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Abstract

Background Autopsy work indicates that the widely-projecting noradrenergic pontine locus coeruleus (LC)

is among the earliest regions to accumulate hyperphosphorylated tau, a neuropathological Alzheimer's disease

(AD) hallmark. This early tau deposition is accompanied by a reduced density of LC projections and a reduction

of norepinephrine’s neuroprotective effects, potentially compromising the neuronal integrity of LC's cortical targets.
Previous studies suggest that lower magnetic resonance imaging (MRI)-derived LC integrity may signal cortical tissue
degeneration in cognitively healthy, older individuals. However, whether these observations are driven by underlying
AD pathology remains unknown. To that end, we examined potential effect modifications by cortical beta-amyloid
and tau pathology on the association between in vivo LC integrity, as quantified by LC MRI signal intensity, and corti-
cal neurodegeneration, as indexed by cortical thickness.

Methods A total of 165 older individuals (74.24+9.72 years,~60% female, 10% cognitively impaired) underwent
whole-brain and dedicated LC 3T-MRI, Pittsburgh Compound-B (PiB, beta-amyloid) and Flortaucipir (FTP, tau) positron
emission tomography. Linear regression analyses with bootstrapped standard errors (n =2000) assessed associations
between bilateral cortical thickness and i) LC MRI signal intensity and, ii) LC MRI signal intensity interacted with corti-
cal FTP or PiB (i.e., EC FTP, IT FTP, neocortical PiB) in the entire sample and a low beta-amyloid subsample.

Results Across the entire sample, we found a direct effect, where lower LC MRI signal intensity was associated

with lower mediolateral temporal cortical thickness. Evaluation of potential effect modifications by FTP or PiB revealed
that lower LC MRI signal intensity was related to lower cortical thickness, particularly in individuals with elevated (EC,
IT) FTP or (neocortical) PiB. The latter result was present starting from subthreshold PiB values. In low PiB individuals,
lower LC MRI signal intensity was related to lower EC cortical thickness in the context of elevated EC FTP.

Conclusions Our findings suggest that LC-related cortical neurodegeneration patterns in older individu-
als correspond to regions representing early Braak stages and may reflect a combination of LC projection den-
sity loss and emergence of cortical AD pathology. This provides a novel understanding that LC-related cortical
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neurodegeneration may signal downstream consequences of AD-related pathology, rather than being exclusively

a result of aging.

Keywords Locus coeruleus, Cortical thickness, Neurodegeneration, Brain structure, MRI, PiB-PET, FTP-PET, Alzheimer’s

disease

Background

Late-onset Alzheimer’s disease (AD), the most prevalent
form of dementia, has historically been characterized by
the stereotypical spatiotemporal progression of neuro-
pathological beta-amyloid plaques and neurofibrillary tau
tangles (NFTs) throughout the brain, often preceding the
emergence of symptoms by decades [1, 2]. Autopsy work
suggests that one of the first regions to harbor phospho-
rylated tau pathology is the pontine locus coeruleus (LC),
the principal nucleus releasing norepinephrine (NE) to
subcortical and widespread cortical targets [3, 4]. As out-
lined in the Braak staging scheme, accumulation of tau
in the subcortical brainstem (Braak stage a-c) is followed
by the entorhinal cortex (EC; Braak stage I-II), then the
hippocampus (Braak stage III), after which it progresses
to lateral temporal areas (Braak stage IV), and ulti-
mately appears throughout the entire neocortex (Braak
stage V-VI) [3]. Once NFTs are present in allocortical
regions, beta-amyloid plaques can be robustly detected
with positron emission tomography (PET) imaging [5, 6].
Together, these pathologies contribute to neurodegenera-
tion or cortical atrophy [1].

Even though the LC accumulates tau early in adult-
hood, LC neurons are rather resilient and do not die until
after Braak stage III-IV [7]. However, both neuropathol-
ogy and animal studies reported that this early tau accu-
mulation is associated with dendritic atrophy and loss
of projections to the cortex, especially affecting projec-
tions to subcortical, hippocampal, and other neocorti-
cal regions [8, 9]. Despite that LC neurons are sturdy at
this early stage, their functionality is impacted, possibly
explaining the progression of tau to the medial tempo-
ral lobe. It is therefore likely that lower LC integrity will
be associated with atrophy in the medial temporal lobe
early on in the disease. With the emergence of cortical
beta-amyloid and tau, and tau being more closely asso-
ciated to neurodegeneration than beta-amyloid [10], it
can be expected that these patterns will become more
widespread and reflect the topography of Braak stages.
Thus, the gradual loss of NE projections to the cortex and
changes in the associated neuroprotective properties of
NE, such as the modulation of neuroinflammation and
clearance of toxins and beta-amyloid [11, 12], can have
a negative impact on the neuronal integrity of the tar-
get regions of the LC. Examining the neurodegenerative
changes associated with changes in LC integrity in older

individuals along the continuum of AD can increase our
understanding of the pathophysiologic consequences of
early tau accumulation in the LC and provide insights
into the role of the LC in the pathophysiologic cascade
model of AD.

Previous work by Bachman, Dahl [13] revealed a posi-
tive association between magnetic resonance imaging
(MRI)-derived LC integrity and cortical thickness in
cognitively healthy, older individuals, as compared to
younger individuals. Of note, the effect in older individu-
als remained in place when regressing out age effects. To
the best of our knowledge, only one other study inves-
tigated similar associations in older male adults (age
range: 62-71 years). Elman, Puckett [14] found no rela-
tion between LC integrity and cortical thickness that
survived FDR-correction but did find that higher LC
integrity was related to higher total hindered and lower
free water diffusion, which reflects better microstructural
health. Both Bachman, Dahl [13] and Elman, Puckett [14]
provide evidence that changes in LC integrity may have
consequences for cortical tissue and may be critical for
healthy cognitive aging. However, it remains to be estab-
lished whether these findings extend beyond healthy
aging, as the contribution of underlying beta-amyloid
and tau pathology have not yet been addressed. To that
end, we associated LC integrity, as quantified by LC MRI
signal intensity extracted from dedicated LC turbo-spin-
echo scans, with cortical neurodegeneration, as indexed
by cortical thickness, and investigated the potential effect
modifications by beta-amyloid and tau pathology. Utiliz-
ing a subset of individuals with low beta-amyloid depo-
sition allowed us to determine the association between
LC integrity and the topography of neurodegeneration
in the context of early tau deposition. Ultimately, these
findings will be critical to understanding the impact of
LC structure on AD-related neurodegeneration as well as
its impact on effectively communicating with important
higher-order cortical brain regions.

Methods

Participants

A total of 165 participants from the well-characterized,
observational Harvard Aging Brain Study (HABS [15])
were included in this study. The ongoing, longitudinal
HABS cohort aims to expand the field’s understanding of
healthy aging and preclinical AD processes, and recruited
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to that end healthy individuals of age 50 and older with
scores of 0 on the Clinical Dementia Rating (CDR [16]),
below 11 on the Geriatric Depression Scale (GDS [17]),
above 25 on the Mini-Mental State Examination (MMSE
[18]), and within the education-adjusted norms of the
Logical Memory Delayed Recall [19] at baseline. Exclu-
sion criteria consisted of prevailing alcohol or substance
abuse, head trauma, and report of physical or psychiatric
illnesses. For the present study, only cross-sectional data
from HABS participants who underwent 3T MR, includ-
ing a dedicated LC sequence, Pittsburgh Compound-B
(PiB)-PET, and Flortaucipir (FTP)-PET scanning were
selected. LC imaging was included mid-study, at which
point some participants started showing cognitive
decline. As such, approximately 10% (n=16) of the uti-
lized sample was classified as cognitively impaired based
on CDR status. CDR status was assessed and reviewed
for consensus by experienced clinicians. All participants
provided informed consent for participation and received
monetary compensation according to the regulations of
the Mass General Brigham Institutional Review Board.
Ethics approval for this study was obtained from the
Mass General Brigham Institutional Review Board in
accordance with the Belmont Report [20].

Structural magnetic resonance imaging

Structural MRI data were collected at the Athinoula A.
Martinos Center for Biomedical Imaging of Massachu-
setts General Hospital utilizing a Siemens 3.0T TIM-Trio
scanner with a 12-channel phased-array head coil. A
three-dimensional T1-weighted Magnetization-Prepared
Rapid Acquisition Gradient-Echo (MPRAGE) structural
image was obtained with the following parameters: Rep-
etition Time (TR)=2300; Echo Time (TE)=2.95 ms;
Inversion Time=900 ms; Acquisition Time (TA)=5:12
min; Flip Angle (FA) =9 Resolution=1.1x1.1X1.2 mm;
Acquisition Matrix=270% 254212 mm; 176 slices per
slab with sagittal orientation; double-factor GRAPPA
acceleration. Our dedicated LC sequence is cost-effective,
non-invasive, and has a fast acquisition and processing
pipeline, making it a clinically easy-to-implement meth-
odology. It consisted of a two-dimensional T1-weighted
Turbo-Spin Echo (TSE) sequence that included magneti-
zation transfer (MT) contrast (TR=743 ms; TE=16 ms;
TA=3:24 min; FA=180° Resolution=0.4x0.4%3.00
mm; Acquisition Matrix=208%x166%22 mm; 6 slices
with transversal orientation; 4 averages). Given the
importance of minimal motion for proper visualization of
the LC, the TSE sequence was acquired as close as possi-
ble in time to the MPRAGE, and participants were recur-
rently instructed to lay still. Head motion was restrained
with foam pillows and extendable bumpers during all
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sequences, and participants were provided with ear plugs
and headphones to protect hearing.

The structural MPRAGE image was processed with
the standard automated reconstruction protocol of Free-
Surfer (FS, version 6.0.0), which incorporates motion
correction, Talairach registration, intensity normaliza-
tion, skull-stripping, segmentation and parcellation (left
versus (vs.) right hemispheres, cortical vs. subcorti-
cal regions, white vs. gray matter), as well as validation
of topology and surface geometry [21]. Furthermore, all
data were inspected manually with FS’s tkmedit-tool to
ensure data quality and corrected if necessary.

LC MRI signal intensity was calculated as described in
Jacobs, Becker [22]. In brief, four equally-sized boxes that
functioned as search limits were placed bilaterally on the
locus coeruleus (corroborated by overlaying with a vali-
dated LC-template [23]) and pontine tegmentum on the
Montreal Neurological Institute (MNI) template, with
the latter region serving as reference region. After warp-
ing the MNI template and registering each LC scan to the
participant’s native T1, the four equally-sized boxes were
warped to the T1 as well. Subsequently, signal intensi-
ties corresponding to the LC were normalized against
the average intensity of the reference region. Then, LC
signal intensity was established by searching for clusters
of 5 connecting voxels with the highest average signal
intensities in an iterative fashion (n=30). Left and right
LC signal intensity values were averaged to create a bilat-
eral composite for analyses, as previous autopsy work has
not found asymmetry in LC neuronal population or tau
deposition [24-27].

Unilateral cortical thickness values corresponding to
34 different cortical regions labeled according to the
Desikan-Killiany atlas were extracted with FS [28], after
which these values were averaged across hemispheres to
obtain regional bilateral values. Overall regions of inter-
est (ROIs) were limited to the LC and the cortical thick-
ness regions depicted in Fig. 1.

Positron emission tomography imaging

PiB- and FTP-PET data were acquired at Massachusetts
General Hospital utilizing a Siemens ECAT EXACT
HR+PET scanner as described previously [22, 29, 30].
For the PiB tracer, bolus injections of 8.5-15 mCi were
administered, after which data was obtained dynamically
in a window of 60 min (twelve 15-s frames, fifty-seven
1-min frames). For the FTP tracer, bolus injections of
9-11 mCi were administered, and data was acquired after
75-105 min (four 5-min frames). To reconstruct the data,
standard data corrections were employed. Additionally,
all data frames were inspected manually to ensure data
quality.
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Fig. 1 Regions of interest depicted per modality and measure of interest. Regions of interest for A MRI cortical thickness, B MRI signal intensity, C
PET-FTP measures. Cortical ROls are based on the Desikan-Killiany atlas. Abbreviations: Bankssts, banks of superior temporal sulcus; ROIs, regions

of interest

Tracer retention was examined by co-registering the
PET data to the participants’ MPRAGE image and trans-
forming FS ROIs into the native PET space. Cerebel-
lar gray served as reference tissue for both tracers, and
all data were corrected for partial volume (PVC) effects
with FS’s Geometric Transfer Matrix approach assuming
a uniform 6 mm point spread function [31]. By means of
the Logan graphical method, PiB-PET data was expressed
with distribution volume ratio (DVR). Neocortical PiB
consisted of a combination of frontal, lateral temporal,
and retrosplenial cortices (FLR) values, and functioned
as the basis for beta-amyloid status classification in refer-
ence to the PiB cutoff value of 1.324 DVR (PVC), which
was determined a priori in the entire HABS cohort using
Gaussian Mixture Modelling [32]. About 32% (n=53) of
the sample was considered to have elevated beta-amyloid
based on the PiB cut-off value (for non-PVC PiB the cut-
off was determined at 1.20 DVR resulting in #=46 with
elevated beta-amyloid), and 68% (n=112) to have low
beta-amyloid. FTP-PET data was expressed as the stand-
ardized uptake value ratio (SUVr). Consistent with pre-
vious work focusing on preclinical AD [33-35], regions
of interest were limited to EC and inferior temporal
(IT) FTP representing earlier and later stages of cortical

tau burden (Fig. 1). PiB- and FTP-PET sessions were
generally completed on the same day (median: O days,
interquartile range (IQR): 0 to 0 days). Median time dif-
ferences between MRI imaging and PET imaging sessions
were 12 days for PiB-PET (IQR: -21 to 55 days) and 20
days for FTP-PET (IQR: -18 to 62 days).

Statistical analyses

All statistical analyses were conducted using RStudio
(version 1.2.5033, R version 3.6.3). Group differences
were assessed using t-tests for normal continuous vari-
ables, Kruskal-Wallis tests for non-normal continuous
variables, and chi-squared tests for categorical variables.
Given the heteroskedastic nature of the data, associa-
tions were assessed utilizing linear regression analyses
with bootstrapped standard errors (nz=2000). First, asso-
ciations between bilateral cortical thickness and LC MRI
signal intensity (5 voxel clusters) were examined in the
entire sample. Then, to assess potential effect modifica-
tions by pathology, we evaluated the interaction between
LC MRI signal intensity and a continuous measure of
pathology (i.e, EC FTP, IT FTP, neocortical PiB) on
bilateral cortical thickness values in the entire sample.
Floodlight analyses were conducted to identify the lower
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Table 1 Characteristics of participants sorted on PiB status
Characteristics of participants sorted on PiB status
Low beta-amyloid Elevated beta-amyloid P-value

n 112 53
Age 71.85(9.67) 79.30 (7.74) <0.001 **
Sex, No. (%) =M 45(40.2) 22 (41.5) 1.000
Years of Education 16.31 (2.87) 1642 (2.92) 0.832
Race, No. (%) 0.994

AS 3(2.7) 1(1.9)

B 12(10.7) 6(11.5)

NH 17 (15.2) 8(154)

Other 2(1.8) 1(1.9)

Unknown 4(3.6) 1(1.9)

W 74 (66.1) 35(67.3)
APOE-€4 Carrier Status, No. (%) =4+ 13(12.0) 27 (52.9) <0.001 **
LC MRI signal intensity 1.34 (0.05) 1.30 (0.03) <0.001 **
IT FTP values (SUVr, PVC) 1.41(0.16) 1.66 (0.42) <0.001 **
EC FTP values (SUVr, PVC) 1.28 (0.26) 1.56 (0.43) <0.001 **
FLR-PiB values (DVR, PVC) 1.19(0.06) 1.93(047) <0.001 **
Clinical Dementia Rating, No. (%) 0.017 *

0 106 (94.6) 43(81.1)

0.5 6(5.4) 9(17.0)

1 0(0.0) 1019
MMSE Score 29.04 (1.26) 28.08 (1.99) <0.001 **

Data is presented as numbers and (percentages) or means and (standard deviations). Chi-square tests and Kruskal tests were conducted to reveal group differences
for categorical and non-normal continuous variables, respectively. Missing data for Race (n=1) and APOE-€4 Carrier Status (n =6). Abbreviations: No, number; M,
male; AS, Asian; B, Black or African American; NH, Native Hawaiian or other Pacific Islander; W, White; LC, locus coeruleus; IT, inferior temporal; FTP, ['®F]-flortaucipir;
SUVr, standardized uptake value ratio; PVC, partial-volume corrected; EC, entorhinal cortex; FLR, frontal, laterotemporal and retrosplenial cortices; PiB, [''C]-Pittsburgh
Compound-B; DVR, distribution volume ratio; MMSE, Mini-Mental State Examination. *P <.05; **P <.001

bounds of the significance range of the effect modifica-
tion by neocortical PiB. All models included age, sex, and
education as covariates and were corrected for multiple
comparisons using FDR-correction. Regions of cortical
thickness showing significant relationships across mod-
els were categorized into aggregates representative of
early and later Braak staging for visualization purposes:
the EC represents cortical thickness (CT) in the Braak
I-1I region, and an aggregate of the IT, middle temporal,
and fusiform cortex represents CT in Braak IV regions
[36]. Lastly, analyses were repeated in the low beta-
amyloid subsample. Additional sensitivity analyses were
performed using dichotomous neocortical PiB status
(instead of continuous neocortical PiB), non-PVC data,
and the CDR=0 subsample. PVC and non-PVC analy-
ses were compared, and congruency was assessed by cal-
culating the percentage of significant regions detected
in the non-PVC analysis that overlapped with the sig-
nificant regions identified in the PVC analysis. Post-hoc
power calculations based on effect sizes reported in
Bachman, Dahl [13] for the main effect models and esti-
mated effect sizes for the interactive effect models were

conducted to verify sample sizes [37]. For the main effect
models, a minimum sample size of n =280 was required to
detect a Cohen’s 2 effect of at least 0.16 (medium effect
size; based on R of the most similar analysis reported in
Bachman, Dahl [13]) with a two-tailed alpha of 0.05 and a
power of 0.80. For the interactive effect models, a sample
size of minimum » =98 was required to detect a Cohen’s
f2 effect of at least 0.15 (medium effect size; based on esti-
mations as to date, no other reports are available) with a
two-tailed alpha of 0.05 and a power of 0.80.

Results

Samples characteristics

The sample of HABS participants (#=165) had an aver-
age age of 74.24 years (median: 75, standard deviation:
9.72, range: 50 to 94 years), an average education of 16.35
years (median: 16, range: 9 to 20 years) and consisted of
98 females (~60%; Table 1). The subsample of low beta-
amyloid participants (n=112) was similar to the entire
sample with respect to the proportion of sex (females:
55%) and educational level (mean: 16.31 years, median:
16, range: 9 to 20 years), but was significantly younger
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Fig. 2 Lower LC MRI signal intensity is associated with lower mediolateral temporal cortical thickness. Associations between measures of cortical
thickness and LC MRI signal intensity for the entire sample, corrected for age, sex, and years of education. A Positive associations and corresponding
test statistics between CT regions (entorhinal, fusiform, inferior temporal, lingual, middle temporal, parahippocampal, paracentral, precentral,
superior temporal, temporal polar and insular cortices) and LC MRI signal intensity. B Visualization of the association between CT of the Braak

-l region (left; n=165; Prpp <.001) as well as CT of Braak IV regions (right; n=165; Py <.001) and LC MRI signal intensity: lower LC MRI signal
intensity is associated with lower CT in both early Braak I-Il region and late Braak IV regions. Shaded areas represent the 95% confidence interval.

Abbreviations: LC, locus coeruleus; CT, cortical thickness

(mean: 71.85 years, median: 72.88, standard deviation:
9.67, range: 50 to 91 years), had less APOE-¢e4 carriers
and fewer participants with a CDR >0 score. As expected,
the low beta-amyloid sample also displayed lower FTP-
and PiB-PET values, as well as higher LC MRI signal
intensity and MMSE values compared to participants
with elevated beta-amyloid. No significant differences
were observed in sex or race proportions. The CDR=0
sample used for sensitivity analyses was similar to the
main sample (Supplemental Table 1).

Lower LC MRI signal intensity is associated with lower
mediolateral temporal cortical thickness

Across the entire sample, we observed that lower LC
MRI signal intensity was associated with lower cortical

thickness in the entorhinal, fusiform, inferior temporal,
lingual, middle temporal, parahippocampal, paracen-
tral, precentral, superior temporal, temporal polar and
insular cortices, (n=165; CT Braak I-II region: R?=0.27,
B=2.055, 95% CI [0.879, 3.253], Prpr<.001; CT Braak
IV regions: R*=0.19, B=0.713, 95% CI [0.324, 1.090],
Prpr<.001; Fig. 2; please refer to Supplemental Table 2
for statistics of individual regions). Similar results were
observed when correcting for neocortical PiB, either
continuous or dichotomous (n=165; Supplemental
Tables 3—4). No significant associations between LC MRI
signal intensity and cortical thickness were observed in
the individuals with low beta-amyloid (n=112; Supple-
mental Table 5). Sensitivity analyses in the entire dataset
using non-PVC PiB-data (continuous or dichotomous
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PiB) as a covariate revealed an average congruency
of ~100% in terms of anatomy and number of regions
involved (Supplemental Tables 3-4). Within the low
beta-amyloid sample, the non-PVC results were largely
congruent to the PVC results with additional significant
associations for the EC and lingual cortices. It should be
noted that these regions showed marginal significance
in the PVC analyses (Supplemental Table 5). Analyses
on the CDR=0 subsample revealed comparable positive
associations for the key regions that were detected in the
entire sample (n=149; Supplemental Table 6).

Lower LC MRI signal intensity is related to lower cortical
thickness, particularly in individuals with elevated
pathology

We then aimed to assess whether pathology modifies
the association between LC MRI signal intensity and
cortical thickness. First, we interacted LC MRI signal
intensity with EC FTP: we found that lower LC MRI sig-
nal intensity is associated with lower cortical thickness
of the entorhinal, fusiform, inferior parietal, inferior
temporal, lateral occipital, lingual, middle temporal,
parahippocampal, precentral and insular cortices, and
that this association is stronger in individuals with ele-
vated EC FTP (n=165; CT Braak I-II region: R?>=0.48,
B=4.233, 95% CI [2.345, 6.242], Prpp<.001; CT Braak
IV regions: R?=0.31, B=1.284, 95% CI [0.599, 2.030],
Prpp<.001; Fig. 2A-B; please refer to Supplemental
Table 7 for statistics of individual regions). Interacting
LC MRI signal intensity with IT FTP instead or includ-
ing continuous PiB as a covariate in both FTP models
showed similar results (Supplemental Tables 8-10).
Sensitivity analyses using non-PVC data revealed
an average anatomical overlap of~95% across these
models (Supplemental Tables 7-10). Analyses on
the CDR=0 subsample showed positive associations
between LC MRI signal intensity and entorhinal and
fusiform cortical thickness, particularly in individuals
with elevated EC FTP. These regions overlap with our

(See figure on next page.)
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findings in the entire sample, and in addition, we found
positive associations for the isthmus cingulate and tem-
poral polar cortical thickness (1n=149; Supplemental
Table 11).

Then, we assessed the potential effect modification of
continuous neocortical PiB and observed that in individ-
uals with elevated neocortical PiB, lower LC MRI signal
intensity was associated with lower cortical thickness of
the entorhinal, fusiform, inferior temporal, lateral occipi-
tal, lingual, middle temporal, parahippocampal, para-
central, pericalcarine, precentral, superior temporal and
insular cortices (n=165; CT Braak I-II region: R*=0.32,
B=5.199, 95% CI [2.514, 8.078], Prpr<.001; CT Braak
IV regions: R?=0.32, B=1.749, 95% CI [0.896, 2.630],
Prpr<.001; Fig. 3C-D; Supplemental Table 12). To iden-
tify the lower bound of the significance range of the effect
modification by PiB, flood light analyses demonstrated
that associations between LC MRI signal intensity and
cortical thickness start at subthreshold PiB values (CT
Braak I-II region:>1.15; CT Braak IV regions:>1.20;
Fig. 3D; HABS cut-off: 1.324 DVR PVC). Covarying for
EC FTP demonstrated identical results (Supplemen-
tal Table 13). Running the two-way interaction analyses
with dichotomous PiB revealed comparable results but
did not include occipital lobe regions (Supplemental
Table 14). Sensitivity analyses utilizing non-PVC data
showed an anatomic overlap of ~96% for continuous PiB
and of ~27% for models with dichotomous PiB, although
overlap for the latter model was above 64% when con-
sidering reaching marginal significance in the non-
PVC-analyses (Supplemental Tables 12—14). It should
also be noted that the categorization of individuals into
PiB groups changes slightly when utilizing the non-PVC
threshold for dichotomous PiB (elevated beta-amy-
loid: ~28% (n=46) of the sample). For the CDR=0 sub-
sample, continuous neocortical PiB did not moderate the
relationships between LC MRI signal intensity and corti-
cal thickness (n=149; Supplemental Table 15).

Fig. 3 Lower LC MRI signal intensity is associated with lower cortical thickness, particularly in individuals with elevated pathology. Associations
between measures of cortical thickness and LC MRI signal intensity interacted with continuous EC FTP or neocortical PiB for the entire sample,
corrected for age, sex, and years of education. A, C Positive associations and corresponding test statistics between CT regions and the interaction
of EC FTP (A; entorhinal, fusiform, inferior parietal, inferior temporal, lateral occipital, lingual, middle temporal, parahippocampal, precentral

and insular cortices) or neocortical PiB (C; entorhinal, fusiform, inferior temporal, lateral occipital, lingual, middle temporal, parahippocampal,
paracentral, pericalcarine, precentral, superior temporal and insular cortices) with LC MRI signal intensity. B, D Visualization of the association
between CT of the Braak I-l region (left; n=165; Pz, <.001) as well as CT of Braak IV regions (right; n=165; Prps <.001) and EC FTP (B) or neocortical
PiB (D) interacted with LC MRI signal intensity: lower LC MRI signal intensity is associated with lower CT in both early Braak |-l region and late Braak
IV regions, particularly in individuals with elevated EC FTP or neocortical PiB. As represented by the pink vertical lines in D, floodlight analyses reveal
significance starting from subthreshold PiB values (left: > 1.15; right: > 1.20), as compared to the HABS cut-off: 1.324 DVR PVC. LC MRI signal intensity
is shown at simple slopes representing minimum, median, and maximum for visualization, but analyses have been conducted continuously. Shaded
areas represent the 95% confidence interval. Abbreviations: LC, locus coeruleus; CT, cortical thickness
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Fig. 4 For the low beta-amyloid sample, lower LC MRI signal intensity is associated with lower entorhinal cortical thickness, particularly

in individuals with elevated EC FTPAssociations between measures of cortical thickness and LC MRI signal intensity interacted with EC FTP

for the low beta-amyloid sample, corrected for age, sex, and years of education. A Positive association and corresponding test statistic between CT
region (entorhinal cortex) and the interaction of EC FTP with LC MRI signal intensity. B Visualization of the association between CT of the Braak

-l region (n=112; Prps=.004) and EC FTP interacted with LC MRI signal intensity for the low beta-amyloid sample: lower LC MRI signal intensity

is associated with lower CT in early Braak |-l region, particularly in individuals with elevated EC FTP. LC MRI signal intensity is shown at simple slopes
representing minimum, median, and maximum for visualization, but analyses have been conducted continuously. Shaded areas represent the 95%
confidence interval. Abbreviations: LC, locus coeruleus; CT, cortical thickness

In individuals with low beta-amyloid, lower LC MRI signal
intensity is related to lower entorhinal cortical thickness

in the context of elevated EC FTP

Lastly, we examined the potential effect modification of
FTP on the association between LC MRI signal inten-
sity and cortical thickness in the subsample of low beta-
amyloid individuals. We found that lower LC MRI signal
intensity is related to lower entorhinal cortical thickness
in individuals with low levels of neocortical PiB, in the
context of elevated levels of EC FTP (n=112; CT Braak
I-1I region: R2=0.41, B=5.419, 95% CI [2.516, 8.160],
Prpr=.004; Fig. 4; Supplemental Table 16). Interacting
LC MRI signal intensity with IT FTP showed the same
results (Supplemental Table 17). Sensitivity analyses
employing non-PVC data were similar (100% anatomi-
cal overlap; Supplemental Tables 16—17). Analyses on
the CDR=0 subsample with low beta-amyloid deposi-
tion similarly showed positive associations for entorhinal
cortical thickness, and additional positive associations
for the isthmus cingulate, lateral occipital, and temporal
polar cortical thickness, particularly in individuals with
elevated EC FTP (n=112; Supplemental Table 18).

Discussion

Previous studies demonstrated the importance of LC
integrity within the context of healthy cognitive aging
and its contributions to age-related changes in cortical
tissue [13, 14]. To date, however, the question remains

as to whether these findings extend beyond healthy
cognitive aging and whether they may be moderated
by underlying latent AD pathology, as AD pathology
starts to accumulate two to three decades before clini-
cal symptoms are evident. AD is characterized by the
accumulation of beta-amyloid plaques and neurofibril-
lary tau tangles, which progressively spread through the
brain and jointly promote cortical neurodegeneration. As
autopsy studies reported that the LC is one of the initial
regions to accumulate tauopathy and recent LC imaging
studies reported that AD-related changes correlate with
LC integrity [3, 38—40], gaining insights into the relation-
ship between MRI-derived LC integrity and AD-related
neurodegeneration will aid early detection and our
understanding of AD’s disease progression. To that end,
we examined the association between in vivo LC integrity
and cortical neurodegeneration, and the potential effect
modifications by cortical beta-amyloid and tau pathology.

Utilizing 3T MRI and PET data, we present robust
and novel evidence from several (sensitivity) analy-
ses that structural LC properties are associated with
AD-related cortical neurodegeneration, starting from
the early Braak stages. More specifically, our findings
show that lower LC integrity is related to greater cor-
tical atrophy in regions representative of both early
Braak I-II and late Braak IV regions, particularly among
individuals exhibiting elevated beta-amyloid and tau
pathology. The association of LC integrity with cortical
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neurodegeneration started to emerge at subthreshold
global beta-amyloid values in regions representative
of Braak I-II regions. Importantly, when restricting the
sample to individuals with low beta-amyloid pathology
levels, the relationship between LC integrity and corti-
cal (entorhinal) neurodegeneration was only observed
in the presence of elevated entorhinal tau pathology. To
our knowledge, few studies have reported on the rela-
tionship between LC integrity and cortical tissue [13,
14]. These studies reported that lower LC integrity was
associated with cortical neurodegeneration in older
individuals but did not take into account the potential
presence of underlying AD pathology. Our findings
add an important new perspective on previous stud-
ies in aging, as they suggest that LC-related neurode-
generation is not merely age-related but requires the
contribution of initial cortical pathology. Overall, this
contributes to the field’s current understanding of the
pathogenesis of AD, and indicates that LC integrity may
facilitate the identification of individuals at risk for AD.

Our findings are in line with previous post-mortem
work demonstrating a linear decrease of approximately
8% in LC volume starting at Braak stage 0, which occurs
as a function of pathology rather than age. This LC vol-
ume loss in the early Braak stages is assumed to represent
a reduction of dendritic branching and of the projection
density to the cortex [7, 8, 41]. In transgenic TgF344-AD
rats expressing mutant amyloid precursor protein, pre-
senilin-1, and age-dependent endogenous hyperphos-
phorylated tau in the LC, accumulation of tau in the LC
resulted in decreased NE signaling and overall dysregu-
lated NE as well as reductions in LC fiber density to the
cortex [9]. Considering that the LC innervates the cor-
tex extensively and releases NE, a neuromodulator with
neuroprotective properties, compromised noradrenergic
neurotransmission possibly resulting from tauopathy in
the LC and associated changes in LC projection density
could constitute part of the underlying mechanism of
the association between diminished LC integrity and the
degeneration of cortical structure. Both in and ex vivo
human studies have shown that NE metabolism is upreg-
ulated in the initial disease stages, which may explain
the manifestation of early neuropsychiatric symptoms;
whereas NE metabolic levels appear to drop in late dis-
ease stages, most likely contributing to the behavioral
and cognitive deficits observed later on in the continuum
[41-54]. Furthermore, in transgenic mice dysregulated
noradrenergic signaling to higher-order regions has also
been associated with loss of its neuroprotective effects
and reductions in beta-amyloid clearance [55-57], which
together can promote cortical neuronal loss [58, 59]. A
study by Chalermpalanupap, Schroeder [60] supports
this notion by demonstrating that P301S tau transgenic
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mice with LC lesion-related NE depletion show hip-
pocampal neurodegeneration.

Although we did not directly assess NE properties in
this work, a study by van Hooren, Verhey [61] reported
comparable findings. They demonstrated that higher
noradrenergic turnover in concert with elevated beta-
amyloid and tau pathology was related to cortical neuro-
degeneration in a sample of subjective cognitive decline,
mild cognitive impairment (MCI), and AD patients.
In contrast to our results, they did not observe a direct
association between noradrenergic turnover and corti-
cal thickness, possibly because our LC integrity measure
reflects structural properties of the LC, which is likely
closer in nature to neurodegeneration than the noradren-
ergic metabolite measure. Additionally, the sample of the
van Hooren, Verhey [61] study spanned different stages
of cognitive impairment, whereas our study focused
predominantly on preclinical AD. Future studies should
consider combining LC integrity with cerebrospinal fluid
NE measures to disentangle the temporal dynamics of
noradrenergic metabolism, LC structure, and cortical
neurodegeneration along the AD continuum.

The spatial LC-related cortical thinning pattern
observed in our results aligns well with the mediolateral
temporal topography of initial Braak stages [36]. How-
ever, we also observed LC-related neurodegeneration
in additional regions more representative of later Braak
stages. One observed region is the insular cortex, typi-
cally classified as Braak stage IV [36]. The insula received
relatively limited attention in the field of tau PET staging,
despite its pivotal role as a central hub engaged in cog-
nition, emotion processing, and decision-making, as well
as its connection to the LC [62, 63]. Nonetheless, insu-
lar atrophy has been reported previously in patients with
MCI as well as AD [63-66]. The insula has a high meta-
bolic demand and widespread connections, including
strong connections to the EC and limbic system, and may
therefore be particularly vulnerable to pathology [63, 67].
Alternatively, the insular cortex is an integral component
of the salience network, serving functions in which the
LC is heavily implicated, and altered connectivity within
this network has been detected previously in AD [68, 69].

We did not expect that LC integrity would be associ-
ated with cortical thickness in the precentral gyrus in
individuals with elevated levels of AD pathology. Previ-
ous work reported presence of precentral gyrus atrophy
in individuals with non-amnestic MCI (who tend to pro-
gress to other dementia types) or late AD [70]. However,
work by Gordon, McCullough [71] assessing the relation-
ship between tau pathology and neurodegeneration in
a sample of 178 individuals (156 cognitively healthy, 22
mild dementia) showed cross-sectional tau-related corti-
cal thinning of small clusters within the primary motor
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cortex. In both our analyses and the work by Gordon,
McCullough [71], these precentral-related findings may
reflect contributions from individuals on a faster disease
trajectory. Prior research observed atrophy in the precen-
tral cortex in asymptomatic older individuals who devel-
oped MCI or AD 5-10 years after imaging [72]. Further
investigation is needed to identify factors contributing to
the heterogeneity of atrophy patterns in different stages
across the trajectory of AD.

The results of this study are bound by several limita-
tions. Firstly, LC integrity was assessed through hyper-
intense LC MRI signal contrast assumed to reflect
processes related to neuromelanin cell density [23]. How-
ever, the exact biological source of this signal remains
subject of debate, as studies found other signal-contrib-
uting elements (i.e. lipids, water) [73-76]. Our findings
indicate associations between lower LC integrity and
cortical thinning, which exacerbate in the context of
AD pathology; but it remains unclear whether LC con-
trast changes are more closely related to tau deposition
or atrophy. Crucially, previous research by Jacobs, Becker
[22] showed that both in vivo LC integrity and post-mor-
tem LC tangle density — and not LC neuronal density —
relate to initial cortical tau deposition, thereby cautiously
alluding to a role for tau-related processes. Future work
should investigate whether LC integrity predicts future
rises in neocortical AD pathology and provide additional
insights into the mechanisms that ultimately drive some
individuals towards cognitive decline. Understanding
these relationships could unveil who may be eligible for
early prevention intervention trials aimed at delaying
the onset of AD. Secondly, the MRI measures of both
LC integrity and cortical atrophy were assessed at a sin-
gle, concurrent time point, which limits inferences about
the temporal nature of the association. Repeated meas-
urements might shed light on the temporal dynamics of
the positive associations found between LC integrity and
cortical thickness. Similarly, we cannot preclude primary
age-related tauopathy [77] for individuals with low beta-
amyloid levels, since these individuals are still relatively
young and might develop beta-amyloid and tau pathol-
ogy in the future. Furthermore, to exclude age effects,
we corrected all our analyses for age. Lastly, the sample
consisted primarily of highly educated, white, and clini-
cally healthy participants, which may reduce the gen-
eralizability of our findings to both broader and patient
populations. Nonetheless, by focusing on a predomi-
nantly preclinical sample, we aimed to capture the ear-
liest preclinical effects of the LC on neurodegeneration.
Our sensitivity analyses on the CDR=0 sample showed
similar tau-related patterns, but not for PiB. Thus, these
findings confirm that neurodegeneration is more closely
associated with tau than beta-amyloid [10, 71], and that
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LC-related neurodegeneration can be detected in the
earliest stages of the disease. Future studies should strive
to obtain a more heterogeneous sample that includes
a broader range of racial, ethnic, and educational back-
grounds to allow for better overall generalizability.

Conclusions

To conclude, we investigated the association between
in vivo LC integrity and cortical thickness in older indi-
viduals within the context of AD pathology. Our findings
show that lower LC integrity is associated with cortical
neurodegeneration with a topography that is consist-
ent with early Braak staging. As expected, these effects
were more pronounced in individuals with elevated AD
pathology, and importantly, in individuals with low lev-
els of beta-amyloid, we only detected LC-related neuro-
degeneration in the presence of elevated entorhinal tau
burden. This suggests that downstream cortical neurode-
generation is related to a combination of LC projection
density loss and the emergence of cortical AD pathology.
Altogether, these observations offer new insights into our
current understanding of the LC in the pathophysiologic
cascade of AD by highlighting for the first time that LC-
related cortical neurodegeneration in older individuals
may reflect the downstream consequences of AD-related
pathology, rather than being solely a result of aging.
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