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ARTICLE

Associations among locus coeruleus catecholamines, tau
pathology, and memory in aging
Claire J. Ciampa1,8, Jourdan H. Parent1,8, Theresa M. Harrison2, Rebekah M. Fain1, Matthew J. Betts3,4,5, Anne Maass4, Joseph R. Winer2,
Suzanne L. Baker6, Mustafa Janabi6, Daniella J. Furman2,7, Mark D’Esposito 2, William J. Jagust 2,6 and Anne S. Berry 1,6✉

© The Author(s), under exclusive licence to American College of Neuropsychopharmacology 2022

The locus coeruleus (LC) is the brain’s major source of the neuromodulator norepinephrine, and is also profoundly vulnerable to the
development of Alzheimer’s disease (AD)-related tau pathology. Norepinephrine plays a role in neuroprotective functions that may
reduce AD progression, and also underlies optimal memory performance. Successful maintenance of LC neurochemical function
represents a candidate mechanism of protection against the propagation of AD-related pathology and may facilitate the
preservation of memory performance despite pathology. Using [18F]Fluoro-m-tyrosine ([18F]FMT) PET imaging to measure
catecholamine synthesis capacity in LC regions of interest, we examined relationships among LC neurochemical function, AD-
related pathology, and memory performance in cognitively normal older adults (n= 49). Participants underwent [11C]Pittsburgh
compound B and [18F]Flortaucipir PET to quantify β-amyloid (n= 49) and tau burden (n= 42) respectively. In individuals with
substantial β-amyloid, higher LC [18F]FMT net tracer influx (Kivis) was associated with lower temporal tau. Longitudinal tau-PET
analyses in a subset of our sample (n= 30) support these findings to reveal reduced temporal tau accumulation in the context of
higher LC [18F]FMT Kivis. Higher LC catecholamine synthesis capacity was positively correlated with self-reported cognitive
engagement and physical activity across the lifespan, established predictors of successful aging measured with the Lifetime
Experiences Questionnaire. LC catecholamine synthesis capacity moderated tau’s negative effect on memory, such that higher LC
catecholamine synthesis capacity was associated with better-than-expected memory performance given an individual’s tau burden.
These PET findings provide insight into the neurochemical mechanisms of AD vulnerability and cognitive resilience in the living
human brain.

Neuropsychopharmacology (2022) 47:1106–1113; https://doi.org/10.1038/s41386-022-01269-6

INTRODUCTION
Models of the pathogenesis of Alzheimer’s disease (AD) suggest
abnormal tau spreads from the locus coeruleus (LC) to connected
temporal lobe regions [1]. The LC is the brain’s primary source of
norepinephrine, a neuromodulator that has been linked to a
striking number of neuroprotective functions including reduction
of inflammation [2] and promotion of neurotrophic factors [3].
Despite these neuroprotective functions, elevated norepinephrine
metabolites are associated with greater tau pathology and
cognitive impairment in AD [4–7], and may promote the cleavage
of tau into aggregation and propagation-prone forms [8]. Given
the therapeutic targeting of the LC-norepinephrine system in AD,
basic research is needed to establish relationships between
endogenous LC neurochemical function and tau pathology
in vivo.
The central role of the LC in AD has made it a target for

neuroimaging biomarker development. These efforts have con-
centrated on specialized magnetic resonance (MR) imaging
sequences for which hyperintense MR signal is interpreted to

reflect greater LC structural integrity (i.e., cell density) [9]. Greater
LC structural integrity has been linked with indicators of successful
aging including greater cortical thickness [10] and cognitive
reserve [11, 12]. Research associating LC neuroimaging measures
with the development of AD-related pathology in vivo is in its
infancy. Initial studies find reduced LC integrity is associated with
elevated cerebrospinal fluid (CSF) measures of β-amyloid in AD
[13], and higher brain tau measured with positron emission
tomography (PET) in aging [14] and autosomal dominant AD [15].
Together, these studies reveal LC to reflect neurobiological aging
trajectories, which may be particularly valuable if applied to early
detection of disease vulnerability.
The LC-norepinephrine system is critical for optimal cognitive

performance [16, 17] including episodic memory [15, 18–20]. In
mouse models of AD, LC lesions exacerbate memory impairments
[21, 22]. This suggests the negative effect of AD-related pathology
on episodic memory in humans may be heightened by
accompanying disruption of the LC-norepinephrine system.
Conversely, the successful maintenance of LC function despite

Received: 22 September 2021 Revised: 16 November 2021 Accepted: 4 January 2022
Published online: 15 January 2022

1Department of Psychology, Brandeis University, Waltham, MA 02453, USA. 2Helen Wills Neuroscience Institute, University of California, Berkeley, Berkeley, CA 94720, USA. 3Institute of
Cognitive Neurology and Dementia Research, Otto von Guericke University, Magdeburg 39106, Germany. 4Deutsches Zentrum für Neurodegenerative Erkrankungen, Magdeburg
39120, Germany. 5Center for Behavioral Brain Sciences, University of Magdeburg, Magdeburg, Germany. 6Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA. 7University
of California, San Francisco, San Francisco, CA 94143, USA. 8These authors contributed equally: Claire J. Ciampa and Jourdan H. Parent. ✉email: anneberry@brandeis.edu

www.nature.com/npp

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-022-01269-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-022-01269-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-022-01269-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-022-01269-6&domain=pdf
http://orcid.org/0000-0002-3462-006X
http://orcid.org/0000-0002-3462-006X
http://orcid.org/0000-0002-3462-006X
http://orcid.org/0000-0002-3462-006X
http://orcid.org/0000-0002-3462-006X
http://orcid.org/0000-0002-4458-113X
http://orcid.org/0000-0002-4458-113X
http://orcid.org/0000-0002-4458-113X
http://orcid.org/0000-0002-4458-113X
http://orcid.org/0000-0002-4458-113X
http://orcid.org/0000-0002-5086-3643
http://orcid.org/0000-0002-5086-3643
http://orcid.org/0000-0002-5086-3643
http://orcid.org/0000-0002-5086-3643
http://orcid.org/0000-0002-5086-3643
https://doi.org/10.1038/s41386-022-01269-6
mailto:anneberry@brandeis.edu
www.nature.com/npp


AD pathology may support the relative preservation of memory,
representing a neurobiological mechanism of cognitive resilience
[23–26].
While methods development for structural LC imaging is

accelerating, these methods do not provide direct insight into
LC neurochemical function. We pursued LC imaging with the
irreversible PET tracer [18F]Fluoro-m-tyrosine ([18F]FMT). [18F]FMT
is a substrate for aromatic amino acid decarboxylase (AADC) and is
a measure of monoamine synthesis capacity. [18F]FMT PET can be
used to measure synthesis capacity of catecholamines norepi-
nephrine and dopamine in the LC [27], catecholamine dopamine
in the midbrain (ventral tegmental area/substantia nigra; VTA/SN)
and striatum, and monoamine serotonin in the raphe nuclei. This
study in cognitively normal older adults takes the first steps
towards defining fundamental relationships among LC neuro-
chemical function, AD-related tau pathology and episodic memory
in aging. Parallel analyses in raphe, midbrain and striatum
illustrate the specificity of these relationships.

MATERIALS AND METHODS
Study design
Forty-nine older adults (mean age= 77.18, standard deviation (SD)= 5.80,
range= 62–85, 29 female; mean years of education= 16.61, SD= 2.04,
range= 12–20) are included and underwent [18F]FMT PET, [11C]Pittsburgh
compound B PET ([11C]PiB) and memory testing. Of these participants, 42
underwent [18F]Flortaucipir PET. Participants were part of the Berkeley
Aging Cohort Study, scored at least 25 on the Mini-Mental State Exam
(mean= 28.69, SD= 1.26), and were characterized as cognitively normal
[28]. Participants did not have a neurological, psychological‚ or psychiatric
disorder, and did not take medication affecting cognition. The University of
California, Berkeley, and Lawrence Berkeley National Laboratory Institu-
tional Review Boards approved the study. Informed consent was obtained
from all participants.

Structural MRI
Whole-brain images were acquired using a Siemens 3 T Trio Tim and 32-
channel coil. T1-weighted volumetric magnetization prepared rapid
gradient echo image sequence was acquired (TR= 2,3000ms, TE= 2.98
ms, matrix= 256 × 256; FOV= 256; sagittal plane; 1 x 1 x 1mm; 160 slices).
Scans were segmented using FreeSurfer 5.3.0 (http://surfer.nmr.mgh.
harvard.edu/). Structural templates were generated in MNI space using
Statistical Parametric Mapping software’s DARTEL (SPM12; Wellcome Trust
Center for Neuroimaging, London, UK).

[18F]FMT PET
Participants underwent [18F]FMT PET scanning using a Siemens Biograph
Truepoint 6 PET/CT and previously described methods [29, 30]. Supple-
mental Methods describe the strengths and limitations of [18F]FMT.
Dynamic acquisition frames were obtained over 90min in 3D mode.
Frames were realigned, coregistered, and resliced to structural T1s [30].
Graphical analysis using a Patlak plot [31] was performed with a reference
region approach rather than arterial plasma input function. Whole-brain
images were generated using primary visual cortex (lingual gyrus and
cuneus) reference region and PET frames corresponding to 25 to 90min
[32]. Whole-brain Kivis images were normalized to the DARTEL template.
Kivis represents the amount of tracer accumulated in the brain relative to
the visual cortex reference region. These images are comparable to Ki
images obtained using an arterial plasma input function, but are scaled to
the volume of tracer distribution in the reference region. However, this
approach assumes minimal specific binding in visual cortex, and specific
binding that does not vary substantially across individuals. It is also
important to note that assuming the system is in equilibrium, Kivis is
affected by K1, [

18F]FMT’s rate constant from blood to tissue (product of
perfusion and extraction). Therefore, it is possible that reduced delivery to
the LC would result in lower LC Kivis. Future research measuring blood flow
to LC will be necessary to determine the extent to which [18F]FMT Kivis is
confounded by individual differences in K1.
Primary [18F]FMT analyses relied on LC regions of interest (ROIs) derived

from an LC meta-ROI developed by Dahl and colleagues [15] based on
previously published MR templates [18, 33–36]. Accurate coregistration
(nearest-neighbor interpolation) was confirmed in Mango (https://www.

nitrc.org/projects/mango/). To accommodate PET resolution, we smoothed
the MR-derived LC ROI (4 mm FWHM) and thresholded ( > 0.147) to
generate a mask of 479 1 x 1 x 1mm voxels, that is approximately 6x the
size of the original ROI (ROI available: https://neurovault.org/images/
442231/). Given concerns about LC’s proximity to the raphe, we report
parallel [18F]FMT Kivis analyses using dorsal and median raphe ROIs [37].
For completeness, we report results for VTA/SN, and striatum ROIs.
Statistical analyses appear in main text, though see the Supplement for
supporting Methods and Figures.
Though previous studies report PET signal in LC [38–47], for

transparency, we display whole-brain voxel-wise analyses to support the
use of [18F]FMT Kivis to measure brainstem signal. In the Supplement,
we report voxel-wise regression analyses with LC [18F]FMT Kivis as the
independent variable to illustrate the degree to which [18F]FMT Kivis
measured in the LC ROI covaried with [18F]FMT Kivis throughout the brain,
giving insight into the regional specificity of signal patterns in the
brainstem (Figure S1).

[18F]Flortaucipir and [11C]PiB PET
All participants underwent [11C]PiB scanning to assess β-amyloid status
and a subset underwent [18F]Flortaucipir scanning (n= 42) to measure tau
pathology within 3 years of their [18F]FMT scan. The median time
difference between [18F]FMT and [11C]PiB scans was 328 days (SD= 245;
range= 14–966). The median time difference between [18F]FMT and [18F]
Flortaucipir scanning was 176 days (SD= 236; range= 9–945). A subset of
participants (n= 30; 10 [11C]PiB positive, 20 [11C]PiB negative) had multiple
[18F]Flortaucipir scans (average number of timepoints per participant= 2.5;
total number of [18F]Flortaucipir scans= 74).
A detailed description of [11C]PiB and [18F]Flortaucipir acquisition has

been published previously [48]. [11C]PiB distribution volume ratio (DVR)
images were generated with Logan graphical analysis on frames
corresponding to 35–90min post-injection using cerebellar gray matter
reference region [49]. β-amyloid-positivity was based on global cortical
[11C]PiB distribution volume ratio 1.065 or greater [50, 51].
[18F]Flortaucipir SUVR images were generated from frames correspond-

ing to 80–100min post-injection using inferior cerebellar gray matter
reference. SUVR images were partial volume corrected as previously
described [52]. [18F]Flortaucipir SUVR was measured within a previously
established PET meta-ROI comprised of tau-vulnerable regions [53]. The
tau PET meta-ROI was formed from a voxel-weighted average of the mean
uptake in entorhinal, amygdala, parahippocampal, fusiform, inferior
temporal, and middle temporal ROIs. Due to the relatively small sample
(n= 30), longitudinal [18F]Flortaucipir analyses are considered preliminary.
Longitudinal [18F]Flortaucipir scans were processed with a longitudinal
pipeline and white matter reference region as previously described [54]. To
measure change in [18F]Flortaucipir, the partial volume corrected SUVR at
each time point was entered into linear mixed effects models with random
effects for participant intercept and slope.

Neuropsychological testing
Participants underwent neuropsychological testing (median time differ-
ence from [18F]FMT= 144 days; SD= 101; range= 6–420). A composite
memory measure was calculated using each participant’s California Verbal
Learning Test-II [55] performance. Based on previous research demonstrat-
ing relationships between the LC-norepinephrine system and verbal
learning and memory measures [7, 15, 18, 20], the composite was
comprised of free recall performance during learning trials 1-5 and free
recall following the long delay (Supplemental Methods).
To investigate the role of higher LC catecholamine synthesis capacity as

a mechanism of cognitive resilience and reserve, we explored its
relationship with a proxy measure of cognitive reserve: cognitive
engagement across the lifespan. We measured Lifetime Experiences
Questionnaire (LEQ) [56] total score, which assesses complex mental
activity and physical activity across the lifetime. We excluded LEQ data
from two participants due to incomplete responding, and misinterpreta-
tion of instructions (some additive rather than discrete estimations across
years).

Statistical testing
Analyses were performed using IBM SPSS v27. Multiple linear regression
models included age, sex, and years of education as covariates. We report
regression models with and without [18F]FMT Kivis and [11C]PiB interaction
terms given ambiguity as to whether tau-pathologic processes involving
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the LC are AD-related or age-related [57, 58]. For interaction models,
independent variables were mean-centered. Years of education was
excluded for regression models involving LEQ, as education contributes to
this measure. Bootstrap 95% confidence intervals were calculated using
the Robust Correlation Toolbox in MATLAB 2020b [59]. Post hoc testing of
the moderation analysis testing a role of LC [18F]FMT Kivis in cognitive
resilience was performed using PROCESS v4.0 [60].

RESULTS
Visualization of LC with [18F]FMT PET
Whole-brain voxel-wise analysis of [18F]FMT Kivis maps revealed a
highly significant contiguous midline cluster in the midbrain and
brainstem with peaks consistent with the VTA/SN, LC, and raphe
nuclei (Fig. 1A; Table S1A). While brainstem signal was greatest in
midline regions consistent with the raphe, [18F]FMT Kivis signal in
lateral regions consistent with LC is clear in individual participant
scans at thresholds typically used to visualize [18F]FMT binding in
the striatum (Fig. 1B).

LC catecholamine synthesis capacity is associated with tau
burden in Aβ+ participants
[18F]FMT Kivis within the LC ROI did not differ between [11C]PiB
positive (n= 14) and negative participants (n= 35; t(47)= 0.73, p
= 0.47). [18F]Flortaucipir SUVR in tau vulnerable regions (Fig. 2A),
was higher in [11C]PiB positive older adults (Levene’s test for
equality of variances p= 0.001; t(12)= 2.65, p= 0.02, d= 1.29,
95% CI [0.56, 2.01]; n= 12 [11C]PiB positive, n= 30 [11C]PiB
negative; Fig. 2B), replicating previous reports [53]. LC [18F]FMT
Kivis was not associated with [18F]Flortaucipir SUVR in a model
adjusting for age, sex and years of education (Table 1A). A model
including [11C]PiB status and LC [18F]FMT by [11C]PiB interaction
revealed a significant interaction (Table 1A; Fig. 2C). Higher LC
[18F]FMT Kivis was related to lower [18F]Flortaucipir SUVR in [11C]
PiB positive (r=−0.60 [−0.92 −0.03], p= 0.04) but not [11C]PiB
negative participants (r= 0.12 [−0.39 0.40], p= 0.54). Adjusting
for days between [18F]Flortaucipir and [18F]FMT scan did not affect
the interaction (beta=−0.48, p= 0.002). [11C]PiB negative and
positive groups did not differ in the time between [18F]Flortaucipir
and [18F]FMT scans (t(41)= 0.39, p= 0.35).

Suggesting our findings are specific to LC [18F]FMT Kivis,
analyses of raphe [18F]FMT Kivis found no relationship with [18F]
Flortaucipir SUVR (dorsal: beta= 0.22, p= 0.20; median: beta=
0.25, p= 0.15; Fig. S2) and no interactions with [11C]PiB status
(dorsal: beta= 0.07, p= 0.67; median: beta=−0.01, p= 0.93).
Similarly, analyses of midbrain (VTA/SN) and striatal ROIs found no
relationship with [18F]Flortaucipir SUVR (midbrain: beta= 0.001,
p= 0.99; striatum: beta= 0.11, p= 0.49; Fig. S2) and no interac-
tions with [11C]PiB status (midbrain: beta= 0.11, p= 0.47; striatum:
beta= 0.06, p= 0.70).
Summary Fig. 2D depicts longitudinal [18F]Flortaucipir acquisi-

tion timepoints relative to each participant’s [18F]FMT scan. There
was not a significant difference in [18F]Flortaucipir slopes for [11C]
PiB positive (n= 10) relative to negative participants (n= 20;
Levene’s test for equality of variances p= 0.02; t(10)= 1.60, p=
0.14; Fig. 2E). Higher [18F]Flortaucipir slope was associated with
lower LC [18F]FMT Kivis for a model adjusting for age, sex, years of
education and [11C]PiB status (Table 1B). Consistent with cross-
sectional analyses, there was a significant interaction between
[18F]FMT Kivis and [11C]PiB status suggesting that relationships
between LC [18F]FMT Kivis and increasing [18F]Flortaucipir are
stronger in [11C]PiB positive participants, though the correlation
was only marginal for [11C]PiB positive participants alone (Table 1B;
Fig. 2F; [11C]PiB positive: r=−0.59 [−0.78, 0.35], p= 0.07; [11C]PiB
negative: r=−0.35 [−0.75 0.30], p= 0.13). We do not interpret the
lack of significance of this relationship strongly given the limited
sample size (10 [11C]PiB positive). The significant [18F]FMT Kivis *
[11C]PiB status interaction was not affected by the addition of a
covariate adjusting for relative timing of [18F]Flortaucipir scans
before or after the [18F]FMT Kivis scan (interaction beta=−0.52,
p= 0.04; Supplementary Methods).
These relationships were not evident for analyses of raphe [18F]

FMT Kivis, midbrain or striatum. In contrast to LC [18F]FMT Kivis
findings, no other ROI predicted [18F]Flortaucipir slope for models
including [11C]PiB status (dorsal raphe: beta= 0.15, p= 0.55
median raphe: beta= 0.19, p= 0.42; midbrain: beta= 0.06, p=
0.77; striatum: beta=−0.04, p= 0.84; Fig. S2). Further, there were
no interactions with [11C]PiB status (dorsal: beta= 0.06, p= 0.77;
median: beta= 0.11, p= 0.59; midbrain: beta=−0.14, p= 0.49;
striatum: beta=−0.09, p= 0.65).

Fig. 1 Locus coeruleus-related [18F]Fluoro-m-tyrosine signal ([18F]FMT). A Whole-brain analyses of [18F]FMT data for all subjects (n= 49)
reveals significant PET signal in regions consistent with the substantia nigra/ventral tegmental area (SN/VTA), raphe nuclei, and locus
coeruleus (LC) (one-sample t-test; voxel-wise threshold p < 1 × 10−16). Inset displays overlaid regions of interest (ROIs). Results are overlaid on
the older adults’ study-specific DARTEL template. B [18F]FMT Kivis scans overlaid on structural T1 scans in native space for 3 participants.
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Tau, LC catecholamine synthesis capacity, and memory
LC [18F]FMT Kivis did not predict CVLT memory composite (beta=
0.07, p= 0.64; Fig. 3A). A model including [11C]PiB status revealed
a relationship between [11C]PiB status and memory (beta=−0.31,
p= 0.03; n= 12 [11C]PiB positive, n= 30 [11C]PiB negative), but no
interaction between LC [18F]FMT Kivis and [11C]PiB (beta= 0.10, p
= 0.53). Consistent with previous reports [61], higher [18F]
Flortaucipir SUVR predicted lower memory (beta=−0.33, p=
0.04; Fig. 3B). This relationship was strongest for [11C]PiB positive
participants ([18F]Flortaucipir * [11C]PiB; beta=−0.57, p= 0.02).
While LC [18F]FMT Kivis was not associated with better memory

overall, we examined whether higher LC [18F]FMT Kivis was
associated with better-than-expected memory given an indivi-
dual’s tau burden. In line with the framework of resilience, we
tested for the critical interaction between LC [18F]FMT Kivis and
[18F]Flortaucipir SUVR [23, 24]:
Memory ~ [18F]Flortaucipir SUVR+ LC [18F]FMT Kivis+ [18F]

Flortaucipir SUVR * LC [18F]FMT Kivis+ age+ sex+ years of
education.
This model revealed a significant interaction between [18F]

Flortaucipir SUVR and LC [18F]FMT Kivis (beta= 0.37, p= 0.04).
Addition of [11C]PiB status to the model did not change these
results (beta= 0.37, p= 0.04). To visualize the [18F]Flortaucipir *
[18F]FMT Kivis interaction, the unstandardized simple slopes were
tested for low (−1 SD), moderate, and high (+1 SD) levels of LC
[18F]FMT Kivis [60]. Variation in the slopes of the regression lines
with varying levels of [18F]FMT Kivis show results consistent with a
role of [18F]FMT Kivis in cognitive resilience. The negative impact of

tau pathology on memory is only evident for individuals with low
and medium levels of LC [18F]FMT Kivis. At high levels of LC [18F]
FMT Kivis, this relationship was not apparent (Fig. 3C).
Analyses substituting raphe, midbrain, and striatal ROIs found

no relationships with memory (dorsal: beta= 0.02, p= 0.91;
median: beta= 0.01, p= 0.94; midbrain: beta= 0.10, p= 0.51;
striatum: beta= -0.06, p= 0.68; Figure S3) or interactions
with [18F]Flortaucipir SUVR (dorsal: beta= -0.21, p= 0.30; median:
beta=−0.19, p= 0.31; midbrain: beta= 0.11, p= 0.52; striatum:
beta=−0.08, p= 0.62).

LC catecholamine synthesis capacity and lifespan cognitive
engagement
Evidence of a moderating effect of LC [18F]FMT Kivis on tau’s
negative relationship with memory is consistent with the
interpretation that higher LC catecholamine synthesis represents
a mechanism of cognitive resilience [24]. However, there were
relatively few participants with high levels of [18F]Flortaucipir
SUVR, leading us to interpret this interaction with caution. Next,
we tested LC [18F]FMT Kivis’s relationship with a proxy measure
of cognitive reserve, intellectual engagement and physical
activity across the lifespan, using the LEQ [56]. Higher LEQ was
associated with higher LC [18F]FMT Kivis (beta= 0.33, p= 0.03;
n= 46; Fig. 4). There was no interaction between [11C]PiB and
LEQ (beta=−0.26, p= 0.11). Parallel analyses substituting raphe
[18F]FMT Kivis found marginal positive relationships with LEQ
(dorsal raphe: beta= 0.27, p= 0.07; median raphe: beta= 0.28,
p= 0.053; Fig. S4), and no relationship for midbrain and striatal

Fig. 2 Relationship between [18F]Fluoro-m-tyrosine ([18F]FMT) Ki and [18F]Flortaucipir SUVR. A [18F]Flortaucipir SUVR was measured in a
voxel-weighted meta-ROI. B [18F]Flortaucipir SUVR was related to β-amyloid status as defined by [11C]Pittsburgh compound B (PiB). [18F]
Flortaucipir SUVR was significantly higher in [11C]PiB positive subjects. C A regression model with [18F]Flortaucipir as the dependent variable
revealed an interaction between locus coeruleus (LC) [18F]FMT Kivis and [11C]PiB status. D This schematic displays the temporal relationship
between [18F]FMT PET and longitudinal [18F]Flortaucipir PET scans. E There was not a difference in [18F]Flortaucipir slope between [11C]PiB
positive and negative individuals. F A regression model with [18F]Flortaucipir slope derived from the linear mixed effect model as the
dependent variable revealed an interaction between LC [18F]FMT Kivis and [11C]PiB status.
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ROIs (midbrain: beta= 0.12, p= 0.43; striatum: beta=−0.06,
p= 0.70; Figure S4). There were no interactions between [11C]PiB
and LEQ for raphe and midbrain ROIs (beta=−0.09, p= 0.57),
but a significant [11C]PiB * LEQ interaction in predicting striatal
dopamine synthesis capacity (beta=−0.34, p= 0.04). This
interaction was driven by [11C]PiB positive individuals who
showed higher striatal dopamine synthesis capacity associated
with lower LEQ ([11C]PiB positive: r=−0.59 [−0.85, −0.08], p=
0.03; [11C]PiB negative: r= 0.10 [−0.25, 0.43], p= 0.57; Fig. S4).
The direction of this relationship is opposite to what is observed
for LC and raphe ROIs, but is broadly consistent with
our previous research suggesting striatal dopamine synthesis
is upregulated in aging in the context of brain structural
decline [62].

DISCUSSION
This study establishes, for the first time, relationships among PET
measures of LC neurochemical function and AD-related pathology,
and provides insight into their combined effect on episodic
memory performance. These findings suggest [18F]FMT Kivis is a
valuable biomarker of LC neurochemical function and opens up
new lines of research examining a protective role of neuromodu-
lator systems in AD and, because the causal directions of these
associations are not established, the role of AD pathology in
altering LC neurochemistry.
We provide the first in vivo evidence that LC neurochemical

function is related to the degree of tau burden and rates of tau
accumulation in humans. In older adults with β-amyloid, higher LC
catecholamine synthesis capacity was associated with lower
temporal lobe tau burden. Further, higher LC catecholamine
synthesis capacity was associated with lower rates of tau
accumulation over time in a model adjusting for β-amyloid status
(n= 30). Specifically, lower longitudinal tau slopes were associated
with higher LC catecholamine synthesis capacity. These relation-
ships were selective for LC, and were not observed for [18F]FMT
signal in the raphe, midbrain, and striatum. The negative
association is consistent with two interpretations, which are not
mutually exclusive. First, advanced progression of tau pathology
may be associated with greater LC tau burden and degeneration,
which may reduce neurotransmitter synthesis. Second, higher LC
catecholamine synthesis may actively stave off tau’s progression
via neuroprotective functions [25, 63]. Measurement of tau burden
in LC is not possible with available tracers, though longitudinal
studies may disambiguate the directionality of these associations.
The neuroprotective functions of norepinephrine [2, 3, 64–68]

have inspired proposals that the maintenance of LC neurochem-
ical function confers AD resistance [25, 63], which are supported
by demonstrations that the loss of LC-catecholamine signaling
increases accumulation of β-amyloid and tau pathology in AD
mouse models [21, 22]. However, there is substantial complexity
to this line of research, as higher norepinephrine metabolites may
promote tau propagation [8], and higher levels of norepinephrine
metabolites in AD are associated with greater tau pathology [4, 5].
Norepinephrine metabolites are elevated across the AD spectrum
[4, 6, 69], suggesting that there is upregulation of norepinephrine
activity in response to disease [69]. It is possible that elevation of
norepinephrine activity is desirable, even compensatory, in aging
and preclinical AD, but, in later stages, beneficial effects are no
longer evident and excessive metabolite generation signals
greater disease severity. Additional research is needed to establish
how CSF metabolite measures relate to PET measures, and to test
the longitudinal trajectories of these measures in preclinical AD
and MCI.
Higher LC catecholamine synthesis capacity appeared to

mitigate tau’s negative effect on memory. The mechanisms by
which LC catecholamines enhance memory are well established.
The LC projects to the medial temporal lobe [70], and
catecholamine release in hippocampus modulates long-term
potentiation and depression [71]. In AD mouse models, treatment
with a norepinephrine precursor partially restores memory
performance despite pathology [72]. Complementing these
findings, we found the effect of tau on memory to be reduced
in conditions of high catecholamine synthesis. Conferral of better-
than-expected cognitive performance given one’s pathology
burden has been interpreted to reflect resilience [24], and is
consistent with proposals that the norepinephrine system is
central to mechanisms of reserve in AD [25, 26].
While the norepinephrine system affects cognition [16],

cognition likely also affects the norepinephrine system [73, 74].
Specifically, cognitive activity may play a causal role in modifying
the LC-norepinephrine system, allowing active older adults to
maintain healthy LC-norepinephrine function. In rodent models,
experiments manipulating the complexity and novelty of the

Table 1. Relationship between locus coeruleus [18F]FMT Kivis and [18F]
Flortaucipir SUVR.

A. Model (R2) Flortaucipir SUVR meta-ROI Beta p

1 (0.05) LC FMT Kivis −0.22 0.19

age 0.27 0.10

sex −0.18 0.25

years education 0.19 0.24

2 (0.21) LC FMT Kivis −0.26 0.08

PiB status 0.49 <0.01

age 0.15 0.31

sex −0.18 0.19

years education 0.12 0.41

3 (0.44) LC FMT Kivis −0.11 0.40

PiB status 0.44 <0.01

LC FMT Kivis *PiB −0.47 <0.01

age 0.27 <0.05

sex 0.01 0.95

years education 0.05 0.71

B. Model (R2) Flortaucipir slope meta-ROI Beta p

1 (0.12) LC FMT Kivis −0.31 0.12

age 0.30 0.11

sex −0.18 0.34

years education 0.14 0.46

2 (0.29) LC FMT Kivis −0.44 0.02

PiB status 0.44 0.02

age 0.20 0.25

sex −0.17 0.29

years education 0.09 0.61

3 (0.41) LC FMT Kivis −0.11 0.62

PiB status 0.41 0.01

LC FMT Kivis *PiB −0.53 0.03

age 0.49 0.02

sex 0.04 0.81

years education −0.04 0.82

(A) There was no overall relationship between locus coeruleus (LC) [18F]
FMT Kivis and [18F]Flortaucipir SUVR. However, there was a significant
interaction between [18F]FMT Kivis and [11C]PiB status such that higher [18F]
FMT Kivis was associated with lower [18F]Flortaucipir SUVR in [11C]PiB
positive participants. (B) Higher locus coeruleus (LC) [18F]FMT Kivis was
associated with lower [18F]Flortaucipir SUVR slope for a model including
[11C]PiB status as a covariate. Consistent with cross-sectional analyses,
there was a significant interaction between [18F]FMT Kivis and [11C]PiB
status. We report standardized beta weights and adjusted R2. Bolded
values indicate significant p-values (p < 0.05).
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environment find these interventions increase norepinephrine
concentration in the brainstem and LC targets [73] and release in
hippocampus [74]. As these studies assessed acute effects, the
extent to which such enrichment enduringly impacts norepi-
nephrine function, potentially bestowing brain reserve, is
unknown. It is important to note that in addition to higher self-
reported cognitive and physical activities (LEQ) being associated
with higher LC catecholamine synthesis capacity, we found a
marginal relationship between higher LEQ and serotonin synthesis
capacity in the raphe nuclei, suggesting that the integrity of
multiple neuromodulator systems in older age may be associated
with lifestyle factors [75].

There are important limitations of this study. It will be critical for
future [18F]FMT studies to measure LC-related signal using an
arterial plasma input function and pair these measurements with
MR perfusion measures to determine the extent to which LC [18F]
FMT Ki is affected by blood flow. Additionally, there were relatively
few β-amyloid-positive participants. It will be important to
replicate our findings in a larger sample. This study was limited
by long temporal delays between the acquisition of PET scans. We
believe these time differences between scans did not introduce
systematic bias as covarying for time did not change our results.
Finally, the limited spatial resolution of PET and AADC activity in
the raphe nuclei may have reduced our sensitivity for detecting
relationships among LC catecholamine function, cognition, and
AD-related pathology. Future test-retest reliability assessments for
these small structures are needed.
The LC represents a principal site of interactions between

neuromodulator systems and AD-related pathology, which are
rarely studied in conjunction in humans. Advancing norepinephr-
ine imaging methods promises to inform treatment approaches
directly targeting the LC-norepinephrine system [63]. For
example, vagal stimulation research developing interventions
targeting the LC-norepinephrine system [76–78] would benefit
from understanding an individual’s baseline LC neurochemical
function. The addition of neurochemical imaging tools to
complement the rapidly accelerating field of LC biomarker
development is a valuable investment given LC’s role in basic
cognition and the etiology of neurological and psychiatric
disorders.
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All meta data are available in supplementary information. Access to raw data is
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