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1 | INTRODUCTION

PATSYUKET AL.

Abstract

INTRODUCTION: Pretangle tau inclusions from the locus coeruleus (LC) are hypoth-
esized to propagate to the entorhinal cortex (EC) via neuron-to-neuron transmission
along its projections. The lower integrity of the LC-EC pathway accompanying
Alzheimer’s disease (AD) pathology is supported by post mortem studies, but in vivo
evidence remains limited.

METHODS: We associated diffusion-weighted 7T magnetic resonance imaging (MRI)
metrics of microstructural integrity within the LC-EC tract to plasma AD-related
biomarkers in a cohort of 47 cognitively unimpaired adults.

RESULTS: Worse overall and local LC-EC integrity, indicated by lower fractional
anisotropy (FA) and higher mean diffusivity (MD), was related to elevated concentra-
tions of plasma phosphorylated tau 181 (p-tau181), p-tau217, and glial fibrillary acidic
protein (GFAP). A higher orientation dispersion index (ODI) within the LC-EC tract was
linked to elevated plasma p-tau181 and p-tau231 levels.

DISCUSSION: The lower integrity of the LC-EC pathway may serve as a key indicator
of the earliest AD-related pathophysiological processes to improve detection of at-risk
individuals.

KEYWORDS

Alzheimer’s disease, biomarkers, diffusion tensor imaging, entorhinal cortex, locus coeruleus,
microstructural integrity, magnetic resonance imaging, neurite orientation dispersion and density
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Highlights

» Standard DTI model metrics in the LC- EC tract are linked to elevated plasma p-tau
and GFAP.

* A higher ODI in the voxels containing the LC-EC tract is related to elevated plasma
p-tau.

* LC-EC integrity links to AD-related biomarkers show topographic specificity.

* Lower LC-EC integrity may be a key indicator of the earliest AD-related pathology.

reported morphological changes in LC neurons such as reduction in
fiber density and dendritic arborization in the initial stages of AD,®

The locus coeruleus (LC) is a small nucleus located bilaterally in
the dorsal area of the pons and constitutes the primary source of
norepinephrine (NE) for the central nervous system. Through its
extensive projections to the whole brain, the LC modulates a series
of physiological and cognitive functions, including arousal, attention,
emotional regulation, or learning and memory.! Importantly, autopsy
studies reported that the LC is among the first regions to accumu-
late phosphorylated tau in Alzheimer’s disease (AD), prior to any
detectable neocortical involvement and as early as in the first few
decades of life.2"* It has been proposed that pretangle tau inclusions
from the LC propagate to the first cortical site of neuropathological
accumulation - the entorhinal cortex (EC) - via neuron-to-neuron

transmission along its projections.® In addition, post mortem studies

but such evidence in vivo remains limited. Crucially, while a few
studies examined the integrity of the LC-EC tract across clinical AD
groups,’ 10 the interplay between early AD-related pathophysiolog-
ical processes and the structural alteration of this key tract remains
poorly understood. Investigating the structural integrity of the LC-EC
pathway in cognitively unimpaired individuals may therefore shed light
on the earliest pathological changes underlying disease progression.
Recent developments in high-resolution magnetic resonance imag-
ing (MRI) now allow for a precise identification of the LC at the
individual level.1212 |n turn, this can be leveraged to improve the esti-
mation of LC efferent projections and identify white matter (WM)
fiber bundles forming the LC-EC pathway. This approach can be fur-

ther refined when combined with multishell, high-angular-resolution
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diffusion MRI (dMRI) acquisition, which mitigates crossing fiber limi-
tations inherent in the more traditional diffusion tensor imaging (DTI)
model and enables the use of biophysical diffusion models, such as the
neurite orientation dispersion and density imaging (NODDI) model, to
assess more specific tissue microstructural properties.3 Given the evi-
dence suggesting that the LC-EC tract is an early predilection pathway
contributing to potential proteinopathic transmission processes during
the earliest stages of AD, examining LC-EC microstructural integrity in
the context of early AD pathology could provide further insights into in
vivo detectable pathological events preceding preclinical AD.

Guided by the hypothesis that elevated levels of AD pathology may
be associated with fine-grained microstructural changes in the LC-EC,
we sought to investigate the microstructural integrity of the path-
way using 7T multishell dMRI data and assessed its relation to several
plasma AD-related biomarkers in cognitively unimpaired individuals

across the adult lifespan.

2 | MATERIALS AND METHODS

2.1 | Participants

A subgroup of cognitively unimpaired individuals across the adult lifes-
pan (n = 47; mean age = 60.4 + 15.1 years; age range = 30 to 85;
23 females [48.94%]) from the 7T Adult Lifespan Cohort'4-16 was
included in the present study based on the availability of diffusion-
weighted imaging data. Participants were recruited for the original
study from the general population in the southernmost region of the
Netherlands. Exclusion criteria included ultra-high-field imaging con-
traindications, a history of major psychiatric or neurological disorders,
history of brain injury or brain surgery, history of major vascular dis-
orders, use of drugs or psychoactive medication, or excessive alcohol
consumption (>15 units/week).

2.2 | 7T MRI data acquisition

All participants underwent an imaging protocol on a 7T MAGNETOM
Siemens scanner (Siemens Healthineers, Erlangen, Germany) with a
32-channel (1TX/32RX) head coil (Nova Medical, Wilmington, MA,
USA). First, a whole-brain magnetization-prepared 2 rapid acquisition
gradient-echo (MP2RAGE) sequence’ (TR = 5000 ms, TE = 2.47 ms,
flip angle = 5°/3°, voxel size = 0.7 mm isotropic, number of slices = 240)
was acquired. The LC was imaged using an in-house developed magne-
tization transfer-weighted turbo flash (MT-TFL) sequence’? multishot
3D readout, repetition time (TR) = 538 ms, echo time (TE) = 4.08, flip
angle = 8°, voxel size = 0.4 x 0.4 x 0.5 mm, number of slices = 60, with
center-out k-space sampling and preceded by 20 long off-resonant
Gaussian sinc pulses (pulse length = 5.12 ms, bandwidth = 250 Hz,
B1=0.25uT). Thefield of view of the MT-TFL sequence was placed per-
pendicular to the dorsal surface of the pons and encompassed the area
between the inferior colliculi and the caudal border of the pons. A mul-

tishell high-angular-resolution DWI sequence (66 directions, b = 2000
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RESEARCH IN CONTEXT

1. Systematic review: A literature review using traditional
sources (e.g., PubMed) indicated that integrity of the
LC-EC tract is altered in the context of AD-related patho-
physiological processes. in vivo neuroimaging evidence
relating LC-EC integrity to AD pathologic processes in
preclinical stages of the disease remains limited. Investi-
gating the associations between fine-grained changes in
the LC-EC pathway, and early AD pathology may facilitate
the identification of individuals at greater risk for AD.

2. Interpretation: Worse 7T MRI-derived LC-EC tract
microstructural integrity metrics are associated with
elevated levels of plasma phosphorylated tau and GFAP
in cognitively unimpaired adults. These associations show
topographical specificity, particularly around bending
regions of the tract.

3. Future directions: Longitudinal studies using repeated
assessment of LC-EC pathway integrity and AD biomark-
ers will be critical to better understand the pathological
mechanisms underlying the observed relationships and to
elucidate the temporal ordering of the events at play in
asymptomatic individuals.

s/mm?Z; 35 directions, b = 700 s/mm?; six directions, b = 20 s/mm?2; b =0
in opposite phase-encoding direction; TR = 5000 ms, TE = 60.8 ms,
voxel size = 1.25 mm isotropic, number of slices = 72) was used to
acquire diffusion data. Given our focus on the brainstem, the field
of view of the DWI acquisitions omitted the dorsal-most part of the

frontal/parietal lobes.

2.3 | Structural MRI data preprocessing

Whole-brain MP2RAGE images were processed using FreeSurfer!®
(version 6.0.0; https://surfer.nmr.mgh.harvard.edu) with the soft-
ware’s default protocol for cortical and subcortical reconstruction,
as described in Dale et al.'? including the expert options for 7T
data. Shortly, each T1-weighted image underwent an automated seg-
mentation process including intensity normalization, skull stripping,
segregation of the left and right hemispheres, removal of the brain-
stem and cerebellar areas, correction of topology defects, definition of
the borders between gray matter (GM) and WM and between GM and
cerebrospinal fluid (CSF), and parcellation of cortical and subcortical
areas. Subsequently, all images underwent visual inspection and, if nec-
essary, manual editing. Finally, the parcellated areas were registered
to the MP2RAGE space using the function Estimate and Reslice with
the nearest neighbor interpolation option in SPM12 software (https://

www.fil.ion.ucl.ac.uk/spm/software/spm12/).
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A detailed description of our 7T LC preprocessing pipeline can be
found in Van Egroo et al. >1¢ |n summary, individual MT-TFL scans
were intensity-normalized based on a subject-specific mean intensity
of a 10 x 10-voxel region of interest (ROIl) located in the pontine
tegmentum (PT). Next, a study-specific MT-TFL template was created
using an iterative diffeomorphic warp estimate in the Advanced Nor-
malization Tools (ANTs) software. The LC mask was then manually
delineated on the resulting template by an expert (MVE), based on
voxel intensities and prior knowledge of the anatomical properties of
the LC.

2.4 | Diffusion MRI data preprocessing
Diffusion-weighted scans were corrected for B susceptibility-induced
and eddy current-induced distortions and motion artifacts employ-
ing topup and eddy tools of the FSL software?° (version 5.0.9).
Whole-brain maps of DTI-based markers of tissue microstructure such
as fractional anisotropy (FA) and mean diffusivity (MD) were com-
puted using FSL's dtifit (version 6.0.7.6) on the preprocessed DWI
data. NODDI-derived parameter maps of the neurite density index
(NDI) and orientation dispersion index (ODI) were obtained using
the Microstructure Diffusion Toolbox (version 1.2.6, https://github.
com/robbert-harms/MDT). By adopting a tissue model capable of dis-
tinguishing three types of microstructural environment, namely, the
intracellular, the extracellular, and the free water compartment, the
NODDI model allows for a more specific characterization of sub-
voxel tissue features compared to DTI-based metrices.® In particular,
NDI values range from O to 1, with lower values indicating lower
neurite density (i.e., predominantly extracellular diffusion) and higher
values indicating high neurite density (i.e., predominantly intracellular
diffusion). ODI values range from O to 1, with lower values reflect-
ing lower neurite arborization/angular variation (i.e., parallel neurites)
and higher values reflecting higher neurite arborization/angular vari-
ation (i.e., highly dispersed neurites). Moreover, NODDI can better
distinguish different neurobiological processes that may confound DTI
metrics at a voxel level: for instance, a reduction in FA may be caused by
an underlying reduction in NDI, an increased ODI, or other microstruc-
tural changes in the tissue.2! By leveraging our high-angular, multishell
diffusion imaging protocol, the NODDI model allows for the disentan-
glement and separate analysis of these two key factors contributing to
FA.

2.5 | ROI definition and tractography

The LC mask was first brought back from the study-specific MT-TFL
template space to the individual structural space using the inverse
of the transformations previously calculated by ANTs. The EC ROI
was extracted from the FreeSurfer parcellation as per the Desikan-
Killiany atlas,?2 while the more fine-grained parcellation provided
by the Destrieux atlas was used for the creation of the composite

(pre-)frontal areas to be used in the control analysis (Supplementary

Methods). Then, individual MP2RAGE images were coregistered to
the individual mean diffusion-weighted bO volume using the SPM12
Estimate and Reslice function with the nearest neighbor interpolation
method, and the resulting transformation matrices were applied to
the individual LC masks, EC, and (pre-)frontal parcellations to obtain
the LC, EC, and (pre-)frontal ROIls into the individual DWI space for
subsequent tractography.

The LC-EC tract of interest was obtained, for each subject, by means
of unguided probabilistic tractography using FSL's bedpostx (a Bayesian
estimation of diffusion parameters allowing for crossing-fiber mod-
eling) and probtrackx (Figure 1). For bedpostx, the number of fiber
populations modeled per voxel was increased to 3 from the default
value of 2 to better capture the anatomical complexity of the sur-
veyed region, while other options were left at their default values.
In probtrackx, the LC was set as a seed ROI, while the EC was set as
both waypoint and terminative ROI. To obtain the control tract, the
(pre-)frontal composite was used as both waypoint and terminative
ROI. Additional computing options were left at their default values,
except for the curvature threshold, which was decreased from 0.2
(corresponding to a minimum angle of approximately +80°) to 0.0
to allow for the detection of especially sharp bending points, which
characterize the LC-EC tract. The tractography was run separately
for each hemisphere. The resulting tracts were binarized and visually
inspected to ensure that the tractography outcome was not exces-
sively sparse, uneven, or fragmented. For each subject, the LC-EC
tract was further pruned by multiplying a binarized (threshold = 0.05)
and dilated (kernel operated by a factor of 3) version of the proba-
bilistic atlas computed by Sun et al.,? coregistered to the individual
diffusion space. Finally, to avoid redundancies and only examine the
WM bundles, we subtracted the LC and EC ROIs from the LC-EC
tract and the LC and (pre-)frontal composite ROls from the control
tract.

2.6 | DTI-based and NODDI parameter extraction
FA and MD values computed in dtifit and NODDI-derived NDI and ODI
metrics were extracted by taking the mean of values across the LC-EC
tract. Mean diffusion metrics were averaged across left and right hemi-
spheres, and further statistical analyses were conducted on bilaterally
sourced values, as we were not operating under any a priori hypothesis
on hemispheric lateralization. The same approach was used to extract
DTl and NODDI values in the (pre-)frontal control tract.

2.7 | Slice extraction

To further evaluate any topographical pattern along the LC-EC path-
way, we proceeded to extract two-dimensional slices from the individ-
ual tracts. Given the shape of the pathway containing points of sharp
curvature, we split it into three sections: the caudal-most part, con-
necting the LC to the thalamic region, was sliced along the y-dimension
(left hemisphere: y = —44 to —14, right hemisphere: y = —44 to —13);
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(©) (D)

LC-EC tract in one representative participant in subject-specific anatomical space. The tract is shown alongside the LC (in blue) and

the EC (in orange) in sagittal (A), sagitto-coronal (B), coronal (C), and axial (D) views. EC, entorhinal cortex; LC, locus coeruleus.

the intermediate portion, proceeding laterally toward the temporal
lobes, was sliced along the x-dimension (left hemisphere: x = 2 to —41,
right hemisphere: x = —4 to 40); the inferior portion, terminating in
the EC, was sliced along the z-dimension (left hemisphere: z = —20
to —48, right hemisphere: z = —19 to —47). To ensure consistency in
these nodes across participants, we used the binarized version of the
Sun atlas of the LC-EC tract? by extracting, in the individual space,
the overlap between the three sections obtained from the atlas and
our individual tracts. To accommodate for anatomical variability across
individual tracts in native space and the atlas, we used the dilated ver-
sion (kernel operated by a factor of 3) of the atlas: this procedure
explains the slight discrepancy in LC-EC section coordinates between

our work and similar efforts.”

2.8 | Plasma AD-related assessments

Fasted EDTA plasma samples were collected through venipuncture in
the morning and handled according to the standard operating pro-
cedure stipulated by the central biobank of Maastricht University
Medical Center. Samples were centrifuged at 2000 x g, aliquoted in
polypropylene tubes, and stored at —80°C in the biobank within 60 min
of collection. Plasma biomarkers were analyzed in randomized order
using ultra-sensitive Single molecule array (Simoa) assays (Quanterix,
Inc.) for amyloid beta (Af) 42 and AB40 (to create AB42/40 ratio), phos-
phorylated tau (p-tau) 181 (p-tau181 V2 Advantage Kit), p-tau231
(University Gothenburg),2® GFAP (Discovery kits for HD-X), and neu-
rofilament light (NfL) (NF-light Advantage Kit) at the University of
Gothenburg (Sweden). Analyses were performed in duplicates using a
1:4 automated dilution protocol for all markers, except for 1:2 dilution
protocol for p-tau231. Analysis of plasma p-tau217 was performed at
Lund University (Sweden) using the Meso Scale Discovery (MSD) plat-
form as previously described.?* Apolipoprotein E (APOE) genotyping
was performed using polymerase chain reaction on deoxyribonucleic
acid extracted from blood samples, and a participant’s APOE status was
defined as “e4 carrier” if they carried at least one ¢4 allele. Technicians

handling the blood samples were blinded to participant imaging data,

and staff collecting imaging data were blinded to blood assessment
results.

2.9 | Statistical analyses

All analyses were performed using R statistical software (version 4.4.1,
https://www.r-project.org/). As an initial data check, we performed
zero-order correlations across all relevant variables with Pearsons cor-
relations and then used robust multiple linear regression models (using
the rlm function in the MASS package [version 7.3-61], fitted using
iterated reweighted least squares implementing a Huber M-estimator;
the corresponding p values were extracted using the “f.robftest” func-
tion in the sfsmisc package [version 1.1-19]) to account for potential
outliers in biomarkers. Following our main hypothesis, we examined
the relationship between DTI-derived (namely, FA and MD) or NODDI-
derived (namely, NDI and ODI) metrics in the LC-EC tract and plasma
AD-related biomarkers (NfL, GFAP, AB42/40 ratio, p-tau181, p-tau217,
and p-tau231). All models were corrected for age, sex, and tract vol-
ume and adjusted for multiple comparisons. Sensitivity analyses were
conducted by repeating the models in a subsample of older (>50 years)
individuals (N = 35) and by adding APOE status as a covariate. To deter-
mine the specificity of our results, we examined similar associations
on the control tract in the entire sample. In a second step, we per-
formed slice-wise associations to explore the topographic distribution.
The slices were pooled per three consecutive slices, resulting in 32
bilateral bins, and the associations described were evaluated within

each bin.
3 | RESULTS
3.1 | Participant characteristics

Demographic characteristics of the study sample are reported in
Table 1. The mean age of the participants was 60 years (range, 30 to
85 years), 23 were females (49%) and 11 (23%) were carriers of at least
one APOE ¢4 allele.
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TABLE 1 Summary statistics for demographic characteristics,

diffusion metrics and plasma biomarker levels in the study sample.
N=47

Demographic characteristics

Age, years 60.43 + 15.11(30to 85)

Sex, no. (%)

Female 23(48.94)
Male 24(51.06)
APOE &4 carrier, no. (%) 11(23.40)
Volume LC-EC bilateral (mm?3) 4490.46 +1775.49 (1364.52
to 10,552.68)
Volume control tract bilateral 65,753.31+17393.89

(mm?3) (31,364.53-105,552.07)
Diffusion metrics

LC-EC tract (bilateral)

FA 0.38 + 0.02 (0.34 to 0.44)
MD (10%) 0.64 +0.026 (0.59t0 0.71)
NDI 0.59 +0.04 (0.49 t0 0.67)
ODI 0.23 +0.02(0.18 t0 0.27)
Control tract (bilateral)
FA 0.45 +0.02(0.38t0 0.51)
MD (10%) 0.58 +0.03(0.53t00.67)
NDI 0.65 +0.05(0.51t00.72)
ODI 0.22 +0.02 (0.15t0 0.25)
Plasma biomarkers
GFAP (pg/mL) 153 +63.8(53.8t0 389)
NfL (pg/mL) 18.1+7.68 (6.56 to 43.4)
AB42/40 ratio 0.09+0.01(0.05t00.12)
p-tau181 (pg/mL) 1.68 + 0.86 (0.86 to 6.44)
p-tau217 (pg/mL) 0.27 +0.13(0.11t0 0.81)
p-tau231 (pg/mL) 8.34 +3.87(3.29t0 25.8)

Note: Summary statistics for demographic characteristics, diffusion metrics,
and plasma biomarker levels in the study sample. Values are presented as
mean + SD (range) for continuous variables and percentages for dichoto-
mous variables.

Abbreviations: A3, amyloid beta; APOE ¢4, apolipoprotein e4; EC, entorhi-
nal cortex; FA, fractional anisotropy; GFAP, glial fibrillary acidic protein; LC,
locus coeruleus; MD, mean diffusivity (103); NDI, neurite density index; NfL,
neurofilament light polypeptide; ODI, orientation dispersion index.

3.2 | Correlations of demographics with plasma
AD-related biomarkers and LC-EC tract diffusion
metrics

Older individuals exhibited lower AB42/40 (t = —3.54, p < 0.001) and
higher GFAP (t = 4.92, p < 0.001), NfL (t = 7.07, p < 0.001), and p-
tau181 (t = 2.36, p = 0.02) levels (Table S1). Females displayed higher
MD (t = —2.68, p = 0.01) within the LC-EC tract. Older age was associ-
ated with lower ODI (t = —-2.91, p = 0.006) in the LC-EC tract. Age and

sex differences remained significant when further controlling for APOE
¢4 status

3.3 | Whole-tract relationships between LC-EC
tract diffusion metrics and plasma AD-related
biomarkers

Lower FA in the LC-EC pathway was associated with higher levels of
GFAP (t = —2.24, p = 0.03, false discovery rate (FDR)-adjusted p value
[prpr] = 0.06) and p-tau217 (t = —2.07, p = 0.04, prpr = 0.09). Con-
versely, MD was positively associated with GFAP (t = 3.81, p < 0.001,
pror = 0.002), p-tau181 (t = 2.40, p = 0.02, prpg = 0.08), and p-tau217
(t =221, p = 0.03, prpr = 0.09). Higher ODI in the LC-EC tract was
related to elevated p-tau181 (t = 2.09, p = 0.04, prpr = 0.08) and p-
tau231(t=2.49,p=0.02, pppr = 0.07) (Figure 2, Table 2). No significant
relationships were found with NfL values, AB42/40 ratio, or NDI val-
ues in the LC-EC tract. To examine the specificity of these findings to
the LC-EC tract, all analyses were repeated in the control tract, where
we observed that a lower AB42/40 ratio was associated with lower
FA (t = 3.32, p = 0.003, prpr = 0.06), lower NDI (t = 2.19, p = 0.04,
prpr = 0.05), and higher MD (t = —3.20, p = 0.003, prpr = 0.006) val-
ues, but we detected no significant associations with the other plasma
markers (Figure S1; Table S2).

3.4 | Slice-wise relationships between LC-EC tract
diffusion metrics and plasma AD-related biomarkers

Taking a more granular approach by using a slice-wise approach along
the LC-EC pathway, we observed that the associations involving GFAP,
p-tau217, and p-tau231 were driven by the portion of the tract imme-
diately following the medial bend (Figure 3, first vertical dotted line),
right after exiting the thalamic area and proceeding towards the tem-
poral lobes, the region around the curvature point leading the pathway
toitsinferior portion (Figure 3, second vertical dotted line) and the final
part of the tract, terminating in the EC. MD associations were mostly
observed in the final portion of the tract, close to the EC, whereas
the associations involving FA and ODI were more pronounced in the

starting region of the tract, from the LC toward the thalamic region.

4 | DISCUSSION

The LC is one of the earliest sites of accumulation of tau pathol-
ogy, and has been proposed to play a crucial role in the propagation
of tau to the first affected cortical site - the EC - via neuron-to-
neuron transmission.2>2% This seeding process is thought to emerge
decades before the onset of AD clinical symptoms.2 While supported
by post mortem®?2” and animal?®2? studies, in vivo evidence in humans
remains limited due to the complexities in accurately identifying the
LC and its sharp-bending WM bundle to the EC. Here, by combining

recent advances in plasma AD-related biomarkers with dedicated LC
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FIGURE 2 Associations between plasma Alzheimer’s disease (AD)-related biomarkers (N = 47) and LC-EC tract integrity metrics of FA (A, B),
MD (C-E) and ODI (F, G). Females are indicated in orange, males in blue. Shaded areas surrounding the regression lines represent the 95%
confidence interval of the regression fit. See Table 2 for all the regression coefficients. EC, entorhinal cortex; FA, fractional anisotropy; GFAP, glial
fibrillary acidic protein; LC, locus coeruleus; MD, mean diffusivity; ODI, orientation dispersion index.

imaging as well as conventional (DTI) and advanced (NODDI) diffu-
sion models at ultra-high field in vivo, we showed that lower LC-EC
tract microstructural integrity was associated with hyperphosphory-
lated tau burden and astrogliosis in cognitively unimpaired individuals.
These results emphasize the potential of microstructural changes
within the LC-EC tract as a critical indicator of the earliest AD-related
pathophysiological events.

First, we observed that worse LC-EC tract integrity, indicated by
lower FA and higher MD values, was related to elevated concentra-
tions of plasma p-tau181 and p-tau217. Similarly, higher ODI within
the LC-EC tract was associated with elevated plasma p-tau181 and p-
tau231 levels. While p-tau181 is well established for the detection of

existing AD pathology,3°3! p-tau217 has shown promise as a sensi-
tive marker for earlier detection of AD,%2 potentially offering increased
accuracy in detecting AD pathology and higher predictive value for
predicting disease trajectory.333* On the other hand, the p-tau231
epitope reflects a very early detectable process preceding preclinical
AD, signaling tau features that precede the formation of neurofibril-
lary tangles.3 Furthermore, recent work demonstrated the ability of
p-tau231 to distinguish positron emission tomography (PET)-derived
Braak stage O from Braak stages | and Il, whereas p-tau181 fails to do
50.23 Our findings, obtained in a cognitively unimpaired cohort, expand
on prior reports of lower WM integrity within the LC-EC tract correlat-

ing with more advanced clinical AD stages using other diffusion-based
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LC, locus coeruleus; MD, mean diffusivity; ODI, orientation dispersion index.

integrity metrics (e.g., axial and radial diffusivity)’-? or with higher
CSF- or PET-derived measures of tau burden.'%3¢ While previous
studies examined later disease stages, our results include advanced
biophysical diffusion modeling to demonstrate that plasma-derived
p-tau pathology is related to early alterations in fiber coherence in
asymptomatic individuals. This is compatible with underlying axonal
and myelin degeneration processes in vulnerable regions during the
preclinical phase and suggests that such pathological processes con-
tinue across AD stages. Importantly, the LC-EC tract axons are late
and thinly myelinated, which could make them particularly vulnerable
to premature axonal injury.2> Finally, our findings align with a broader
range of studies investigating WM integrity in other tracts affected
both in preclinical®’ and AD cohorts’~?38-42 and demonstrating the
role of WM tract health in the deposition or propagation of tau.#344
Given the pathway’s potential involvement in early tau pathology
propagation, our findings suggest the presence of initial WM alter-
ations within a healthy cohort characterized by relatively low levels of
amyloid burden.

We identified a positive relationship between ODI and p-tau bur-
den in our cohort. Higher ODI values typically indicate loss of fiber
coherence in WM, but recent studies indicated that its interpretation
depends on local-, tract-, or population-dependent WM characteristics.
Previous work showed higher ODI along with elevated diffusivity and
lower anisotropy in MCI patients,*! whereas another study reported
lower WM ODI values in MCl and AD compared to healthy con-
trols, but no differences in FA in the MCI group.*> This discrepancy

may reflect selective sparing or degeneration of crossing fibers, where

degradation of secondary fibers within selected voxels would make
the primary bundle fibers appear more aligned, thereby increasing
axonal coherence and reducing ODI.#¢ Our findings in the LC-EC tract
indicate that higher ODI is detrimental, as evidenced by the positive
relationship between ODI and p-tau burden. Hyperphosphorylation of
tau contributes to cytoskeletal destabilization and neurite and axonal
disarray.® Neuropathological observations show the presence of early
hyperphosphorylated tau in LC-related dendrites and long axons,® and
we speculate that these tau-related morphological changes can be
detected as lower microstructural ODI-derived fiber organizational
coherence in the LC-EC tract. Of particular interest, the observed
positive association between p-tau231 and LC-EC ODI supports the
proposition that advanced biophysical diffusion models combined with
early biomarkers may capture earlier pathological processes disrupting
the structural integrity of the LC-EC tract than standard DTI models.
Second, we observed that lower FA and higher MD in the LC-EC
tract corresponded to higher plasma GFAP levels. The LC-NE system
is implicated in the modulation of neuroinflammatory processes
by downregulating the microglial functions and the transcrip-
tion of pro-inflammatory genes in astrocytes.}**7-4? Conversely,
destroying LC neurons with the selective noradrenergic neurotoxin
N-(2chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) led to NE
depletion and exacerbated neuroinflammatory responses and astro-
cyte reactivity in transgenic mice.’° Reactive astrocytic dysregulation
is marked by the overexpression of GFAP, with both animal and human
neuropathology studies demonstrating that elevated GFAP levels

in aging®! may contribute to less clearance of A*’ and presence
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of both neurofibrillary tangles and AB plaques.”? We now extend
these observations by additionally demonstrating that higher GFAP is
associated with lower microstructural properties of the LC-EC tract.

In a series of exploratory analyses probing the topographical speci-
ficity of the relationships between LC-EC tract integrity and plasma
AD-related biomarkers, we found that associations with plasma mark-
ers mostly concentrated at the bending points of the tract and toward
its terminal portion. Although speculative, the evolution of FA, MD,
and ODI values across the LC-EC tract could indicate that local WM
integrity disruption reflects local characteristics of sharply bending
portions within the bundle, with the parts of the tract exhibiting greater
curvature or tissue stiffness being more vulnerable to biomechanical
stress.>® Importantly, these loci display similar robustness in the dif-
fusion measures, as confidence intervals for all metrics are consistent
throughout the tract. Besides the expected fanning of fibers as they
approach their cortical targets, the observation that WM bundle por-
tions closer to the EC exhibit higher axonal injury compared to the
initial, LC-efferent part of the pathway is consistent with the proposed
resilience of the LC throughout the development of AD pathology®*
and the neurodegenerative molecular mechanisms determining the
selective vulnerability of EC neurons during AD pathogenesis.’® Fur-
thermore, local differences in the distribution of 4-repeat (4R) and
3-repeat (3R) tau isoforms along the tract might contribute to a higher
occurrence of EC-biased associations. The LC harbors pretangle tau
inclusions for a prolonged phase during the disease, with pretangle
neurons exhibiting 4R-selective immunoreactivity, while the EC might
exhibit tau pathology with a higher proportion of 3R isoforms,?%>”
relating differently to neuronal health. The specificity of our results
is further corroborated by the control tract analysis, showing no sig-
nificant associations between microstructural integrity metrics and
tau pathology or astrogliosis. In contrast, WM degeneration in these
(pre-)frontal regions was associated only with plasma amyloid burden,
consistent with the topography of AB.>8°?

Our study has several strengths. First, previous studies focusing on
the structural integrity of the LC-EC pathway in patients along the AD
continuum’~? used a normative atlas of the tract, and they either exam-
ined a clinical cohort’® or considered previously diagnosed preclinical
stages, with no explicit information on the range in underlying patho-
logical burden.? Our study combined recently developed plasma AD
markers and dedicated ultra-high-field LC imaging, allowing us to iden-
tify the LC and track the LC-EC pathway at the individual level with
an improved resolution, and the incorporation of advanced NODDI
modeling alongside traditional DTl modeling to facilitate the interpre-
tation of 13 different neurobiological processes.2* However, our study
also has limitations. First, our biomarker quantification method lacks
spatial specificity when compared to similar assessments using PET,
preventing us from drawing conclusions about the tau topography
in the cortex. However, plasma markers are likely more sensitive in
earlier stages as they also capture soluble forms, which is particu-
larly important when investigating the earliest tau-related changes
to the LC. Second, despite the uniqueness of the ultra-high-field MRI
data and dedicated LC sequences, our dataset was relatively small,

resulting in several marginally significant results after the FDR cor-

rection. Therefore, these results need to be interpreted with caution
and require replication in future studies using a larger sample size.
Finally, our cross-sectional approach limits causal interpretation, and
our research question would benefit from a longitudinal framework to
better elucidate the temporal ordering of the events at play.

5 | CONCLUSION

In conclusion, we provide in vivo evidence that elevated tau burden
and astrocyte reactivity are associated with lower structural integrity
within the LC-EC tract, marked by axonal degeneration and fiber disor-
ganization. To our knowledge, this study is among the first investigating
the LC-EC tract integrity in a healthy cohort with availability of both
ultra-high-field imaging data and multiple plasma AD-related biomark-
ers. Our results show that microstructural alterations of the LC-EC
tract reveal insights into the earliest AD-related pathophysiological
processes, which may hold promise in identifying individuals at risk of

progressing along the AD trajectory.
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