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Abstract

INTRODUCTION: Alterations in locus coeruleus’ (LC) metabolic turnover are asso-
ciated with Alzheimer’s disease (AD)-pathology and cognitive impairment. However,
the evolution of these changes across disease stages and their functional relevance
remains unknown.

METHODS: We examined associations of [1®F]-fluorodeoxyglucose positron emission
tomography (FDG-PET) -derived LC metabolism with clinical diagnostic status, cere-
brospinal fluid (CSF) -based AD biomarkers of AD pathology, and cognitive decline in
Alzheimer’s Disease Neuroimaging Initiative (ADNI) participants (n = 604).

RESULTS: FDG-PET-derived LC metabolism was elevated in the earliest preclinical
stages and lower in later disease stages. Higher LC metabolism was associated with
attenuated memory decline in preclinical stages, particularly in those with low CSF
AB4, but not in AD patients with cognitive impairment.

DISCUSSION: Higher locus coeruleus [®F]-FDG-PET-derived signal in the early
preclinical stages of AD can confer cognitive resilience and may reflect increased
metabolic activity, whereas later stages are characterized by lower LC FDG-PET-

derived signal, possibly due to neurodegeneration.
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1 [ BACKGROUND

The neuropathologic hallmarks of Alzheimer’s disease (AD) emerge
decades prior to the onset of clinical symptoms and are character-
ized by the aggregation of extracellular beta-amyloid (AB) plaques
and intracellular neurofibrillary tangles consisting of hyperphospho-
rylated tau.l? Autopsy studies report that the locus coeruleus (LC)
is among the earliest brain structures accumulating tau prior to any
detectable pathology in the neocortex or the emergence of cogni-
tive impairment.13* Although tau accumulation within the LC starts
early in adulthood, dendritic atrophy, loss of volume, and neuronal loss
in the LC occur in subsequent later stages and are often associated
with neurodegenerative disease.*”” In pursuit of effective therapies,
the focus has shifted to detecting the earliest indicators of pathologic
changes reflecting preclinical and even earlier stages of AD, where AD
pathology is detectable but clinical symptoms are absent.® Whereas
preclinical AD is characterized by in-vivo evidence of amyloidosis,
autopsy studies indicated that tau pathology can emerge earlier in
the LC, and physiologic LC changes may confer risk or resilience to
preclinical AD.

The LC is the largest cluster of noradrenergic neurons in the central
nervous system, providing the neuromodulator norepinephrine (NE) to

large areas of the brain,?1°

which modifies neuronal excitability and
regulates brain energy metabolism.!%12 Higher levels of NE metabo-
lites have been related to cognitive impairment in both humans and
animals.23-17 Cerebrospinal fluid (CSF)-derived MHPG (3-methoxy-4-
hydroxyphenyl-ethylene glycol) levels were higher in those with more
severe cognitive impairment, and higher MHPG levels were associ-
ated with abnormal CSF AB and p-tau levels, cortical atrophy, faster
cognitive decline and higher levels of neuropsychiatric symptoms in
AD patients.'3181% On the other hand, positron emission tomography
(PET) studies of catecholamine synthesis in preclinical AD reported
higher LC catecholamine synthesis with lower tau pathology and atten-
uated memory decline.2%2! These findings suggest that higher NE
metabolic turnover in preclinical disease stages may have a protective
effect, whereas in later disease stages, higher NE metabolic turnover
may accompany detrimental processes.?2 In support of this hypothesis,
studies examining the LC’s structural integrity and functional respon-
sivity reported that higher LC integrity and activity corresponded to

Alzheimer’s Disease, biomarkers, cognitive decline, CSF, disease staging, FDG-PET, locus
coeruleus, MRI, neuromodulatory subcortical systems, PET, preclinical

* LC FDG-PET signal is lower in Alzheimer's disease (AD) patients.

* LCFDG-PET signal is higher in the preclinical stage of AD.

* We observed less memory decline in those with higher LC FDG-PET signal.
* Higher LC FDG-PET signal conferred cognitive resilience in preclinical AD.

better memory function and preservation of cognitive abilities, even in
the presence of high A8 burden.2324

Currently, the evolution of these elevations in NE-metabolites
across the entire disease spectrum and their functional relevance
remains unknown. Measuring LC metabolismin-vivo in a spatially infor-
mative manner would be valuable to the early detection of AD, given
that these metabolic changes are presumed to occur prior to neurode-
generation. Dysregulation of NE synthesis and release across the dif-
ferent disease stages, as indicated by CSF and PET studies, implies that
the energy demands of LC neurons may vary during the course of the
disease since regulation of neurotransmission and glucose metabolism
are coupled.?® Energetic (glucose) demands can be measured in-vivo in
humans using [18F]fluorodeoxyglucose (FDG)-PET imaging. However,
the size of the LC is smaller than the typical resolution or sensitivity
of standard PET scanners, requiring dedicated post-processing frame-
works incorporating MRI-derived anatomical information to recover
PET resolution. Previous work showed that PET resolution can be
recovered via deconvolution based on spatially-variant blur kernels
that are stabilized using an MRI-based joint-entropy prior.2¢ Lever-
aging this method, we aimed to investigate the relationship between
FDG-PET-derived LC metabolism, clinical diagnostic status, and CSF-
based biomarkers of AD pathology.

We hypothesized that the presence of underlying AD pathology in
the preclinical stages and significant cell loss in the later stages of AD
affect LC metabolism in a nonlinear manner, with higher LC metabolism
in the preclinical stages and lower LC metabolism in the later stages
of AD. In addition, to understand the functional implications of LC
metabolism, we hypothesized that higher LC-derived FDG-PET signal
would be associated with less cognitive decline, even in the context of
AD pathology.

2 | METHODS
2.1 | Participants
Data used in the preparation of this article were obtained from

the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database
(adni.loni.usc.edu). We included 604 individuals from the ADNI-1 and
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ADNI-2/GO cohorts with a structural 3T magnetic resonance imaging
(MRI) scan, FDG-PET scan, and CSF-derived biomarker data at base-
line (Table 1). Diagnostic groups were based on ADNI classification that
was consistent over the ADNI-1/2/GO cohorts and grouped individu-
als into cognitively normal (CN), mild cognitive impairment (MCIl), and
AD. CN participants in the ADNI study showed no sign of cognitive
impairment, dementia, or depression and had a Clinical Dementia Rat-
ing Scale (CDR) Sum of Boxes score of 0. Participants with MCI had
preserved daily living activities and a CDR of 0.5. Education-adjusted
Wechsler Memory Scale Logical Memory |l derived scores and Mini-
Mental State Examination (MMSE) scores were further used to define
the MCI and AD groups. To be considered either control or MCI, par-
ticipants needed to have an MMSE score between 24-30 (inclusive),
whereas individuals in the AD group needed to have a CDR of 0.5
or 1 and MMSE scores between 20-26 (inclusive). In line with the
ATN model of disease progression,2’ we further classified participants
into disease-staging groups based on clinical status and biomarker evi-
dence, resulting in a control group without cognitive impairment or
biomarker positivity, a preclinical group with evidence of AD pathologic
change, and a prodromal/AD group with evidence of AD pathologic
change and a diagnostic grouping of MCI or dementia to investigate
LC metabolism in the context of disease staging. AD pathologic change
was derived from CSF beta-amyloid (A) and phosphorylated tau (T) lev-
els. In line with ADNI standards, the cut-offs were defined as < 1100
pg/mL for amyloid positivity (Elecsys AD CSF assay (1-42; AB4,), Roche)
and > 27 pg/mL for tau positivity (Elecsys phosphorylated tau CSF
assay [p-tauqgq], Roche). Throughout this manuscript, we refer to the
CN A+T- group as early preclinical and the CN A+T+ groups as late
preclinical. Apolipoprotein E (APOE) status was determined for all par-
ticipants. Participants suspected of non-AD pathologic change were
excluded.

2.2 | Data processing
2.2.1 | Structural MRI

The anatomical T1-weighted scans were processed with the auto-
mated reconstruction protocol of FreeSurfer (FS, version 7.2.0). This
protocol performs over 30 steps, including motion correction, Talairach
registration, intensity normalization, skull-stripping, segmentation,
and parcellation.28 Pontine segmentation was performed using the
FreeSurfer brainstem substructures segmentation tool, which uses a
Bayesian algorithm relying on a probabilistic atlas of the brainstem,2?
to obtain the pontine region used as reference region for the FDG sig-
nal in sensitivity analyses. Reference regions (cerebellar white [CW],
pons with the LC subtracted) and cortical regions used in control anal-
yses were extracted from the FreeSurfer parcellated images in native
space. The anatomical scans were registered to a Montreal Neuro-
logical Institute (MNI) template with Advanced Normalization Tools
(ANTSs) using bi-directional diffeomorphic registrations.2° The inverse
warps extracted from this transformation were applied to obtain the

LC in native space by registering the MNI-based LC templates to each
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the literature
using traditional (e.g., PubMed) sources. Despite knowl-
edge of the early accumulation of Alzheimer’s disease
(AD) pathology in the locus coeruleus (LC) and the dys-
regulation of the noradrenergic system in later disease
stages, little is known about LC metabolism in the ear-
liest stages of AD, and its relationship to AD pathology,
disease stage, and cognition. The relevant citations are
appropriately cited.

2. Interpretation: Our findings point toward dysregulation
of LC metabolism across AD disease stages, with elevated
LC metabolism in the early preclinical stage conferring
protective effects on memory function, even in the pres-
ence of elevated beta-amyloid (AB).

3. Future directions: Future work examining the relation-
ship between LC metabolism and AD pathology pro-
gression will help to understand whether higher LC
metabolism can no longer rescue memory function in
later stages of the disease due to the increasing and
spreading of AD pathology burden and neurodegenera-

tion.

individual anatomical scan using nearest neighbor interpolation. LC
metabolism was extracted from two LC masks, an in-house devel-
oped 7T magnetization transfer-weighted turbo flash (MT-TFL)-based
mask?! and an adapted Keren mask,32 which was dilated and smoothed
with a custom ellipsoid Gaussian kernel (o = 1.12 superior-inferior
axis, o = 0.6 anterior-posterior) ensuring a smooth mask. FreeSurfer
extracted fourth ventricle masks were subtracted from the dilated
Keren mask to diminish the contribution of the CSF signal to the
extracted LC FDG-PET signal. The 7T-based mask is constrained to
the dorsal rostral part of the dilated and smoothed Keren mask, show-
ing considerable overlap with the Keren mask (see Figure S1). This
7T MRI LC mask is a more constricted mask, which was created by
delineation of voxels with a hyperintense signal on the study-specific
MT-TFL template generated from iterative averaging of all intensity-
and spatially-normalized individual MT-TFL images. Primary analyses
were performed with the Keren mask and sensitivity analyses were
performed using the 7T-based mask since the larger spatial extent
of the Keren mask comprehensively includes the entire LC region
(Figure 1). The Keren mask covers the caudal part of the LC, cover-
ing the LC in line with neuroanatomical knowledge as the mask was
co-localized with postmortem evidence. Sensitivity analyses were per-
formed with a shifted LC mask to determine the specificity of the
results toward the LC. The LC mask was shifted toward the ante-
rior pontine region (translation y-direction: 11 voxels, z-direction: -12

voxels; Figure S2).

85U80| 7 SUOWWIOD 3AIeR.D 3|qeol(dde ay) Aq pausenob 8fe sajofe YO 88N JO 3Nl Joj A%Iq1T 8UIIUO AB]IA UO (SUORIPUOD-PUR-SWLBI W00 A3 | 1M Afeiq | puljuo//:Sdny) SUORIPUOD PUe swiie 1 8U1 88S *[202/cT/9T] uo A%eiqiauljuo As|im 1uioyieD JO AIseAIIN AQ SBEYT ZIe/200T 0T/I0p/wod A8 | 1M Atelq pul|uoS uINO -z [e//Sdiy WOy papeo|umoq ‘0 ‘6/252SST



+ | Alzheimer’s &Dementia’

KOOPS ET AL.
THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION
TABLE 1 Sample characteristics and demographics.

Parameter CN, N = 2407 MCI, N = 252° AD,N=112° p-value®
Age 72.92(5.90) 73.22(7.34) 74.23(8.31) 0.3
Sex 0.3

Female 115 (47.92%) 103 (40.87%) 49 (43.75%)

Male 125(52.08%) 149 (59.13%) 63(56.25%)
Biomarker group <0.001

AT- 135(56.25%) 0(0.00%) 0(0.00%)

A+T- 75(31.25%) 108 (42.86%) 0(0.00%)

A+T+ 30(12.50%) 144 (57.14%) 112 (100.00%)
Education (years) 16.48(2.64) 16.25(2.65) 15.26(2.79) <0.001
CSF p-tauyg; (pg/ml) 19.79 (7.49) 31.74(16.80) 44.17 (14.87) <0.001
CSF AB4; (pg/mL) 1,194.35(437.92) 705.90(202.91) 597.15(172.45) <0.001
MMSE 29.03(1.18) 27.47 (1.85) 23.17 (1.99) <0.001
CDR Sum of Boxes <0.001

No impairment 240 (100.00%) 0(0.00%) 0 (0.00%)

Minor impairment 0(0.00%) 213(84.52%) 19 (16.96%)

Very mild dementia 0(0.00%) 36(14.29%) 30(26.79%)

Mild dementia 0(0.00%) 3(1.19%) 62 (55.36%)

Moderate dementia 0 (0.00%) 0 (0.00%) 1(0.89%)
LC metabolism (SUVr) 0.89(0.11) 0.86(0.12) 0.85(0.11) 0.008
mPACC digit —-0.14(2.81) —7.14 (4.18) —-15.56 (3.18) <0.001

Note: Longitudinal cognition: CN n =107, MCln= 181, AD n = 35. Mean 2.4 (SD 1.4); range: 1-10 years.
Abbreviations: AB, beta-amyloid; AD, Alzheimer’s Disease; CDR, Clinical Dementia Rating Scale; CN, control; CSF, cerebrospinal fluid; LC, locus
coeruleus; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; mPACC, modified Preclinical Alzheimer’s Cognitive Composite; p-tau,

phosphorylated tau; SUVr, standardized uptake value ratio.
2Mean (SD); n (%).

bOne-way analysis of variance; Pearson’s chi-squared test; Kruskal-Wallis rank sum test.

2.2.2 | PET imaging

Data were harmonized within the ADNI center (https:/adni.
loni.usc.edu/methods/pet-analysis-method/pet-analysis/). The
harmonized FDG-PET preprocessing of ADNI included motion cor-
rection, averaging, standardizing, and intensity normalization using a
participant-specific mask. We extracted the first available FDG-PET
scan collected within 1 year of the baseline MRI. We registered these
FDG-PET images to the T1 images using bi-directional diffeomorphic
registrations in ANTs.20 The FDG-PET signal was referenced to the
CW tissue, as defined in Freesurfer. We performed secondary analyses
referencing the FDG-PET signal to the pontine signal (excluding the LC)
to investigate the impact of reference region on the results. To over-
come the intrinsically limited spatial resolution of FDG-PET images,
an in-house developed spatially-variant deconvolution stabilizing MR
joint-entropy-penalized image deblurring algorithm?é performing
post-processing of reconstructed PET images was used to extract the
FDG-PET signal within the LC and perform partial volume correction.
This method was developed for the quantification of PET signals
from small brain regions and was previously validated in a clinical

neuroimaging study.2® This anatomically guided PET image deblurring

framework minimizes a composite cost function, which includes a
data-fidelity term based on a spatially variant deconvolution model
and a penalty term based on the joint entropy between the PET and
the higher-resolution MR image. The cost function is minimized using
the Limited-Memory Broyden-Fletcher-Goldfarb-Shanno (L-BFGS)
optimization algorithm. The advantages of our information-theoretic
approach compared to Geometric Transfer Matrix (GTM)-based meth-
ods are that it takes the spatial variability of resolution in PET into
account, and it doesn’t require precise segmentation of the anatomical
image. These MATLAB-based scripts include proprietary information
but are available upon request to Dr. Dutta. Low-resolution PET images
had 1.5 x 1.5 x 1.5 voxels with a 160 x 160 x 96 grid size, and the super-
resolved PET images had 1 x 1 x 1 mm voxels with a 256 x 256 x 256
grid size consistent with the corresponding anatomical MRI scans. To
facilitate comparison with a previous report on LC FDG-metabolism
in the ADNI cohort, we extracted the LC FDG-PET signal for the three
diagnostic groups from the low-resolution FDG-PET images without
deblurring and without applying the joint-entropy-prior-penalty
algorithm. After the post-processing algorithm was applied to the
FDG-PET scans, we further evaluated if we obtained expected results

for the isthmus of the posterior cingulate, a cortical region robustly
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Dilated Keren mask
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7T MT-TFL mask
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£

LC mask warped to
individual T1 scan

FDG-PET registered
to T1 scan

Extracting LC signal

FDG-PET scan

SUVr correction

JEP FDG-PET PVC &
deblurring

LC

Deblurred FDG-PET scan

FIGURE 1 Processing pipeline to obtain deblurred and joint-entropy prior penalty corrected LC FDG-PET signal. (A) The primary analyses
were performed using an LC template mask, based on the Keren template, which was dilated and smoothed with an ellipsoid Gaussian kernel to
account for the low spatial resolution of PET scans and obtain a continuous mask. Sensitivity analyses were performed using an in-house
developed LC mask based on 7 Tesla MT-TFL images. The processing consisted of the co-registration of the FreeSurfer-processed T1 anatomical
images to an MNI template to facilitate the transformation of the MNI-based LC templates to native space. The FDG-PET images and LC templates
were registered to native anatomic MRI space on an individual basis. The average signal from the LC was extracted after applying the MRI-PET
joint entropy deblurring algorithm for the dilated Keren and 7T MT-TFL-based masks. FDG-PET images were referenced to either the CW matter
or the pons (excluding the LC). CW, cerebellar white; FDG-PET, [18F]fluoredeoxyglucose positron emission tomography; LC, locus coeruleus; MNI,
Montreal Neurological Institute; MRI, magnetic resonance imaging; MT-TFL, magnetization transfer-weighted turbo flash.

showing hypometabolism in AD, which is linked to neurodegeneration,

pathology, and cognitive decline.33-3°

2.3 | Cognition

The modified Preclinical Alzheimer’s Cognitive Composite (mPACC)
was used to investigate cognitive performance at baseline and over
time. The mPACC is a standardized composite of the Delayed Recall
portion of the Alzheimer’s Disease Assessment Scale (ADAS), Logi-
cal Memory lla Delayed Recall (LM), Digit Symbol Substitution Test

(DSST), and MMSE. Scores were standardized by the baseline mea-
surement derived mean and standard deviation of ADNI participants
with normal cognition. Greater z-scores reflect better performance,
and the sum of z-scores creates the composite. Additionally, the
Harmonized Composite Scores of the Phenotype Harmonization Con-
sortium (Alzheimer’s Disease Sequencing Project [ADSP]) were used
to investigate the association of LC FDG-PET signal and specific cog-
nitive subdomains, including memory and executive function.®¢ The
composite memory score for ADNI incorporates the Weschler Mem-
ory Scale-Revised (WMS-R) Logical Memory Immediate and Delayed
Recall, the MMSE, and the Montreal Cognitive Assessment (MoCA)
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Immediate and Delayed recall items. The composite executive score
for ADNI incorporates the Weschler Adult Intelligence Scale-Revised
Digit Span Backward, Forward, and Digit Symbol elements, MMSE
word spelling backward and letter elements, MoCA Abstraction, Tri-
als, list of letters, Digits Backward and Forward, and Trails A and B time
to complete. The included cognitive measures show high intercorrela-
tions (composite memory scores-mPACC: r = 0.93, composite memory
score-composite executive function: r = 0.70, composite executive
function-mPACC: r = 0.74). We included longitudinal measurements
for the cognitive composites and mPACC scores, resulting in data
for n = 604 individuals with baseline data and n = 323 individuals
with subsequent follow-up measurements spaced 12 months apart
(Table S1).

2.4 | Statistical analysis

Statistical analyses were performed using RStudio (R version 4.2.2).
Analysis of covariance (ANCOVA), followed by pairwise t-tests with
Tukey-adjustment, correcting for multiple comparisons, was used to
compare clinical groups on the demographic and biomarker variables,
including the covariates of age and sex. The threshold for statistical
significance was set at a two-sided a = 0.05. Associations between
LC FDG-PET signal and demographics were tested with linear regres-
sion models. To test our first hypothesis and investigate if the LC
FDG-PET signal changes nonlinearly across disease stages, we used
ANCOVA to investigate diagnostic and disease-stage-based group dif-
ferences in the LC FDG-PET signal. Post hoc Tukey contrasts were
applied in subsequent pairwise analyses, and age and sex were included
as covariates. Linear regression models were used to investigate the
relationship between LC FDG-PET signal and continuous values of
CSF-based markers of phosphorylated tau and Ag as well as cognitive
performance at baseline in the entire group and within each diagnostic
group. We used a robust linear regression with the Huber-M estimator
for models with outliers.

We used the Benjamini—Hochberg37-38 false-discovery rate (FDR)
adaptive step-up procedure to correct for multiple comparisons for the
cognitive tests. This method controls the FDR at a set alpha level for
positive dependent test statistics. We implemented this method with
the ‘mutoss’ package in R. Since the cognitive tests are highly over-
lapping and correlate highly (r = 0.93 (composite memory scores vs.
mPACC), r = 0.7 (composite memory scores vs. composite executive
function), r = 0.74 (composite executive function vs. mPACC), we will
indicate if p-values are within critical p-values at g=0.05** and g =0.1*
We performed this adaptive step-up procedure for tests performed on
the same subset of data (e.g., within the CN group), which corresponds
to critical p-values of 0.0167,0.033, 0.05 at g = 0.05, and 0.033, 0.067,
0.1atg=0.1.

To test our second hypothesis, that LC FDG-PET signal is differ-
ently associated with cognitive performance across disease stages, we
performed linear mixed-effects models (random intercept for each par-
ticipant and random slope for time) with baseline LC FDG-PET signal as

the predictor and changes in cognitive performance over subsequent

visits as outcome variables in the entire group and within the diagnostic
and disease-stage groups. We further interacted baseline LC FDG-PET
signal with baseline CSF AB,4, levels to examine whether changes in
cognitive measurements across the entire group and the disease stage
groups varied as a function of AB. To determine the best-fitting model,
we compared the Akaike Information Criterion between models with
arandom intercept and slope to a model with only a random intercept.
All models were corrected for age and sex, with the addition of years
of education for the models investigating cognitive measurements.
Johnson-Neyman analyses were performed to determine the range of
CSF AB4, where LC metabolism was significantly associated with the
outcome measure. Control analyses were performed by evaluating the
outcomes for the isthmus of the posterior cingulate, a brain area with
well-documented associations with AD pathology. Sensitivity analyses
were performed with a shifted LC mask to determine the specificity
of the results to the LC. We ran an additional analysis on the non-
deblurred FDG-PET images to facilitate comparison with a previous
report on FDG-metabolism in the ADNI cohort using ANCOVA fol-
lowed by pairwise t-tests with Tukey-adjustment comparing the three

diagnostic groups.

3 | RESULTS
3.1 | Basic characteristics

We included 604 participants from the ADNI-1 and ADNI-2/GO
cohorts (n = 240 control, 252 MCI, and 112 AD; Table 1). The study
sample had an age range from 55 to 91.4 years of age at baseline
(mean + SD =73.3 + 7),45% of the sample was female, the aver-
age education level was 16.1 + 2.7 years, and 53% carried at least
one APOE &4 allele. Older individuals had lower LC FDG-PET signal
(B =-0.004, t(599) = -6.45, p < 0.0001; Figure 2A), whereas LC FDG-
PET signal was higher in females (8 = -0.02, t(599) = —2.22, p = 0.027;
Figure 2B). There was no association with education level (8 = 0.001,
t(599) =0.58, p = 0.56), and no significant difference between APOE ¢4
allele carriers and noncarriers (3 =0.0121, t(599) = -1.29,p =0.197).

3.2 | LC metabolism in diagnostic and
disease-staging groups

First, we observed differences in LC FDG-PET signal across diagnostic
groups (8=0.099, F(2,596) = 4.06, p = 0.018). Post hoc Tukey-adjusted
pairwise contrasts indicated lower LC metabolism in individuals in the
AD group compared to the control group (3=0.033,t=2.61,p=0.025;
Figure 2C and Table S2). Intersecting the diagnostic groups with the
biomarker information revealed significant differences in LC FDG-PET
signal across disease staging groups (8 = 0.166, F(2,596) = 6.86,
p = 0.001; Figure 2D). Post hoc Tukey-adjusted pairwise contrasts
showed that asymptomatic A+T-/A+T+ individuals (preclinical group)
had higher LC FDG-PET signal compared to the asymptomatic A-
T- individuals (control group; g = -0.004, t = -2.55, p = 0.0293).
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FIGURE 2 Associations between LC FDG-PET signal, sample characteristics, and diagnostic and disease stage groups. (A) A scatterplot with a
regression line shows the relationship between the LC FDG-PET signal and age. FDG-PET-derived LC glucose metabolism was associated with age,
with a lower LC signal in older individuals (B) Boxplot showing the relationship of LC FDG-PET signal and sex. LC FDG-PET signal was higher in
females than in males. (C) Boxplot showing LC FDG-PET signal per diagnostic group. The AD group showed significantly lower LC metabolism
compared to the control group. (D) Boxplot showing LC FDG-PET signal per disease stage group. The preclinical group showed significantly higher
LC FDG-PET signal compared to both the control and the prodromal/AD groups. (E) Boxplot splitting the preclinical group and prodromal/AD
group according to biomarker status, showing the increase in LC FDG-PET signal is primarily driven by the early preclinical (CN A+T-) group. (F) A
scatterplot with a regression line (entire sample) shows the association between FDG-PET-derived LC signal and mPACC scores, with lower LC
signal corresponding to worse mPACC scores. A+T-, amyloid positive and tau negative; A+ T+, amyloid and tau positive; AD, Alzheimer’s disease;
A-T-, amyloid and tau negative; CN, cognitively normal; FDG-PET, [ 18F[fluorodeoxyglucose positron emission tomography; LC, locus coeruleus;
MCI, mild cognitive impairment; mPACC, modified Preclinical Alzheimer’s Cognitive Composite; SUVr, standardized uptake values referenced to

the cerebellar white.

Similarly, the LC FDG-PET signal of the preclinical group was higher
than that of the prodromal/AD group consisting of individuals
with cognitive impairment and biomarker positivity (8 = 0.045,
t = 3.7, p = < 0.001). No differences were observed between

the prodromal/AD and control groups (8 = 0.009, t = 0.78,

p:

0.714). Further exploration showed that within the preclini-

cal group, this effect was most pronounced for A+T- individuals
(Figure 2E).
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FIGURE 3 Relationships of LC FDG-PET signal and CSF-based biomarkers and memory function. (A) Scatterplot with a regression line and
95% confidence interval shows that lower CSF-based AB4, levels corresponded to higher LC FDG-PET signal in the diagnostic control group. (B)
Scatterplot with a regression line and 95% confidence intervals show that higher CSF-based p-tauqg4 levels corresponded to higher LC FDG-PET
signal in the AD group. (C) Interaction plot with regression lines and 95% confidence intervals showing that the association of LC FDG-PET signal
and CSF-based p-tau varies with different levels of CSF-based A in those with AD. Johnson-Neyman analysis indicated that the relationship
between LC FDG-PET signal and CSF-based p-tauyg; levels is significant for CSF-based ABy, levels between 576 and 1099 pg/mL, indicated by the
gray shaded area and the black arrow. All values in this plot correspond to amyloid positivity, with the orange line marking the threshold. (D)
Interaction plot with data points, regression lines, and 95% confidence intervals demonstrating that lower LC FDG-PET signal was associated with
faster composite memory function decline in the entire sample. (E) Interaction plot with data points, regression lines, and 95% confidence intervals
for the early preclinical group (CN A+T-) shows that memory performance over time was preserved for those with higher LC FDG-PET signal at
baseline but declined for those with lower LC FDG-PET signal. (F) Three-way interaction plot with regression lines and 95% confidence intervals
for the association of LC FDG-PET signal and composite memory scores over time at specific A3 levels in the early preclinical group (CN A+T-).
Memory decline was steeper in those with lower LC FDG-PET signal, in particular in those with high amyloid burden, whereas high LC FDG-PET
signal appears to have a protective effect on memory, even in the presence of high amyloid burden. AB, CSF-based AB4,; AD, Alzheimer’s disease;
CN, cognitively normal; CSF, cerebrospinal fluid; FDG-PET, [18F]fluorodeoxyglucose positron emission tomography; LC, locus coeruleus; SUVr,
standardized uptake values referenced to the cerebellar white.

3.3 | LC metabolism and CSF-based Ag and
phosphorylated tau

confirmed these results. In the MCI group, there were no signifi-
cant associations between LC FDG-PET signal and CSF-based AB4,
(B = 0.00002, t(247) = 0.57, p = 0.570) or p-tausg; (B = 0.0005,
t(247) = 1.12, p = 0.264). In the AD group, a higher LC FDG-PET sig-
nal was associated with higher p-tau values (8 = 0.0015, t(106) = 2.19,

We detected no significant association between LC FDG-PET signal
and CSF-based AB4, (B = 0.000004, t(597) = 0.34, p = 0.731) or p-

tauqgq (B = —0.0005, t(597) = —0.16, p = 0.871) across the entire
sample, adjusted for age and sex. However, when we investigated
this relationship within the three diagnostic groups, lower CSF-based
AB4, was associated with higher LC FDG-PET signal in the control
group (robust regression: g = —0.00004, t(236) = —2.24, p = 0.025,
Figure 3A), but there was no association with p-tauqgq (8 = —0.0004,
t(236) = —0.39, p = 0.698). Linear regression excluding outliers (n = 3)

p = 0.031; Figure 3B), but there was no association with CSF AB4,
(B=0.00002,t(106) = —0.29, p = 0.770). Since all AD participants were
positive for both tau and Ag, we performed follow-up interaction anal-
yses with AS to examine if the associations between LC FDG-PET and
p-tau in the AD group were facilitated by AB. The results indicated
that individuals with AB values closer to the threshold (< 1100 pg/mL),
and higher LC metabolism had higher p-tau4gq values (8 = 0.158,
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t(104) = 2.19,p=0.0306; Figure 3C). A Johnson-Neyman analysis indi-
cated that this relationship was significant for those with CSF-based A
levels in the upper range in the AD group (576-1099 pg/mL).

To better understand this counterintuitive relationship, we post
hoc examined the relationship between CSF-based Af4, and p-tauqgq
within the three clinical groups (Figure S3). Lower CSF AB,4, corre-
lated with lower p-tauqgq levels in the AD group (r=0.27, p = 0.0035),
but within the CN and MCI groups, lower CSF-based Aj4, correlated
with higher p-tauqgq levels (CN: r = -0.18, p = 0.005; MCI: r = —-0.105,
p=0.09).

For the disease staging groups, there were no significant associ-
ations between LC FDG-PET signal and CSF-based AB,4, or p-tauqgq
respectively within the control (3 = 0.00003, t(131) = 0.55, p = 0.585;
B = 0.0003, t(131) = 0.134, p = 0.894), preclinical (3 = 0.00006,
t(101) = -1.08, p = 0.284; g = —0.0015, t(101) = -1.28, p = 0.204),
and prodromal/AD (8 = 0.00002, t(357) = 0.75, p = 0.454; 8 = 0.0005,
t(357) = 1.45, p = 0.148) groups.

3.4 | LC metabolism and cognition

Lower LC metabolism was related to lower mPACC performance at
baseline in the entire sample (8 = 7.90, t(596) = 3.40, p = 0.0007**),
adjusted for age, sex, and years of education. There were no signifi-
cant interactions with p-tauqgq (8 = 0.04, t(594) = 0.32, p = 0.75) or
AB (B = —0.006, t(594) = —1.32, p = 0.188). Further investigation of
this relationship within the diagnostic groups showed that this pos-
itive association between mPACC and LC FDG-PET signal was only
present in the CN group (8 = 3.10, t(235) = 2.17, p = 0.031%), not in
the MCI (B = 2.66, t(246) = 1.15, p = 0.251) or AD groups (3 = 1.57,
t(105) =0.52,p=0.607; Table S3). For the disease staging groups, there
was a significant association between LC FDG-PET signal and mPACC
scores for the preclinical group (8 = 4.93, t(100) = 2.25, p = 0.027%),
with higher LC FDG-PET signal corresponding to better mPACC scores.
There were no significant associations for the control or prodromal/AD
group (control: B = 1.82, t(130) = 0.94, p = 0.349; prodromal/AD:
B=4.07,t(356) = 1.58,p=0.115).

In the entire sample, lower LC metabolism was associated with
lower scores on the harmonized composite memory score (8 = 0.77,
t(596) = 2.85, p = 0.005**) and lower scores on the harmonized com-
posite executive function score (8 = 0.63, t(595) = 2.71, p = 0.007**)
at baseline. No within-group associations were found between the
harmonized domain-specific composite scores at baseline and LC FDG-
PET signal for the three diagnostic (CN, MCI, AD) or three disease
stages (control, preclinical, prodromal/AD groups (Table S3).

Linear mixed effects models revealed that, in the entire sample,
lower LC FDG-PET signal at baseline was associated with faster decline
on specifically the harmonized composite memory score (3 = 0.016,
t(279) = 2.23, p = 0.027%; Figure 3D; Table 2). LC FDG-PET signal
was not associated with changes in the mPACC digit score (8 = 0.095,
t(273) = 1.04, p = 0.298) or the harmonized composite executive func-
tion score (8 =0.002, t(272) = 0.21, p = 0.831). We found no evidence

that the LC-FDG signal associations with change in memory scores dif-

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

TABLE 2 Statistics for linear mixed-effects models investigating
the effect of LC-derived FDG-PET metabolism on cognition over time.

LC dilated Keren mask
B T df p

Cognition
mPACC digit 0.095 1.04 273 0.298
Composite Memory Function  0.016 2.23 279 0.027*
Composite Executive Function 0.002 0.21 272 0.831

Note: This analysis includes the modified mPACC digit and the harmo-
nized composite scores of the Phenotype Harmonization Consortium
(Alzheimer’s Disease Sequencing Project [ADSP]) for the memory and exec-
utive function subscales. Analyses were adjusted for the covariates of age,
sex, and years of education.

Abbreviation: mPACC, Preclinical Alzheimer’s Cognitive Composite.
*Indicates the p-value was below the critical value determined with the
Benjamini-Hochberg adaptive step-up FDR correction procedure atg=0.1.

fered between the diagnostic (8 = 0.117, F(2,339) = 1.21, p = 0.298)
or disease stage groups (8 = 0.057, F(2,306) = 0.80, p = 0.451). In
addition, we also found no within-group associations of LC FDG-PET
signal at baseline and mPACC digit or harmonized composite scores
over time for either the diagnostic or disease staging groups (Table S4).
We further explored the associations between LC FDG-PET signal and
composite memory scores.

As we previously observed that higher LC FDG-PET signal was asso-
ciated with lower CSF AB4, but not with higher CSF p-taul8! in the
cognitively unimpaired group (Figure 3A), we aimed to understand
the functional interpretation of this relationship by post hoc examin-
ing the relationship between LC FDG-PET signal, composite memory
scores, and AB4, in the early preclinical AD group with below thresh-
old CSF-based AB4, (CN A+T-). Linear mixed effects models showed
that in the early preclinical AD group, higher LC FDG-PET signal at
baseline was associated with slower decline on the composite memory
score (8 =0.036, t(37) = 2.11, p = 0.041; Figure 3E), which marginally
depended on the level of CSF ABy4, as indicated by a three-way interac-
tion of LC FDG-PET signal * time * AB4, (SS = 0.14, F(1,23) = 3.897,
p = 0.06; Figure 3F). Lower LC metabolism corresponded to worse
memory performance over time at lower CSF ABy4, values (< ~725
pg/mL), whereas those with higher LC metabolism showed attenuated
memory decline. CSF ABy, levels on their own are not associated with
memory performance over time in the early preclinical AD group (CN
A+T-; B = —0.000007, t(20) = —0.07, p = 0.943). In contrast, among
those with no cognitive impairment and AB4, and p-taugq positivity
(CN A+T+), the LC FDG-PET signal was not associated with memory
performance over time (8= —0.03, t(5) = —0.51, p = 0.635), also not in
interaction with CSF AB4, (SS=0.05, F(1,6) = 0.73, p = 0.425), nor was
this the case for the group with cognitive impairment and Ag positivity
(B =0.006, t(172) = 0.66, p = 0.508), also not in interaction with CSF
AB4, levels (SS=0.053, F(1,184) = 1.59, p = 0.208).

We performed post hoc analyses to verify our findings on the asso-
ciation between LC FDG signal and harmonized composite memory
scores over time by restricting our analyses to the first 24 months,

which is the timeframe during which the majority of data points
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were collected. This replicated our findings of the LC FDG-PET sig-
nal by time interaction on memory function for the entire group
(8=0.019,t(259) =2.29,p=0.023) and the preclinical group (3= 0.032,
t(24) = 2.23, p = 0.035). Since some time points had sparse data, we
additionally ran a linear mixed effects model including time points with
n > 5 data points, resulting in similar findings for the entire group
(8=0.016, t(281) = 2.24,p = 0.026) and the preclinical group (8 =0.036
t(36) = 2.05, p = 0.048). This suggests that our findings are not driven
by the time points with sparser data.

3.5 | Control and sensitivity analyses

We repeated the analyses performed with the LC using the isthmus
of the cingulate. Older individuals had lower isthmus FDG-PET signals
(B =-0.0074, t(601) = —6.00, p < 0.0001; Figure S4A), as did females
(B =-0.0413, t(601) = —2.33, p = 0.020; Figure S4B). LC and isthmus
FDG-PET values are associated, with higher LC values correspond-
ing to higher isthmus values (8 = 0.3768, t(597) = 4.95, p < 0.0001;
Figure S4C). Clinical diagnosis was associated with isthmus FDG-PET
signal (F(2,598) = 101.86, p < 0.0001; Figure S4D), with lower val-
ues in the MCI (8 = —-0.1337, t = —8.11, p < 0.0001) and AD groups
(B = -0.2937, t = —14.01, p < 0.0001) compared to the CN group.
Disease staging was negatively associated with isthmus FDG-PET sig-
nal (F(2,598) = 67.95, p < 0.0001), which was more pronounced in
the A+T+ groups compared to the A+T- groups (Figure S4E). Fur-
thermore, lower isthmus FGD-PET signal was associated with higher
CSF-based p-tauqgq (8 = —0.004, t(599) = —7.88, p < 0.0001; S4F),
lower AB4, values (8 = 0.0002, t(599) = 10.15, p < 0.0001; Figure
S4G), and worse mPACC scores (3= 17.25,t(599) = 16.37,p < 0.0001;
Figure S4H).

Sensitivity analyses using a shifted LC mask resulted in non-
significant findings for the relationships between LC metabolism and
age, sex, CSF-based p-tauqgq, CSF-based ApB,,, diagnostic and dis-
ease staging groups, and mPACC scores, but did show a significant
positive association with years of education (Table S5). Extracting LC
FDG-PET signal from the non-deblurred or joint-entropy prior cor-
rected images resulted in non-significant associations between LC
metabolism and diagnostic (F(2,597) = 0.65, p =0.524) or disease stage
groups (F(2,597) = 1.84, p = 0.160), replicating previously reported
findings®? (Figure S5). Our reported standardized uptake value ref-
erenced to the cerebellar white (SUVr) values are similar to these
previously reported findings. We further repeated our analysis with
the 7T-derived LC mask (Figure S1) and performed the same analyses
using the pons, excluding the LC, as reference region (Table Sé). Results
were similar to the primary mask and the CW reference region (dilated
and smoothed Keren mask, referenced to CW) for the association of
LC-derived FDG-PET signal and age, CSF values, disease stage group-
ing, and mPACC scores. However, the pons-referenced analyses did
not show significant differences between the diagnostic groups. Fur-
thermore, the 7T LC masks did not show significant sex differences,
while the LC-derived FDG-PET signal using the dilated and smoothed

Keren mask showed lower LC-derived FDG-PET signal in males. We

further repeated the analyses of the FDG-PET signal * time * amyloid
interaction on memory scores for the isthmus signal (8 = —0.00001,
t(33) = —0.12, p = 0.903) and the LC signal extracted from the non-
deblurred FDG scans (8 = —0.0004, t(25) = —1.66, p = 0.109) (Figure
Sé).

4 | DISCUSSION

Recognition that the accumulation of neuropathologic hallmarks of AD
starts decades before the emergence of clinical symptoms has rein-
forced the need for an early marker of AD-related changes. Autopsy
and imaging studies suggest the noradrenergic LC, one of the first
regions to accumulate tau pathology early in adulthood, as a promis-
ing early marker.1"7:2340 The altered metabolic activity of the LC,
implied by elevated levels of NE-metabolites, has been suggested to
reflect compensatory mechanisms but has also been associated with
greater tau deposition during disease progression.131 In later disease
stages, waning LC metabolism has been hypothesized to correspond
to local neuronal atrophy and cell death. Guided by these findings,
we investigated whether LC metabolism varies nonlinearly with dis-
ease stage, with elevated metabolism in the earliest stages and lower
metabolism in the later stages. We further investigated the func-
tional implications of these metabolic levels across disease stages by
combining LC-derived FDG-PET signal with CSF-based AB4,, p-tauqgq,
and serial cognitive measurements. Here, we demonstrated that LC
metabolism is higher in the earliest preclinical stages, in the presence
of elevated AB4,, whereas LC metabolism is lower when elevated tau
and cognitive impairment are also present. Interestingly, this elevated
metabolism in the early preclinical stage was associated with attenu-
ated memory decline, indicating that higher LC metabolism may confer
cognitive resilience in the face of amyloid pathology early in the dis-
ease. Whether cognitive resilience provided by higher LC FDG signal
may ultimately lead to faster disease progression when these compen-
sational resources are depleted remains unknown. We do see higher LC
metabolism associated with elevated CSF p-tauqg, in AD patients, par-
ticularly in individuals in the earlier stages of Af4, positivity, possibly
signaling detrimental processes.

In alignment with the hypothesized nonlinear metabolic pattern,??
we observed higher LC metabolism in the preclinical AD group com-
pared to both the asymptomatic biomarker-negative and cognitively
impaired biomarker-positive groups. Our findings demonstrate that
these elevations in LC metabolism covary with AS positivity and not tau
in the preclinical group. Autopsy studies have reported early involve-
ment of tau in the LC, but the role of A in LC physiology in the earliest
stages of the disease remains unknown. As such, lower LC metabolism
in the A+T+ preclinical AD group may capture individuals who pro-
gressed further on the disease trajectory than the A+T- group. In line
with our expectations, we observed lower LC metabolism in the AD
group.

CSF measures of AB capture soluble and fibrillar forms of Ag,
resulting in earlier detection of amyloid than PET measures, and are

more likely to reflect the earliest stages of amyloid accumulation in
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the preclinical trajectory.*1#> Amyloid oligomers may play a role in
tau phosphorylation pathways*® and are presumably more toxic than
fibrillar forms,*”~>° but the role of the LC-NE system in amyloid aggre-
gation or amyloid-related tauopathy in asymptomatic individuals with
CSF-based AB,4, positivity remains underexplored.”® Animal studies
suggested that Ag oligomers can hijack the alpha2-adrenergic recep-
tors, initiating a GSK3/8 pathway of tau hyperphosphorylation.’? It
remains unknown whether Ag oligomers are present in the LC in the
earliest stages of the disease and whether this impacts the metabolism
of LC neurons. Human AD post mortem tissue and animal work showed
AB oligomer expression in the LC, which was accompanied by a reduc-
tion of GABA-A receptors, resulting in LC neuronal hyperexcitability
in the APP-PSEN1 mouse model.>® Higher glucose availability in the
LC may provide an environment that keeps this cycle of hyperex-
citability going, as in-vitro data suggest that glucose molecules in the
extracellular space facilitate AB,, oligomer formation.>*

The observed heightened LC metabolism concomitant with the
emergence of AD pathology, which dwindles as the disease progresses,
suggests that LC metabolism is dynamic during the disease and may
contribute to its unique vulnerability. Interestingly, we observed that
higher LC metabolism in the preclinical AD group was associated
with better memory performance over time, particularly in those
with lower levels of CSF-based AB4,. In contrast, those with lower
LC metabolism performed worse over time in the presence of low
levels of CSF AB4,. We did not find these associations with mem-
ory in the prodromal/AD group. These findings suggest that elevated
metabolism in the early asymptomatic stages may provide a certain
degree of protection from the detrimental effect of A on mem-
ory but may no longer be able to rescue the detrimental effects of
widespread pathology and neurodegeneration in later stages of the
disease.

Such a protective effect is consistent with recent PET studies exam-
ining catecholamine synthesis in the LC, reporting lower tau pathology
and attenuated memory decline in the preclinical AD group with higher
LC catecholamine synthesis.2>21 However, in AD patients, where we
identified a positive association between LC metabolism and p-tau4g1,
increases in CSF MHPG have been associated with higher levels of AD
pathology, cortical atrophy, faster cognitive decline, and higher levels of
neuropsychiatric symptoms,*3 suggesting that in later disease stages,
higher NE metabolic turnover may be detrimental or accompanies
detrimental processes. CSF studies do not provide spatially specific
information and likely capture NE-metabolism in the projection areas
of the LC, which may be influenced by dysregulation of the enzymes
breaking down NE (COMT, MAOQ), impaired negative feedback signal-
ing of adrenergic receptors or impaired reuptake by NE transporters.
However, post mortem findings also provided evidence for the upreg-
ulation of NE synthesis concomitant with larger degrees of neuronal
loss.>> Even with upregulated NE synthesis and release, local neuronal
atrophy and cell death in the LC in later disease stages may contribute
to the waning LC metabolism measured with FDG-PET, which reflects
the metabolism of the entire region. We did not examine subparts of

the LC, but distinct subpopulations of LC neurons may be selectively
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vulnerable to pathology.3! Recent studies recognized the heterogene-
ity in the synaptic and functional architecture of the LC, with distinct
populations targeting projection areas that are differently involved in
cognitive processes.”®>/

When comparing previous studies to our results, we recognize the
differences in sensitivity and biological correlates, given that FDG-PET
measures glucose uptake in neurons and astrocytes. Previous work has
shown that the FDG-PET signal is substantially affected by the alter-

ation of astroglial glutamate transport,8>?

and astrocyte reactivity
plays a role as an upstream modulator in the coupling of Ag and ini-
tial phosphorylated tauin preclinical AD.° There is a coupling between
NE release and glucose metabolism, as NE upregulates the expression
of monocarboxylate transporters (MCT2) on neuronal membranes,®?
which allows neurons to take up astrocyte-derived lactate,®2-¢4 which
is synthesized via glycolysis triggered by NE release.®3¢%6¢ This indi-
cates that changes in LC FDG-PET signal can reflect neural synaptic
dysfunction and astrocyte reactivity.

The LC has been implicated in memory and learning,¢7:¢® most
likely because of the role NE plays in long-term potentiation.6?7°
We observed that higher LC metabolism was associated with better
memory performance in the entire group, both at baseline and longi-
tudinally. Lower LC metabolism specifically predicted memory decline
but not changes in global cognition or executive functions. Our results
are in line with reports on the selective involvement of the LC path-

7172 \ith better structural integrity and

232473

way in memory processes,
functional activity having a memory-promoting effec

The current study has limitations. Although our findings are promis-
ing and consistent with the existing literature, we did not correct for
multiple comparisons except for direct group comparisons and cogni-
tion. However, we performed several sensitivity and control analyses
to demonstrate the robustness of our findings. First, we replicated pre-
viously established group differences in the FDG-PET signal of the
posterior cingulate’s isthmus.333* Then, we replicated previous work
reporting no differences in non-deblurred LC FDG-signal between
diagnostic groups,®? indicating that deblurring and partial-volume cor-
rection are essential when studying small structures like the LC with
techniques that lack high spatial resolution. Finally, by shifting the LC
more ventrally, we were able to demonstrate the specificity of our find-
ings. While these findings demonstrate promising in-vivo associations
of LC metabolism with AD phenotypes, replication and validation in
other cohorts are crucial. Furthermore, the field still lacks spatially
specific measures to investigate in-vivo tau accumulation in the LC,
as most tau-PET ligands bind to neuromelanin in the LC and nearby
choroid plexus, confounding any information on tau. Therefore, we
cannot examine the effect of local tau on the metabolic changes we
observed across diagnostic and disease stage groups. CSF-based p-tau
measures likely predominantly reflect cortical tau accumulation since
cortical regions have considerably larger cell counts with the potential
of producing and releasing hyperphosphorylated tau. Therefore, the
CSF p-tau measures may give limited information about tau originating
from the LC, and we cannot separate the LC contributions to the CSF

p-tau signal from cortical contributions.
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5 | CONCLUSION

In summary, FDG-PET-derived LC metabolism is associated with diag-
nostic status and higher LC metabolism was observed in the preclinical
stages, followed by lower LC metabolism in the later stages of the
disease. In the preclinical stages, higher LC metabolism provided
resilience against memory decline, particularly in the presence of a
higher amyloid burden. In AD patients, higher LC metabolism cor-
related with greater CSF p-tauqgq in the earlier stages of amyloid
accumulation but was not directly associated with preserved cog-
nition as individuals have dementia, possibly signaling detrimental
processes. These in-vivo and spatially specific findings suggest that
metabolism of the LC, as measured with FDG-PET signal, is upreg-
ulated in the early preclinical stages of AD, making it of interest to
future research elucidating the mechanisms underlying vulnerabil-
ity to pathology emergence and can inform studies developing early
interventions supporting the LC pathway to potentially modify the

trajectory of cognitive decline.
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