD Alzheimer’s Disease Research Center. Procedures, preanalytical preparation, and 

storage of CSF were carried out as previously described (33) in accordance with recommended 

best practices (34). In brief, 15–25 mL of CSF was collected by lumbar puncture early in the 

morning after overnight fasting. Samples were processed, aliquoted into 500 μL fractions in 

polypropylene microtubes, snap frozen, and stored at −80°C until assayed. All samples were 

analyzed locally using the automated Lumipulse platform using assays developed with 

established monoclonal antibodies (Fujirebio Inc) (35). The majority of lumbar punctures were 

conducted within one year of the MRI visit (n = 20), although we included data collected within 

two (n = 15), three (n = 4), and four (n = 8) years of the visit given research showing the stability 

of CSF biomarkers over several years (36) in an effort to maximize our sample size. Twelve 

samples were excluded from analyses for being collected over 4 years from MRI scanning and 

cognitive testing, resulting in a final sample of 47 CSF measurements. CSF measures of Aβ40, 

Aβ42, total tau, and phosphorylated tau (p-tau) were obtained. We used p-tau for analyses as 

previous research has suggested p-tau to be a more specific biomarker for AD (37) whereas total 

tau may be a marker of neurodegeneration in general (38). Further, we used the Aβ42/40 ratio 

which has been shown to perform better at identifying AD patients compared to AB42 alone 

(39). 
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MRI acquisition 

Scans were performed on a 3 Tesla GE Discovery MR750 scanner at the UCSD Center 

for Functional MRI using a 32-channel head coil (Nova Medical Inc, Wilmington MA). Whole-

brain diffusion MRI scans were collected using a novel Extended Hybrid Sense EPI acquisition 

(40); data were simultaneously acquired with both polarities of the phase encoding gradient to 

perform TOPUP gradient and eddy current distortion correction, which was done in offline 

specialized reconstruction routines that implemented the FMRIB Software Library’s (FSL) Eddy 

and TOPUP tools (41-43) directly within the image reconstruction (40). Multiple diffusion-

weighted shells were collected at b-values of 1000, 2000, and 3000s/m2 with the number of 

directions being 30, 45, and 60, respectively, and 6 b0s. The data acquisition parameters were: 

slice thickness=2mm, FOV=20cm, TE=93ms, TR=2.7s, matrix size=100x100x72. Using a 

SENSE factor of 4, the imaging time was approximately 13 minutes. This is a standard diffusion 

MRI gradient sampling scheme. Therefore, findings generated from this study are a result of the 

analysis, not the acquisition, and should be replicable across datasets.  

MRI preprocessing and quality assessment 

FSL (v.6.0) (42) was used to correct for inter-volume head motion (eddy; b-vectors 

adjusted for correction) (43) and remove skull and other non-brain tissue (BET) (44). Data were 

resampled to a 1mm3 resolution using Symplectomorphic Registration with Phase Space 

Regularization (SYMREG) (45).  

Quality control consisted of visual inspection for slice-wise signal dropout, image noise, 

and shifts of head placement between diffusion volumes, as well as quantitative measurement of 

in-scanner head motion (from eddy). Scans with greater quantitative measures of head motion 
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corresponded with visual confirmation of slice-wise signal dropout in volumes collected during 

head movement. Six scans with total average head motion over 0.7 mm were excluded.  

Diffusion Estimation and Tractography  

Diffusion MRI post-processing was performed using GO-ESP, a novel diffusion 

estimation and tractography approach which simultaneously estimates local diffusion and long-

range connectivity patterns using the theory of Entropy Spectrum Pathways and a Geometric 

Optics-like approach for tracing out tracts as proxies for white matter pathways (25,46). ESP 

builds off the concept of a maximum entropy random walk, calculating transition probabilities 

between voxels using a coupling matrix (in this work, the coupling matrix defines inter-voxel 

interactions as the inner product of the full diffusion tensor). The transition probabilities describe 

the probabilities of various pathways within the data, and the final distribution of these 

probabilities over long time results in our dependent measure of interest – the equilibrium 

probability (EP). Because the calculation of EP considers the global structure of the dMRI data, 

it is more robust to local regions of spurious signal dropout due to complex underlying fiber 

orientation geometry and may be more a measure of connectivity than anisotropy. While many 

parameters go into the calculation of the EP (46), one parameter of interest is the coupling power 

– the exponent that the coupling matrix is raised to. We find that varying this parameter and 

taking the average EP across different coupling values results in a more normally distributed EP 

variable across datasets, thus we took the average EP generated using coupling values of 3, 4, 

and 6, and used this as our measure of tract connectivity. 

 To reconstruct an LC-TEC pathway, we used GO-ESP to generate tracts intersecting two 

regions of interest (ROIs): a publicly available LC map (47), and the anterior division of the 

parahippocampal gyrus, meant to approximate the TEC, extracted from the Harvard-Oxford 
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cortical structural atlas in FSL (HarvardOxford-cort-maxprob-thr50-1mm). Only the most 

anterior lateral portion of the anterior parahippocampal gyrus ROI was used to maintain 

specificity of generated tracts (Figure 1, middle panel). As both ROIs were created in standard 

Montreal Neurological Institute (MNI) coordinate space, SYMREG (45) was used to register 

each participant’s EP map to the “MNI152_T1_1mm_brain” map from the template in FSL. 

These registrations were used to reverse transform the ROIs from MNI coordinate space into 

each subject’s native diffusion space, in which tractography was performed.  

Tractography was performed as previously described (24). In a representative subject, 

seeds were first distributed throughout the brain excluding only the top part of the cerebral cortex 

and the brain below the ROIs (this was done for computational efficiency; xyz coordinates in 

MNI space 0-200, 0-200, 0-142; Figure 1, top panel). Only tracts that intersected both ROIs were 

kept (Figure 1, middle panel). We refer to this strategy as “widely-distributed” seeding. Next, to 

increase the spatial consistency of output between subjects, we took the principle eigenmode of 

this representative LC-TEC pathway reconstruction using widely-distributed seeds, and binarized 

and dilated this region to obtain a mask that could be used as a more “spatially-weighted” 

seeding region (Figure 1, bottom panel). In this approach, seeds are still distributed throughout 

the brain as described above, but placement is weighted more heavily within the “spatially-

weighted” mask. As before, only tracts that intersected both ROIs were kept. For both analyses, 

two million starting seeds were randomly distributed throughout the seed regions, and tracking 

was only permitted to pass through regions where the EP was at least 0.5 (this value corresponds 

reliably with the location of white matter). The output from spatially-weighted seeding for all 

subjects was used for subsequent analyses because this strategy results in more spatially 

consistent output across datasets.  
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Using each participants’ tractography output, we performed a technique we call 

EigenMode Imaging (EMI), which involves calculating the eigensystem of the connectivity 

matrix constructed from the generated tracts. The resulting eigenvectors represent the spatial 

distribution of probability corresponding to the most likely pathways within the set of tracts, and 

these pathways are called eigenmodes. The eigenvector associated with the largest eigenvalue 

(the principal eigenvector) corresponds with the pathway with the greatest probability (the 

principal eigenmode). We analyzed the principal eigenmode for all datasets.  

To generate masks for visualization and statistical analyses, we applied a threshold to the 

EMIs. The EMIs generated from tractography are automatically normalized so that the sum of all 

included voxels is equal to one, where higher values correspond with a higher probability. To 

exclude voxels with the lowest probability of belonging to the pathway, we kept only those 

highest value voxels whose intensities sum to 0.9. This technique ensures a level of within-

subject anatomical consistency. These thresholded EMIs were binarized and used as masks to 

extract measures for statistical analyses. Spatial consistency of tractography output across 

subjects can be seen in Figure 2. 

To examine effects related to distance from the LC nucleus, we took a representative LC-

TEC pathway and split it into three equal segments along its posterior-anterior axis (proximal, 

middle, and distal to LC). The MNI152-space y-axis coordinates for each segment were as 

follows: proximal = 87-102; middle = 103-118; distal = 119-132 (Figure 3). Given the inter-

subject consistency in tract anatomy, we registered each of these MNI-space segments into 

subject native-space using SYMREG (45) for extraction of connectivity measures and statistical 

analysis. 
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Statistical analysis 

Statistical analyses were performed in R (version 4.1.2; https://cran.r-project.org/). All 

data were checked for outliers (defined as three times the interquartile range above the third 

quartile or below the first quartile). There were no outliers in the cognitive composites. There 

was one outlier p-tau measurement, so this case was excluded from analyses involving p-tau. 

There were no outliers in Ab4240 or EP.  

Independent samples t-tests were used to compare groups (CN vs MCI) on age, years of 

education, raw MMSE and DRS totals, and CSF markers of p-tau and AB42/40. Covariates 

included age and sex for all analyses, education for analyses with cognitive composites, and head 

motion for analyses with EP. Product-moment correlations assessed the relationship between 

LC-TEC EP with p-tau and Ab4240. An analysis of covariance examined average LC-TEC EP 

as a function of group (CN vs MCI). A repeated-measures analysis of covariance was conducted 

to examine average LC-TEC EP as a function of group (CN vs MCI) and tract segment 

(proximal vs middle vs distal).  

To examine associations between LC-TEC EP and cognition in the context of AD risk as 

measured by CSF biomarkers, multiple linear regressions were used to examine each cognitive 

composite (attention, executive function, verbal learning, and verbal memory) as a function of 

average LC-TEC EP, p-tau, and the interaction between EP and p-tau. To assess whether our 

results are specific to p-tau, follow-up sets of regressions were run examining the relationship 

between LC-TEC EP and cognition in the context of Ab42/40. 
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Results 

Sample characteristics 

Demographic and clinical characteristics can be found in Table 1. CN and MCI 

participants did not differ in age or years of education. MCI participants scored lower on the 

MMSE (p < 0.05) and DRS (p < 0.05) compared to CN participants. Groups did not differ on 

levels of p-tau or Ab42/40, though the MCI group showed the expected trends of increased p-tau 

and reduced Ab42/40 compared to CN participants. Groups did not significantly differ in 

average head motion (95% CI = -0.13 – 0.03, p > 0.05). 

Connectivity associations with CSF biomarkers 

A product-moment correlation controlling for age and sex revealed no relationship 

between average LC-TEC EP and p-tau (r(41) = 0.05, n = 45, p > 0.05), but there was a 

significant, albeit weak, relationship between LC-TEC EP and Ab42/40 (r(42) = -0.33, n = 46, p 

< 0.05) such that higher EP was associated with lower Ab42/40 (indicative of greater cerebral 

amyloid pathology).  

Connectivity comparisons between CN and MCI participants 

An analysis of variance examining average LC-TEC EP as a function of group while 

controlling for age, sex, and head motion revealed a significant main effect of group (F(1,79) = 

4.16, p < 0.05, η2G = 0.05), whereby the MCI group had higher average EP (mean = 0.70 +/- 

0.046) compared to CN participants (mean = 0.67 +/- 0.048). A repeated measures analysis of 

variance examining average LC-TEC EP with the between-subjects variable of group (CN, MCI) 

and the within-subjects variable of tract segment (proximal, middle, distal) while controlling for 

age, sex, and head motion revealed no main effect of group (F(1,80) = 0.003, p > 0.05, η2G < 
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0.001). However, there was a main effect of segment (F(1.5,119.65) = 4.54, p < 0.05, η2G = 

0.02), such that distal < middle < proximal LC-TEC EP. 

Connectivity associations with cognition 

Tract EP and cognition relationships in the context of p-tau 

Four multiple linear regressions were run predicting each cognitive composite (attention, 

executive functioning, verbal learning, verbal memory) from age, sex, education, head motion, 

average LC-TEC EP, p-tau, and the interaction between EP and p-tau. All regression results can 

be found in Table 2.2. 

Our attention model was not statistically significant overall (F(7,37) = 2.03), adjusted R2 

= 0.14, p > 0.05), although there were significant main effects of EP (b = 18.85, p < 0.01) and p-

tau (b = 0.36, p < 0.01) and a significant interaction between EP and p-tau (b =-0.51, p < 0.01), 

such that the relationship between EP and attention is positive among those with low p-tau but 

becomes more negative in those with higher levels of p-tau. To aid in interpretation of the 

interaction effect, a median split of p-tau was performed to graphically depict the relationship 

between the three variables.  

Our model predicted executive functioning (F(7,37) = 3.24, adjusted R2 = 0.26, p < 0.01), 

with main effects of EP (b = 25.11, p < 0.001) and p-tau (b = 0.44, p < 0.001) and a significant 

interaction between EP and p-tau (b = -0.64, p < 0.001), such that the relationship between EP 

and executive functioning is positive in those with low p-tau and becomes more negative in those 

with higher p-tau. To aid in interpretation of the interaction effect, a median split of p-tau was 

performed to graphically depict the relationship between the three variables. 

Our model significantly predicted verbal learning (F(7,37) = 7.57, adjusted R2 = 0.51, p < 

0.0001), with main effects of sex (b = 0.71, p < 0.01), education (b = 0.11, p < 0.05), head 
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motion (b = -1.58, p < 0.05), p-tau (b = 0.31, p < 0.05), and the interaction between EP and p-tau 

(b = -0.48, p < 0.05), such that the relationship between EP and verbal learning becomes more 

negative in those with higher p-tau. To aid in interpretation of the interaction effect, a median 

split of p-tau was performed to graphically depict the relationship between the three variables. 

Finally, our model significantly predicted verbal memory (F(7,37) = 3.54, adjusted R2 = 

0.29, p < 0.01), with significant main effects of sex (b = 0.63, p < 0.05), education (b = 0.13, p < 

0.05), and the interaction between EP and p-tau (b = -0.48, p < 0.05), such that the relationship 

between EP and verbal memory becomes more negative among those with higher p-tau. To aid 

in interpretation of the interaction effect, a median split of p-tau was performed to graphically 

depict the relationship between the three variables. 

Tract EP and cognition relationships in the context of Aβ42/40 

Four multiple linear regressions were run predicting each cognitive composite (attention, 

executive functioning, verbal learning, verbal memory) from age, sex, education, head motion, 

average LC-TEC EP, CSF Aβ42/40, and the EP by Aβ42/40 interaction. All regression results 

can be found in Table 2.2. 

Our model did not predict attention (F(7,38) = 0.26, adjusted R2 = -0.13, p > 0.05), and 

none of the coefficients were statistically significant. Our model did not predict executive 

functioning (F(7,38) = 0.54, adjusted R2 = -0.08, p > 0.05), and none of the coefficients were 

statistically significant.  

Our model predicted verbal learning (F(7,38) = 7.81, adjusted R2 = 0.52, p < 0.0001), 

with main effects of sex (b = 0.68, p < 0.01), education (b = 0.11, p < 0.01), EP (b = -30.32, p < 

0.01), Aβ42/40 (b = -195.80, p < 0.05), and the interaction between EP and Aβ42/40 (b = 

308.90, p < 0.05). The interaction was such that the relationship between EP and verbal learning 
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becomes more negative among those with lower levels of Aβ42/40 (indicative of greater amyloid 

neuropathology). To aid in interpretation of the interaction effect, a median split of Aβ42/40 was 

performed to graphically depict the relationship between the three variables. 

Finally, our model predicted verbal memory (F(7,38) = 3.85, adjusted R2 = 0.31, p < 

0.01), with main effects of education (b = 0.13, p < 0.05), EP (b = -29.71, p < 0.05), and the 

interaction between EP and Aβ42/40 (b = 323.50 p < 0.05). The interaction was such that the 

relationship between EP and verbal memory becomes more negative among those with lower 

Aβ42/40. To aid in interpretation of the interaction effect, a median split of Aβ42/40 was 

performed to graphically depict the relationship between the three variables. 

Discussion 

In this study, we reconstruct an LC-TEC pathway from diffusion MRI data collected in a 

sample of older adults at varying degrees of risk for AD. We extract average EP (a measure of 

tract connectivity) within each participant’s LC-TEC pathway, compare EP between CN and 

MCI participants, and analyze its relationship with cognition in the context of putative tau and 

amyloid neuropathology measured from CSF.  

Surprisingly, we find that participants with MCI have higher LC-TEC EP compared to 

CN participants. This weak-to-medium effect was not related to tract segment but was seen only 

when looking at EP over the entire pathway as a whole unit. Additionally, we find that higher 

LC-TEC EP is associated with lower CSF Aβ42/40 (indicative of greater cerebral amyloid 

pathology). While this association was weak, these two findings together seem to suggest that the 

EP measure could be picking up on some pathologic, inflammatory, or compensatory process 

rather than being simply a measure of connectivity strength. Interestingly, we did not replicate 

our previous preliminary finding of a negative association between tract EP and p-tau (24). 
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When examining associations between LC-TEC EP and cognition, we see a consistent 

pattern whereby the relationship between EP and cognition depends upon levels of CSF markers 

of AD-related pathology. There is a significant negative interaction between EP and p-tau across 

the examined cognitive domains (attention, executive function, verbal learning, and verbal 

memory) such the relationship between EP and cognition becomes more negative at greater 

levels of tau neuropathology. When examining these relationships in the context of Aβ42/40, we 

see a similar pattern only with verbal learning and delayed verbal memory. Indeed, according to 

the residual standard errors the attention and executive functioning models were strongest when 

accounting for p-tau rather than Aβ42/40, and the verbal learning and memory models were 

strongest when accounting for Aβ42/40 rather than p-tau. These findings support the idea that tau 

pathogenesis in the LC relates to early deficits in attention and executive functioning, and by the 

time learning and memory impairments manifest, the presence of amyloid pathology becomes an 

important predictor. 

Taken as a whole, our findings suggest that EP is more than a simple index of 

connectivity. Among individuals with accumulating tau and amyloid neuropathology, the 

relationship between EP and cognition becomes more complex and may involve other factors. 

This is not an isolated issue in the neuroimaging community. Generally, measures that garner 

widespread interpretation as indexes of “integrity” are more multifaceted. For instance, fractional 

anisotropy in diffusion tensor imaging is typically used as a measure of white matter “integrity”, 

even though we know that there are multiple underlying microstructural orientation patterns and 

physiological processes that can result in reduced fractional anisotropy, not all of which 

represent poorer integrity (48). Therefore, these results both warrant further investigation in 



71 
 

larger samples as well as serve as a reminder to be cautious in applying such blanketed 

interpretations of macroscopic neuroimaging metrics. 

In our case, one of the major strengths of GO-ESP and the calculation EP – the 

consideration of long-range structure – may also be its weakness when applied to a clinical 

research question. Indeed, while the nature of GO-ESP improves tractography through regions 

with complex underlying fiber geometry and results in measures of connectivity that are more 

robust to local regions of signal dropout due to crossing fibers, this may also render EP less 

sensitive to focal regions of truly diminished white matter microstructure. Double-pulsed field 

gradient dMRI may offer more sensitivity to areas of complex fiber geometry and is a promising 

technique in its early stages of being applied to clinical research. 

Our study has limitations. First, the true anatomy of LC pathways in the human brain are 

not well-understood, and the pathway we present is a postulate generated from the data with as 

few anatomical constraints as possible while still resulting in reliable and consistent output. 

Notably, the only other published LC-TEC pathway to our knowledge (49) captures a different 

spatial trajectory based upon understanding of LC projections from rodent studies. We make no 

arguments about whether either of the pathways are true or false; they are different 

reconstructions from fundamentally different analysis algorithms, and more anatomical research 

in human brains is necessary to know with more certainty which brain regions contain the 

projections of interest. Importantly, it has been noted that the human LC is markedly more 

complex than that in rodents and therefore we must be careful in assuming direct translatability 

from these early tracing studies (50). Second, only a small subsample of our participants with 

diffusion MRI data had CSF measures. Lumbar punctures are invasive and uncomfortable, 

limiting data availability and begging the question of selection bias. Obtaining putative 
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pathology measures with less invasive techniques such as blood draws may improve upon this 

issue but will take time to implement. Related to our small sample, we were unable to include 

participants with AD in our analyses due to their extremely limited group size. Further, in order 

to maximize our MCI sample, we made the decision to group together amnestic and multi-

domain non-amnestic MCI participants, though examining amnestic MCI in isolation may offer 

more sensitivity to early AD-related changes. We grouped the single-domain non-amnestic MCI 

participants with the CN participants to try to restore some sensitivity. Finally, our sample 

consists of predominantly educated white older adults who live in and around a relatively 

affluent area, which is not representative of broader demographic characteristics in the United 

States or even in southern California. Given our limited sample size, we believe this study offers 

valuable insights from an exploratory perspective to generate further research ideas and 

hypotheses, but we acknowledge that interpretations or generalizability of findings are limited. 

There is a great need to study the impacts of sociodemographic factors such as access to 

healthcare and education, socioeconomic status, and chronic stress (especially relevant to the 

LC) on AD risk and progression, and to take these factors into account in studies such as ours.  

Overall, this study builds directly upon our previous work by including a broader sample 

of older adults at varying degrees of AD risk, measured using neuropsychological measures of 

cognition and CSF measures of putative tau and amyloid neuropathology. We show that LC-TEC 

EP relates to cognition in a manner that depends on p-tau and Aβ42/40. Specifically, we see the 

expected positive association between greater EP and better cognition only among those with 

low pathology. This work calls for future investigations of the tract connectivity-cognition 

relationship particularly among individuals with greater pathology, in which case other risk 
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factors – potentially sociodemographic factors in a more diverse sample – may benefit our 

understanding of early AD. 
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Figure 2.1: Whole-brain tract vs. eigenmode images. Left: Whole-brain tractography tract 
results. Right: eigenmode of connectivity matrix. Top: View from right side of brain. Middle: 
Mid-sagittal sections. Bottom: Coronal sections. 
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Figure 2.2: Groupwise spatial frequency map of LC-TEC pathway reconstruction. 
Individual participants’ thresholded principle EMIs were registered to MNI space, binarized, and 
summed. The intensity represents the number of subjects that had output in each respective 
voxel. 
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Figure 2.3: LC-TEC segments. A representative LC-TEC pathway was split into three equal 
segments along its posterior-anterior axis (proximal to LC, middle, and distal to LC). The 
MNI152-space y-axis coordinates for each segment were as follows: proximal = 87-102; middle 
= 103-118; distal = 119-132. 
 

 
Figure 2.4: EP and CSF associations. Product-moment correlations assessed the relationship 
between tract EP with CSF p-tau (A) and Ab4240 (B). The relationship between EP and Ab4240 
was significant. 
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Figure 2.5: EP by group and segment. (A)  An analysis of covariance examined average LC-
TEC EP as a function of group (CN vs MCI) adjusting for age and sex. A repeated-measures 
analysis of covariance was conducted to examine average EP as a function of group (CN vs 
MCI) and tract segment (proximal vs middle vs distal) adjusting for age and sex. MCI 
participants had greater EP compared to CN participants. Tract EP was significantly higher in the 
proximal segment compared to middle and distal segment, and was higher in the middle segment 
compared to the distal segment. 
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Figure 2.6: Tract EP and cognition relationships in the context of p-tau. Four multiple linear 
regressions were run predicting each cognitive composite (attention, executive functioning, 
verbal learning, verbal memory) from age, sex, education, head motion, average LC-TEC EP, 
CSF p-tau, and the EP by CSF p-tau interaction.  
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Figure 2.7: Sex differences in verbal learning and memory. Females scored higher than males 
on average on verbal learning (A) and memory (B). 
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Figure 2.8: Tract EP and cognition relationships in the context of Ab4240. Four multiple 
linear regressions were run predicting each cognitive composite (attention, executive 
functioning, verbal learning, verbal memory) from age, sex, education, head motion, average 
LC-TEC EP, CSF Ab4240, and the EP by CSF Ab4240 interaction. 

 

 

 

 

 

 



81 
 

Tables  

Table 2.1: Sample characteristics. Demographic, cognitive, and CSF biomarker 
measurements. 

  CN (n = 66; mean ± SD) MCI (n = 19; mean ± SD) p 
Age (years) 74.39 ± 5.77 73.68 ± 6.92 0.69 
Education (years) 16.39 ± 2.25 16.47 ± 3.29 0.92 
MMSE (raw) 28.73 ± 1.52 27.53 ± 2.17 0.03 
DRS (raw) 139.3 ± 3.33 136.4 ± 4.50 0.01 
  n = 37 n = 10 p 
CSF p-tau  43.56 ± 18.50 47.41 ± 25.72 0.67 
CSF AB42/40 0.080 ± 0.021 0.061 ± 0.026 0.92 
  n   
Ethnicity 4 Hispanic/Latinx 3 Hispanic/Latinx   

Race 

2 Asian, 2 African 
American, 2 American 
Indian/Alaska Native, 0 
Native Hawaiian/Other 
Pacific Islander, 58 White, 2 
More than one 

1 Asian, 0 African 
American, 1 American 
Indian/Alaska Native, 0 
Native Hawaiian/Other 
Pacific Islander, 17 White, 2 
more than one 

  

Table 2.2: Regression Results. 

LC-TEC Tractography Regression Results 
Attention Regression Coefficients 

p-tau 
  β Estimate Std. Error t-value p-value 
(Intercept) -14.080 5.199 -2.708 0.010 
age 0.006 0.018 0.305 0.762 
sex 0.093 0.217 0.431 0.669 
edu 0.023 0.036 0.640 0.526 
head motion -0.195 0.632 -0.308 0.760 
LC-TEC EP 18.852 6.642 2.838 0.007 
CSF p-tau 0.359 0.110 3.251 0.002 
EP x CSF inter -0.509 0.160 -3.179 0.003 

Aβ42/40 
  β Estimate Std. Error t-value p-value 
(Intercept) 1.714 7.177 0.239 0.813 
age -0.007 0.020 -0.354 0.725 
sex 0.080 0.244 0.328 0.745 
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edu 0.000 0.040 -0.012 0.990 
head motion -0.561 0.710 -0.789 0.435 
LC-TEC EP -1.711 10.250 -0.167 0.868 
CSF Aβ42/40 -5.224 84.200 -0.062 0.951 
EP x CSF inter 10.760 122.200 0.088 0.930 

Executive Functioning Regression Coefficients 
p-tau 

  β Estimate Std. Error t-value p-value 
(Intercept) -20.413 4.939 -4.133 0.000 
age 0.024 0.017 1.383 0.175 
sex 0.367 0.206 1.784 0.083 
edu 0.067 0.034 1.972 0.056 
head motion -0.223 0.601 -0.371 0.713 
LC-TEC EP 25.105 6.310 3.979 0.000 
CSF p-tau 0.443 0.105 4.226 0.000 
EP x CSF inter -0.640 0.152 -4.207 0.000 

Aβ42/40 
  β Estimate Std. Error t-value p-value 
(Intercept) 0.977 7.241 0.135 0.893 
age 0.009 0.021 0.414 0.682 
sex 0.393 0.246 1.599 0.118 
edu 0.039 0.040 0.973 0.337 
head motion -0.396 0.717 -0.553 0.584 
LC-TEC EP -3.629 10.344 -0.351 0.728 
CSF Aβ42/40 -32.239 84.951 -0.380 0.706 
EP x CSF inter 49.401 123.334 0.401 0.691 

Verbal Learning Regression Coefficients 
p-tau 

  β Estimate Std. Error t-value p-value 
(Intercept) -9.032 5.810 -1.554 0.129 
age 0.013 0.020 0.622 0.538 
sex 0.714 0.242 2.949 0.006 
edu 0.107 0.040 2.675 0.011 
head motion -1.576 0.706 -2.230 0.032 
LC-TEC EP 10.778 7.422 1.452 0.155 
CSF p-tau 0.306 0.123 2.478 0.018 
EP x CSF inter -0.476 0.179 -2.659 0.012 

Aβ42/40 

Table 2.2: Regression Results (continued). 
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β Estimate Std. Error t-value p-value 

(Intercept) 18.010 6.967 2.585 0.014 
age -0.003 0.020 -0.165 0.870 
sex 0.678 0.237 2.866 0.007 
edu 0.111 0.039 2.868 0.007 
head motion -0.742 0.690 -1.075 0.289 
LC-TEC EP -30.320 9.953 -3.047 0.004 
CSF Aβ42/40 -195.800 81.740 -2.395 0.022 
EP x CSF inter 308.900 118.700 2.603 0.013 

Verbal Memory Regression Coefficients 
p-tau 

  β Estimate Std. Error t-value p-value 
(Intercept) -11.158 7.390 -1.510 0.140 
age 0.011 0.026 0.442 0.661 
sex 0.632 0.308 2.054 0.047 
edu 0.127 0.051 2.506 0.017 
head motion -1.195 0.899 -1.330 0.192 
LC-TEC EP 13.179 9.440 1.396 0.171 
CSF p-tau 0.313 0.157 1.992 0.054 
EP x CSF inter -0.481 0.228 -2.115 0.041 

Aβ42/40 
  β Estimate Std. Error t-value p-value 
(Intercept) 17.400 8.771 1.983 0.055 
age -0.004 0.025 -0.147 0.884 
sex 0.577 0.298 1.936 0.060 
edu 0.131 0.049 2.672 0.011 
head motion -0.464 0.868 -0.534 0.596 
LC-TEC EP -29.710 12.530 -2.371 0.023 
CSF Aβ42/40 -207.500 102.900 -2.017 0.051 
EP x CSF inter 323.500 149.400 2.165 0.037 
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3. Tau moderates the relationship between locus coeruleus MR signal and cognition 

Abstract 

The locus coeruleus (LC) is one of the earliest sites of tau pathogenesis in Alzheimer’s disease 

(AD). Studies using LC-sensitive magnetic resonance imaging (MRI) have shown that AD 

patients have reduced relative LC signal compared to their cognitively normal peers, but findings 

conflict on whether changes are detectable in the mild cognitive impairment (MCI) stage. 

Further, little is understood about the relationship between MR LC signal and cognition in the 

context of AD risk as measured by cerebrospinal fluid markers of tau and amyloid. In this study, 

we use LC-sensitive MRI in a sample of older adults with and without MCI. We do not find a 

significant group difference between MCI and control participants. Further, we find that p-tau 

but not amyloid moderates the relationship between LC signal and cognition, whereby only those 

with low p-tau (indicative of lower tau neuropathology) show a positive association between LC 

signal and cognition. Our results support the notion that the impact of LC integrity on cognition 

is driven by tauopathy, but also point to a more complex relationship between LC signal and 

cognition whereby at greater levels of tau pathology, there are other factors contributing to the 

association that are unaccounted for here. 

Introduction 

The locus coeruleus (LC) is a small but mighty brainstem nucleus serving as the primary 

source of norepinephrine/noradrenaline to the brain. While the LC itself is tiny, comprising about 

50,000 neurons in the adult human, it projects extensively throughout the neuraxis and displays 

massive arborization of individual axons, whose collaterals seem to be distributed in a modular 

fashion to functionally related target areas throughout the brain (see (1) for a recent review). The 

LC-noradrenergic system is critical for healthy neural functioning (2) and plays a central role in 
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shaping whole-brain neural dynamics (3) that support various cognitive functions including 

attention, stress responses, and learning and memory (4-6). Prior studies have shown an age-

related decline in the LC-noradrenergic system associated with reduced cognition relating to 

episodic memory (7-9) and reduced cognitive reserve (10-12). 

It’s been known for decades that degeneration of neurons within the LC is a ubiquitous 

feature of Alzheimer’s Disease (AD) (13-15), the most common form of dementia. This may 

account for some of the early behavioral impairments we see in AD patients involving the sleep-

wake cycle, agitation, attention, appetite, anxiety, and depression (16-18). Recent histochemistry 

(19-21) and unbiased stereology (22,23) studies have suggested that nonfibrillar abnormal tau in 

the LC may be one of the earliest detectable signs of AD-like neuropathology. In particular, 

Chan-Palay and Asan (24) used quantitative computer recordings of tyrosine hydroxylase-

immunoreactive neurons to demonstrate a rostro-caudal gradient of neuron loss in AD, whereby 

the rostral and middle portions of the nucleus degenerate but the caudal portion is relatively 

spared. This pattern has been confirmed in later postmortem reports (23,25). The LC might be 

vulnerable because of its high metabolic needs or proximity to 4th ventricle, exposing it to 

cerebrospinal fluid (CSF) toxins (12,26). 

Neuroimaging advances allow us to visualize and characterize the LC in vivo using 

magnetic resonance imaging (MRI) (27-30), and recent studies suggest the possibility of using in 

vivo measurements of relative LC signal as markers for AD progression (31-35). Studies 

generally agree that AD patients show reduced LC signal contrast in comparison with 

cognitively normal (CN) older adults, but reports differ on whether changes are detectable in the 

mild cognitive impairment (MCI) stage (31,32,34,35). Betts et al. (31) used LC-sensitive MRI to 

corroborate the rostro-caudal pattern shown by Chan-Palay and Asan (24) and others (23,25), 
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whereby LC signal reduction in AD participants was restricted to the rostral and middle portion 

of the nucleus. Further, they report a negative association between LC signal and CSF amyloid 

but not with CSF tau. This finding is surprising in two ways: first, if LC signal is a marker of 

nucleus integrity, then we would expect to see a positive association whereby higher LC signal 

would correspond with higher CSF amyloid (indicating lower levels of amyloid being 

sequestered and deposited into plaques in the brain); second, if LC degeneration in early AD is a 

portent of tau pathogenesis, we might expect to see an association between greater LC signal and 

lower CSF tau (indicating lower levels of degeneration and thereby less leakage of tau out of 

dying neurons and into the CSF). Further, using tau and amyloid positron emission tomography, 

Jacobs et al. (36) showed that LC signal was associated with tau at higher levels of amyloid, 

suggesting a more complex relationship. There is a lack of clarity on the association between MR 

derived LC signal and putative measures of in vivo amyloid and tau neuropathology. 

Importantly, it remains unclear how in vivo measurements of LC signal relate to 

cognition in the context of these AD-related CSF markers. Indeed, we are still learning how MR-

derived LC signal relates to variability in cognition in healthy older adults or those in the pre-

clinical phase of AD. This study aims to characterize variation in MR-assessed LC signal 

contrast in a sample of older adults with and without MCI. Due to the discrepant findings in 

terms of detectable changes in the MCI stage, we did not expect to see a meaningfully reduced 

signal in the MCI group compared to CN participants. Across all participants, we hypothesized 

that reduced LC signal contrast, particularly in the rostral and middle segments of the nucleus, 

would be associated with increased AD-related cognitive and biomarker (especially tau) 

positivity.  
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Methods 

Participants 

Participants were recruited mainly from the University of California, San Diego (UCSD) 

Alzheimer's Disease Research Center, which is funded by the National Institute on Aging to 

conduct longitudinal studies on older adults. Additional participants were recruited from the 

community in San Diego, California. Referrals came from participants enrolled in past studies, 

flyers, VA Neuropsychological Assessment Unit, and Research Match where they are screened 

for eligibility. This study was approved by the UCSD Institutional Review Board, and written 

informed consent was obtained from all participants upon enrollment. 

A total of 124 participants (age range: 62-85 years, average age of 74.46 years, 58% 

women) were recruited, and 23 were excluded from all analyses: 1 subject was unable to receive 

a diagnosis due to incomplete neuropsychological data; 1 participant was unable to complete 

MRI scanning due to a stent that was not reported during phone screening; 1 participant had an 

incidental finding on MRI; 1 participant had an error in MRI acquisition that resulted in unusable 

data; and 8 were excluded due to excessive head motion during MRI scanning. Further, our data 

collection was restricted due to the COVID-19 pandemic, and we only enrolled 11 participants 

with AD, 2 of which were unable to complete scanning due to anxiety upon entering the scanner 

bore. We therefore excluded them from analyses due to lack of statistical power in such a small 

sample. Our final example consisted of 101 participants. 

MRI acquisition and quality assessment 

Scanning was performed on a 3 Tesla GE Discovery MR750 scanner at the UCSD 

Functional MRI Center using a 32-channel head coil (Nova Medical). Imaging parameters were: 

scan matrix of 512 × 512 voxels, field of view (FOV) = 220 mm × 220 mm × 24 mm (0.42972 
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in-plane resolution with eight 3mm-thick axial slices with no gaps), echo time (TE) = 21 msec, 

repetition time (TR) = 500 msec, flip angle = 125°. For each participant, we used a para-

midsagittal slice of a survey scan to align the LC acquisition volume in a consistent manner. 

Images were acquired perpendicular to the floor of the fourth ventricle, with the third slice 

placed just below the inferior colliculus. The duration of the T1-FSE scan was approximately 11 

min. Quality control consisted of visual inspection for image noise and movement artifacts. Eight 

scans were excluded due to excessive movement artifact as mentioned previously under 

“Participants”. 

Cognitive testing and diagnostic classification of MCI 

Participants completed a comprehensive neuropsychological test battery including 

sensitive measures of memory (California Verbal Learning Test-II, WMS-R Visual 

Reproduction Test with delayed recall and recognition, WMS-R Logical Memory with delayed 

recall and recognition, Benson Complex Figure Copy), attention (WAIS-R Digit Span), language 

(Multilingual Naming Test, and Letter and Category Fluency Tests), problem solving and 

executive function (modified Wisconsin Card Sort Test, Trail-Making Test Parts A and B, Digit 

Symbol Substitution Test, Fluency Switching and Color-Word Interference subtests of the Delis-

Kaplan Executive Functioning System [DKEFS]), constructional and visuospatial abilities 

(WASI-II Block Design Test, Clock Drawing Test, D-KEFS Visual Scanning), and global 

cognition (Mattis Dementia Rating Scale [DRS], Mini Mental State Examination [MMSE]). 

We define MCI as having scores below one standard deviation of the norms on two or 

more tests within one or more cognitive domains (37,38). This actuarial diagnostic approach was 

developed to improve rigor and sensitivity and has been shown to assign MCI classifications that 

are less prone to false positive errors and more related to AD biomarkers (39-41).  
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The final sample after all exclusion criteria were applied included 77 CN older adults, 15 

with amnestic MCI (9 multi-domain, 6 single-domain), 9 non-amnestic MCI (4 multi-domain, 5 

single-domain). Single-domain non-amnestic MCI participants were included in the CN group 

due to the instability of the single-domain MCI diagnosis (37). Thus, our final groups consisted 

of 82 CN and 19 CI participants. 

To examine associations between LC CRs and cognition, cognitive composites were 

created by taking the average of the z-scores for attention (Digit Symbol raw total, Digit Span 

forward total, Trails A seconds), executive function (Digit Span backward total, Trails B 

seconds, and DKEFS Color-Word Inhibition Switching seconds), verbal learning (CVLT List A 

1-5 total and Logical Memory 1), and verbal memory (CVLT Long Free Recall and Logical 

Memory 2). 

CSF biomarker assessment 

A subset of our participants (after other exclusion criteria applied; n = 74 underwent 

lumbar punctures as part of participation in the UCSD Alzheimer’s Disease Research Center 

with standardization of procedures, preanalytical preparation, and storage of CSF as previously 

described (42), and in accordance with recommended best practices (43). In brief, CSF (15–25 

mL) was collected by routine lumbar puncture early in the morning after overnight fasting. 

Samples were processed, aliquoted into 500 μL fractions in polypropylene microtubes, snap 

frozen, and stored at −80°C until assayed. All samples were analyzed locally using the 

automated Lumipulse platform using assays developed with established monoclonal antibodies 

(Fujirebio Inc) (44). The majority of lumbar punctures were conducted within one year of the 

MRI visit (n = 26), although we included data collected within two (n = 17), three (n = 6), and 

four (n = 11) years of the visit given research showing the stability of CSF biomarkers over 
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several years (45) in an effort to maximize our sample size. Fourteen samples were excluded 

from analyses for being collected over 4 years from MRI scanning and cognitive testing, 

resulting in a final sample of 60 CSF measurements. We obtained CSF measures of Aβ40, Aβ42, 

total tau, and phosphorylated tau (p-tau. We used p-tau for analyses as previous research has 

suggested p-tau to be a more specific biomarker for AD (46) whereas total tau may be a marker 

of neurodegeneration in general (47). Further, we used the Aβ42/40 ratio which has been shown 

to perform better at identifying AD patients compared to AB42 alone (48). 

LC CR calculation 

To measure LC-related signal intensity, bilateral LC regions of interest (ROIs) were hand 

drawn on each participant’s T1-FSE scan using FSLVIEW (FSL version 6.0.0, 

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) (49). LC ROIs were drawn on three consecutive slices to 

extract signal information from the rostral, middle, and caudal divisions of the nucleus. Middle 

LC ROIs were marked using the methods detailed by (50). Briefly, an axial slice approximately 

6-9 mm below the inferior boundary of the inferior colliculus was selected, which is itself within 

the range where the location of the LC is most evident on T1-FSE images (28). Within this slice, 

2 LC ROIs (left and right) were drawn as a 1.29 x 1.29 mm cross centered on the voxels with the 

highest signal intensities in locations corresponding to the known anatomical distribution of the 

LC. From there, the slices above and below were used to mark the rostral and caudal ROIs, 

respectively, in a similar manner. Within each hemisphere, the rostral, middle, and caudal LC 

ROIs had to have at least one voxel touching the ROI from the adjacent slice(s). To control for 

inter-subject and inter-slice signal variability, for each bilateral set of LC ROIs a reference ROI 

was drawn in the dorsal pontine tegmentum (PT) as a 18.4 mm2 square (10x10 voxels) placed 6 

voxels above the most ventral LC ROI. This reference ROI was placed equidistantly between the 
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left and right LC ROIs; if there was an odd number of voxels between the two, the reference ROI 

was placed closer to the right LC ROI. See Figure 1 for an example of LC and PT ROI marking. 

LC contrast ratios (LC-CRs) were calculated as the mean LC signal intensity relative to the mean 

intensity within the reference PT region: LC-CR = (LCintensity – PTintensity) / PTintensity. Two raters 

(SKS was rater 1 for all, rater 2 included ALC, RT, AJW, and JK) blinded to participant 

information measured LC-CRs for 85/110 scans. LC-CR interrater reliability was measured 

using the intraclass correlation coefficient (ICC) type 2 (two-way random effects model) in R. 

To increase signal to noise and reduce the number of comparisons, the average of the left and 

right LC-CRs was used for all analyses. Further, due to the rostro-caudal gradient aspect of our 

hypotheses, we averaged the rostral and middle LC CRs. 

Statistical analysis 

All statistical analyses were performed in R (version 4.1.2; https://cran.r-project.org/). 

Data were checked for extreme outliers, which were defined as three times the interquartile range 

above the third quartile or below the first quartile. There were three extreme outliers on CSF p-

tau, so these cases were excluded from any analyses involving p-tau. There were no extreme 

outliers on CSF Ab42/40, LC CRs, or any of the cognitive composites. 

Product-moment correlations assessed the relationship between LC CRs and age as well 

as CSF measures of p-tau and Ab42/40 while controlling for age and sex. To examine whether 

LC signal is related to p-tau in the context of Ab42/40 or vice versa, we conducted linear 

regressions predicting one biomarker from age, sex, and the interaction between LC signal and 

the other biomarker. Welch’s t-test was used to assess sex differences in LC CRs. A two-way 

mixed-measures analysis of variance was used to examine differences in LC CR as a function of 

group (CN, MCI) and segment (rostral-middle, caudal) while controlling for age and sex. 
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To examine associations between rostral-middle LC CR and cognition in the context of 

AD risk as measured by CSF biomarkers, multiple linear regressions were used to examine each 

cognitive composite (attention, executive function, verbal learning, and verbal memory) as a 

function of the rostral-middle average LC CR, age, sex, education, p-tau, and the interaction 

between LC CR and p-tau. To examine whether results are specific to putative p-tau pathology, 

follow-up sets of regressions were run examining the relationship between LC CR and cognition 

in the context of Ab42/40. Further, to examine whether results are specific to the rostral-middle 

LC, follow-up regressions were run with caudal LC CR. 

Results 

Sample characteristics 

Demographic and clinical characteristics can be found in Table 1. CN and MCI 

participants did not differ in age or years of education. MCI participants scored lower on the 

MMSE (p < 0.05) and DRS (p < 0.05) compared to CN participants. Groups did not differ on 

levels of p-tau or Ab42/40, though the MCI group showed the expected trends of increased p-tau 

and reduced Ab42/40 compared to CN participants. 

LC CR characterization 

Interrater reliability was very high for rostral (ICC = 0.98), middle (ICC = 0.91) LC-CRs, 

and caudal ROIs (ICC = 0.97). Given the high interrater reliability and incomplete double-rating 

data, measurements from rater 1 were used for subsequent analysis to ensure the most 

consistency in user approach. 

There was no significant association between LC-CRs and age (rostral-middle: r = -0.04, 

p > 0.05; caudal: r = -0.08, p > 0.05), likely due to the restricted age range of the study sample. 

There were no significant associations between rostral-middle LC CRs and p-tau (r = 0.17, p > 
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0.05) or Ab42/40 (r = 0.01, p > 0.05) or between caudal LC CRs and p-tau (r = 0.05, p > 0.05) or 

Ab42/40 (r = -0.04, p > 0.05). There was no significant interaction between Ab42/40 and rostral-

middle LC signal or caudal LC signal in a linear regression predicting p-tau while accounting for 

age and sex, nor was there an interaction between p-tau and rostral-middle LC signal or caudal 

LC signal in a linear regression predicting Ab42/40 while accounting for age and sex (p > 0.05 

for all). There was no significant difference in LC-CRs between males and females (rostral-

middle 95% confidence interval = -0.013, 0.009; caudal 95% confidence interval = -0.015, 

0.011; p > 0.05 for both). The two-way mixed-measures analysis of variance assessing 

differences in LC CR as a function of group (CN, MCI) and segment (rostral-middle, caudal) 

controlling for age and sex revealed no effects related to group, F(1,97) = 3.46, p > 0.05, η2G = 

0.03, or segment, F(1,97) = 0.51, p > 0.05, η2G = 0.001. 

LC CR associations with cognition 

LC CR and cognition relationships in the context of p-tau 

Four multiple linear regressions were run predicting each cognitive composite (attention, 

executive functioning, verbal learning, verbal memory) from age, sex, education, p-tau, rostral-

middle LC CR, and interactions between LC CR and p-tau. All regression results can be found in 

Table 3.2. 

Our model significantly predicted attention, F(6,50) = 3.66, adjusted R2 = 0.22, p < 0.01. 

There were significant main effects of LC CR (β = 33.19, p < 0.001), p-tau (β = 0.04, p < 0.01) 

and p-tau (β = 0.06, p < 0.001), and a negative interaction between average LC CR and p-tau (β 

= -0.53, p < 0.01) such that higher LC CR was associated with greater attention performance in 

those with lower p-tau (suggestive of lower neuropathology). To aid in interpretation, an analysis 

of simple main effects was performed by conducting a median split for p-tau and examining the 
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association between LC CR and attention in those with low and high p-tau (Figure 4A). Among 

participants with low p-tau there was a significantly positive association between rostral-middle 

LC CR and attention, whereas in those above the cutoff, there was no statistically significant 

association. A follow-up model with caudal LC CR instead of rostral-middle LC CR also 

predicted attention and showed a similar LC CR by p-tau interaction pattern. 

Our model significantly predicted executive function, F(6,50) = 3.31, adjusted R2 = 0.20, 

p < 0.01. There were significant main effects of LC CR (β = 33.37, p < 0.001), p-tau (β = 0.06, p 

< 0.001), and a negative interaction between average LC CR and p-tau (β = -0.59, p < 0.001) 

such that higher LC CR was associated with greater executive function performance in those 

with lower levels of p-tau. To aid in interpretation, an analysis of simple main effects was 

performed by conducting a median split for p-tau and examining the association between LC CR 

and executive functioning in those with low and high p-tau (Figure 4B). Among participants with 

low p-tau there was a significantly positive association between rostral-middle LC CR and 

executive functioning, whereas in those above the cutoff, there was no statistically significant 

association. A follow-up model with caudal LC CR instead of rostral-middle LC CR also 

predicted executive function and showed a similar LC CR by p-tau interaction pattern. 

Our model significantly predicted verbal learning, F(6,49) = 9.07, adjusted R2 = 0.47, p < 

0.0001. There were significant main effects of sex (β = 0.86, p < 0.0001), education (β = 0.07, p 

< 0.05), LC CR (β = 32.54, p< 0.01), p-tau (β = 0.05, p < 0.05), and a negative interaction 

between LC CR and p-tau (β = -0.61, p < 0.01) such that higher LC CR was associated with 

greater verbal learning in those with lower levels of p-tau. A follow-up t-test revealed that 

females performed better on tests of verbal learning than males (95% confidence interval = -1.06, 

-0.32; p < 0.001; Figure 4A). To aid in interpretation of the interaction, an analysis of simple 
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main effects revealed no significant associations between LC CR and verbal learning after 

dividing participants into those with low and high p-tau using a median split (Figure 4C). A 

follow-up model with caudal LC CR instead of rostral-middle LC CR also predicted verbal 

learning and showed a similar LC CR by p-tau interaction pattern. 

Finally, our model predicted verbal memory, F(6,49) = 4.48, adjusted R2 = 0.28, p < 0.01. 

There were significant main effects of sex (β = 0.60, p < 0.05), LC CR (β = 27.39, p < 0.05), and 

a negative interaction between LC CR and p-tau (β = -0.46, p < 0.05) such higher LC CR was 

associated with greater verbal memory in those with lower levels of p-tau. A follow-up t-test 

revealed that females performed better on tests of verbal learning than males (95% confident 

interval = -0.89, -0.13; p < 0.01; Figure 4B). To aid in interpretation of the interaction, an 

analysis of simple main effects revealed no significant associations between LC CR and verbal 

memory after dividing participants into those with low and high p-tau using a median split 

(Figure 4D). A follow-up model with caudal LC CR instead of rostral-middle LC CR also 

predicted verbal memory but did not show an interaction between LC CR and p-tau. 

LC CR and cognition relationships in the context of Aβ42/40 

Four multiple linear regressions were run predicting each cognitive composite (attention, 

executive functioning, verbal learning, verbal memory) from age, sex, education, Aβ42/40, 

rostral-middle LC CR, and interactions between rostral-middle LC CR and Aβ42/40. All 

regression results can be found in Table 3.2. 

Our model did not predict attention overall, F(6,53) = 1.90, adjusted R2 = 0.08, p > 0.05, 

and there were no significant coefficients. For visual comparison with the p-tau model, the LC 

CR by Aβ42/40 interaction can be seen in Figure 5A. A follow-up model with caudal LC CR 

instead of rostral-middle LC CR did not predict attention. Our model did not predict executive 
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functioning overall, F(6,53) = 1.73, adjusted R2 = 0.07, p > 0.05, and there were no significant 

coefficients. For visual comparison with the p-tau model, the LC CR by Aβ42/40 interaction can 

be seen in Figure 5B. A follow-up model with caudal LC CR instead of rostral-middle LC CR 

did not predict executive functioning. Our model predicted verbal learning, F(6,52) = 11.89, 

adjusted R2 = 0.53, p < 0.0001. There were significant main effects of sex (β = 0.84, p < 0.0001) 

and education (β = 0.09, < 0.05), but no effects related to LC CR. For visual comparison with the 

p-tau model, the LC CR by Aβ42/40 interaction can be seen in Figure 5C. A follow-up model 

with caudal LC CR instead of rostral-middle LC CR also predicted verbal learning with similar 

effects of sex and education, with an additional main effect of LC CR. Our model predicted 

verbal memory, F(6,52) = 5.44, adjusted R2 = 0.32, p < 0.001. There were significant main 

effects of sex (β = 0.59, p < 0.05) and education (β = 0.11, p < 0.05), but no effects related to LC 

CR. For visual comparison with the p-tau model, the LC CR by Aβ42/40 interaction can be seen 

in Figure 5D. A follow-up model with caudal LC CR instead of rostral-middle LC CR also 

predicted verbal memory with similar effects of sex and education.  

Discussion 

In this study, we aimed to clarify lingering questions from discrepant reports regarding 1) 

whether AD-related changes in MR-derived LC signal are detectable in the MCI stage and 2) 

whether LC signal is related to in vivo measures of putative tau and amyloid pathology. Further, 

we investigated the relationship between LC MR signal and cognition in the context of p-tau and 

Aβ42/40. 

We did not detect a difference between the MCI and CN groups in LC signal, 

corroborating some previous reports (31,35) and contradicting others (32,34). Since the extant 

findings remain somewhat evenly split, future research should better characterize more precisely 
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the degree and domains of impairment necessary to detect reduced LC signal. We also did not 

find any significant associations between LC signal and CSF markers of amyloid and tau. To our 

knowledge, Betts et al. (31) is the only report directly assessing the relationship between LC 

signal and CSF measurements of amyloid and tau, and they report a negative association with 

amyloid that was difficult to explain. Thus, these relationships remain unclear. It’s possible that 

there is no true association, our sample sizes were too low and thus we were underpowered to 

detect a true difference, or there are other factors we are not accounting for in examining these 

relationships. 

In examining associations between LC signal and cognition in the context of p-tau, we 

found a consistent pattern whereby higher LC signal was associated with better cognition across 

domains (attention, executive function, verbal learning, and verbal memory) only among those 

with low p-tau. For attention, executive function, and verbal learning this pattern was seen in 

both rostral-middle LC as well as the caudal segment. However, for verbal memory, this pattern 

was only seen in the rostral-middle segment. Further, after performing a median split on p-tau to 

examine simple main effects, only those below the median showed a significant positive 

association with cognition when examining attention and executive function. With verbal 

learning and memory, there were no main effects related to LC CR after performing a median 

split on p-tau. 

 It is generally understood that the ventral-caudal LC has descending projections to the 

spinal cord, whereas the dorsal middle and rostral LC project to the cortex (51). Therefore, we 

would not expect to see the caudal LC involved in these cognitive measures. However, it has 

been noted that LC-sensitive scan acquisitions of anisotropic voxels may introduce partial 

volume effects, particularly at the rostral and caudal ends of the nucleus (52). It is possible that 
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our caudal (and indeed, rostral) average contained part of the middle LC as well. Therefore, 

assuming a perfect rostral-middle-caudal division of the LC from our scan resolution is not 

possible, these findings suggest that, in a sample of older adults without dementia, overall LC 

MR signal is more strongly related to attention, executive function, and verbal learning 

(dependent on p-tau). In contrast, we see effects more localized to the rostral-middle segment 

when examining verbal memory, which happens to be one of the earliest domains affected by 

AD progression (53). 

When examining the associations between LC signal and cognition in the context of 

Aβ42/40, there were no effects related to LC signal in any models. These findings support the 

notion that the impact of LC integrity on cognition is driven by tauopathy. However, the 

interaction effects suggest a more complex relationship whereby the association changes with the 

degree of tau pathology. There are many reasons this could be: perhaps among those with greater 

tau pathology there are other factors unaccounted for that contribute to the relationship between 

LC signal and cognition; it’s also possible that with growing pathology there are new 

physiological/pathological contributions to the LC MR signal that are not present or are 

negligible in those without pathology, raising the question of whether this measure should be 

thought of purely as a marker of “integrity”. Indeed, an interaction effect between LC MR signal 

and pathology on cognition was shown by Jacobs et al. (34), whereby participants with low LC 

MR signal showed a negative association and those with high LC MR signal showed a positive 

association between neocortical amyloid (measured by positron emission tomography) and a 

memory composite score. Together, these findings demonstrate that pathology needs to be taken 

into consideration when examining the relationship between LC MR signal and cognition. 
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It is generally accepted that MR-derived LC signal contrast is a marker of LC integrity 

based off the findings of Keren et al. (54), who showed that greater LC signal contrast 

corresponded with areas of greater LC neuronal density. This increased signal has been thought 

to relate to neuromelanin content (55) as neuromelanin is found in large quantities within the LC. 

However, as with most MRI-derived metrics of “integrity”, it isn’t actually clear what precisely 

is contributing to the signal and thus the assumption that greater LC signal always corresponds 

with greater integrity is questionable. Priovoulos et al. (56) systematically examined 

contributions to the “neuromelanin-contrast” using a phantom and in vivo data and showed that 

1) there was no relationship between neuromelanin alone and MR contrast and 2) reduced signal 

in the LC is likely due to a lower macromolecular pool size ratio (“more free water and/or less 

macromolecules”). It is important to note that larger neurons with a greater diameter and intra-

cellular water pool will thus exhibit greater MR signal regardless of pathology. It is possible that 

changes within the nucleus due to pathology buildup or other side effects of disease progression 

alter the primary contribution to the signal. 

Our study has limitations. First, as mentioned previously, the acquisition of anisotropic 

voxels may impede our ability to truly delineate the LC along its rostro-caudal axis. Second, only 

a small subsample of our participants with MRI data had cerebrospinal fluid measures. Lumbar 

punctures are invasive and uncomfortable, so we are faced with limits on data availability and 

must also consider the possibility of selection bias for those who choose to undergo the 

procedure. Obtaining putative pathology measures with less invasive techniques such as blood 

draws may improve upon this issue but will take time to implement. Related to our small sample, 

we were unable to include participants with AD in our analyses due to limited data collection 

during the COVID-19 pandemic. We also grouped together amnestic and multi-domain non-
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amnestic MCI participants in order to maximize our MCI sample, though examining amnestic 

MCI in isolation may offer more sensitivity to early AD-related changes. Finally, our sample 

consists of predominantly white, educated older adults, which is not representative of broader 

demographics in the United States. This limits interpretations or generalizability of our results to 

a more diverse population. The impacts of sociodemographic factors such as access to healthcare 

and education, socioeconomic status, and chronic stress (especially relevant to the LC) on AD 

risk and progression are still poorly understood, and there is a critical need to expand this 

research. Indeed, these factors (especially stress and its intersection with other excluded 

identities and experiences) might help explain the more complex relationship between LC signal 

and cognition among those with greater tau and amyloid pathology. 

In summary, we show that in a sample of older adults at varying degrees of AD risk but 

without outright dementia, LC MR signal does not differentiate those with and without MCI or 

relate to CSF measures of p-tau or Aβ42/40. We also show that among those with low p-tau, 

higher overall LC signal is associated with better performance on tests of attention, executive 

function, and verbal learning, and higher rostral-middle LC signal is associated with better 

performance on tests of delayed verbal memory. This work provides further support for the role 

of the LC and noradrenergic system in early AD and calls for future research to continue 

uncovering the potential for LC MR signal to aid in preclinical identification of high-risk 

individuals. 
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Figures 

 
Figure 3.1: LC marking and calculation of contrast ratio. Left: Eight oblique slices acquired 
over brainstem perpendicular to the wall of the fourth ventricle, with the bottom of the inferior 
colliculus positioned between slices two and three. Middle Top: coronal view of brainstem 
containing the LC. Middle Bottom: Middle LC marked in yellow. Right Top: Axial view of 
brainstem containing middle LC. Right Bottom: Middle LC and pontine tegmentum control 
region marked in yellow. 
 

 
Figure 3.2: LC CR characterization. LC CR scatterplot with age (A). LC CR scatterplot with 
p-tau (B). LC CR scatterplot with Aβ42/40 (C). Sex differences in LC CR (D). Group (MCI vs 
CN) differences in LC CR (E). LC CR by segment (caudal vs rostral-middle; F). 
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Figure 3.3: Rostral-Middle LC CR scatterplots with cognition by median split of p-tau. 
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Figure 3.4: Sex differences in verbal learning. 
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Figure 3.5: Rostral-Middle LC CR scatterplots with cognition by median split of Aβ42/40. 
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Tables 

Table 3.1: Demographic, cognitive, and CSF biomarker measurements. 

  CN (n = 82; mean ± SD) MCI (n = 19; mean ± 
SD) p 

Age (years) 74.45 ± 5.57 74.47 ± 6.85 0.99 
Education 
(years) 16.55 ± 2.32 16.47 ± 3.29 0.93 

MMSE (raw) 28.87 ± 1.50 27.47 ± 2.17 0.01 
DRS (raw) 139.3 ± 3.32 136.1 ± 4.66 0.01 
  n = 48 n = 9 p 
CSF p-tau 42.50 ± 15.35 50.30 ± 25.50 0.4 
CSF AB42/40 0.077 ± 0.021 0.054 ± 0.021 0.93 
  n   
Ethnicity 4 Hispanic/Latinx 3 Hispanic/Latinx   

Race 

2 Asian, 2 African 
American, 2 American 
Indian/Alaska Native, 0 
Native Hawaiian/Other 
Pacific Islander, 74 
White, 2 More than one 

1 Asian, 0 African 
American, 1 American 
Indian/Alaska Native, 0 
Native Hawaiian/Other 
Pacific Islander, 17 
White, 2 more than one 

  

Table 3.2: Regression Results. 

Attention Regressions by LC CR Segment 
Rostral-Middle LC CR 

p-tau 

 β Estimate 
Std. 
Error t-value p-value 

(Intercept) -3.589 1.574 -2.280 0.027 
age -0.002 0.015 -0.123 0.903 
sex 0.186 0.158 1.180 0.244 
edu 0.001 0.028 0.026 0.980 
rostral-middle LC-CR 33.192 8.235 4.031 0.000 
CSF p-tau 0.059 0.016 3.764 0.000 
LC CR x CSF inter -0.527 0.145 -3.639 0.001 

Aβ42/40 
 
  β Estimate 

Std. 
Error t-value p-value 

(Intercept) 1.428 1.758 0.812 0.420 
 -0.006 0.016 -0.394 0.695 
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age 
sex 0.239 0.167 1.432 0.158 
edu 0.006 0.031 0.182 0.856 
rostral-middle LC-CR -13.089 9.283 -1.410 0.164 
CSF Aβ42/40 -23.955 14.702 -1.629 0.109 
LC CR x CSF inter 255.052 130.838 1.949 0.057 

Caudal LC CR 
p-tau 

 β Estimate 
Std. 
Error t-value p-value 

(Intercept) -2.475 1.542 -1.605 0.115 
age -0.007 0.016 -0.457 0.650 
sex 0.270 0.163 1.653 0.105 
edu 0.011 0.029 0.372 0.712 
caudal LC-CR 22.183 6.653 3.334 0.002 
CSF p-tau 0.051 0.016 3.258 0.002 
LC CR x CSF inter -0.415 0.136 -3.053 0.004 

Aβ42/40 

 β Estimate 
Std. 
Error t-value p-value 

(Intercept) 1.217 1.535 0.793 0.431 
age -0.005 0.017 -0.321 0.750 
sex 0.244 0.168 1.449 0.153 
edu 0.005 0.031 0.159 0.874 
caudal LC-CR -10.753 6.766 -1.589 0.118 
CSF Aβ42/40 -18.817 12.141 -1.550 0.127 
LC CR x CSF inter 189.359 96.393 1.964 0.055 

Executive Function Regressions by LC CR Segment 
Rostral-Middle LC CR 

p-tau 

 β Estimate 
Std. 
Error t-value p-value 

(Intercept) -4.387 1.688 -2.599 0.012 
age 0.006 0.016 0.340 0.735 
sex 0.258 0.169 1.529 0.133 
edu 0.019 0.030 0.629 0.532 
rostral-middle LC-CR 33.374 8.830 3.780 0.000 
CSF p-tau 0.064 0.017 3.756 0.000 
LC CR x CSF inter -0.591 0.155 -3.805 0.000 

Table 3.2: Regression Results (continued). 
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Aβ42/40 

 β Estimate 
Std. 
Error t-value p-value 

(Intercept) 0.778 1.910 0.407 0.685 
age -0.003 0.018 -0.189 0.851 
sex 0.316 0.181 1.746 0.087 
edu 0.025 0.033 0.736 0.465 
rostral-middle LC-CR -13.967 10.088 -1.384 0.172 
CSF Aβ42/40 -19.501 15.978 -1.220 0.228 
LC CR x CSF inter 228.561 142.191 1.607 0.114 

Caudal LC CR 
p-tau 

 β Estimate 
Std. 
Error t-value p-value 

(Intercept) -4.177 1.534 -2.722 0.009 
age 0.003 0.016 0.202 0.841 
sex 0.360 0.163 2.213 0.032 
edu 0.031 0.029 1.060 0.294 
caudal LC-CR 28.565 6.622 4.314 0.000 
CSF p-tau 0.067 0.016 4.259 0.000 
LC CR x CSF inter -0.583 0.135 -4.310 0.000 

Aβ42/40 

 β Estimate 
Std. 
Error t-value p-value 

(Intercept) 0.416 1.636 0.255 0.800 
age 0.000 0.018 0.022 0.982 
sex 0.320 0.179 1.782 0.081 
edu 0.024 0.033 0.724 0.472 
caudal LC-CR -11.790 7.210 -1.635 0.108 
CSF Aβ42/40 -17.940 12.940 -1.387 0.171 
LC CR x CSF inter 194.600 102.700 1.894 0.064 

Verbal Learning Function Regressions by LC CR Segment 
Rostral-Middle LC CR 

p-tau 

 β Estimate 
Std. 
Error t-value p-value 

(Intercept) -3.522 1.971 -1.787 0.080 
age -0.008 0.019 -0.428 0.670 
sex 0.863 0.192 4.487 0.000 

Table 3.2: Regression Results (continued). 



115 
 

 
 
edu 0.068 0.034 1.988 0.052 
rostral-middle LC-CR 32.544 10.205 3.189 0.002 
CSF p-tau 0.047 0.019 2.415 0.020 
LC CR x CSF inter -0.613 0.177 -3.454 0.001 

Aβ42/40 

 β Estimate 
Std. 
Error t-value p-value 

(Intercept) 0.409 1.993 0.205 0.838 
age -0.023 0.018 -1.299 0.200 
sex 0.841 0.186 4.516 0.000 
edu 0.089 0.034 2.613 0.012 
rostral-middle LC-CR -18.996 10.385 -1.829 0.073 
CSF Aβ42/40 -4.181 16.335 -0.256 0.799 
LC CR x CSF inter 225.684 145.035 1.556 0.126 

Caudal LC CR 
p-tau 

 β Estimate 
Std. 
Error t-value p-value 

(Intercept) -1.049 1.858 -0.564 0.575 
age -0.014 0.019 -0.749 0.458 
sex 0.966 0.198 4.884 0.000 
edu 0.083 0.035 2.413 0.020 
caudal LC-CR 9.408 7.928 1.187 0.241 
CSF p-tau 0.021 0.019 1.103 0.275 
LC CR x CSF inter -0.341 0.162 -2.107 0.040 

Aβ42/40 

 β Estimate 
Std. 
Error t-value p-value 

(Intercept) -0.211 1.608 -0.131 0.896 
age -0.019 0.017 -1.089 0.281 
sex 0.859 0.176 4.870 0.000 
edu 0.094 0.032 2.937 0.005 
caudal LC-CR -15.663 7.010 -2.234 0.030 
CSF Aβ42/40 4.084 12.586 0.324 0.747 
LC CR x CSF inter 132.685 99.793 1.330 0.189 

Verbal Memory Function Regressions -by LC CR Segment 
Rostral-Middle LC CR 

p-tau 

 β Estimate 
Std. 
Error t-value p-value 

Table 3.2: Regression Results (continued). 
. 
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(Intercept) -2.746 2.483 -1.106 0.274 
age -0.011 0.023 -0.483 0.631 
sex 0.598 0.242 2.469 0.017 
edu 0.081 0.043 1.903 0.063 
rostral-middle LC-CR 27.391 12.856 2.131 0.038 
CSF p-tau 0.028 0.024 1.156 0.254 
LC CR x CSF inter -0.461 0.224 -2.064 0.044 

Aβ42/40 

 β Estimate 
Std. 
Error t-value p-value 

(Intercept) -0.854 2.501 -0.341 0.734 
age -0.023 0.023 -1.035 0.305 
sex 0.587 0.234 2.514 0.015 
edu 0.108 0.043 2.535 0.014 
rostral-middle LC-CR -8.236 13.026 -0.632 0.530 
CSF Aβ42/40 7.173 20.490 0.350 0.728 
LC CR x CSF inter 108.244 181.933 0.595 0.554 

Caudal LC CR 
p-tau 

 β Estimate 
Std. 
Error t-value p-value 

(Intercept) -0.431 2.270 -0.190 0.850 
age -0.019 0.023 -0.826 0.413 
sex 0.681 0.242 2.817 0.007 
edu 0.092 0.042 2.177 0.034 
caudal LC-CR 7.714 9.687 0.796 0.430 
CSF p-tau 0.014 0.023 0.601 0.551 
LC CR x CSF inter -0.297 0.198 -1.502 0.139 

Aβ42/40 

 β Estimate 
Std. 
Error t-value p-value 

(Intercept) -0.488 2.058 -0.237 0.814 
age -0.022 0.022 -1.007 0.319 
sex 0.607 0.227 2.677 0.010 
edu 0.106 0.041 2.608 0.012 
caudal LC-CR -11.462 9.009 -1.272 0.209 
CSF Aβ42/40 9.226 16.185 0.570 0.571 
LC CR x CSF inter 81.168 127.869 0.635 0.528 

 
 

Table 3.2: Regression Results (continued). 
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